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Ça fait mé pi pas pi

Roger Frison-Roche: Premier de cordée

A strange expression from the local dialect of Chamonix meaning, 
“Obviously, the situation is not the best, but as there is nothing 

we can do about it, we must be contented and do our best with it” 
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Abstract

During the last decades, biomaterials have gained a pivotal role in healthcare, par-

ticularly in regenerative medicine. The multidisciplinary field of biomaterials sci-

ence incessantly innovates towards personalized and bio-interactive platforms able 

to meet the complex demands of modern medicine. In this framework, biomaterials 

scientists turn to nature looking for inspiration as well as biofabricated structures 

to build up the next generation of biomaterials. The recent launch of nanocellu-

lose hydrogels synthesized by bacterial cultures as wound dressings is illustrative 

of this renewed interest in natural substances intended for medical use. Despite 

this breakthrough, the potential of bacterial nanocellulose in healthcare remains 

underexploited as this biological –but animal-free– polymer exhibits a unique 

combination of properties and unlimited design possibilities. 

In this dissertation, novel uses of bacterial nanocellulose in healthcare are in-

vestigated. Moreover, we provide insight into the interactions between this emerg-

ing biomaterial and a series of biological systems. The doctoral thesis is presented 

as a compilation of peer-reviewed articles to which I have chiefly contributed. 

Each of these publications is accompanied by a brief introduction and a critical 

comment and, occasionally, by unpublished data. Broadly, the thesis is organized in 

the following sections: 

•	 The Preface introduces the general context framing the research and the 

pursued objectives. 

•	 Chapter 1 reviews relevant literature related to the use of bacterial nano-

cellulose to repair diverse tissues and summarizes a series of informative 

interviews with biomaterial’s end-users. 

•	 Chapter 2 contains a thorough study on bacterial nanocellulose and bacte-

rial nanocellulose nanocomposites as cryopreservable cell culture supports 

employing model cells. This section also explores other advanced func-

tionalities of the biomaterials. 

•	 Chapter 3 describes how bacterial nanocellulose films were conditioned 

to maintain limbal stem cells cultures, a cell type with high therapeutic 

potential for ocular surface regeneration. 
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•	 Chapter 4 evaluates bacterial nanocellulose hydrogels as corneal bandages 

from both a clinical and a commercial perspective. 

•	 Chapter 5 investigates bacterial nanocellulose patches for tissue reinforce-

ment applications in the context of hernia treatments.   

•	 Summary recaps the main findings from the thesis and envisions future 

horizons. 

•	 The Annex includes the curriculum vitae of the author and the publications 

in their original format. 
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Resum 

Durant les últimes dècades, els biomaterials han adquirit un paper decisiu en 

l'àmbit de la salut, sobretot en el camp de la medicina regenerativa. La recerca en 

biomaterials engloba coneixements de diferents disciplines i es troba en constant 

evolució per tal de respondre a les necessitats de la medicina moderna mitjançant 

solucions personalitzades i bio-interactives. En aquest context, els materials d'ori-

gen biològic exerceixen tant de fonts d'inspiració com de punt de partida pel 

desenvolupament de biomaterials punters. Un bon exemple d'aquesta tendència es 

troba en la recent entrada al mercat d'apòsits per al tractament de ferides fabricats a 

partir de nanocel·lulosa d'origen bacterià. Tot i aquest gran avenç, la nanocel·lulosa 

bacteriana encara té molt de potencial sense explotar en l'àmbit de la salut, ja que 

aquest polímer biològic (però d'origen no animal) presenta unes propietats molt 

atractives i infinites possibilitats de modificació. 

En aquesta tesi doctoral s'investiguen noves utilitats de la nanocel·lulosa bac-

teriana en l'àmbit de la salut. En paral·lel, s'aprofundeix en l’estudi de les interac-

cions entre aquest biomaterial emergent i diversos sistemes biològics. La tesi està 

presentada com a compendi d'articles acadèmics en els quals l’autora ha tingut un 

paper fonamental. Cada publicació s'acompanya d'una breu introducció i d'un co-

mentari crític i, ocasionalment, de dades experimentals no publicades. La memòria 

s'organitza en els apartats següents:

•	 Pròleg: descriu el context general que emmarca aquesta recerca i els objec-

tius de la tesi.

•	 Capítol 1: analitza literatura científica relacionada amb l'ús de la nanocel·lu-

losa bacteriana per tractar diversos teixits i resumeix una seqüència d'entre-

vistes fetes a usuaris de biomaterials. 

•	 Capítol 2: conté un estudi exhaustiu sobre suports de nanocel·lulosa bac-

teriana i nanocel·lulosa modificada amb nanopartícules com a plataformes 

per al cultiu i criopreservació de cèl·lules humanes. Aquesta secció també 

explora altres funcionalitats dels biomaterials estudiats.

•	 Capítol 3: descriu un mètode per preparar membranes de nanocel·lulosa 

bacteriana adequades per al cultiu de cèl·lules mare corneals, un tipus 
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cel·lular amb alt potencial terapèutic en la regeneració de la superfície 

ocular. 

•	 Capítol 4: avalua hidrogels de nanocel·lulosa bacteriana com a nous apòsits 

corneals tant des d'una perspectiva clínica com comercial.

•	 Capítol 5: investiga malles de nanocel·lulosa bacteriana per a aplicacions de 

reforç de teixits interns en el context del tractament d'hèrnies abdominals. 

•	 Resum: recull les conclusions principals de la tesi i proposa horitzons de 

futur.

•	 Annex: inclou el currículum de l'autora i les publicacions en el seu format 

original.

– xvi –



Resumen 

Durante las últimas décadas, los biomateriales han jugado un papel decisivo en el 

ámbito de la salud, especialmente en la medicina regenerativa. La investigación 

en biomateriales requiere conocimientos de distintos campos y está en constante 

evolución buscando satisfacer las necesidades de la medicina moderna a través de 

soluciones personalizadas y bio-interactivas. En este contexto, los materiales de ori-

gen biológico se han convertido tanto en fuente de inspiración como en la base 

para el desarrollo de numerosos biomateriales innovadores. Un buen ejemplo de 

esta tendencia se encuentra en la reciente entrada en el mercado de vendajes para 

el tratamiento de heridas fabricados a partir nanocelulosa de origen bacteriano. A 

pesar de este avance, la nanocelulosa bacteriana todavía tiene mucho potencial sin 

explotar en el ámbito de la salud, ya que este material biológico (pero de origen no 

animal) posee propiedades muy atractivas e infinitas posibilidades de modificación.

En esta tesis doctoral se investigan nuevos usos de la nanocelulosa bacteriana 

en el ámbito de la salud. Al mismo tiempo, se profundiza en el estudio de las inter-

acciones entre este biomaterial emergente y múltiples sistemas biológicos. La tesis 

se presenta como un compendio de artículos académicos en los que la autora ha 

desempeñado un papel fundamental. Cada publicación se complementa con una 

breve introducción y un comentario crítico y, ocasionalmente, con datos experi-

mentales no publicados. La memoria se organiza en los siguientes apartados: 

•	 Prólogo: describe el contexto general que enmarca la investigación y los ob-

jetivos de la tesis.

•	 Capítulo 1: analiza literatura científica reciente relacionada con el uso de la 

nanocelulosa bacteriana para tratar diversos tejidos y resume una serie de 

entrevistas con usuarios de biomateriales. 

•	 Capítulo 2: contiene un estudio exhaustivo sobre soportes de nanocelulosa 

bacteriana y nanocelulosa modificada con nanopartículas como plataformas 

para el cultivo y criopreservación de células humanas. Esta sección también 

explora otras funcionalidades de los biomateriales estudiados.

•	 Capítulo 3: describe un método para modificar membranas de nanocelu-

losa con el fin de facilitar el cultivo de células madre corneales, un tipo 
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celular con gran potencial terapéutico para la regeneración de la superficie 

ocular.

•	 Capítulo 4: evalúa hidrogeles de nanocelulosa bacteriana como nuevos 

apósitos corneales tanto desde una perspectiva clínica como comercial.

•	 Capítulo 5: investiga mallas de nanocelulosa bacteriana para aplicaciones de 

refuerzo de tejidos internos en el contexto del tratamiento de hernias.

•	 Resumen: incluye las principales conclusiones de la tesis y propone horizon-

tes de futuro. 

•	 Anexo: contiene el currículum de la autora y las publicaciones en su form-

ato original.
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Regenerative medicine

Regeneration is described as “the process of growing again”. Regenerative capacity 

varies dramatically along the animal kingdom being inversely proportional to the 

level of complexity. While invertebrates like planarians and Hydra are able to restore 

entire organs, humans can only rebuild by natural means the epidermis and small 

parts of the liver and intestines1. Current demographic trends toward older popu-

lations aggravate this situation as regenerative capability further declines with age. 

Interest and concerns about the ageing process are documented since far in 

the past2 and have led humankind to explore procedures to repair deteriorated 

parts of the body that could not be restored only with medication. Interestingly, 

attempts of reconstructive interventions e.g. dental and bone prosthesis as well as 

skin grafts, are reported since ancient times3. Nevertheless, it was not until the 

implementation of aseptic techniques, antibiotics and anaesthesia during the xix 

and xx centuries that evidence-based biomedicine was established. The first cell 

cultures and organ transplants date back to the 1950s and 1960s respectively3. Lat-

er, the environment surrounding the cells i.e. the extracellular matrix (ECM) was 

acknowledged as a relevant player in regenerative processes. In 1981, John F. Burke 

and Ioannis V. Yannas pioneered the use of collagen scaffolds to treat burns and 

developed the product Integra®4.

Embryonic stem cells derived from human blastocysts were characterized in 

19985. James A. Thomson and colleagues advocated human stem cells as an ex-

tremely powerful tool for basic biological research and envisioned cell transplan-

tation therapies to replace dysfunctional cell populations. The term “regenerative 

medicine” was coined in 1999 when William Haseltine employed this expression 

to group several emerging technologies directed to restore lost body functions: 

tissue engineering, stem cell transplantation and gene therapies among others6. Ac-

cordingly, regenerative medicine is currently considered an interdisciplinary field 

aiming at repairing, replacing or regenerating body parts (cells, tissues or organs) 

with an impaired function due to diseases, trauma or ageing as well as to normalize 

congenital conditions7. The ultimate goal of regenerative medicine is instructing 

the body to return to its original homeostasis by fostering the natural regenerative 

capacity of cells and tissues.  
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In the xxi century, the advancement of regenerative medicine has experienced 

staggering progress thanks to a huge global scientific effort. However, two remark-

able breakthroughs deserve to be singled out; the first 3D bioprinter created in 

2003 by Thomas Boland and the reprogramming of somatic cells back to stem cells 

in 2006 by Shin'ya Yamanaka and co-workers8. A timeline of events that hugely 

influenced the development of regenerative medicine is presented in Figure 2 for 

better contextualization. 

Figure 2: Timeline of remarkable breakthroughs that shaped the development of regenerative 
medicine. 

1975: Publication of the book “Extracellular matrix influences on gene expression”

1997: The “ear-mouse” experiment (Harvard, USA)  

1967: First heart transplant in humans (Christiaan Barnard) 

1905: Heart transplant in dog (Alexis Carrel)

1993: Robert Langer and Joseph Vacanti publish “Tissue Engineering”

1998: Human embryonic stem cells (James A. Thomson et al.)

2003: First 3D bioprinting (Thomas Boland, Texas)
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1907: First cell culture of frog nerve cells (Ross Granville Harrison)  

1951: Establishment of the HeLa cell line from the cervical tumour of Henrietta Lack 

Early 1970’s: First attempts to develop collagen-based scaffolds

2006: iPSCs: induced pluripotent stem cells (Shin'ya Yamanaka, Japan) 
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The widespread implementation of regenerative medicine should no longer 

be considered just a utopia. It is expected that regenerative approaches will con-

tribute towards healthier ageing, reduced reliance on transplants and more satisfac-

tory recovery after injuries. Naturally, there are still complex scientific challenges 

to address. Some of them relate to better recapitulating native tissues and organs, 

modulating the interactions between the bioengineered constructs and the host 

immune system and developing more bio-interactive solutions7,9. Other obstacles 

to consider are the high costs usually associated with these therapies and the cum-

bersome fabrication routes.

Biomaterials

Biomaterials are a fundamental element of regenerative medicine. Biomaterials are 

utilized alone or in combination with other elements to evaluate, treat, augment, 

or replace tissues and organs. Despite biomaterials were initially devised to serve 

mainly structural purposes, they have acquired a high relevance in current regenerative 

treatments10,11. Illustrative of that is the rapidly growing global market of bioma-

terials projected to reach $47.5 billion by 2025 from $35.5 billion in 2020 at an 

annual growth rate of 6%12. Up-to-date biomaterials seek to actively stimulate 

regeneration by interacting with native tissues. In line with this, stimuli-responsive 

biomaterials able to react upon temperature or pH variations are under intense 

investigation, especially for delivery purposes13,14.  

Biomaterials can be attained from countless natural and synthetic sources but 

they must be both functional and biocompatible. Besides, biomaterial’s charac-

teristics, mechanical properties and surface chemical moieties among others need 

to be accurately selected to match the needs of the target tissue and pathology15. As 

for implantable biomaterials, another important consideration refers to the deg-

radability rate inside the human body. Frequently, tissue-engineering constructs, 

e.g. collagen scaffolds, are expected to degrade relatively fast leaving no toxic 

by-products16. However, there are other circumstances where non-resorbable or 

slowly degradable options would be preferred. These cases include prosthesis, su-

tures and surgical meshes17,18. 
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Medical devices (MD) are generally the final structures where a biomate-

rial is incorporated. According to the World Health Organization (WHO), 

a medical device is “any instrument, apparatus, machine, appliance, implant, 

reagent, software, material or similar intended to be used, alone or in com-

bination, in humans for medical purposes”. In Europe, MDs are stringently 

regulated by the European Medicines Agency (EMA) and must be CE marked 

following the recently reviewed 2017/745 regulation. From a regulatory per-

spective, biomaterials and MDs can also be part of Advanced Therapy Medicinal 

Products (ATMP) if they are combined with genes, tissues or cells. In the case 

of combined ATMP, the evaluation procedure is based on Regulation (EC) No 

1394/2007.

Polymeric biomaterials 

Owing to the vast diversity of biomaterials, the present contextualization is 

narrowed to polymeric biomaterials and more specifically to naturally sourced 

polymers. The word "polymer" means "many parts". As such, polymers are high-

molar-mass substances formed by chemically reacted monomers. Together with 

ceramics and metals, polymers are one of the main categories of biomaterials and 

are generally the preferred option for soft tissue (skin, cartilage, blood vessels, epi-

thelium, eye…) repair. A broad spectrum of natural, synthetic or hybrid polymers 

have been proposed for biomedical uses in virtually any speciality19; drug carriers20, 

cell scaffolds21, bio-adhesives22 or surgical implants13, to name a few. Even though 

synthetic polymers are experiencing a fast development23,24, naturally-occurring 

polymers (a.k.a. biopolymers) are still considered advantageous in terms of bio-

compatibility and renewability25,26. 

Biopolymers 

Natural polymers are defined as those that can be found in nature and/or are ex-

tracted from plants, animals or other biological sources; the main categories being 
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polynucleotides, proteins and polysaccharides. The last two have a strong presence 

in regenerative treatments and some examples are listed in Table 1. 

The 3D microenvironment where the cells naturally reside is the ECM. This 

acellular structure –essentially composed of water, proteins and polysaccharides– 

serves both as physical support and as a biochemical and biomechanical regulator 

by constantly exchanging signals with the resident cells27. Due to its ubiquitous 

presence in biological tissues, ECM components have been extensively harnessed 

by biomaterials researchers28. Undoubtedly, collagen-based biomaterials dominate 

the clinically used solutions for skin reconstruction29 while hyaluronic acid (HA) 

stands out as a lubricating agent and heparin as a linker for growth factors and oth-

er molecules30,31. Besides, chitosan and silk are other natural polymers experiencing 

high popularity as biomaterials26. Chitosan appears as an attractive option because 

of its abundance and low price allied with an inherent antibacterial activity32. The 

high mechanical resistance and environmental stability of silk have positioned this 

natural fibrous material as a great fit for suture manufacturing and more recently 

silk-made scaffolds have also irrupted in tissue engineering33,17. More information 

about natural polymers is provided in the next chapter (Publication 1). 

Table 1: Commonly used natural polymers in biomedicine, its sources and applications.

Substance name 
and type Source Application examples

Collagen 
Structural protein

Animal tissues, recombinant •	 Skin regeneration: Integra®, 
Matriderm® 

•	 Cell culture substrates: PureCol® 

Gelatin 
Protein 

Denatured collagen •	 Haemostatic sponge: Gelfoam®
•	 Cell culture coatings (many op-

tions) 

Fibrin 
Blood protein

Animal or human tissues •	 Sealants: Tissucol®
•	 Cell carriers: Holoclar®

Silk fibroin 
Fibrous protein

Synthesized by arthropods 
(spider or silkworm)

•	 Sutures: Perma-Hand®
•	 Microneedles: Ipsylon® 

Hyaluronic acid 
Glycosaminoglycan

Animal tissues, recombinant •	 Ophthalmic solutions: Ocular 
Bandage Gel®, Hylo-Vision®

•	 Cell culture substrates: HyStem®
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Substance name 
and type Source Application examples

Chitosan 
Polysaccharide 

Crustacean exoskeletons,fungi •	 Haemostatic patch: (HemCon™)
•	 Soft implant/lubricant: KioMedine®

Alginate
Polysaccharide + sodium 
or calcium 

Algae •	 Wound dressing gels: Phytacare®
•	 Exudating wound dressing spon-

ges: Activheal®

Gellan gum 
Polysaccharide

Bacterial fermentation •	 Commercial cosmetic products 
•	 Gelrite®: investigated as ocular 

drug delivery34

•	 Culture media for microorganis-
ms and plants  

Cellulose 
Polysaccharide

Plants/wood, microorganisms •	 Wound dressing: Reoxcare®
•	 Cell culture substrates: Grow-

Dex®
•	 Resorbable haemostat: Sur-

gicel® (oxidized regenerated 
cellulose35)

Emerging trends in biomaterials 

Aside from the above-mentioned stimuli-responsible biomaterials, two growing 

tendencies closely related to the scope of this PhD thesis are the nature-inspired 

designs and the willingness to reduce animal-derived products in medical for-

mulations. 

Emulating nature 

An overarching trend in current biomaterial research is the attempt to emu-

late nature a.k.a. biomimetics or biologically-inspired designs36. Hydrogels –wa-

ter-swollen networks of polymers– have proven suitable for this purpose since 

they exhibit similarities with native tissues in terms of water content, porosity 

and physicochemical properties. Thus, hydrogels are largely exploited as bio-

materials37–39 and hydrogel-based cell culture platforms –like the well-known 
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Matrigel®– are employed in vitro to better recapitulate physiological conditions, 

as opposed to flat plastic surfaces40. Notably, most of the above-mentioned nat-

ural polymers can easily be attained in stable hydrogel formats, and this has also 

boosted its attractiveness as medical materials41.

On the other hand, accumulated evidence emphasises the critical role of top-

ographical signals in modulating cell responses and maintaining homeostasis42–44. 

Consequently, emulating the physical cues of the ECM represents another driving 

force of biomimetic designs. In the ECM, collagen fibrils exhibit a nanometric 

diameter45 and, combined with the water-retaining proteoglycans, form a retic-

ulated structure with specific micro and nanoscale features that scientists have 

tried to recapitulate46,47. To this end, nanofibrous substrates have been fabricated 

by replica moulding48 and electrospinning49. Electrospun biomaterials have shown 

a high degree of morphological biomimicry50 that –allied with the versatility and 

simplicity of the method51– situated electrospinning as a principal strategy in bio-

mimetic matrix manufacturing for the last decades. 

Towards animal-free treatments 

Reducing the current dependency on animal-derived goods concerns many fields. 

The industrial sector (e.g. food and cosmetics) is starting a transition to offer cus-

tomers animal-free alternatives to traditional products. Similarly, the research com-

munity increasingly relies on microfluidic organ-on-a-chip models to evaluate 

their discoveries reducing the number of test animals52. Moreover, human-based 

animal-free full-thickness skin53 and blood54 models are under investigation to 

better emulate native conditions in preclinical studies. 

As for medical biomaterials, minimizing animal products has implications be-

yond animal welfare and environmental concerns. Animal-derived substances are 

considered potential immunogens and disease transmitters55,56 and therefore must 

be meticulously scrutinized to comply with safety requirements57. For clinical 

manufacturing, particularly in the field of cell therapies, well-specified compo-

sitions and traceable components are in high demand owing to their superior 

translatability58,59. Thus, clinical-grade reagents are increasingly being harvested 
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from recombinant bacterial cultures as alternatives to traditional undefined and 

less-reproducible animal-derived components, e.g. foetal serum60. As a response 

to this demand, the market offers already biomimetic, animal origin-free cell cul-

ture substrates based on recombinant technologies (e.g. Biolaminin™). Similarly, 

natural but animal origin-free options (i.e. fungal chitosan61, gellan gum62 and 

cellulose63  among others) emerge as promising starting materials for biomaterial 

development.

Cellulosic biomaterials

Among the palette of emergent biomaterials, cellulose represents one of the most 

versatile and widely available choices. Cellulose is a linear b-glucose-only poly-

saccharide synthesized predominantly by plants but also by some animals (tuni-

cates) and microorganisms (oomycetes and acetic acid bacteria), making it one of 

the most abundant organic compounds in the biosphere. Cellulose differentiates 

from other glucose carbohydrates (e.g. starch) because the monosaccharide units 

are linked through b-1,4 glycosidic bonds. This b configuration implies that the 

consecutive b-glucose units are rotated 180° to each other forming long and stable 

chains. Cellulose organizes hierarchically; monomer chains interact laterally with 

one another through hydrogen bonds creating insoluble fibrillary structures of 

increasing diameter and high tensile strength. 

Cellulose derivatives have been closely related to human development for 

millennia (Figure 3). Humankind has used cellulose as a building material for 

papyrus (Egypt) and paper (China) since antique times, and there is evidence of 

cotton cloths in the Indus River Valley (Pakistan) from ~3.000 years BC. More 

recently, environmental awareness has brought a renewed interest in cellulose. This 

eco-friendly and almost inexhaustible polymer is enjoying popularity to manu-

facture biodegradable packaging64,65. However, for the fabrication of some added 

value goods, like medical-grade materials, the presence of impurities (i.e. hemi-

cellulose or lignin) and low mechanical stability of common cellulose derivatives 

are detrimental. This has encouraged research on purified and sturdy forms of 

cellulose like nanocelluloses66, i.e. cellulosic materials with one dimension in the 
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nanoscale. Nanocelluloses synergistically integrate cellulose’s and nanomaterial’s 

properties, particularly relevant being the high surface area conferred by the na-

no-dimensions of the fibres.  

Figure 3: The versatility of cellulose (the chemical formula is shown) is demonstrated by the 
long-lasting utilities of this material in diverse fields. The bottom right image depicts bacterial 
nanocellulose produced in our lab. Figure 3 contains adapted content from https://unsplash.com. 

Bacterial nanocellulose 

Differing from the top-down methods to extract nanocellulose from biomass, 

nanocellulose can be readily obtained from bacterial cultures in a bottom-up ap-

proach. The first report on this phenomenon dates from 1886 when A. J. Brown 

observed a “jelly-like translucent mass on the surface of the culture fluid”67. This 

spontaneous biofabrication method has long been harnessed in the traditional 

cuisine of Southeast Asia to prepare a dessert named nata de coco that is also com-

mercialized worldwide (Figure 4, left). Bacterial nanocellulose (BNC) is secreted 

by ubiquitous Gram-negative non-pathogenic acetic acid bacteria upon the fer-

mentation of glucose or other carbon sources. The metabolic pathway for BNC 
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biosynthesis is detailed in the next chapter. Komagataeibacter xylinus (K. xylinus), 

previously known as Acetobacter xylinum, is one of the most exploited species for 

BNC harvesting and is the strain employed through this work.  

Figure 4: Left: BNC obtained from the fermentation of coconut milk is used to prepare sweet dishes 
in Southeast Asia, mainly in the Philippines. Middle: BNC is formed exclusively by a reticulated struc-
ture of cellulose nanofibers arranged in an ECM-mimetic manner. Right: for comparative purposes, 
human collagen from the amniotic membrane with an analogous nanofiber organization is depicted.

Properties and uses of BNC  

BNC stands out for its unique attributes; some of them are gathered in Figure 5. 

Most of these features arise from the nano-organization of the BNC fibres, which 

differentiates BNC from vegetal cellulose despite their common chemical com-

position. The BNC fibres exhibit elevated molecular weight and crystallinity as 

well as a high surface area able to retains large amounts of liquid (>99% weight). 

Such interlaced nano-architecture is stabilized by hydrogen bonds which confer 

robustness and mechanical resistance while providing flexibility and softness to the 

biopolymer68. Another key characteristic of BNC is its biocompatibility, associated 

both with its chemical purity and biomimetic organization69,70. Numerous reports 

emphasize the morphological similarities between nanocellulose and collagen in 

the ECM in terms of fibre diameter and unorganized distribution (see Figure 4 

for illustrative SEM images). These resemblances could be related to the fact that 

both compounds serve structural purposes in their respective origins71. The bio-

technological origin of BNC enables size, shape and topographical control over 

the attained materials offering unlimited tailoring opportunities. 

1 µm 

Human collagen Bacterial nanocellulose

1 µm 

Nata de coco
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Figure 5: The hallmarks of BNC. Some of the most relevant properties positioning BNC as an 
appealing candidate for varied biomedical uses.  

Another differential trait of BNC refers to its thermal stability. Remarkably, 

the high temperature resistance of BNC allows sterilization by autoclave (121 

ºC) and many chemical modifications like the microwave reactions (190 ºC) em-

ployed in this thesis for BNC functionalization. On the other hand, BNC is also 

compatible with low-temperature storage methods, a property that is exploited 

in this work too. 

This combination of qualities made BNC an ideal nanomaterial for skin re-

generation and prompted an extensive investigation on BNC-based wound 

healing72,73 that has already materialized in commercial BNC wound dressings 

(e.g. Suprasorb X from Lohmann&Rausche). Nevertheless, the possibilities of this 

biopolymer can be broadened in a variety of directions to serve other biomedical 

purposes74 as described in the first publication from this compendium. 

From a fabrication standpoint, there has been a great deal of innovation too. 

Rühs and co-workers developed an original method, based on surface roughening 

and poly-dopamine coating, to grow and immobilize BNC directly on the surface 

of macroscopic objects envisioning lubricating coatings for implants75. Similarly, 

3D printing of living materials was accomplished by embedding K. xylinus cells 
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in a hyaluronic acid, k-carrageenan and fumed silica ink used to attain complex 

3D BNC architectures76. Other enticing living materials were obtained upon 

co-culturing genetically engineered yeasts and cellulose-extruding bacteria77. 

Since Saccharomyces cerevisiae is a model organism with many accessible genetic 

modification options, BNC pellicles could be readily functionalized with an array 

of recombinant proteins endowing the grown living materials with biosensing and 

bioremediation applicability. 

The described general context, from the growing demand for innovating per-

sonalized solutions in modern medicine to the novel BNC design routes, settles 

the basis for a future new wave of BNC-based biomaterials. Moreover, the an-

imal-free, sustainable and simple biofabrication of this nanomaterial could bear 

competitive advantages over other emerging biomaterials. Accordingly, applica-

tion-oriented studies on BNC are considered a highly attractive research topic.
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Objectives of the thesis 

The major goal of the present doctoral thesis is to broaden the applicability 

landscape of BNC in the healthcare sector. By doing so I seek to contribute to-

wards the advancement of biomaterial-based treatments offering innovative (nano) 

biotechnological options. More specifically, I aimed at: 

1.	 Identifying niche applications of BNC in biomaterial-enabled regenerative 

medicine (Publication 1).

2.	Gaining insights into the interactions between BNC and human cells and 

leveraging BNC as a cell carrier for cell transplantation therapies (Publica-

tions 2 and 3). 

3.	Evaluating BNC in clinically relevant settings addressing specific unmet 

medical needs; namely assessing BNC as an ocular surface bandage and as 

an anti-adhesive barrier in hernia repair. (Publications 4 and 5). 
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Figure 1: Graphical summary of Chapter 1.  Two complementary activities 
to identify novel medical applications of BNC.
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Chapter introduction

The library of materials addressed to the healthcare sector is extensive and assort-

ed. Some biomaterials, such as stents or intraocular lens, play already a vital role in 

modern medicine; while many others are in advanced stages of development1–3. In 

such a competitive landscape, detecting specific unmet clinical needs is a complex 

but essential task when investigating emerging biomaterials like BNC. Therefore, 

the starting point of this thesis was the identification of application niches in the 

healthcare sector where BNC could have a competitive edge. Medical applications 

of BNC mainly spin around patch-like formats intended for wound healing4, drug 

delivery5 or repairing soft tissue defects6 all having in common a direct contact 

with epithelial tissues. 

The graph in Figure 2 displays the number of scientific publications related to 

BNC over time. It reflects a steadily growing research interest in this biopolymer, 

particularly in recent years. Suggested applications of BNC in biomedicine appeared 

later in the literature, following the seminal work by Fontana et al. 19907, and since 

then have experienced a sharp rise. Accordingly, the first step to identify attractive 

bio-applications of BNC was an extensive literature search, narrowing our search 

to usages of BNC related to epithelial regeneration. The insights extracted from 

this work were captured in a review paper (Publication 1), written in collaboration 

with the researchers Dr Uwe Beekmann and Dr Dana Kralisch from the Friedrich 

Schiller University (Jena, Germany) and included in this chapter.

Figure 2: Number of publications in the PubMed database for the search by the keywords “bacte-
rial cellulose” (BNC in green in the graph) and the combination of keywords “bacterial cellulose” 
AND “biomedical” (BNC+ biomedical in pink) reflecting the growing interest in this biopolymer. 
The search was performed on 15th January 2021.



– 24 –

| Chapter 1 |

On the other hand, we are aware that some unmet clinical needs might be 

difficult to identify in the scientific literature. Thus, in trying to gain direct insights 

from the end-users of biomaterials, a parallel strategy was followed; a cohort of 

local experts –medical doctors, translational medicine researchers and industry 

workers– was contacted. Those specialists willing to participate in the initiative 

were on-site interviewed and inquired about their assessments regarding possible 

applications of BNC in their diverse fields of expertise. The outputs from the set 

of interviews I conducted comprise the second part of this chapter.  
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Publication 1: 	Opportunities of Bacterial Cellulose to 
	 Treat Epithelial Tissues

Irene Anton-Sales‡, Uwe Beekmann‡, Anna Laromaine, Anna Roig and Dana 

Kralisch. Curr. Drug Targets 20, 808–822 (2019). Published by Bentham Science 

Publishers (open access).  ‡ = authors with equal contribution, note that this pub-

lication was also included in the doctoral dissertation of Uwe Beekmann at the 

Friedrich Schiller University Jena. 
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Figure 3: Graphical abstract of Publication 1. Several epithelial surfaces where BNC has been 
therapeutically applied. 
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Abstract 

In this mini-review, we highlight the potential of the biopolymer bacterial cellu-

lose to treat damaged epithelial tissues. Epithelial tissues are continuous cell sheets 

that delimitate both the external body surfaces and the internal cavities and organs. 

Epithelia serve as physical protection to underlying organs, regulate the diffusion 

of molecules and ions, secrete substances and filtrate body fluids among other vital 

functions. Because of their continuous exposure to environmental stressors, dam-

age to epithelial tissues is highly prevalent. 

Here, we first compare the bacterial cellulose properties to the current gold 

standard, collagen, and then we examine the use of bacterial cellulose patches to 

heal specific epithelial tissues; the outer skin, the ocular surface, the oral muco-

sa and other feasible epithelial surfaces. Special emphasis is made on the dermis 

since, to date, this is the most widespread medical use of bacterial cellulose. It is 

important to note that some epithelial tissues represent only the outermost layer 

of complex structures such as the skin or the cornea. In these situations, depending 

on the penetration of the lesion, bacterial cellulose might also be involved in the 

regeneration of, for instance, inner connective tissue.

1. Introduction 

Epithelial tissues are, essentially, continuous cell sheets that delimitate both the 

external body surfaces and the internal cavities of organs. Epithelia have a reduced 

content of extracellular matrix and exhibit strong cell-to-cell adhesions known 

as tight junctions. Epithelial tissues are not vascularized and receive support from 

the underlying basement membrane formed by connective tissue. Examples of 

epithelial tissues are the external linings of the skin, cornea and mouth but also 

those from the hollow internal organs such as lungs, digestive system, urogenital 

conducts and spinal cord. Depending on its location in the body, epithelia can be 

found as single (e.g., intestines, lungs) or multiple cell layers (e.g., skin, cornea, and 

oesophagus). The glandular epithelium that surrounds the glands in our body is a 

highly specialized epithelium that will not be addressed here. In this manuscript, 
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we have used “epithelial tissue” as an umbrella term to refer to diverse body sur-

faces and barriers.

Epithelial structures physically protect the underlying tissues, regulate the dif-

fusion of molecules and ions, secrete substances and filtrate body fluids among 

other vital functions. Because of their surface location, epithelia are constantly 

exposed to environmental stressors ranging from infections caused by microor-

ganisms and mechanical injuries to the exposure to toxic chemicals. Moreover, 

epithelial tissues are also greatly affected by inflammatory diseases and cancers. De-

spite the extraordinary regenerative capacity of epithelial tissues, they can be over-

whelmed by large-area injuries, surgical scissions, burns or ulcers which result in 

chronic lesions8. Additionally, diabetes, infectious processes, systemic and chronic 

treatments or other pathological conditions can make epithelial regeneration less 

efficient9. In these specific cases, the use of biomaterials to assist the regeneration 

of sensitive epithelia becomes vital. 

Biomaterials represent a core element of regenerative therapies and are used 

in multiple ways to treat epithelial defects. Biomaterials are designed to interface 

with biological systems to evaluate, treat, increase or replace tissues, organs or 

functions in the body (European Society for Biomaterials, 2nd Consensus Con-

ference on Definition, 1991). The palette of available biomaterials is extensive 

being polymers, ceramics and metals the main categories. Ceramics and metals 

are indicated for bioengineering load-bearing structures and are out of the focus 

of this mini-review. Polymeric biomaterials are often classified into synthetic and 

natural polymers according to its origin. Because of its superior biocompatibil-

ity and bioactivity, naturally occurring polymers (e.g. collagen, fibrin, chitosan, 

keratin, silk, alginate, cellulose) are frequently used for repairing epithelial tissues. 

Biomaterials based on natural polymers can serve as transitory treatments like 

wound coverages10, temporary skin substitutes11, carriers for cell therapy12,13 and 

drug delivery platforms14,15 as well as long-term replacements for damaged epi-

thelial tissues16,17. 

Despite the broad spectrum of natural polymers and natural-natural18 or natu-

ral-synthetic19 composites that are being investigated for epithelial regeneration, 

currently, the main clinical procedures rely on collagen-based solutions20. Colla-

gen is a fibrous structural protein that forms triple helix assemblies; it is a major 
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constituent of the extracellular matrix and inherently bioactive and biocompatible. 

It is therefore understandable that collagen has long been considered the gold 

standard to repair organs and tissues (skin, cornea, oral mucosa etc.) exposed to the 

environment. Collagen is primarily obtained from livestock sources like cow, pig, 

rat and more recently also from fish21 and typically needs extensive manipulation 

before attaining the final product. One of the main drawbacks of animal collagen 

is its moderate immunogenicity22 and its high batch-to-batch variability. On the 

other hand, religious constraints against animal-derived medical products have also 

played a role23. Production of recombinant collagen in bacteria or plants24 can help 

to overcome these issues but the production is still far from meeting the world-

wide increasing collagen demand25. Last but not least, the mechanical properties 

and degradation kinetics of collagen do not always meet clinical requirements. 

Thus, novel biomaterials able to fulfil the enormous diversity of conditions and 

patients’ needs are required.

Third generation natural biomaterials are expected to be biocompatible as 

well as to foster the regeneration of damaged tissues. To achieve this, researchers 

are screening not only alternative biopolymers26 but also novel architectures of 

already well-known natural materials27. In line with this, nanostructured bio-

materials, typically in the form of nanofibrous hydrogels, have recently attract-

ed much attention28–30. Nanostructuration can endow biomaterials with high 

surface area to volume ratios, enhance cell attachment and proliferation; me-

chanical stability and adequate porosity31. Such nanostructured substrates can be 

fabricated by electrospinning32. For instance, electrospinning has already allowed 

forming gelatin and gelatin-alginate nanofibers with improved mechanical 

properties compared to unstructured hydrogels33. Silk fibroin electrospun nano-

matrices showed reduced inflammation and faster re-epithelization in a rat burn 

model compared to conventional treatments34. These authors partially ascribed 

the over-performance of the nanostructured wound dressing to the nanoscale 

dimensions of the fibres that accurately mimic the properties of soft tissues and 

retain certain amounts of liquid.

A lesser explored family of natural biopolymers with potential applicability 

in epithelial regeneration are nanocelluloses35. The term “nanocellulose” refers 

to cellulose-based materials with at least one dimension in the nanoscale. Nano-
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celluloses can be subdivided into bacterial cellulose (BC), cellulose nanofibrils 

(CNF) and cellulose nanocrystals (CNC). CNF and CNC are commonly ob-

tained from plant/wood cellulose after mechanical and/or chemical treatments 

and BC is biotechnologically produced by microorganisms using different carbon 

sources36. The three types of nanocellulose have been proposed for a diversity 

of medical and/or pharmaceutical applications. Regarding plant-derived nanocellu-

lose hydrogels, recent encouraging applications include renewable and xeno-free 

wound dressings for skin graft donor sites37 as well as controlled drug release plat-

forms for both low and high molecular weight substances38. As an alternative to 

CNC and CNF, cellulose produced by microorganisms is emerging as a promis-

ing natural source of ready-to-use nanocellulose for medical and pharmaceutical 

applications. 

2. Bacterial cellulose 

BC is produced extracellularly by Gram-negative bacterial cultures such as Glu-

conacetobacter, Acetobacter, Agrobacterium, Achromobacter, Aerobacter, Sarcina, Azobacter, 

Rhizobium, Pseudomonas, Salmonella and Alcaligenes. Among them, the most efficient 

BC producer belongs to the Komagataeibacter genus, specifically called Komaga-

taeibacter xylinus (K. xylinus)39,40. The observation that Acetobacter xylinus produces a 

gelatinous mass on liquid/air interfaces has been known since 1886 by the work of 

A. J. Brown41. This gelatinous mass was later identified as BC. The bacterium uses 

the nanofibrous film to protect itself from environmental stresses such as dehydra-

tion, nutrient deficiency and UV radiation. In addition, the BC allows the bacteria 

to float and to remain at the interface between medium and air thus increasing 

oxygen supply.

BC can conveniently be produced in laboratories following the process sum-

marized in Figure 4. The biosynthesis starts with the inoculation of a culture medi-

um with a BC-producing bacteria strain (Figure 4 [A]). A typical culture medium 

contains the following compounds: 2% (w/v) glucose, 0.5% (w/v) yeast extract, 

0.5% (w/v) peptone, 0.3% (w/v) sodium hydrogen phosphate and 0.1% (w/v) cit-

ric acid (Hestrin-Schramm (HS) culture medium)42. At the molecular level, the bi-
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osynthesis of BC in the microorganism can be divided into four sub-steps (Figure 

4 [B]). First, phosphorylation of glucose by a glucokinase occurs (a) in the nucleus, 

followed by isomerization of glucose-6-phosphate to glucose-1-phosphate (b). 

Finally, it reacts with UDPG-pyrophosphorylase to form uranyl diphosphate-glu-

cose (UDPG) (c), followed by the synthesis of BC by cellulose synthase (d). The 

last step in the cytoplasm is chain growth at the reduced end of the ß-1,4-glucan 

chains by UDPG to form cellulose fibres43. 

Figure 4. Schematic representation of the basic BC generation process steps. A) Formation 
process of BC fleece during cultivation of K. xylinus in HS medium in Erlenmeyer flasks. B) Meta-
bolic pathway of cellulose formation. C) Different shapes of possible BC production. D) Scanning 
electron microscopy picture of BC porous middle layer depicting its three-dimensional fibre 
network. E) Layered structure of a BC pellicle. 

The as-synthetized BC membranes exhibit unique properties proving its ad-

equacy for epithelial regeneration purposes such a high degree of polymerization 

(4,000 - 10,000)35 and crystallization (up to 90%)46. For medical applications, the 

high mechanical stability, the lack of immunogenicity and the high purity are of 

particular relevance45,47. The biocompatibility of BC cannot solely be attributed to 

the high purity of the material but also to its similar organization of the fibres as in 

native collagen48. Despite the identical chemical structure of BC and plant-based 

cellulose49, BC clearly defines itself by its structure and material properties. The 
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three-dimensional interwoven network of BC is characterized by a high surface 

area of 35 – 40 m2/g (measured in the freeze-dried form)50,51 and a water content 

of about 99%52. The latter characteristic is the reason why BC is also called a “hy-

dropolymer” or “hydrogel”46. Moreover, BC exhibits high temperature stability 

which allows temperature sterilization processes53.

Last but not least, the attractiveness of this innovative biofabricated material 

has further increased due to its animal and human-free origin54. Its biosynthesis 

opens up the opportunity to develop biotechnological production to significantly 

influence and control the final BC shape and material features. Shapes, specially 

designed to come into contact with epithelial tissue, range from thin foils and 

fleeces used as covering, patch or dressing, tubes for artificial blood vessels55 to 

preformed structures for implantation (e.g., artificial meniscus53 and ear cartilage 

replacement56). In recent years, enormous progress in BC cultivation techniques 

has been made to provide tailored-made and high-quality BC-based materials. In 

parallel, the possibility to scale up BC production may broaden BC applicability 

in the near future35. 

To facilitate contextualization, a comparison between the hallmarks of BC and 

collagen, used here as reference material, can be found in Table 1. 
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Table 1:  Comparison between collagen (as a benchmark material) and bacterial cellulose regar-
ding relevant properties of biomaterials for epithelial regeneration.

Property Collagen Bacterial cellulose

Macrostructure

Sponges, hydrogels. Image: 
Collagen sponge from57.

Hydrogels, aerogels or films 
mainly with planar forms58.

Micro/nanostructure

Triple helix 
protein fibres 
organized in 
3D a network.

SEM image of 
collagen (image 
from59).

3D network 
of pure 
cellulose 
nanofibers.

Building blocks
Amino acids, mainly glycine, 
proline and hydroxyproline.

b-1,4-linked D-glucose units.

Origin
Mainly, livestock animals (cow, 
pig). Also plants60 and fish21.

Bacterial cultures, mainly 
Komagataeibacter xylinus 
strains

Purity Variable. Very high.

Fibre cross-section ≈ 100 nm61. 20-100 nm35.

Fibre length
≈ 1 µm61. > 1 μm, hard to determine 

precisely.

Interwoven fibres Yes. Yes.

Molecular weight High. High.

Options for structuration

•  Fibre alignment62,63.
•  Sacrificial templates64.

•  Fibre alignment65.
•  Templates during 
    biosynthesis66.
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based materials. In parallel, the possibility to scale up BC production may broaden BC applicability in 
the near future 35.  

To facilitate contextualization, a comparison between the hallmarks of BC and collagen, used here as 
reference material, can be found in Table 1.  

Table 1: Comparison between collagen (as a benchmark material) and bacterial cellulose regarding relevant 
properties of biomaterials for epithelial regeneration. 
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Property Collagen Bacterial cellulose

Fibre crystallinity
Non-consensus High (≈ up to 90%67), mix 

between Ia and Ib cellulose 
structures.

Porosity

Very variable depending on 
collagen source and fabrication 
method 35-99%57,68,69.

Very variable depending on 
the drying method and 
posterior treatments 
60% - 95 %58,68,70.

Pore type and size

Interconnected pores with 
variable size: 2668 - 200 µm 
(SpongeCol®)

Multi-size in the mesoporous 
range. Native BC ≈5 µm. Can 
be modified with porogens 
(40 µm in71) and by in 
situ-modifications72.

Water content 98%57. 99%.

Temperature stability 200 ºC73. Up to 300 ºC.

Biodegradability
High, ≈ 1 month in vitro69. Low/none in the body, biode-

gradable by cellulases.

Biocompatibility High. High.

Immunogenicity Low/moderate Low.

Bioactivity
High, supports cell attachment 
and proliferation.

Tunable. Moderate as-synthe-
sized increases after modifica-
tion74–76.

Mechanical stability

Very variable: low in native 
collagen20, increases after 
crosslinking12.

High in general. Reported to 
be higher than collagen68, to 
be improved after surface mo-
dification77 and to recapitulate 
native cartilage56.

Price
Variable, high for pure forms. Variable, depends on the area 

of application.

Commercial 
availability/scalability

High. High in the food form nata de 
coco (500-1500 tons per year 
per producer) and cosmetics 
but still low for  high quality/
purity (medical-pharmaceuti-
cal grade).
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3. Applications of BC in epithelial regeneration

3.1. Dermal applications

Skin is the largest and outermost human organ and covers the entire external body 

surface. Therefore, above all, skin’s primary function is to protect the underlying 

muscles, bones, ligaments and internal organs from external biological and chemical 

agents as well as physical influences78,79. Furthermore, the skin is also involved in 

sensation, temperature regulation, immunological surveillance, prevention of de-

hydration and synthesis of vitamin D380. The large epithelium of the skin, which 

is responsible for the barrier function against infection and towards waterproofing, 

is called the epidermis. This outermost layer of the skin is a stratified squamous 

epithelium, composed of proliferating basal and differentiated suprabasal keratino-

cytes. The epidermis contains no blood vessels, and cells in the deepest layers are 

nourished by diffusion from blood capillaries extending to the upper layers of the 

dermis81.  The integrity of this organ can be affected by cuts, burns, ulcers, surgical 

incisions or illnesses, such as diabetes82. When the skin integrity is compromised, its 

structure and functions must be re-established as soon as possible to recover tissue 

homeostasis. To accomplish that, the wound healing process should begin almost 

immediately after a skin injury occurs, in order to avoid bacterial infection and de-

hydration83,84. Due to the properties described above, BC is a promising biomaterial 

for healing skin injuries. In fact, BC has already been used as a natural polymeric 

wound care material since the 80s85,86. BC meets many of the requirements of an 

ideal wound dressing: it acts as a physical barrier against bacterial infections, allows 

gas exchange, absorbs exudates, keeps a moist environment that enhances reepi-

thelization, and is easy to remove without pain87,88. Furthermore, BC is non-toxic 

and non-allergenic as described43. 

Today, several types of BC-based wound dressings provided by different com-

panies are on the market. The first BC-based medical product on the market was 

Biofill®, a thin BC film with a water content of 8.5% used as temporary skin 

substitute and biological wound dressing. It has been successfully applied for the 

treatment of several skin injuries such as basal cell carcinoma, severe burns, derma-

brasions, chronic ulcers as well as at donor and receptor sites in skin grafts. Among 

other benefits, immediate pain relief, close adhesion to the wound bed, spontane-
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ous detachment following reepithelization and reduced treatment times as well as 

costs have been reported for this product. The only flaw discussed in some reports 

was the limited elasticity when applied in areas of great mobility85.  Along with 

the rising trend for modern moist wound management, clinical investigations of 

wet, never-dried BC for both, chronic wounds and burns, followed89,90. Moist BC-

based dressings such as XCell® were described as more effective than conventional 

wound dressing materials in promoting autolytic debridement, accelerating granu-

lation and simultaneously donating and absorbing moisture from the wound90.  

Some recent studies on dermal BC applications focused on the understanding 

of the accelerated healing observed for both, dry and wet BC wound dressings, and 

thus contributed to a better understanding of the effects. Kwak and colleagues91 

performed an in vivo study on rats and reported on distinct improvements in the 

thickness of both, epidermis and dermis, as well as the number of blood vessels 

and inhibition of the infiltration of mast cells at indicated time points in case of 

BC treated burns compared to gauze. The authors hypothesized that BC may 

accelerate the process of wound healing in burn injuries through regulation of 

angiogenesis and connective tissue formation.

Li and colleagues92 evaluated the effect of the structure of BC on full-thick-

ness skin wound repair. The hierarchical structure of BC films and their different 

effects on skin wound healing was studied both in vitro (in a wound healing model 

placed on a microfluidic chip) and in vivo (Wistar rats). The results indicated clear 

benefits of BC in the healing of full-thickness wounds compared to gauze in terms 

of inflammatory reaction and healing time. The in vivo and ex vivo experiments 

on rats also demonstrated a certain difference in the performance of both sides of 

the BC pellicle. The bottom side of the BC film promoted blood vessel regenera-

tion and collagen production of the wounds more than the top side. The authors 

argued that a looser BC network also promotes cell migration and proliferation 

and suggested heterogeneous BC-based biomaterials for complex tissue engineer-

ing. However, they did not investigate yet, whether a higher porosity and surface 

roughness may compromise the easy and pain-free detachment after reepitheliza-

tion reported for BC wound dressings.

Cavalcanti et al. recently published the outcome of a randomized and con-

trolled trial investigating the efficacy of perforated dry BC membranes for the 
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treatment of lower limbs chronic varicose ulcers87. In the BC group, ulcers were 

more superficial at the end of the observation period (120 days) in more than 80% 

of the patients (versus 60% in the control group treated with triglyceride oil and 

gauze). The authors suggested that BC dressings could act as an inducer of tissue 

remodelling, stimulating the granulation process. They stressed the fact that the 

ulcer healing depends not only on the epidermal proliferation at the margins of 

the lesion but also on the growth of the granulation tissue from the central area.

Several modifications allow to further increase the functionality of BC as a 

wound care device while keeping the essential BC properties of biocompatibility 

and nanofibrillar structuration. Modifications of the cellulose can be obtained 

during the biofabrication process (in situ) e.g. using additives and by post-modi-

fication such as drying, chemical functionalization or loading of the BC network 

with active ingredients. An excellent overview about BC in various modifications 

developed for wound healing applications can be found in Sulaeva et al.40. However, 

some recent findings are highlighted in Table 2 and discussed below.

Table 2:  Modifications of BC and properties resulting from the modifications.

Material Title of the paper Results obtained by BC 
modification

BC with structured 
topography93

Surface-structured bacterial 
cellulose with Guided 
Assembly-Based 
Biolithography (GAB).

•	 Improved cell alignment
•	 Promotion of fibroblast 	

infiltration and new collagen 
deposition in the wound bed.

BCNC/RC94

Regenerated chitin fibres 
reinforced with bacterial 
cellulose nanocrystals as suture 
biomaterials.

•	 Biocompatible surgical 
	 sutures increasing the 
	 strength of BCNC/RC 
	 filaments.
•	 Enzymatic degradation
 	 possible.
•	 Degradation rate can be 
	 tuned by varying.
	 concentration of BCNCs 
	 in the yarn.
•	 Chitin can promote cell 
	 proliferation (in vivo).
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Material Title of the paper Results obtained by BC 
modification

TOBCP/AgNP95

TEMPO-Oxidized Bacterial 
Cellulose Pellicle with Silver 
Nanoparticles for Wound 
Dressing.

•	 Biocompatible surgical 
	 sutures increasing the 
	 strength of BCNC/RC 
	 filaments.
•	 Enzymatic degradation 
	 possible.
•	 Degradation rate can be 
	 tuned by varying 
	 concentration of BCNCs in 

the yarn.
•	 Chitin can promote cell 
	 proliferation (in vivo).

BC/ZnO96

Bacterial cellulose-zinc 
oxide nanocomposites as a 
novel dressing system for burn 
wounds.

•	 Antimicrobial activity against 
Escherichia coli, 

	 Pseudomonas aeruginosa, 
Staphylococcus aureus and 
Citrobacter freundii.

•	 Significant healing of 66% 
after 15 days related to 

	 day 0.

BC/TiO2
97

Bacterial cellulose-TiO2 nano-
composites promote healing 
and tissue regeneration in burn 
mice model.

•	 Antimicrobial activity against 
Escherichia coli (81.0 ± 
0.4%) and 

   Staphylococcus aureus 
   (83.0 ± 0%)

BC/SMN-Zein98

Drug release and antioxidant/
antibacterial activities of 
silymarin-zein nanoparticle/
Bacterial cellulose nanofiber 
composite films.

•	 Flavonoid silymarin (SMN) 
and zein loading through 
nanoparticle adsorbing onto 
BC nanofibers.

•	 Change of wettability and 
swelling.

•	 Antioxidant and 
    antibacterial activity.
•	 Air-dried SMN-Zein/BC 
	 nanocomposite slowing 
	 down the lipid oxidation.
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Material Title of the paper Results obtained by BC 
modification

BC/Octenidin99

Controlled extended 
octenidine release from a 
bacterial nanocellulose/Poloxa-
mer hybrid system.

•	 Long term controlled release 
of octenidine up to 

   one-week improved 
   mechanical and antimicrobial 

properties.
•	 Ready-to-use system with 

Poloxamer loaded BC for 
	 advanced treatment of 
	 infected wounds.
•	 Toxicity test performed with 

shell-less hen’s egg model.

BC/CMC/MTX100

Effect of in situ modification 
of bacterial cellulose with 
carboxy-methylcellulose on its 
nano/microstructure and 
methotrexate release 
properties.

•	 Impact of DS-CMC on 
methotrexate loading.

•	 Topical treatment of 
    psoriasis.
•	 Decrease of the elastic 

modulus as the DS of CMC 
increased.

BC/PHEMA101

Embedding of Bacterial 
Cellulose Nanofibers within 
PHEMA Hydrogel Matrices: 
Tunable Stiffness Composites 
with Potential for Biomedical 
Applications.

•	 New modification: in situ 
UV radical polymerization 
of HEMA monomer 

   impregnated into wet BC 
nanofibrous structure.

•	 Significant improvement in 
mechanical properties.

•	 Tensile strength increased.
•	 Non-toxic.
•	 rMSCs (rat mesenchymal 

stem cells) proliferation
•	 Tissue replacement and 

wound healing.

BC/e-poly-L-Lysine102

Functionalization of bacterial 
cellulose wound dressings 
with the antimicrobial peptide 
e-poly-L-Lysine.

•	 Antimicrobial activity 
(broad-spectrum) without 
affecting the beneficial 
structural and mechanical 
properties.

•	 Modification with non-toxic 
biopolymer.

•	 e-PLL inhibited the growth 
of S. epidermidis on the 
membranes but did not 
affect the cytocompatibility 
to cultured human 

   fibroblast.
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Material Title of the paper Results obtained by BC 
modification

BC/PVA103

Preparation and in vitro charac-
terization of BC/PVA hydrogel 
composite for its potential use 
as artificial cornea biomaterial.

•	 Higher visible light 
	 transmittance than 
	 plain BC.

ABC/urinary bladder 
matrix74

Acetylated bacterial cellulose 
coated with urinary bladder 
matrix as a substrate for retinal 
pigment epithelium.

•	 Higher adhesion and 
	 proliferation of retinal 
	 pigment epithelium cells 

than uncoated BC.
•	 Closer recapitulation of the 

in vivo cell phenotype than 
uncoated BC.

BC/varying porosity71

Bacterial Cellulose-Based 
Biomimetic Nanofibrous 
Scaffold with Muscle Cells for 
Hollow Organ Tissue 
Engineering.

•	 Higher pore size than 
	 native BC to allow muscle 
	 cell ingrowth.
•	 Higher porosity.
•	 A small decrease in 
	 mechanical strength.

3.1.1. Material modifications

Modifications of the BC such as control the water content, surface topography 

and nanocomposites have been applied to improve wound healing. Rebelo et al. 

recently investigated the effects of varying water content on BC material properties. 

They demonstrated that the dehydration effects on BCs viscoelastic and elec-

trochemical properties. Lower water contents as 80% and 50% caused increased 

stiffness and BC resistance to electron transfer became higher with lower electron 

capacity104. Those findings have implications for BC wound dressings with differ-

ent moisture content. They may range from practical aspects such as handling and 

draping of the dressing to electrolyte exchange through the dressing. However, 

this should be investigated in further studies. Another group focused on modifi-

cations of the surface topography of BC dressings in order to improve wound 

healing. Bottan and colleagues introduced a new approach called guided assem-

bly-based biolithography (GAB) technology93. They developed PDMS moulds 

with different surface patterns allowing a controlled in situ modification of the 

BC surface topography. The structured surface was shown to influence migra-

tory patterns and alignment of human dermal fibroblasts and keratinocytes. A 
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full-thickness wound model tested on mice confirmed the promotion of fibro-

blast infiltration and new collagen deposition in the wound bed by the modified 

dressing compared to flat BC.

3.1.2. Combination of BC with other biomaterials

In many studies, BC has been combined with other biomaterials known for their 

beneficial effects on wound healing. To give an example, Moraes and colleagues105 

investigated a self-prepared wound gel made from disintegrated bacterial cellu-

lose and collagen type I (BC/COL). In an animal study, healing of surgical skin 

wounds in rat dorsum with BC/COL gel was compared with those from animals 

treated with commercial collagenase ointment and an untreated group. BC/COL 

hydrogel was found to be more efficient than the collagenase ointment. Wound 

closure and fully repaired epithelium and dermis with organized collagen fibres 

and tissue rich in blood vessels were observed at day 15. At the same time, the 

dermis was thinner in case of the collagenase ointment treatment and still under 

repair with the presence of numerous inflammatory cells for the untreated group. 

Especially, the adhesion of the hydrogel on the wound bed was found to be ad-

vantageous for the treatment.

Other groups reported about the combination of BC with silk-sericin106, chi-

tosan107 and dextran108. Silk-sericin was selected due to its cytoprotective and 

mitogenic effects, whereas chitosan and dextran were selected based on their 

antibacterial efficiency and positive effects on fibroblast cell proliferation, respec-

tively. In all cases, the positive effects of the combination compared to native BC 

were reported.

H. Wu et al. used bacterial cellulose nanocrystals (BCNCs) to reinforce regen-

erated chitin (RC) fibres to form BCNC/RC filaments for surgical sutures. Me-

chanical measurements demonstrated that the strength of the BCNC/RC fila-

ment increased dramatically over the RC analogue. A yarn made of BCNC-loaded 

fibres also achieved satisfactory mechanical performance, with a knot-pull tensile 

strength of 9.8 ± 0.6 N compared to 6.8 ± 0.6 N of RC yarn without BCNC. 

While obtaining biocompatibility of the surgical suture, the enzymatic degrada-

tion rate can be tuned by varying the concentration of BCNCs in the yarn. It 

has been proven that BCNC/RC promotes cell proliferation (in vivo murine skin 
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wound closure experiments, without any adverse effects. The combination of 

strength-enhanced fibre and promising in vivo experiments qualify BCNC/RC 

to be a new candidate for application as BC-based medical suture94.

3.1.3. Drug-delivery systems

Furthermore, an increasing number of studies report on drug delivery systems 

based on BC for dermal applications54. To avoid the risk of bacterial infections, 

e.g. Amoxicillin loaded BC sponges were examined109. The functionalized sponges 

displayed good porosity and swelling, which are beneficial for absorbing wound 

exudates. Moreover, a wound infection model proved enhanced wound heal-

ing ability in vivo. In another study, antimicrobial peptides such as e-poly-L-Ly-

sine (e-PLL) were investigated102. This peptide is a non-toxic biopolymer with 

broad-spectrum antimicrobial activity. Fürsatz et al. cross-linked low molecular 

weight e-PLL in pristine BC membranes and to carboxymethyl cellulose func-

tionalized BC using carbodiimide chemistry. The functionalization of BC with 

e-PLL inhibited the growth of S. epidermidis on the membranes but did not affect 

the cytocompatibility to cultured human fibroblasts as compared to native BC. 

The functionalization had no significant effects neither on the nanofibrous struc-

ture nor on the mechanical properties of the BC. Furthermore, there are recently 

published studies taking advantage of some classical approaches in cellulose chem-

istry applied to BC. e.g. Wu et al. used the 2,2,6,6-Tetramethyl-1-piperidinyloxy 

(TEMPO) oxidation to obtain superficially oxidized bacterial cellulose pellicles 

(TOBCP) and subsequently loaded them with silver nanoparticles (TOBCP/

AgNP)95. Through this modification, they established antimicrobial activity by a 

silver ion release with a rate of 12.2% per day at 37 °C in three days while retain-

ing the biocompatibility of TOBCP.  

Following the same purpose, other groups reported about the incorpora-

tion of zinc oxide nanoparticles into BC. The nanocomposites exhibited high 

antibacterial activity against Escherichia coli, Pseudomonas aeruginosa, Staphylococcus 

aureus and Citrobacter freundii. In a burn wound model, animals treated with the 

BC/ZnO nanocomposite further showed significant healing of 66% after 15 days 

related to day 0 compared to BC, which showed healing of 50.5% after the same 

treatment96. The incorporation of titanium dioxide nanoparticles (TiO
2
) in BC 
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has also given encouraging results97. Khalid et al. depicted in vivo burn wound 

healing potential of BC and TiO
2
 nanocomposites (BC/TiO

2
). Antimicrobial ac-

tivity of the nanocomposite was against Escherichia coli (81.0 ± 0.4%) and Staphy-

lococcus aureus (83.0 ± 0.0%) was confirmed through agar disc diffusion protocol. 

Besides, the combination of BC with natural substances or natural derived 

Active Pharmaceutical Ingredients (APIs) is becoming more and more notable. 

Tsai et al. investigated a composite film with silymarin-zein nanoparticles and 

BC nanofibers. They applied adsorption of flavonoid silymarin (SMN) and zein 

nanoparticles to load them onto the fibres for improving higher antioxidant and 

antibacterial activity. The authors could also show that air-dried SMN-Zein/BC 

nanocomposites slowed down lipid oxidation98.

Lima Fontes et al. have shown the effect of CMC in situ-modifications on 

BC nano/microstructure and methotrexate (MTX) release properties. The de-

gree of substitution of CMC (DS-CMC) has a massive impact on API loading; 

since carboxymethylcellulose (CMC) is a well-known candidate to change e.g. 

pore-sizes of the three-dimensional network of BC. For topical skin application, 

MTX is used as a disease-modifying anti-rheumatic drug e.g. treatment of psori-

asis. However, besides the impact of loading capacity, increasing DS-CMC causes 

a decrease in the elastic modulus of BC100.

Remarkable is also a new in situ-modification by UV radical polymeriza-

tion of 2-HydroxyEthyl MethAcrylate (HEMA) monomer impregnated into wet 

BC nanofibers. The combination of BC with poly(2-hydroxyethyl methacrylate) 

depicted a significant improvement in the mechanical properties (e.g. tensile 

strength) and the rat mesenchymal stem cells proliferation which qualifies this 

modification for tissue replacement and wound healing applications101.

Considering all these wound dressings loaded with an API as drug-delivery 

systems, most of the studies show initial bursts of the API release. Up to now, 

long-term controlled release systems are still very rare. Nevertheless, Alkhatib et al. 

designed a new delivery system consisting of BC and a Poloxamer developed 

for the antiseptic API octenidine as a long-term ready-to-use system for dermal 

wound treatment (Figure 5). This delivery system provides a prolonged retention 

time for octenidine, up to one week, with improved mechanical and antimicro-

bial properties as well as a high biocompatibility99.
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Figure 5. (a) Schematic overview of the loading of BC with Poloxamers forming critical micelle 
concentration (CMC) and critical gelation concentration (CGC) samples. (b) Photographs of octe-
nidine and octenidine/Poloxamer loaded CMC and CGC BC samples and percentage uptake of 
octenidine (mean ± SD, n = 3) after incubation of fleeces for 48 h by Alkathib et al. reproduced 
with permission from Elsevier99.

3.1.4. BC as a cell carrier

Because of the possibility to support mammalian cell attachment and prolifera-

tion, BC films are also investigated as cell carriers in cell transplantation110. 
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For instance, bacterial cellulose/acrylic acid (BC/AA) wound dressing hydrogels 

(without cells) enhanced wound healing capacity in nude mice. Interestingly, 

when the BC/AA hydrogels were loaded with human epidermal keratinocytes 

and human dermal fibroblasts, the positive effects of the BC/AA in burn recovery 

were accentuated. The in vivo results showed that the cell-loaded hydrogel pro-

duces the greatest acceleration on burn wound healing, followed by treatment 

with the hydrogel alone in comparison to the untreated group. The percentage 

wound reduction on day 13 in the mice treated with BC/AA hydrogel loaded 

with cells (77.3 ± 6.2%) was significantly higher than that in the control-treated 

mice (64.8 ± 6.8%) or the hydrogel-treated ones alone (71.5 ± 2.3), respective-

ly. Histological analysis for the expression of collagen type I via immunohisto-

chemistry and transmission electron microscopy indicated a greater deposition 

of collagen in the mice treated with the hydrogel loaded with cells than in the 

mice administered with other treatments. Therefore, the BC/AA hydrogel proved 

promising applicability as a wound dressing and a cell carrier.

In summary, very promising experimental investigations and preclinical studies 

have been performed suggesting the future application of modified, drug-loaded 

and/or native BC in an increasing number of dermal applications. The increasing 

number of BC-based wound dressings on the market follow the same trend and 

confirm the high commercialization potential of innovative BC-based medical 

products. Other fields of BC application in damaged epithelial tissues regenera-

tion are still in its infancies, as described below, but show the same promise.   

3.2. Ophthalmology

Ophthalmology is a branch of medicine historically linked with the use of bi-

omaterials, exemplified by contact and intraocular lenses. The application of 

biologically derived materials in regenerative ophthalmology predominantly con-

centrates on the ocular surface and, to a lesser extent, on the retina111. Figure 6 

localizes these two tissues in a human eye anatomy representation. To date, for 

ocular surface wound healing, amniotic membrane patches are regularly applied112 

and the most common clinical approach for ocular surface reconstruction relies on 

corneal transplantation, whereas innovative regenerative medicine approaches are 

gradually gaining acceptance113.
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BC as a carrier  for  retinal 
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Figure 6. Schematic representation of the human eye anatomy and the targeted tissues treated 
with BC-based therapies.

 

The outermost part of the eye comprises two epithelia: the corneal and the 

conjunctival epithelium. Recently, collagen-based materials have been designed 

to reconstruct these two structures114–116, while other authors developed silk or 

keratin-based membranes117. Some previous reviews already pointed out that the 

innate hydrophilicity, flexibility and mechanical stability of BC suggest a poten-

tial application on corneal regeneration118,119. One more strength of BC for this 

specific application is its conformability, which might facilitate the adaptation of 

the biomaterial to the dome shape of the ocular surface. BC has been shaped into 

a contact lens-like form by culturing K. xylinus on top of hydrophilic surfaces120 

and, in parallel, BC has proven to support the growth of human corneal stromal 

cells121. However, research papers on this topic are scarce and describe preliminary 

findings, indicating that the application of BC in ocular surface regeneration is 

still a field in its infancy that deserves to be explored in more depth.

Native-state BC has a visible light transmittance around 70% due to the dis-

persive character of the fibres bundles and pores. In order to increase the trans-

parency of BC for long-term applications in corneal regeneration, BC has been 

combined with other components such as polyvinyl alcohol (PVA)103. BC/PVA 

composites, prepared by a freeze-thaw method, were satisfactorily evaluated in 

terms of water holding capacity, light transmittance, mechanical properties and 

thermal stability; important characteristics for a corneal substitute. However, no 
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biological characterization of those materials has been published at the time of 

this review. Similarly, BC/Hyaluronic acid composites (BC/HA) were prepared 

by a physical gelation method with the resulting material displaying 90% of visible 

light transmittance67.  Interestingly, this feature was maintained after a drying-re-

wetting cycle. According to the authors, biocompatibility tests for the BC/HA 

composites are in progress.

To our knowledge, the only in vivo assessment of BC as a corneal replacement 

was carried out by R. V. Sepúlveda et al.122. In this study, dry BC and BC/poly-

caprolactone (PCL) hydrogels were implanted into rabbit’s eyes to replace the 

corneas. Both BC and BC/PCL implants remained stable over the 45 days of the 

study and delayed the manifestation of corneal oedema with respect to the con-

trol group that received no treatment. Nevertheless, the authors report chronic 

inflammation and incomplete re-epithelization in the long term for the rabbits 

receiving the BC and BC/PCL implants. These results hint that the use of BC as 

a permanent corneal substitution will be challenging. 

Another research direction regarding ophthalmological applications of BC 

is the repair of retinal pigment epithelium (RPE). The function of this highly 

specialized epithelium is impaired in patients suffering from age-related macular 

degeneration, the most common cause of vision loss in Europe123. Gonçalves et 

al. described that acetylated BC supported the attachment and proliferation of 

RPE cells and envisioned a potential application of BC as a carrier for RPE cell 

transplantation to the retina124. More recently, the same group reported a further 

functionalization of acetylated-BC (ABC) with urinary bladder matrix74.  It is 

encouraging to read that when RPE cells were seeded on these substrates, they 

recapitulated closer the in vivo phenotype than uncoated ABC.

Taken together, these studies set the basis for future research on BC-based 

biomaterials specifically targeting eye epithelia. The above-summarized re-

sults are still immature and, due to the lack of in vivo experiments, conclusions 

must be drawn with caution. Nevertheless, the field of regenerative ophthal-

mology appears as an opportunity for the BC-based biomaterials to find a 

potential niche in the health market, which appears as less competitive than 

i.e. the skin.
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3.3. Stomatology

Deliberations for potential applications of BC, e.g. temporal implants in dental 

extraction alveoli or wound dressing after mucosal transplantation recently came 

up, but the testing of BC and specific product developments are still rare. However, 

the softness of the hydropolymer plus its flexibility and self-attachment to surfaces 

strongly suggest a broader scope of application in dentistry. Studies of Weyell et al. 

depicted the benefits of doxycycline-loaded hydrated and freeze-dried BC in 

dental therapies such as dental extraction or mucosal transplantation125. Both ap-

plications would benefit on the one hand from a material, which degrades under 

physiological conditions and on the other hand from an antibiotic environment. 

Consequently, periodate-oxidation of BC was performed to modify its degrada-

tion kinetics. In addition, native and oxidized BC loaded with doxycycline were 

tested for prophylaxis against infection. An in vitro toxicity test ensured biocom-

patibility of oxidized BC, whereas agar diffusion tests of samples loaded with 

doxycycline against pathogenic oral bacteria proved high antibiotic efficiency. 

Release studies of the drug from native and oxidized BC confirmed a comparable 

release behaviour showing an initial burst of 50 – 60% within the first hour and 

a total release of about 90% after 3-5 h126.

Chiaoprakobbkij et al. developed freeze-dried composite sponges made from 

BC fibres and alginate, cross-linked with CaCl
2
. This recent in vitro study also 

showed a supported proliferation of human keratinocytes and gingival fibroblasts 

caused by this composite material127. In conclusion, there is still an unmet po-

tential for BC-based products (e.g. periodontal dressings, sponges, tamponades, 

sutures or even drug delivery systems) in dentistry.

3.4. Other epithelial surfaces

Epithelial tissues form part of a myriad of membranes and barriers inside the human 

body. Some of these structures such as the eardrum, the meninges or the linings of 

hollow organs are difficult to rebuild after disease or trauma and would largely benefit 

from new repair approaches based on natural biomaterials. In this last section, we have 

grouped further applications of BC regarding the regeneration of diverse body surfaces.

The tympanic membrane (TM) separates the external ear from the middle 

ear and its key function is to amplify air-borne vibrations and transduce them 
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to the middle ear. TM perforation is a common clinical situation and implies a 

risk of prolonged damage and hearing reduction, especially if bacterial infection 

occurs. BC patches have been evaluated as wound healing devices in eardrum 

perforations to substitute the muscle, fat or cartilage autografts that are conven-

tionally used in TM reconstruction. F. Coelho Alves Silveira et al. performed a 

randomized controlled trial with 40 patients and reported a higher success rate 

(90 vs 80%) when BC films were used as wound dressings respect to autologous 

temporal fascia (muscle) patches. Notably, the BC treatment reduced the opera-

tion time in more than one hour and the total hospitalization costs were 13 times 

lower. Another study tested the efficiency of BC to solve small but long-lasting 

TM perforations in 16 ears128. The authors conclude that the high rate of re-

covery of these patients treated with BC (81.3% of the cases) encourages for 

further investigations of BC in otology. Interestingly, this publication highlights, 

from a clinical point of view, some advantages of BC respect to other grafting 

materials for TM reconstruction: no need of general anaesthesia for the surgical 

procedure, easy shaping of the material to match the defect size, enhancement of 

cell growth in the damaged area, easy sterilization and short operating time.

Because its limited endogenous regenerative potential, the nervous system is 

another area where BC patches could be of great interest. In particular, dura ma-

ter, the outermost of the three meninges that surround the brain and the spinal 

cord, is frequently disrupted after neurosurgical interventions or trauma and thus 

can be regarded as a potential target for BC-based treatments. In vitro, patterned 

BC substrates proved to support and guide the growth of neural stem cells66. In 

line with this, Goldschmidt and co-workers reported the proliferation of human 

dural fibroblasts (primary cultures) on BC films129. These authors propose BC as a 

conceivable option for dural implants principally because of its mechanical stability 

and its capability to support the growth and migration of native dural cells. In 

vivo, damage to dura mater has been experimentally treated with BC patches130. 

In this study, sutureless BC implants were inserted in 40 rats and examined after 

120 days without noticing any complication such as infection, cerebrospinal fluid 

leakage, haemorrhages or behaviour disturbance in the animals during the study 

time. The levels of inflammation were similar between the group that received 

BC patches and the group implanted with a polytetrafluoroethylene-based material 
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(positive control). The authors claim a satisfactory level of BC graft acceptance and 

highlight the potential application of BC in dura mater repair. Actually, in 2014 

the commercial product SyntheCel Dura Repair was launched for this specific 

application after showing equivalent effectiveness compared to other commer-

cially available products for dura replacement131.

BC native structure in the form of a fibrous hydrogel and some reported BC 

film thickness58 are comparable to those of the mucus layers covering the body’s in-

ternal cavities132,133. Thus, BC has also been proposed for the reconstruction of hol-

low organs134 that is, urinary, reproductive, respiratory and intestinal tracks, which 

contain a mucosa on its inner side. To this end, asymmetric BC structures exhibiting 

one site with densely packed BC fibres and another side with loose BC fibres were 

generated mimicking the architecture of tubular organs71. These scaffolds achieved 

higher porosity than native BC and after being seeded with muscle cells, were 

implanted in dog urinary systems yielding better outcomes than unmodified BC. 

The findings summarized in this section collectively underline the versatility 

BC and its potential to take part in the regeneration of diverse body surfaces. 

Likewise, the adaptability of BC in terms of size, shape and porosity will be cru-

cial in the future to conceive tissue-specific biomaterials based on BC. 

4. Conclusions

The outstanding properties of BC, in conjunction with its natural origin and 

sustainable manufacturing, call for many diverse applications in epithelial regener-

ation. Here, we provide a compact but detailed synopsis about the opportunities 

for BC-based alternatives to conventional treatments in this field. 

Huge progress has been made in the development of novel BC-based materials 

for dermal applications and the understanding of their positive effects on wound 

healing. Approaches ranging from modifications of topography, water content 

and pore structure to combinations with other biopolymers, active ingredients 

and/or cells have shown that BC is not only an excellent wound dressing material 

in its native form but also a versatile platform material to tailor-made product 

design. Along with the increasing comprehension of the reasons for accelerated 
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wound healing observed for native as well as modified BC, new BC-based medical 

products, designed for the treatment of specific skin lesions, can be expected to 

enter the market within the next couple of years. 

Besides the well-known example of the outer skin, we pinpointed other epithe-

lial surfaces that could benefit from innovative treatments based on BC. In the field 

of ophthalmology, the preliminary findings reviewed here should encourage future 

research on BC-based biomaterials specifically targeting eye epithelia since the 

field of regenerative ophthalmology appears as a chance for BC to find a niche in 

the competitive health market. Similarly, the softness of the BC hydrogels together 

with its flexibility and self-attachment to body surfaces strongly suggest a broader 

scope of potential application in dentistry, a field that definitely deserves more 

research efforts. Worth noting are the reports on tympanic membrane reconstruc-

tion highlighting important advantages of BC compared to other grafting ma-

terials from a clinical perspective: no need of general anaesthesia for the surgical 

procedure, easy shaping of the material to match the defect size, enhancement of 

cell growth in the damaged area, easy sterilization and short operating time. 

The potential of BC as cell carrier should not be underestimated. In this man-

uscript, we gathered abundant examples of cell types that can effectively attach 

and proliferate on BC substrates. These cell types include diverse human cells; 

epidermal keratinocytes, dermal fibroblasts, corneal stromal cells, retinal pigment 

epithelium and other mammalian cells like neural stem cells (mouse) and muscle 

cells (dog). On top of that, BC exhibits potentiality as a substrate for stem cell 

transplantation as it proved to maintain stemness of mouse mesenchymal stem 

cells for a longer period of time than traditional culture methods135. 

Naturally, there are some difficulties that BC-based biomaterials will need to 

overcome to effectively contribute to epithelial regeneration. When a permanent 

replacement for epithelial tissue is targeted, BC should allow cell ingrowth to 

provide proper integration of the biomaterial into the surrounding tissue. So far, 

this can only be achieved when BC is specifically modified to increase poros-

ity. Moreover, BC-based (implant) materials need to degrade after fulfilling the 

intended medical purpose. Degradability of BC under physiological conditions 

can only be achieved after chemical modification or enzymatic treatment and the 

verification of total degradation and metabolization in in vivo studies is still open. 
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Likewise, for the specific application of long-term corneal replacement, BC will 

also need to be adapted to improve visible light transmittance.

However, these limitations in some specific fields of medical application are 

already addressed in current research and will probably be overcome in the next 

years. The significant progress in controlled production and the successful de-

sign of bioreactors suited for industrial-scale production of medical-grade BC45 

already paved the way for faster commercialization. Together with the profound 

knowledge gained by young companies worldwide about the production of BC-

based products according to current quality management and medical device reg-

ulations, this progress will significantly accelerate the market entrance of further 

BC-based products including an increasing number of implant materials designed 

for epithelial regeneration.
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On-site interviews with experts  

While preparing the above mini-review, a relevant consideration was that, to date, 

the most advanced field of application for BNC is skin tissue regeneration. That 

presents advantages in terms of success examples and availability of data, yet it 

involves higher competitiveness and reduced novelty in this area. Hence, in the 

interviews with specialists, we aimed at:

1.	 Gaining a well-informed position to decide whether to address the efforts of 

the current thesis towards skin tissue regeneration with BNC biomaterials. 

2.	 Identifying alternative tissues where the properties of BNC could be ap-

preciated. 

3.	 Hearing the views of end-users regarding the possibilities of BNC in 

their fields of expertise. 

Methodology 

Interviewed experts 

Approximately forty experts from local institutions (hospitals, universities and 

private companies) were contacted via email. Out of the totality of the sug-

gestions made, eleven persons from different backgrounds and working sectors 

(Table 3 lists the details) agreed on arranging an on-site interview. The meetings 

were conducted face to face in two rounds with a different focus; i) regenerative 

medicine in general and ii) ophthalmology-related. 

 
Table 3:  Number of interviewed specialists classified by the working sector and field of expertise.

Work sector Number of 
interviews

Healthcare 4

Veterinarian 3

Academy 2

Industry 2
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Field of expertise Number of 
interviews

Ophthalmology/optometry 6

Plastic surgery/
dermatology  5

Questions

Roughly, the following questions were posed to the experts:

1.	 Which are the current strategies used in your field involving biomate-

rials?  

2.	 Which are the major limitations of the current biomaterials? 

3.	 Which pathologies/tissues cannot be treated satisfactorily with the 

present solutions? 

4.	 Which characteristics do you think a biomaterial should have to be at-

tractive in your field? 

5.	 Would you be willing to incorporate in your practice novel biomate-

rials? 

The answers provided to these questions and other sporadic comments made by 

the experts were noted during the interviews and then transcribed and analysed 

manually. 

Results 

First-hand, very valuable and practical information was extracted from the inter-

views. The most agreed opinions from experts regarding i) desirable properties 

biomaterials should exhibit to be considered attractive and ii) unmet challenges 

from current solutions where BNC could be valuable are presented in Figure 7 as 

word clouds. The size of each word matches the frequency a concept appeared in 

the interviews. Tables 5 and 6 show the quantification of this analysis. Moreover, 

a summary from each set of meetings is provided below. 
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Figure 7. Graphical representation of the interview’s outcomes. Word clouds showing the 
recurrent answers of the interviewees. The size of each word corresponds to the frequency that a 
concept appeared in the transcripts of the meetings. Top: desirable properties for novel biomate-
rials. Bottom: attractive applications for BNC. The diagrams were made with https://wordart.com/.  

General interviews 

The first round of interviews sought to acquire an overall view of the regenera-

tive treatments using biomaterials employed in our regional sanitary ecosystem. 

Interviewed experts included two surgeons, two dermatologists and a regenera-

tive medicine researcher. The main messages extracted from this series of inter-

views were: 

1.	 Since the skin and other body surfaces are per se fast recovering tissues, 

wounds tend to heal satisfactorily in healthy patients with some excep-

tions that include: large area wounds like those caused by burns, wounds 

in particularly sensitive areas such as joints (due to movement and a thin 

skin layer present on this areas) and cornea (due to lack of irrigation).

2.	 The second scenario where wound healing might be compromised refers 

to particularly sensitive patients. Certain patients have impaired wound 

healing capacity due to pre-existing diseases, like diabetes or Acquired 
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ImmunoDeficiency Syndrome (AIDS), or systemic treatments like im-

munosuppression and chemotherapy.  Other special patients are those that 

require a fast recovery such as elite sportspeople. 

3.	 For the standard population, the major complication related to wound heal-

ing is the risk of infection. When surgical intervention is required and a 

biomaterial or a tissue graft is employed, rejection and immune reactions are 

additional dangers to the always-present risk of microbial contamination. 

4.	 Skin regeneration products are already well standardized and the market 

offers a vast catalogue of commercial options trusted by the clinicians. 

Therefore, unless a novel approach provides a ground-breaking improve-

ment, it might be difficult to incorporate BNC-based solutions in this 

market sector. Examples of some commonly used products in hospitals 

for severe wound reconstruction are included in Table 4. Accordingly, de-

veloping biomaterials have more chances to result attractive if they are 

directed to treat a specific tissue or pathology still lacking an optimal and/

or targeted solution. Some of these situations are gathered in Table 6. 

5.	 BNC inherently meets a fraction of the most sought-after requirements 

for biomaterials such as flexibility and non-toxicity (see Figure 7 and 

Table 5) and therefore, it was generally endorsed by the specialists as an 

option worth exploring in regenerative treatments.  

Table 4. Examples of commercial products used in wound management by the interviewed 
clinicians.

Product name 
and company Composition Recommended use

MatriDerm®

MedSkin
solutions

Native collagen scaffold mixed with 
elastin.

Regeneration of full-thickness 
wounds in a one-step procedure 
in combination with a split-thick-
ness skin graft from the patient.

Integra®

Integra Life

One layer of a porous matrix of 
cross-linked collagen and glycosa-
minoglycan + one layer of silicone.

Temporary epidermal substitute 
for  burns or reconstructive 
procedures.

Sangustop®

BBRAUN

High-density collagen sponge 
supplemented with riboflavin

Control bleeding in internal 
organs.
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Product name 
and company Composition Recommended use

Epicel®

Vericel

A sheet of proliferative, autologous 
keratinocytes attached to a paraffin 
gauze backing.

Reconstruct large area burs where 
there are limited suitable harvest 
sites.

Tissucol®

Baxter 

Tissue glue based on human fibrin 
obtained from human plasma.

Seal and prevent bleeding.

Ophthalmology-related interviews 

After the first round of interviews, the need for a higher level of specialization 

became clear. A common observation made by experts was that some tissues e.g. 

cornea or types of lesions e.g. chronic wounds require much more attentive and 

focussed management than conventional wounds thus offering opportunities for 

novel approaches. Therefore, we selected corneal lesions among the diversity of 

“sensitive wounds” requiring special healthcare assistance as an alternative to skin 

regeneration as a plausible target of our BNC-based biomaterials.  

To confirm the adequacy of BNC for the regeneration of the cornea, as well 

as to gain a better understanding of this sector, the second round of interviews 

targeted professionals dedicated to eyesight including ophthalmologists (both hu-

man and veterinarian) and optometrists, extracting the following conclusions:

1.	 Corneal wounds and ulcers are prevalent and, in some cases, very recur-

rent and difficult to treat. Similar to skin wounds, excessive scarring and 

infections are common complications of corneal lesions. Particularly 

threatening is the risk of vascularization and conjuntivalization of the 

cornea since it causes opacification and subsequently, corneal blindness.  

2.	 Patient discomfort is a serious complication of current treatments caused 

by the high sensitivity of the cornea, which is avascular but highly inner-

vated. Another cause of patient discomfort arises from the fact that many 

ocular surface treatments are administrated as eye drops that require very 

frequent doses. Therefore, biomaterials incorporating therapeutic agents 

would be convenient. 

3.	 One of the most desired characteristics for ophthalmology-oriented bio-
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Allows cell in-growth 3 0 3

Allows cell adhesion and 
migration

2 1 3

Induces appropriate 
differentiation

1 0 1

Inhibits excessive prolifera-
tion and scarring

4 1 5

materials is its capacity to provide moisture (this attribute was mentioned 

by 6/6 interviewees) to the ocular surface, i.e. high water retention, to-

gether with transparency. Biomaterials for corneal regeneration should 

also be flexible and conformable allowing and easy application onto the 

dome-shaped ocular surface and should not cause eye irritation. 

4.	 A common approach for corneal wound healing is the application of an 

amniotic membrane –the innermost layer of the placenta– patch as both 

physical protection and a source of growth factors and anti-inflammato-

ry molecules. Some collagen-based structures have also been developed 

but, according to the specialists, this is an underexploited subsector in the 

health market. 

5.	 If pursuing a corneal bandage application, a key parameter would be the 

fixation method of the BNC to the ocular surface, which should be mini-

mally invasive but at the same time provide a robust attachment. 

6.	 Overall, the application of a non-toxic and soft hydrogel such as BNC in 

corneal wound management was perceived as an appealing research line 

by the interviewed experts.

Table 5: Desirable biomaterial’s properties according to the interrogated experts. The 
figures indicate the number of times a feature was mentioned by the specialists. Categories 
were added a posteriori for comprehension sake.

Category Property

Nº of experts 
mentioning: 
GENERAL

(out of five)

Nº of experts 
mentioning: 

OPHTHALMOLOGY 
(out of six)

Total
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Category Property

Nº of experts 
mentioning: 
GENERAL

(out of five)

Nº of experts 
mentioning: 

OPHTHALMOLOGY 
(out of six)

Total
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Non-toxic 4 3 7

Enhances vascularization 3 0 3

Mimics natural tissues 2 0 2

Not immunogenic 2 0 2

Has been tested in vivo 2 0 2

Absorbs exudates 4 1 5

Resorbable 2 0 2

Moisturizing 2 6 8

Flexible 4 3 7

Transparent 0 6 6

Haemostatic 2 0 2

Injectable 3 0 3

Suturable 0 3 3

Easy to use 0 5 5
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Table 6: Potential BNC applications based on the outcomes of the interviews. The specific 
number of times a prospective use for BNC was cited by the interviewees.

Category Property

Nº of experts 
mentioning: 
GENERAL

(out of five)

Nº of experts 
mentioning: 

OPHTHALMOLOGY 
(out of six)

Total

Lo
ng

-te
rm

 u
se

 T
em

po
ra

ry
 u

se
Ca

rr
ie

r  

2 0 2

Tissue substitute 2 0 2

Defect filler 3 0 3

Bandage for internal organs 1 0 1

Resorbable scaffold 2 0 2

Cosmetic patch 3 0 3

Solar filter 2 1 3

Ulcers 2 3 5

Choric wounds 1 1 2

Sensitive areas (cornea, 
movement areas...)

4 3 7

Big area wounds 3 0 3

Psoriasis treatment 2 0 2

Coating for sutures, 
contact lenses...

1 4 5

Antibiotics 0 3 3

Growth factors 0 2 2

Cells 3 1 4

Model for in vitro studies 
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Contributions to the field and critical comment  

In this non-experimental chapter two activities –a literature review and an array 

of meetings with experts– have been employed to gain an understanding of the 

healthcare uses of BNC as well as to identify novel applicability sectors. 

Upon reviewing recent literature, we detected abundant reports emphasising 

the outstanding properties of BNC for tissue regeneration and wound healing. 

Some of the innate characteristics of BNC are comparable to those of collagen, 

which we have recognised as the gold standard material for epithelial regener-

ation. A comprehensive comparison between both biomaterials is provided in 

Publication 1. Application examples of BNC in the healthcare sector are dom-

inated by skincare products. However, other tissues such as the cornea, the oral 

mucosa or the dura mater are gradually gaining prominence and we have empha-

sized these lesser-exploited applications in our mini-review. Besides, BNC was 

found to stand out on its suitability as a substrate for mammalian cell growth. To 

my view, this opens a new set of possibilities for BNC in cell transplantation ther-

apies as addressed experimentally in the coming chapters of this thesis. Since the 

publication of our mini-review in June of 2019, other high-quality bibliographic 

works have been written regarding uses of BNC in healthcare. To mention a 

few, Carvalho and colleagues described the latest BNC-based tissue engineering 

approaches136 while Oliveira Barud and co-workers focused on dentistry appli-

cations137. Interestingly, Klemm et al. reviewed process-control methods for BNC 

production addressed to medical applications138. 

I believe that the on-site interviews were a successful approach to gain aware-

ness about the use of biomaterials in the local sanitary arena as well as to better 

comprehend the limitations of the current solutions. Medical doctors confirmed 

our assessment that, to date, collagen-based materials represent the gold standard 

in regenerative treatments. Moreover, they shared some examples of products 

used by themselves, which are gathered in Table 4, offering standards to whom 

novel biomaterials can be benchmarked. We have also corroborated that BNC 

exhibits per se some of the most sought-after properties for biomaterials accord-

ing to the consulted experts, namely: biocompatibility, conformability, high wa-

ter content and manageability while some other desirable attributes could be 
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attained upon modifications. The reports from the interviews incorporated in 

this chapter provide a direct and updated picture of the end user’s needs and, for 

this reason, I consider it as a highly relevant and innovative contribution of this 

chapter. Moreover, the first-hand experiences shared by experts have been of 

uttermost value in the development of this thesis as they guided our first steps 

towards problem-oriented approaches and eased later collaborations. Naturally, 

this interview-based methodology has some limitations that need to be taken 

into account. First, the number of interviews and the profile of the interviewees 

were conditioned to the expert’s willingness to participate in this research and 

their availability of time and this might have caused certain bias. Second, even 

though the starting questionnaire was always the same, in some cases the inter-

views evolved to different topics and the experts described personal opinions or 

experiences that were difficult to analyse systematically. Finally, it was challenging 

to take notes covering the totality of the answers provided by the experts and this 

might have caused some details to be lost during the transcription of the data. To 

mitigate this issue, recording the interviews could have been useful. 

By integrating the information extracted from the literature and the inter-

views, and keeping in mind other parameters such as the experimental feasibility, 

we have been able to identify diverse opportunities for BNC as a biomaterial. In 

my judgment, some of the most attractive ones are the use of BNC as a carrier for 

cellular therapies, a biomaterial for corneal wound healing or as a patch to repair 

internal organs. Moreover, the tunability of BNC has been recognised as a clear 

advantage to attain tailor-made BNC-based materials for specific unmet clinical 

demands. Therefore, the coming chapters of this thesis are largely guided by this 

non-experimental research.  
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Chapter introduction

BNC is broadly considered to be non-toxic and well-tolerated when implanted 

in vivo1-3. These features, coupled with its mechanical properties and nanofibrillary 

structure mirroring the extracellular matrix (ECM), call for a wide range of uses in 

the biomedical domain4–6.  As commented in Chapter 1, BNC has been advocated 

as an appealing substrate to grow and expand mammalian cells7–10, raising hopes 

about its value in the blooming field of cellular therapies11,12. Accordingly, assessing 

BNC as a cell carrier has been one of the main motivations of this thesis.

On the other hand, BNC nanocomposites have gained interest due to the synergies 

that can be achieved by combining BNC with other functional nanomaterials13,14. A 

widespread approach has been the incorporation of inorganic nanoparticles (NPs), 

such as silver (Ag) or titanium dioxide (TiO
2
),  conferring BNC with antimicro-

bial properties15–17. Notably, nano-sized TiO
2
 has also been proposed to promote 

wound healing18,19 and to act as a linker between drug molecules and cellulose 

nanofibers20,21. Besides, nanotitania is regularly used in sunscreens formulations22,23 

due to its UV-absorption and biocompatibility. Of note is also that photoprotection 

was mentioned by some interviewed clinicians in the previous chapter as a desirable 

property for biomaterials used to treat exposed areas of the body.

In the present chapter, I investigate the interactions between pure BNC and 

modified BNC substrates incorporating TiO
2
 NPs with model human cells aiming at: 

1.	 Gaining a better understanding of the cytocompatibility of BNC and its de-

rivatives. This analysis will complement other’s publications reporting on the 

lack of cytotoxicity of BNC through MTT or similar assays 24–26. Besides, I will 

focus on cell adhesion, morphology and the possibility to retrieve the cells 

from the BNC structures.  

2.	 Exploring BNC as a cell culture and transplantation tool.

3.	 Developing BNC-based substrates with advanced functionalities.

Accordingly, BNC/TiO
2
 nanocomposites (anatase phase) were fabricated via 

an in-house microwave-assisted route27,28 and studied together with unmodified 

BNC. First, an in-depth material and in vitro biological characterization of BNC 
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and the titanium nanocomposites is presented. Then, functionality tests were car-

ried out to evaluate practical applications of these substrates; namely, we focused 

on three putative uses: 

1.	 BNC and BNC/TiO
2 
as supports for adherent cell cryopreservation (reported 

in Publication 2: I. Anton-Sales et al., ACS Biomater. Sci. Eng, 2020).  

2.	 The photoprotective effects of BNC and the titania hybrids for sunscreen ap-

plications

3.	 The antimicrobial capacity of both substrates towards Escherichia coli (E. coli). 
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Bacterial 
nanocellulose

Bacterial 
nanocellulose/TiO2

Cryopreservable cell carriers 

Publication 2: 	Bacterial Nanocellulose and Titania Hybrids: 
	 Cytocompatible and Cryopreservable
	 Cell Carriers
  
Irene Anton-Sales, Soledad Roig-Sanchez, Maria Jesus Sánchez-Guisado, Anna Laro-

maine and Anna Roig. ACS Biomaterials Science & Engineering 6, 4893–4902 (2020).

Reprinted with permission. Copyright: 2020 American Chemical Society. 

https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00492

Figure 2: Graphical abstract of Publication 2. 

Abstract 

Carrier-assisted cell transplantation offers new strategies to improve the clinical 

outcomes of cellular therapies. Bacterial nanocellulose (BC) is an emerging biopoly-

mer that might be of great value in the development of animal-free, customizable 

and temperature-stable novel cell carriers. Moreover, BC exhibits a myriad of 

modification possibilities to incorporate additional functionalities. Here, we have 

synthesized BC-titanium dioxide (TiO
2
) nanocomposites (BC/TiO

2
) to evaluate 

and compare the suitability of not only BC but also a model hybrid nanobiomate-

rial as cell transplantation supports. This work provides thorough information on 

https://pubs.acs.org/doi/10.1021/acsbiomaterials.0c00492
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the interactions between BC-based substrates and model human cells in terms of 

cell attachment, morphology, proliferation rate and metabolic activity. Two methods 

to partially retrieve the adhered cells are also reported. Both BC and BC/TiO
2 

ssubstrates are positively evaluated in terms of cytocompatibility and endotoxin 

content without detecting major differences between BC and BC nanocomposites. 

Lastly, the effective cryopreservation of cells-BC and cells-BC/TiO
2
 constructs, 

yielding high cell viability and intact cell carriers after thawing, is demonstrated. 

Taken together, our results show that both BC and BC/TiO
2
 enable to integrate 

the processes of expansion and long-term storage of human cells in transportable, 

robust and easy to manipulate supports. We expect these findings to encourage 

further applications of BC-based biomaterials in cellular therapies and to prompt 

research on BC-nanocomposites exhibiting advanced functionalities. 

Keywords 

Microbial cellulose; Nanocomposites; Titania; Cryopreservation; Fibroblasts; Cell 

culture support 

Introduction 

Cell transplantation approaches rely on a dual beneficial effect evoked by the ad-

ministered cells: i) repopulation of the wound bed and ii) contribution towards 

a favourable microenvironment for tissue repair (via secretion of cytokines and 

growth factors). Cellular therapies in the form of autologous 29,30 or allogenic31 cell 

transplants exhibit a long-proven efficacy to treat complicated skin lesions; while 

extending these therapies to other organs32 and developing innovative cell delivery 

systems33 represents an active focus of research. Despite some satisfactory clinical 

outcomes have already been obtained34,35, the complex administration of therapeu-

tic cells i.e., insufficient survival and integration of cells delivered in suspensions or 

sprays36–38, hinders the widespread implementation of some cell therapies. Moreo-

ver, the next generation of cellular products should be provided in a ready-to-use 
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format to decrease waiting times and be used on-demand. To this end, long-term 

and reliable storage (e.g. cryopreservation) of cellular products needs to be further 

developed and standardized. The use of cell carriers can contribute to overcom-

ing some of these bottlenecks; specifically by enhancing cell survival, controlling 

differentiation and retaining the transplanted cells at the target site. Last but not least, 

cell vehicles can also facilitate cryopreservation and the handling of therapeutic cells39. 

Collagen-based biomaterials represent the current gold standard for cell trans-

plantation supports mainly because of its ability to support cell attachment and 

proliferation36,40. However, collagen presents some disadvantages such as a certain 

risk of immunogenicity, poor batch-to-batch reproducibility and low availability 

all due to its animal origin. Nanocellulose synthesized by bacteria (referred here as 

bacterial nanocellulose, BC) is a biopolymer with potential applicability as an al-

ternative cell carrier. BC inherently presents many of the characteristics sought-af-

ter for cell transplantation supports namely; purity, conformability, water holding 

capacity and porosity14. Besides, the high thermal and mechanical stability of BC 

are favourable features for the clinical translation since they enable heat-steriliza-

tion, easy handling and fixation by sutures41. The interwoven nanofibrillar struc-

ture of BC is responsible for most of these unique physicochemical properties and 

the high architectonical similarity to collagenous structures. BC was first proposed 

as a substrate for mammalian cell culture in the 1990s by Watanabe et al 7. Later 

studies have reported on BC functionalized with the tripeptide motif RGD for 

the culture of fibroblasts42 or surface-modified BC as support for retinal pigment 

epithelial cells43,44. However, uncoated BC substrates have also been successfully 

loaded with several cells types45–47 and proved to prolong stemness of mouse em-

bryonic stem cells48. These findings imply that BC could be deemed as an alterna-

tive to collagen in the design of novel carriers for cell transplantation therapies49 

and in vitro studies8. On the other hand, BC has been suggested as a cryoprotectant 

agent50 and other cellulosic materials have been employed as substrates to cryo-

preserve embryos51 and fungi52. However, the possibility to cryopreserve BC-cell 

constructs has not been addressed so far. 

Considering the remarkable functional properties that inorganic nanoparticles 

(NPs) can endow to BC and the rising research attention on hybrid biomaterials13, 

it is of great interest to investigate the impact of these NPs on cells cultured on 
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such BC nanocomposites. Because of its widespread use in skin-related applica-

tions, titanium dioxide (TiO
2
) NPs were selected here as a model NP among the 

plethora of biocompatible NPs to be combined with BC. Importantly, colloidal 

TiO
2
 NPs have recently been suggested for dermal treatments as antimicrobial and 

scar-reducing agents18,19. TiO
2
 NPs have also been incorporated to plant-derived 

nanocellulose patches as a linker for drug molecules to modulate release kinetics20,21. 

In another study, TiO
2
 NPs combined with BC films created an efficient wound 

dressing in a burn mice model53. Nevertheless, the role of  TiO
2 
on the perfor-

mance of BC as a cell carrier has never been systematically studied. 

Here, we present a thorough study of BC and BC/TiO
2
 nanocomposites as 

versatile and portable cell culture supports. The two substrates are structurally 

characterized and proven endotoxin-free and then in vitro studies on cell attach-

ment, proliferation, viability and morphology are described. Next, three methods 

to retrieve the cells adhered to BC and BC/TiO
2
 supports are tested. Finally, we 

show that cell-BC and cell-BC/TiO
2
 constructs can be effectively cryopreserved 

yielding highly viable cell populations and intact carriers after thawing. 

Experimental section 

BC and BC/TiO
2
 substrates: synthesis and characterization 

Bacterial nanocellulose production

A commercial Komagataeibacter xylinus (K. xylinus) strain (NCIMB 5346 from CECT,  

Valencia, Spain) was initially cultured in Hestrin-Schramm (HS) solid medium 

consisting of 1.15 g citric acid, 6.8 g Na
2
HPO

4
·12H

2
O, 5 g peptone, 5 g yeast 

extract, 15 g agar and 20 g dextrose all from Condalab for 1 L of Milli-Q water. 

Next, a bacterial inoculum was picked with a loop and used to inoculate 6 mL of 

HS liquid medium (same composition as the solid medium but without agar) and 

this culture was expanded during 7 days at 30º C. Then, 0.5 mL of the previous 

broth was mixed with 4.5 mL of fresh HS liquid medium and further incubated 

for 7 days. Finally, a 1:14 dilution of the former bacterial solution was performed 

with fresh medium and transferred to 24 well-plates (2 mL/well). The culture re-

mained 3 days at 30º C under static conditions and circular BC hydrogels formed 
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at the air-liquid interface of every well with the same diameter as the container 

(≈2 cm2). BC pellicles were picked with plastic tweezers and soaked in a solution 

of 1:1 Ethanol: deionized water (DI) for 10 min to kill the bacteria.

The exhaustive cleaning process of the BC involved different boiling steps; a) 40 

minutes in DI water and b) two periods of 20 minutes in 0.1 M NaOH (Sigma-Aldrich) 

aqueous solution to remove all organic residues. Lastly, BC films were rinsed with DI 

water until neutral pH was reached. Then, the films were autoclaved (121 ºC, 20 min) 

and stored in DI water at room temperature until further use. If needed, BC samples 

were dried at 60 ºC between two Teflon plates under a 1 kg weight. 

Bacterial nanocellulose functionalization with TiO
2 
nanoparticles

For the BC functionalization with TiO
2
 NPs, a previously described27,28 micro-

wave (CEM Discover Explorer-12 Hybrid reactor operating at a frequency of 

2.45 GHz and with a maximum power of 300 W placed in a clean room) assisted 

method was employed. Briefly, never dry BC films were soaked in benzyl alcohol 

(99% BA from Scharlau) for approx. 30 minutes to allow solvent exchange and 

then transferred to a glass tube containing 4 mL of benzyl alcohol and 140 µL 

of titanium (IV) butoxide (TBOT, 97%, Sigma-Aldrich). All the precursors were 

mixed immediately before starting the microwave reaction to avoid hydrolysis of 

the titanium precursor. The reaction vessel was heated in two steps: 1) 5 min at 50 

ºC 2) 10 min at 190 ºC. After the reaction, the BC/TiO
2 
films were rinsed once 

with ethanol to remove the excess of NPs and several times with DI water until 

reaching a neutral pH. After TiO
2
-functionalization, the never dry BC films were 

dried at 60 ºC between two Teflon plates under 1 kg weight. 

Endotoxin contamination study

According to the FDA recommendations54, the endotoxin extraction was carried 

out by placing autoclaved BC and BC/TiO
2
 never dry samples in depyrogenated 

falcon tubes with 40 mL of endotoxin-free water during 72 h at 30 ºC and under 

orbital agitation (100 rpm). To evaluate the endotoxin content in the eluates from 

BC and BC/TiO2 films, a Pierce™ LAL Chromogenic Endotoxin Quantification 

Kit was purchased from Thermo Fisher and the assay was performed following 

the kit’s instructions. The products of the reaction were measured for absorbance 
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at 405 nm in a microplate reader (Infinite 200 PRO, TECAN ®) at 37 ºC. The 

indicated values correspond to the mean ± standard deviation of two independent 

experiments obtained from two different endotoxin quantification kits and evalu-

ating each time two samples from two different batches of BC.  

Scanning electron microscopy (SEM)

Dry BC and BC/TiO
2
 films were fixed flat on top of aluminium SEM sample 

holders with adhesive carbon tape. The samples were coated with 5 nm of platinum 

before imaging. A high-resolution scanning electron microscope (FEI Magellan 

400L XHR SEM) was used under high vacuum with an acceleration voltage of 2 

kV. To image the BC/TiO
2
 samples without Pt coating, the same sample prepara-

tion without the sputtering step was performed. Energy-dispersive X-ray (EDX) 

spectroscopy was performed with the same equipment on two BC/TiO
2
 samples. 

Atomic force microscope (AFM)

To obtain topographical images and roughness measurements of BC and BC/TiO
2
 

pellicles, a 5100 Agilent Technologies atomic force microscopy was employed on 

tapping mode and equipped with a FORT tip form AppNano. At least three 

30 x 30 µm or 50 x 50 µm images were obtained for four different dry BC and 

BC/TiO
2
 films. The images were processed with Surface analysis software V7.4 

(64-bit) - Mountains technology. The indicated roughness values correspond to 

mean ± standard deviations.  

Thermo-gravimetric analysis (TGA)

Thermal decomposition studies were performed with a NETZSCH -STA 449 F1 

Jupiter analyser employing a heating rate of 10 ºC per minute from 25 to 600 ºC 

at an air atmosphere. Three dry BC and three dry BC/TiO
2
 samples were analysed. 

Inductively coupled plasma – optical emission spectroscopy (ICP-OES)

Dry BC/TiO
2
 samples were immersed in 8 mL of water during one month under 

mild agitation and then the eluates were collected for analysis with an ICP-OES 

Optima 4300DV Perkin-Elmer.
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Transmission electron microscopy (TEM)

The nanoparticles characterization was performed through JEOL JEM-1210 elec-

tron microscope operating at 120 kv with an ORIUS 831 SC 600 Gatan camera. 

TEM images were analysed with Image J software and a histogram of 360 nano-

particles was fitted to a Gaussian function. The percentage of standard deviation 

divided mean value was obtained as the polydispersity value. Selected area electron 

diffraction (SAED) was used to obtain diffraction patterns from the TiO
2
 nano-

particles.   

BC and BC/TiO
2
 substrates: evaluation as cell carriers

In vitro studies 

For the in vitro experiments, a human dermal fibroblast cell line was used (1BR3.G 

cells, ECACC 90020507) as a model. The cultures were maintained in Dulbecco’s 

Modified Eagle Medium (DMEM) supplemented with 2 mM GlutaMax and 10% 

foetal bovine serum (South American FBS) both from Gibco and monitored with 

an inverted optical microscope (Nikon Eclipse TS100). 1BR3.G cells were kept in 

a T75 flask (Sarstedt) at 37º C in 10% CO
2
 and split three times per week. 

For all the experiments detailed in this section, dry BC and BC/TiO
2
 samples 

were rehydrated in DI water and autoclaved (121 ºC, 20 min) before being used as 

cell supports. To plate the cells, BC and BC/TiO
2 
films were preconditioned with 

warm DMEM and then transferred to 24-well plates using forceps and irradiated 

with UV light for 30 minutes to ensure sterility. A concentrated cell suspension 

(50.000 cells/well for the proliferation study and 100.000 cells/well for the rest of 

the experiments) was carefully pipetted on the middle of the pellicles. When the 

cell suspension was absorbed by the BC films, 500 μL of fresh culture medium 

were added to each well. See Figure S2 for an illustration of this process. Controls 

(uncoated commercial cell culture plates) were seeded with the same procedure 

and number of cells than the substrates.  

Cell proliferation was assessed qualitatively by optical microscope and quanti-

tatively with the CellTiter-Glo® Luminescent Cell Viability Assay (Promega) by 

measuring ATP levels on the cultures at Day 1, Day 3 and Day 8 after cell seeding. 
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For this assay, all the elements were accommodated at RT and then the cell-load-

ed films were transferred to unused culture wells and washed with PBS before 

adding 100 μL of the CellTiter-Glo® reagent to each well together with 100 

μL of DMEM. The 24 multiwell plates were agitated for 2 minutes to lysate the 

cells and then incubated during 10 minutes at RT to stabilize the luminescence. 

After careful mixing, 150 μL of the supernatant of each well were transferred to 

a 96 well plate with an opaque bottom for the luminescent read. Blanks were 

performed with plain BC films and culture medium without cells. Luminescence 

was read with a Tecan Spark® multimode microplate reader (LifeSciences) with 

an integration time of 1000 ms. The experiment was performed three times with 

three technical replicates at each time point.  

Cell viability, distribution and morphology were studied with a confocal laser 

scanning microscope (Leica SP5) 48 hours after plating the cells. Calcein-AM (BD 

Pharmingen™) staining was used to monitor the viability of the cells growing 

on BC and BC/TiO
2
 supports since this reagent becomes fluorescent after being 

cleaved by intracellular esterases that are only present on alive cells. Cell-loaded 

BC and BC/TiO
2
 films were washed with Hank’s Balanced Salt Solution (HBSS, 

Gibco) and then incubated during 15 minutes in the dark with 1 mL/sample of 

4 µg/mL Calcein-AM in HBSS and washed twice with HBSS. Then the cells were 

fixed with 4% cold paraformaldehyde (Panreac) during 5 minutes. Fixed cells were 

further stained during 5 minutes with 1 μg/mL of Hoechst 33342 (Invitrogen, cell 

nuclei, blue) and 5 μg/mL CellMask™ Deep Red Plasma Membrane Stain (Invitro-

gen, cell membranes, red) diluted in PBS and rinsed again. Calcein was excited at 

a wavelength of 495 nm, Hoesch at 350 nm and Cell Mask at 588 nm. The BC 

and BC/TiO
2
 films were flipped so that the cells faced the surface of Ibidi Glass 

Bottom dishes to be imaged with 10X (dry), 20X (dry) or 40X (oil) objectives. 

Several images of different z planes were obtained for each sample so that all the 

cross-section of the sample was covered. These stacks of images were then used 

to generate 3D reconstructions with the Fiji package of ImageJ (64-bit version). 

Cell shape descriptors were analysed with the same software by measuring >60 

cells for each condition from images taken from three independent experiments. 

For the axial ratio, the length of the longer axis of each cell was divided by the 

length of the shortest axis. Circularity was calculated as 4p*(cell area/cell pe-
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rimeter2). The nuclear-cytoplasmic ratio (N:C ratio) was obtained by diving the 

nuclear area between the total area of the cell. To fluorescently stain the substrates 

(Images in Figure 3 and 4), rewet BC and BC/TiO
2
 films were stained with Sa-

franin-O (Alfa Aesar, 0.01% weight/volume dilution in DI water) overnight and 

rinsed several times before plating the cells. The Safranin-O dye was excited with 

a 495 nm laser.

Cryopreservation of cell-biomaterial constructs 

For the cryopreservation experiment, 100.000 1BR3.G cells were seeded on trip-

licates on BC and BC/TiO
2
 rewet films and conventional cell culture surfaces 

(controls) and expanded until highly confluent cultures were achieved; 1 week 

for BC and BC/TiO
2
 substrates and 5 days for controls. Cell-loaded BC and BC/

TiO
2
 films were transferred to 1.8 mL cryovials (Nunc) containing 1 mL cryopres-

ervation medium consisting of 90% FBS and 10% cell culture grade DMSO. Con-

trols cells were detached from the culture wells using Trypsin-EDTA, centrifuged 

for 5’ at 1400 rpm and then re-suspended in 1 mL of the same cryopreservation 

medium and transferred to cryovials. The cryovials were kept overnight inside a 

CoolCell® container at -80 ºC to allow a controlled freezing rate of -1 ºC/minute. 

Then, the vials were stored for at least one week at -196 ºC on a liquid nitrogen 

tank. BC and BC/TiO
2
 films without cells were included to monitor the material 

stability upon cryostorage. 

All the vials were thawed directly by immersion on a 37 ºC water bath. The 

BC and BC/TiO
2
 films were carefully transferred to 24-well plates containing fresh 

culture medium using tweezers. Control cells were precipitated upon centrifugation 

and re-suspended in warm DMEM before being transferred to culture well plates. 24 

hours later, the medium was changed to remove DMSO remains. Cell recovery was 

assessed at three time-points: before cryopreservation, 4 and 48 hours after thawing. 

Cell morphology was monitored with a contrast phase microscope and cell viability 

was qualitatively evaluated with Calcein-AM staining (described in the previous 

section) and quantitatively with the CellTiter-Glo® Luminescent Cell Viability As-

say also detailed before performing the luminescence reads with a VICTOR 3 plate 

reader (PerkinElmer). Cell viability after thawing was calculated for each condition 

relative to the luminescent signal obtained for the not cryopreserved samples. 
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Cell retrieve

For the trypsin-based cell retrieve experiment, BC, BC/TiO
2
 films and controls 

(cell culture plates) were used as supports to plate 100.000 1BR3.G cells as previ-

ously described (triplicates). To estimate the number of cells that attached to the 

supports, the number of unattached cells, floating on the culture medium, was 

counted 4 hours after platting as follows: Subsequently to exhaustive homogeni-

zation, a sample of 10 μL of the cell suspension was mixed with 10 μL of  Trypan 

Blue Stain (0.4%, Gibco) to count the number of cells that were not attached to 

the BC and BC/TiO
2
 substrates using a Neubauer chamber. 48 hours later, the 

same cell cultures were washed thoroughly with PBS (Gibco) and trypsinized us-

ing 250 μL trypsin-EDTA (0.05%, Gibco)/well during 5 minutes. The enzyme was 

neutralized with 500 μL of DMEM and the cells that were floating on the medium 

were counted in the same manner. To estimate the percentage of recovered cells, 

the initial number of attached cells (100.000 minus the number of not attached 

cells) was multiplied by the cell proliferation rate calculated for BC and BC/TiO
2
 

after 48 hours of culture to obtain the theoretical number of cells present on each 

film. Then the percentage of recovered cells was estimated by diving the number 

of detached cells upon trypsinization between the expected numbers of cells for 

each film. Optical microscopy observations were also conducted to match these 

calculations. The cell recovery was considered to be 100% for the controls and the 

experiment was repeated three times.  

To study cell retrieve via migration of cells from BC films to other substrates, 

100.000 1BR3.G cells were seeded by triplicate on rewet BC and BC/TiO
2
 films 

and cultured for 48 hours. Then, the films were placed upside-down with the cells 

contacting the new substrates (cell culture plate and never dry BC hydrogels) using 

tweezers and further incubated for 72 hours. After that, the original films were 

removed and the migration/transference of cells was qualitatively evaluated with 

an optical microscope. Migrated-cell’s viability was confirmed upon Calcein-AM 

staining. The experiment was repeated three times.  

The third method tested to recover cells from BC and BC/TiO
2
 substrates 

consisted of the enzymatic dissolution of the substrates using cellulase. Three sam-

ples of BC and BC/TiO
2
 were seeded with 100.000 1BR3.G cells and incubated 

until reaching high confluence. Then, the samples were rinsed with PBS incubated 
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with a commercial mix of cellulases (GrowDaseTM, UPM Biomedicals) at 37 ºC 

until cellulose degradation was observed.  Two different concentrations of cellulase 

were tested: a) 0.45 mg/ sample and 0.675 mg/ sample diluted in culture medium 

in a total volume of 300 µL. BC degradation was monitored and photographed 

with an inverted optical microscope (Nikon Eclipse TS100). 

Statistical analysis 

Quantitative data are expressed as means ± standard deviation. Statistical analy-

ses were performed with Graph Pad Prism 5 software using one-way ANOVA fol-

lowed by Tukey’s multiple comparison test. To compare two different experimental 

conditions Student’s T-tests were conducted. Statistical significance was accepted 

when obtained P-values were ≤ 0.05 and summarized as *=<0.05, **=<0.01, 

***=<0.001 for the calculated P-values.  

Results and discussion 

Substrate characterization 

BC directly obtained from the K. xylinus cultures are hydrogels with a water con-

tent of >100 times its own dry weight and a typical thickness of ~800 µm. These 

samples are semi-transparent after cleaning, sturdy and easy to manipulate and 

here are referred to as ‘never dry BC’. When never dry BC is dried at 60º C under 

1 kg weight, its thickness reduces to ~ 20 micron and samples acquire a paper-like 

appearance. Upon rehydration, the dry films do not absorb as much water as the 

never dry BC and exhibited a thickness of ~23 μm55. The rehydrated BC samples 

are referred to as ‘rewet BC’. Figure S1 includes digital images of each type of BC 

and other characteristics of the substrates. To create the BC/TiO
2
 nanocomposites, 

never dry BC films were functionalized with nanotitania via a microwave-assisted 

thermal decomposition method previously reported27 and summarized in Figure 3A. 

This one-step (15 min reaction time) hydrothermal reaction allowed uniform 

nucleation of TiO
2
 NPs directly on the BC fibres as evidenced by the whitish col-

our acquired by the BC samples (See Figure S1). Never dry BC/TiO
2
 was dried 

with the same procedure and its thickness reduced to ~30 microns. Rewet BC/
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TiO
2 
films were slightly thicker (~35 microns) than rewet BC. The handling of the 

BC/TiO
2
 was comparable to that of plain BC; the samples kept its shape, size and 

flexibility and we did not observe any sign of deterioration after the microwave 

reaction. 

Before its use as a substrate for cell culture, BC and BC/TiO
2
 films were 

structurally characterized. To get a macroscopic view of the substrates, confocal 

microscope imaging of fluorescently stained rewet BC and BC/TiO
2
 substrates 

was conducted (Figure 3, B and E). Both samples show continuous, flat and rather 

smooth surfaces only presenting few wrinkles formed during the drying process. 

Since surface roughness is reported to impact on cell attachment and growth56,57, 

Atomic Force Microscopy (AFM) was used to compare the roughness of the sub-

strates in the dry state. BC films showed an average roughness of 0.14 ± 0.03 µm 

whereas BC/TiO
2
 were rougher (0.33 ± 0.07 µm) due to the nanoparticle coating 

(See Figure 3C and 1F). 

Following, scanning electron microscopy (SEM) was used to elucidate fibre 

organization and nanoparticle distribution on the BC/TiO
2
 supports. BC films 

showed an unorganized interlaced 3D nanofiber distribution (Figure 3D). In-

terestingly, this 3D network presents a strong architectonical similarity to collagen, 

the current gold standard to devise cell transplantation supports. Insert on Figure 3D 

shows an SEM image of collagen fibres from amniotic membrane to exemplify 

this resemblance. BC/TiO
2
 exhibits the same nanofibrillar structure than plain BC 

with a homogenous and dense coating by the TiO
2
 NPs (Figure 3G). The insert 

of Figure 3G shows an SEM image BC/TiO
2
 without metal sputtering were the 

TiO
2
 coating is also visible. Energy-dispersive X-ray Spectroscopy revealed that 

the atomic contribution of titanium on the surface of BC/TiO
2
 substrates ac-

counts for 25 ± 8%. Both the atomic percentage of titanium and the density and 

distribution of the TiO
2
 NPs coating was very similar between the two sides of 

the nanocomposite. 

Thermo-gravimetric analysis (TGA) was carried out to determine that na-

notitania represents ~6 % of the dry weight of the BC/TiO
2
 composites. TGA 

was also used to study the long-term stability of the nanocomposites; BC/TiO
2 

films immersed in water for one month under mild stirring showed no leaching 

of titanium. That is, the same weight percentage of titanium was detected before 
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and after the soaking27. Accordingly, inductively coupled plasma-optical emission 

spectroscopy revealed that the amounts of titanium detected in the eluates BC/

TiO
2
 samples were < 0.02 mg/ L. These two experiments confirm that the nan-

oparticles are chemically bonded to the nanocellulose fibres. This should prevent 

TiO
2
 nanoparticles to be released from the substrates and to be internalized by the 

cells in the next in vitro experiments. 

Transmission electron microscopy (TEM) was employed to estimate the parti-

cle size distribution from the colloidal TiO
2
 NPs present on the supernatant of the 

microwave reaction, being in average 7.1 ± 1.6 nm with a polydispersity of a 23% 

(Figure S1-C). Finally, TEM on electron diffraction mode was used to determine 

that the TiO
2
 crystallized in the anatase phase, see Figure S1-D.   

Together, these observations confirm that the employed microwave synthesis 

is an effective tool to prepare stable BC/TiO
2
 nanocomposites in a fast and repro-

ducible manner, obtaining a uniform coating of the nanocellulosic fibres without 

compromising the original structural properties of BC.  

Endotoxin content 

Endotoxin (also known as lipopolysaccharide) contamination induces a variety of 

negative biological effects such as airway disease, fever, hypotension, coagulopathies, 

septic shock and even death, and represents a major problem in biomaterial fab-

rication. Since BC is synthesized by a gram-negative bacterium, the presence of 

endotoxins could pose a threat. The amount of endotoxins detected in the eluates of 

sterile never dry BC and BC/TiO
2
 films were 0.04 ± 0.01 and 0.05 ± 0.01 Endo-

toxin Units (EU)/mL respectively. Notably, these values are one order of magnitude 

below the Food and Drug Administration (FDA) obligatory limit of 0.5 EU/mL 

applied to medical devices. The low amount of endotoxins detected in the substrates 

is in accordance with the recent literature43,58 and indicates that the cleaning protocol 

of BC is effective in removing any remains of the K. xylinus cell wall. 

Cell attachment and morphology  

To investigate the suitability of BC and BC/TiO
2
 as substrates to expand and 

transplant adherent cells, a model human dermal fibroblast cell line was employed 

(1BR3.G). Rewet BC and BC/TiO
2
 membranes were selected for the in vitro ex-
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periments as the drying-rehydration cycle contributed to reducing the variability 

between samples and slightly increased the initial cell attachment compared to 

never dry BC. Accordingly, dry BC and BC/TiO
2
 were rehydrated in DI water, 

autoclaved and then seeded with 1BR3.G cells. This tolerance to heat steriliza-

tion represents a clear advantage of BC for future clinical translation. Fibroblasts 

readily attached to both BC and BC/TiO
2
 substrates without the need of any 

additional treatment, thus greatly facilitating the seeding protocol. Moreover, the 

A

A

Cleaning

Bacterial nanocellulose 
from K.xylinus No modification

TiO2

nanoparticles

Material 
characterization 

Evaluation as cell 
carriers

Benzyl alcohol + titanium 
butoxide

Fibroblast 
culture 

B
C

 
B

C
/T

iO
2

D
B

E

100 μm

100 μm

C

F G

1 μm

1 μm

1 μm

1 μm

Figure 3: Sample preparation and structural characterization of the BC and BC/TiO² substrates A) 
Schematic representation of the processes adopted to prepare BC and BC/TiO2 cell carriers. 
Images B and E show macroscopic confocal microscope images of rewet BC (B) and BCTiO2 

(E) films fluorescently stained with Safranin-O. AFM images (30x30 μm areas) are shown on C 
(BC) and F (BC/TiO2) panels to visualize differences in roughness. Finally, scanning electron 
microscope (SEM) of BC (D) and BC/TiO2 (G) illustrates the nanofibrillar structure of the sub-
strates and the TiO2 coating. Insert on image D corresponds to a collagen-based biological 
membrane to visualize the high structural similarities with BC. SEM samples were coated with 
five nm of Pt on images D and G and were left uncoated on the insert in image G. Colour was 
added to facilitate visualization of the inserts. 
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above-mentioned morphological stability of BC and BC/TiO
2
 allowed the easy 

manipulation and portability of the cell cultures. Figure S2 shows the cell platting 

protocol, the handling of BC-cells constructs and the monitoring of the cell cul-

tures by phase-contrast microscope. By counting the number of cells that were not 

attached to the substrates 4 hours after seeding, we could assess that 77 ± 1% of the 

seeded cells adhered to BC and 73 ± 9 % attached to BC/TiO
2
 (not statistically 

significant differences). Even that the BC and BC/TiO
2
 films have the same size 

as the culture wells, a small portion of the seeded cells still attached to the under-

neath tissue culture plate instead of the substrates and therefore these numbers are 

presented as an approximation. After two days of culture, images from Figure 4A 

were collected with a confocal microscope where fibroblasts attachment to the 

BC and BC/TiO
2
 films (stained in green with Safranin-O) is clearly observed. 

Optical slicing in the z-direction revealed that 1BR3.G cells grew over the entire 

surface of the BC and BC/TiO
2
 films without penetrating inside the substrates as 

expected according to the small size of the BC pores. Figure S3 shows large area 

confocal microscope images (~40 mm2) of BC and BC/TiO
2
 substrates 48 hours 

after seeding to further illustrate fibroblast distribution on the surfaces.

Then, we analysed diverse cell shape descriptors to investigate whether BC and 

BC/TiO
2
 films were able to facilitate cell spreading recapitulating the characteristic 

elongated fibroblast phenotype found in vivo. Both supports rendered the expected 

fibroblast morphology with axial values of 3.9 ± 1.7 for BC/TiO
2
 and 3.1 ± 1.3 

for plain BC (n>60 cells, P-value<0.005). Cell shape descriptors measurements 

are detailed in Figure S4. Notably, the obtained axial ratios are similar to those 

reported for fibroblasts seeded on collagen and fibrin coated supports59. Cells plated 

on BC/TiO
2
 substrates presented statistically significant higher axial ratio com-

pared to cells cultured on plain BC as well as larger total cell area. This indicates an 

enhanced spreading of the fibroblast on the BC/TiO
2
 respect to BC supports (See 

normalized data on Figure 4B). The nuclear-cytoplasmic ratio (N:C ratio), i.e. the 

relative area of the cytoplasm respect to the nucleus60, was significantly smaller for 

cells seeded on BC/TiO
2
 further supporting that cells tend to extend more on the 

hybrid substrates. We ascribe these effects to the greater roughness of the BC/TiO
2 

substrates which might provide more anchoring sites for the fibroblasts56,57,61. 



– 90 –

| Chapter 2 |

Figure 4: Cell attachment and morphology on BC and BC/TiO2 substrates. Panel A shows 
confocal microscope images of human dermal fibroblasts attached to BC and BC/TiO2 sup-
ports 48 hours after plating the cells. Insets display zoom in’s to better visualize cell mor-
phology and spreading. Cell nuclei (blue) were stained with Hoechst and cell membranes 
(red) with Cell Mask while BC and BC/TiO2 supports were stained with Safranin-O (green). 
3D reconstruction of the z stacks revealed that cells distribute over the BC and BC/TiO2 films 
surface without penetrating inside the films (see lateral images for the xz and yz planes). B) Radar 
chart comparing the main cell shape descriptors (normalized) measured 48 hours after seed-
ing 1BR3.G cells on BC and BC/TiO2 films. N:C ratio refers to the nuclear/cytoplasmic ratio. 
Statistically significant differences were found for the measurements of axial ratio, total cell 
area and N:C ratio suggesting a higher fibroblast spreading on BC/TiO2 than in plain BC.

Cell viability and proliferation 

To gain insight into the biological activity of the fibroblasts cultivated on top of 

BC and BC/TiO
2
 substrates, cell viability (Calcein-AM staining) and proliferation 

kinetics were studied. Figure 5A illustrates that cells seeded on both BC and BC/TiO
2
 

films exhibit high viability since 98% and 99% of the cells were positive for the 

Calcein-AM staining respectively at Day 2 after seeding. Fibroblasts platted on 

control surfaces exhibited analogous Calcein-AM staining. Then, we monitored 

cell proliferation over 8 days of culture on BC, BC/TiO
2
 and cell culture plates 

as positive controls (Figure 5B). A progressive intensification of the signal was ob-

served for the three conditions finding statistically significant differences at Day 

8 respect to Day 1 for the BC and BC/TiO
2
 substrates, which correlates with an 

increasing number of metabolically active cells. Not surprisingly, fibroblasts on the 

control surfaces exhibit higher absolute values (statistically significant respect to 

both BC and BC/TiO
2
) which we attribute mainly to the higher initial cell attach-

ment to these surfaces compared to the BC and BC/TiO
2
 carriers. No statistically 

significant differences were found when comparing proliferation between plain 

BC and titania hybrids implying that the TiO
2
 NPs coating has a neutral effect over 

fibroblasts proliferation. After ~one week, the cultures reached 100% confluence 
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on the three substrates (Figure S2-B) leading to the formation of a continuous cell 

monolayer. These observations point out that BC and BC/TiO
2 
allow not only the 

adhesion and spreading of fibroblasts but also its metabolic activity and in vitro ex-

pansion. These findings are relevant for future exploitation of BC and BC/TiO
2
 as 

cells carriers since elevated cell densities are generally required for transplantation. 

Figure 5: Cell viability and proliferation on BC and BC/TiO2 supports. A) The study of cell 
viability was carried out with Calcein-AM staining 48 hours after cell seeding. BC and BC/TiO2 

substrates yielded highly viable cell populations. Confocal microscope images depict cell nuclei 
(blue) stained with Hoechst and cell membranes (red) with Cell Mask. Viable cells were stained 
with Calcein-AM (green). The fourth column shows the composite of all pictures. B) Proliferation 
kinetics of the fibroblasts seeded on BC (grey bars) and BC/TiO2  (white bars) and controls (dotted 
bars) monitored with the CellTiter-Glo® assay measuring ATP levels. For the studied cell carriers, 
statistically significant differences were found for Day 8 compared to Day 1 demonstrating the 
ability of BC and BC/TiO2  to support fibroblast proliferation (n=3).  

Cell retrieve  

To further investigate the properties of BC and BC/TiO
2
 substrates as cell culture 

platforms, we evaluated the possibility to retrieve the cells attached to BC and 

BC/TiO
2
 substrates by three different methods: conventional trypsinization, direct 

contact with other substrates and degradation of the nanocellulose carriers. 

Cells adhered to BC and BC/TiO
2
 substrates could partially be harvested upon 

a five-minute incubation with trypsin-EDTA. To be precise, 55 ± 18% of the cells 

could be retrieved from BC/TiO
2
 substrates while 35 ± 15% of the cells were de-

tached from BC (not statistically significant differences) yielding a suspension of via-

ble cells that could be used for further studies such as flow cytometry (Figure 6A). By 
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an equivalent trypsinization process of fibroblasts growing on polystyrene plates, 

virtually the totality of the cells (indicated as 100 % in Figure 6A) was recovered. 

This observation indicates that both BC and BC/TiO
2
 substrates interfere to some 

extent with the trypsin-EDTA action, making it a partially effective approach to 

harvest the cells from the investigated substrates. Figure S5 contains optical mi-

croscope images of the fibroblasts cultures before and after the trypsin treatment 

further confirming these results.      

Secondly, we placed BC and BC/TiO
2
 films loaded with 1BR3.G cells in 

close contact (turned upside down) with two different substrates: a polystyrene 

culture plate as an example of a stiff substrate and a never dry BC hydrogel rep-

resenting a softer surface. With this method, the transference of a fraction of the 

total adherent cell population (from their initial substrates to the unused ones) was 

observed (Figure 4B). Remarkably, the fibroblasts that migrated from the BC and 

BC/TiO
2
 films were able to attach to the new supports and were metabolically 

active as indicated by the positive Calcein-AM staining (inserts in Figure 6B). The 

migrated cells exhibited a different morphology depending on the substrate where 

they were transferred; being more spread on the polystyrene plate than on the BC 

hydrogel. Presumably, this is due to the difference in the acceptor substrate stiffness 

which is known to influence fibroblast morphology rendering more rounded cell 

shapes in soft than in stiff substrates62. Overall, this preliminary experiment sug-

gests that despite being strongly attached to the BC and BC/TiO
2
 supports, the 

cultured cells keep their migration abilities, which is useful for future cell trans-

plantation therapies.

Finally, we explored the possibility to benefit from cellulase enzymes to dis-

solve the BC and BC/TiO
2
 carriers living a bare cell layer similar to that obtained 

from the cell-sheet technology that is begin developed with the use of thermo-re-

sponsive polymers63,64. However, this option was dismissed because the optimiza-

tion of the working conditions of the cellulase enzyme was incompatible with the 

growth of the cells; being the long incubation time required to completely dissolve 

the nanocellulose carriers the main inconvenience (see Figure S6). 
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Figure 6: Cell retrievement from BC and BC/TiO2 supports. A) Percentage of cells that could be 
harvested upon conventional enzymatic method with trypsin-EDTA. A higher percentage of cells 
(55 ± 18 vs 35 ± 15 %) was retrieved from the BC/TiO2 substrates but this difference was not sta-
tistically significant (P-value= 0.1965). The dashed line at 100% corresponds to the approximate 
percentage of cells recovered from polystyrene surfaces by the same procedure. B) Optical 
microscopy images of the migrated/transferred fibroblasts from the initial substrates (BC and 
BC/TiO2) to the new substrates: BNC hydrogels (soft substrate) and polystyrene cell culture sur-
faces (stiff substrate). Insets correspond to fluorescence microscopy images were cell nuclei are 
marked in blue (total number of cells) and viable cells are stained green with Calcein-AM. Scale 
bars = 100 µm. 

Adherent cell cryopreservation 

Cryobanking of adherent mammalian cells is challenging because of the need for 

low-temperature resistant substrates and the high risk of cell detachment after 

thawing65. We hypothesized that the mechanical and thermal stability of BC could 

be of great value for this application. Accordingly, we evaluated the possibility to 

directly cryopreserve cell-BC and cell-BC/TiO
2
 complexes aiming at facilitating 

the banking and transport of ready-to-use medical products based on BC66. BC-

cells constructs were slowly frozen, stored on liquid nitrogen for over one week 

and thawed to assess cell viability and integrity of the BC and BC/TiO
2
 supports.

Figure 7A shows the state of the fibroblast cultures grown on BC, BC/TiO
2
 

and culture wells before cryopreservation and after thawing. Not surprisingly, 

4 hours after defrosting, the cells were visibly stressed on the three tested condi-

tions and decreased its viability down to 20-40 % compared to the not cryopre-
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served cultures. However, cells remained attached to the BC and BC/TiO
2
 sub-

strates and it was noticeable that, after a recovery time of 48 hours, the fibroblasts 

cultures became again highly confluent and viable as evidenced by the positive 

staining for Calcein-AM (see insets in Figure 7A) on the three experimental set-

tings. Accordingly, the ATP levels measured 48 h after thawing (Figure 7B) of the 

cryopreserved cells were almost identical (no statistically significant differences) 

to the not cryopreserved samples. This corroborates the successful adherent cell 

cryopreservation on BC and BC/TiO
2
 in a comparable fashion to the conven-

tional cryopreservation method of single cells suspensions (Ct). Notably, the sug-

gested adherent cell cryopreservation process represents even an easier protocol 

compared to the control method since trypsinization is not required. The flexible 

nature of BC was helpful to place the substrates inside the cryovials and we spec-

ulate it is also convenient to prevent cell detachment as described in67 for a po-

ly-urethane nanofibrous supports. Moreover, we assessed the integrity of BC and 

BC/TiO
2
 substrates (without cells) after one-week storage at -196 ºC. The films 

did not undergo any change in shape or consistency and were as easy to manip-

ulate as the non-cryopreserved materials. Accordingly, the SEM micrographs of 

Figure 7C (BC) and 5D (BC/TiO
2
) show intact nanofibrillar structures and NPs 

coating without the presence of pores or cracks (use SEM images in Figure 3 for 

comparison). The finding that BC and BC/TiO
2
 support the cryopreservation of 

adherent cells in an off-the-shelf format has important clinical significance as it 

could reduce the preparation time of cell loaded-biomaterials upon request and 

boarders the possibilities for long-term storage of cellular products66.

Conclusions 

Here we endorse BC and BC/TiO
2
 as endotoxin-free supports to expand hu-

man dermal fibroblasts by providing a complete evaluation of cellular responses 

towards BC and BC/TiO
2
. No cytotoxic effects arising from the TiO

2
 nanopar-

ticles anchored to the BC fibres have been detected while cell spreading on the 

hybrids was higher than in plain BC. In this study, TiO
2
 NPs were incorporated 

into the BC substrates to investigate its interactions with cells. However, future 

studies will examine other reported advantages of TiO
2
 NPs such as the positive 

effect in wound healing and antimicrobial activity. Notably, we also report for the 
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first time on the cryopreservation of cell-BC and cell-BC/TiO
2
 constructs. Via-

ble adherent cell cultures and undamaged carriers were thawed after >one week 

in liquid nitrogen indicating that BC and its derivatives could be utilized in the 

fabrication and long-term storage of ready-to-use cellular products. We expect the 

findings reported here serve as a first step towards the development of BC-based 

cell transplantation supports paving the way for future uses of BC-nanocomposites 

as advanced biomaterials. 

Figure 7: Adherent cell cryopreservation on BC and BC/TiO2 substrates. A) Phase-contrast 
and fluorescent (insets showing Calcein-AM staining in green for viable cells) microscope images 
of fibroblasts grown on BC, BC/TiO2 and cell culture surfaces at the different evaluated points: 
before cryopreservation, 4 h and 48 h after thawing where cell recovery can be clearly appreci-
ated. Scale bar = 100 µm. B) Cell viability after thawing expressed as a percentage of the not 
cryopreserved cultures. After 48 hours of incubation, the cryopreserved cells recovered almost 
the same viability values as the not cryopreserved samples on the three assessed methods. C) BC 
and D) BC/TiO2 evaluation by scanning electron microscopy of the substrate’s integrity after 
cryostorage. Note that the nanofibrillar structure is totally maintained after thawing on both 
substrates. Scale bar = 1 µm.  
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Supplementary information included in Publication 2 

Figure S1: BC and BC/TiO2 substrates detailed characterization. Table A gathers infor-
mation on the characteristics of the BC and BC/TiO2 supports used to culture 1BR3.G cells. 
B) Characteristic TGA curves of BC (grey line) and BC/TiO2 (black line) dry films (n=3 for each 
type). Remaining masses were 0.7 ± 0.05% and 6.2 ± 0.8% respectively. The weight percentage 
of TiO2 nanoparticles present on the BC/TiO2 nanocomposites was estimated by subtracting the 
remaining mass of the BC substrates to the remaining mass of BC/TiO2 and was 5.5 ± 0.8 %. 
C) TEM image of the TiO2 nanoparticles present in the supernatant of the microwave reaction 
presenting a size of 7.2 ± 1.6 nm. Insert shows the particle size distribution with a polydispersity 
of 23%. D) Selected area electron diffraction of the TiO2 nanoparticles anchored to the BC fibres 
to create the BC/TiO2 nanocomposites. The crystal structure corresponds to the anatase phase 
of TiO2.

Figure S2: fibroblast culture on BC and BC/TiO2 substrates. A) Schematic illustration of the 
process followed to obtain a high percentage of cell adhesion on the BC and BC/TiO2 substrates. 
The digital image on the right shows the easy manipulation of the BC-cell composites using 
tweezers. B) Evolution of the cell cultures (50.000 cells/well as initial cell density) overtime on the 
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three compared substrates: plain BC, BC-titania hybrids and conventional cell culture surface as a 
positive control. See the high cell density on day 8 on the three surfaces.

Figure S3: Cell distribution on the BC and BC/TiO2 substrates. Representative large area 
(≈40 mm2) confocal microscope reconstructed images of BC (left) and BC/TiO2 (right) substrates 
seeded with human dermal fibroblasts after two days in culture. Fibroblasts distribution all over 
the surfaces can be observed. Cells were stained with Calcein-AM (green, indicating viable cells), 
Hoechst (nuclei in blue) and Cell Mask (cell membrane in red).
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Figure S4: Cell shape descriptors. Box plot graphs showing: A) Fibroblast axial ratio (length of 
long axis/length of the short axis), B) Circularly (4*π/cell perimetre2), C) Nuclear: cytoplasm ratio 
(N: C ratio) and D) Cell spread area in µm2. For all the graphs, boxes illustrate the 25 to the 75 
percentile and the whiskers the 5 to 95 percentiles. Black dots correspond to outliers. Statistically 
significant differences (unpaired T-test) were found for the axial ratio, the N:C ratio and the cell 
spread area suggesting a better spreading of the cells on the BC/TiO2 substrates compared to 
plain BC. 

Figure S5: Enzymatic cell recovery. Phase-contrast microscope images from 1BR3.G cells 
growing on cell culture surfaces (Ct), BC and BC-titania hybrids (BC/TiO2) before and after incu-
bation with Trypsin-EDTA. Almost the totality of the cells was recovered from controls (considered 
as 100%) while for BC and BC/TiO2 some of the cells remained adhered to the substrates. Scale 
bar = 100 µm.
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Figure S6: Attempt to recover fibroblasts from BC and BC/TiO2 substrates by enzymatic na-
nocellulose dissolution. Phase-contrast microscope images of BC and BC/TiO2 substrates (with 
or without 1BR3.G cells as indicated) incubated with cellulase enzyme at different time points. 
Nanocellulose degradation into small fragments took >48 hours and the cell populations recov-
ered were damaged and many debris from the substrates and the dead cells were observed. A 
similar degradation rate was perceived on the controls without cells. In light of these results, this 
option was dismissed as an effective method to recover cells from BC and BC/TiO2 substrates. 
Scale bar = 100 µm. 
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Additional functionality tests of BNC and BNC/TiO
2
 as 

photo-protectant and antimicrobial agents  

Publication 2 demonstrates the adequacy of BNC and BNC/TiO
2
 as expansion 

and cryopreservation cell-supports; no major differences between both substrates 

were detected. To complete this study, the protective effect of BNC and BNC/TiO
2
 

films against solar radiation was evaluated using human dermal fibroblasts. A pre-

liminary anti-bacterial activity test is also included in this section. Our initial hy-

pothesis was that BNC/TiO
2
 would outperform plain BNC in both tests showing 

advanced features. The results detailed in this section are unpublished to date.

Materials and methods

Ultraviolet-visible (UV-Vis) light spectroscopy 

BNC and BNC/TiO
2
 membranes were prepared as described in Publication 2. 

Ultraviolet-visible-near infrared (UV-Vis-NIR) spectra were collected on triplicates 

with a Varian Cary-5000 UV-Vis-NIR spectrophotometer between 200 and 800 

nm for both BNC and BNC/TiO
2
 rewet (dried and rehydrated) films. Baseline cor-

rection was performed with the glass coverslips that were used to hold the samples 

and the values were corrected by the thickness of each film. The obtained spectra 

were compared to the reference solar spectra (ASTM G173-03 Reference Spectra). 

Cell exposure to sunlight 

To measure the protective capacity of BNC and BNC/TiO
2
 films against sun ex-

posure, a solar simulator from ABET Technologies (Model 11016 Sun 2000) with 

a xenon arc lamp was employed. The power intensity of the solar simulator was 

fixed at 1000W / m2. 1BR3.G cells were platted on triplicates on 24 well-plates at 

a density of 35.000 cells/well. Two days later, the cultures were irradiated for 5 hours 

with the solar simulator. An infrared thermometer was employed to monitor that 

the temperature at the irradiation zone did not surpass ~38 ºC. During irradia-

tion, the culture medium was substituted for PBS, the lit of the culture plate was 

removed and the cells were covered with a plastic foil (previously tested to be not 
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absorbent in the UV-VIS region). BNC and BNC/TiO
2
 films were then placed 

on top of the plastic foil fully covering the area of the underneath wells contain-

ing the cells. A diagram of this setup is shown in Figure 8A. Unprotected cultures 

and wells covered with aluminium foil (totally opaque to sunlight) were used as 

negative and positive controls.  After irradiation, the cell cultures were incubated 

in DMEM overnight and evaluated for cell death and apoptosis the following day. 

The experiment was repeated four times. 

Flow cytometry 

To quantitatively evaluate the irradiated cultures, the Annexin-V-FLUOS staining 

kit from Roche was used. Annexin was used to mark apoptotic cells and Propidi-

um Iodide (PI) to spot dead cells. The staining was performed according to man-

ufacturer’s protocol before trypsinization and neutralization with fresh culture 

medium. After centrifugation, the cells were re-suspended in 300 µL of PBS and 

loaded on 12 x 75 mm tubes for flow cytometry analysis. The number of viable 

cells (double negative), apoptotic (positive for Annexin, negative for PI) and dead 

(Positive for Annexin and PI) was measured with a FACSCanto flow cytometer 

(BD Biosciences).

Agar diffusion assay 

500 µL of E.coli liquid inoculum were spread on Luria-Bertani (LB) agar plates 

and left to dry inside a laminar flow cabinet. Then, ~2 cm2 rewet plain BNC and 

BNC/TiO
2
 hybrids were blotted with filter paper to remove the excess of water 

and placed on the surface of the agar using tweezers. 1 mg of  TiO
2 
NPs, obtained 

during the same synthesis process as the BNC/TiO
2
 substrates, were diluted in 50 

μL of Milli-Q water and pipetted on the agar surface too. Finally, 50 μL of Tet-

racycline were added as a positive control. The agar plates were left closed in an 

incubator at 30 ºC for 48 hours before taking pictures. 

Results and discussion 

It is well known that excessive exposure to UV radiation induces cellular harm 

-such as DNA damage68 and oxidative stress69 - eventually leading to sunburn, 
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photo-ageing and carcinogenesis70,71. Thus, we anticipated that the UV-blocking 

capacity of TiO
2
 NPs could be valuable if using BNC/TiO

2
 as a cell transplanta-

tion support to protect both the wound bed and the transplanted cells from the 

damaging UV radiation.

Compared to plain BNC, BNC/TiO
2
 films presented a markedly higher ab-

sorption of UV light, especially at shorter wavelengths (250 – 450 nm) correspond-

ing to the most energetic regions (Figure 8B). The obtained spectra were overlapped 

to the standard solar irradiance power spectrum finding that the peak of absorption 

of BNC/TiO
2
 fell outside the maximum irradiance region (450 – 550 nm). 

Figure 8: BNC and BNC/TiO2 as solar filters. A: sketch of the experimental set up devised to 
evaluate the photoprotective effects of BNC and BNC/TiO2 films. Human dermal cells were irradi-
ated for 5 hours with a solar simulator while covered with BNC, BNC/TiO2, aluminium foil (positive 
control) or left uncovered (negative control). B: UV-Vis absorption spectra of BNC and BNC/TiO2 

overlapped to a reference sun irradiance spectrum. 

To evaluate the possible photoprotective effect of BNC and BNC/TiO
2
, the 

experimental setup represented in Figure 8A was implemented using the same 

substrates and in vitro model as in Publication 2. After the exposure, the cultures 

were harvested and analysed by flow cytometry to evaluate the imparted cell dam-

age in each condition (Figure 9). 

Irradiated cultures presented different cell morphologies depending on the 

filter applied (see microscopy images in Figure 9). Cultures covered with total-
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ly opaque foil, BNC or BNC/TiO
2
 exhibited the standard elongated fibroblast 

morphology while round cells were spotted on unprotected wells. To quantify 

these differences by flow cytometry, an Annexin-Propidium Iodide (PI) staining 

was carried out. With this procedure death cells appear as double-positive, alive 

cells as double negative while apoptotic cells stain only positive for Annexin (see 

representative dot plots in Figure 9A). The distribution of cells between these 

conditions is represented in Figure 9B. It is noticeable that the number of com-

promised cells (apoptotic + death) is the highest (representing >50% of the 

total) in the non-protected cultures followed by cultures covered with BNC or 

BNC/TiO
2
 -presenting a similar pattern-  while cultures covered with aluminium 

foil computed mainly viable cells. Statistical analysis confirmed these observations 

by showing significant differences in the percentage of dead cells between foil and 

BNC/TiO
2
 substrates compared to unprotected cultures as well as changes in the 

number of viable cells between covered cultures (regardless of the filter) compared 

to uncovered wells. Unexpectedly, no statistically significant differences were de-

tected between BNC and BNC/TiO
2
 indicating that both substrates are effective 

in protecting the dermal cells from sun irradiation under the tested conditions. 

This result could be explained by different factors; firstly, even though plain BNC 

does not present a marked abortion peak in the UV-Vis range, it is known to 

scatter light72,73 and this effect might be protective for the fibroblasts cultures. In 

fact, one of the hypothesized reasons for BNC production in nature is its capacity 

to protect the K.xylinus cultures from UV radiation74. Secondly, the employed 

TiO
2
 NPs present the maximum light absorption peak at rather short wavelengths 

(around 250 nm) which corresponds to the UV-C regions that is mainly filtered 

off by the earth’s atmosphere22. Thus, UV-B (290-320 nm) and UV-A (340-400 

nm) are the main cellular damage inductors. With this in mind, it is plausible that 

the increase in UV absorption of BNC/TiO
2
 compared to BNC at the UV-A 

and UV-B wavelength regions is not sufficient as to originate differences in its 

photoprotective effect with the protocol used here. Thus, tuning the characteristics 

of the TiO
2
 particles and the particle-load on the BNC films for this particular 

application would be necessary.  Note that in commercial sun-care products, the 

titania nanocrystals are roughly 25 nm in size and exhibit the rutile crystalline 

phase of TiO
2
75.
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Figure 9: Flow cytometry analysis for cell death and apoptosis of the sun-irradiated cul-
tures. A: Representative colour dot plots from flow cytometry analysis showing subsets of viable 
(black), apoptotic (green) and dead (red) cells classified based on the Annexin/PI staining for cul-
tures protected with BNC/TiO2 or left uncovered.  Microscope images show the appearance of 
the cultures after the irradiation. B: Percentages of viable, dead and apoptotic cells for the four 
tested conditions: aluminium foil (positive control), BNC/TiO2, BNC and unprotected cultures as 
negative controls. C: Statistical analysis (one way ANOVA + Tukey’s multiple comparison tests) 
for the percentages of dead and viable cells.

 

Finally, the antibacterial activity of BNC/TiO
2
 towards the common op-

portunistic pathogen E.coli was tested encouraged by several reports describing 

antimicrobial properties of metal oxide NPs17,76,77. As shown in Figure 10, no 

inhibition zone was found neither for the BNC and BNC/TiO
2
 substrates nor 

for the suspension of TiO
2
 NPs. Different amounts of colloidal TiO

2 
NPs were 

also tested with similar outcomes (results not shown). Only the positive control 

Tetracycline showed efficacy in preventing bacterial growth. These findings con-

trast with some reports16,17,78,79  on the antimicrobial activity of nano-sized titania 

incorporated in hybrid materials. We speculate that parameters such as TiO
2
 

particle size, load, aggregation, surface charge or diffusivity might be responsible 

for these differences77,80.  
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Figure 10: Antibacterial activity test. Agar diffusion assay for ~2 cm2 rewet BNC, BNC/TiO2 

membranes and a dispersion TiO2 NPs towards E. coli compared to the positive control Tetra-
cycline, a commonly used antibiotic. No inhibition zone was observed around the tested items 
(highlighter with a dashed-line). 

Tetracycline Plain BNC

TiO2 NPs (1 mg) BNC/TiO2
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Contributions to the field and critical comment 

In summary, the experimental data presented in Chapter 2 proves the value of 

BNC as a cell culture substrate and a cryobanking tool and sets the basis for future 

investigations of BNC as a cell transplantation platform. More specifically I have 

verified that: 

1.	 Endotoxin-free BNC and BNC/TiO
2
 substrates can be obtained after our 

cleaning process followed by heat sterilization. Since non-pyrogenicity is of 

paramount importance in the development of medical devices, this finding is 

highly relevant for our target applications.  

2.	 BNC and TiO
2
 NPs-functionalized BNC are not cytotoxic and provide an 

analogous response in terms of attachment, viability, morphology, proliferation 

and retrieving of human dermal fibroblasts. Therefore, it is concluded that 

BNC can be functionalized with TiO
2
 NPs without compromising its cyto-

compatibility, facilitating upcoming applications of these hybrids. 

3.	 BNC and titania hybrids can be used as a support for the cryostorage of ready-

made cell-biomaterial composites ensuring their long-term and safe stocking.  

4.	 Both BNC and BNC/TiO
2
 are similarly photoprotective as both filters are 

capable of increasing the number of viable cells in dermal cultures after sun 

exposure. Our result indicates that the presence of the NPs used here does not 

significantly boost the sunscreen capacity of native BNC. 

5.	 The employed TiO
2
 NPs do not have biocidal/bactericidal activity towards 

E.coli neither in colloidal form nor anchored to BNC nanofibers.  

In light of these results, the subsequent experiments to evaluate BNC as a carrier 

for therapeutic cells (next chapter) were only conducted with plain BNC and 

the BNC/TiO
2
 hybrids were not further investigated. However, we believe that 

finding a practical application of BNC/TiO
2
 deserves future efforts. Due to its 

photocatalytic activity, TiO
2
NPs can generate free radicals (OH· and O2-) upon 

activation with UV light81. Thus, an interesting line of research would be the UV 

stimulation of BNC/TiO
2
 to foster its antimicrobial activity82–84. However, this 

would require intense optimization as the literature of this field is extensive and 

many parameters and different lab protocols can influence the antimicrobial out-
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comes80. Regarding the photoprotective capacity of BNC and BNC/TiO
2
 nano-

composites, we believe that it represents an interesting addition to the extended 

list of attractive properties of BNC as a biomaterial. Still, we do not advocate it as 

a competitive advantage over other biomaterials because, as shown in this chapter, 

for complete photoprotection the BNC and the titania hybrids were outperformed 

by opaque surfaces. Therefore, a simpler approach such as covering the treated area 

with an opaque cotton gauze could be preferred under clinical settings.

 Another attractive line of investigation would be the study of cellular responses 

towards BNC and TiO
2
 coated BNC with more specialized cell types such as 

neural cultures. Reports on BNC substrates enabling the culture of neuron-like 

cells positioned BNC as a strong candidate in neural tissue engineering85–87. On 

the other hand, metal oxides such as TiO
2
 are under investigation in the design of 

novel neuroprosthetic platforms88,89. Thus, it is conceivable that the presented cyto-

compatible BNC/TiO
2
 hybrids could bear specific advantages in this biomedical 

subspecialty.  

Thinking critically on the results presented in Chapter 2, I consider that the 

most relevant and innovative finding is the BNC and BNC/TiO
2
-based adherent 

cell cryopreservation method. Safe and long-term stocking of biological material 

is of utmost importance in many medical fields90. With this in mind, the cryo-re-

sistance of BNC can be considered a clear strength of BNC-based biomaterials 

which might be exploited in the future. Furthermore, the utilization of BNC 

supports for the cryostorage of cells could also be space-saving compared to con-

ventional methods. It is conceivable that cell-loaded BNC films can be piled or 

rolled up to fit a higher number of cells in a single cryotube and then be retrieved 

on-demand in small pieces as recently reported for paper-based procedures91. Last 

but not least, the in vitro biological characterization of BNC and BNC/TiO
2 
in-

cluded in Publication 2 sets a solid basis for the following experiments of this thesis 

as it discards cytotoxic effects and endorses the potential of BNC as a substrate for 

the culture of mammalian cells.  
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Chapter introduction

Investigating BNC as an ophthalmologic biomaterial was identified in Chapter 1 

as an appealing route to pursue. Consequently, Chapters 3 and 4 are dedicated to 

corneal regeneration through two complementary approaches. 

The cornea is the transparent forefront of the eye and is composed of five layers 

being a stratified nonkeratinized epithelium the most external one. Apart from the 

epithelium, there are two other cellular layers; the stroma and the endothelium. 

The stroma constitutes the bulk of the cornea and is composed of collagen fibrils 

and sparse corneal fibroblasts so-called keratocytes. The posterior-most layer is the 

endothelium, formed by a single layer of mitotically inactive cells which nourish 

and regulate the osmolality of the cornea (see Figure 2)1. A transparent and healthy 

cornea is essential for a clear vision and consequently, corneal dysfunctions are 

greatly feared. Traumas and ulcerations causing corneal opacities are rather com-

mon with >1.5 million new cases worldwide every year accounting for a considera-

ble global health issue2,3. 

Figure 2: Basic scheme of human ocular anatomy. A) Position of the cornea in a frontal illustra-
tion of the eye. B) Corneal localization in a lateral cross-section of the ocular globe. C) The five 
constituent stratum of the human cornea and the thickness of the three cellular layers. Illustrations 
have been modified from https://smart.servier.com/ and https://biorender.com/. 

Cell transplantation therapies have raised enormous hope for ocular surface re-

construction4 particularly since the approval of Holoclar in 2015. Holoclar was 
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the first Advanced Therapy Medicinal Product (ATMP) containing stem cells ever 

approved for commercialization in the European Union5. This treatment is based 

on a specific type of epithelial stem cells called Limbal Stem Cells (LSC). These 

cells are located at the boundary between the cornea and the conjunctiva, in an 

anatomical area called the limbus (see Figure 3) and are known for their ability to 

renew the corneal epithelium. The Holoclar procedure consists on transplanting 

LSC collected from the own patient (autologous) via a limbal biopsy from the less 

affected eye. The harvested LSC are expanded ex vivo and then seeded on a human 

fibrin membrane that acts as a cell carrier for the administration to the most damaged 

eye6. Then, the fibrin support is rapidly dissolved and a mix of cells containing LSC 

is released to the ocular surface.

Figure 3: LSC in the human eye. A) The limbus is the circumferential narrow area separating the 
cornea (transparent) from the conjunctiva (whitish). B) LSC reside in ridges named palisades of Vogt 
at the corneoscleral junction. This figure contains adapted content from https://unsplash.com/ and 
https://smart.servier.com/. 

This chapter tackles the challenge of expanding the use of BNC as a cell carrier 

from model cells (as in Chapter 2) to therapeutic cells. For this purpose, I carried 

out a research stay in the Eye Group led by Prof. Heli Skottman (https://research.

tuni.fi/eye-group/) at Tampere University (Finland). The stay was supported by 

a European Molecular Biology Organization (EMBO) short-term scholarship. 

Skottman’s lab is devoted to the development of stem cell-based tools for corneal 

and retinal repair through cell transplantation. Reproducible and efficient methods 

to differentiate LSC from human pluripotent stem cells (hPSC) have been developed 
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in the Eye Group securing LSC availability from allogenic sources without the 

need for a limbal biopsy. 

The experimental work of Chapter 3 encompasses the publication entitled 

“Limbal Stem Cells on Bacterial Nanocellulose Carriers for Ocular Surface Regeneration” 

and preliminary experiments on the cryopreservation of LSC on BNC carriers. 
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Publication 3: 	Limbal Stem Cells on Bacterial Nanocellulose 	
	 Carriers for Ocular Surface Regeneration
  
Irene Anton-Sales, Laura Koivusalo, Heli Skottman, Anna Laromaine and Anna 

Roig. Small. 17, e2003937 (2021). https://onlinelibrary.wiley.com/doi/full/10.1002/

smll.202003937. Reprinted with permission from the copyright holders (John Wiley 

and Sons).  

Abstract

Limbal stem cells (LSC) are already used in cell-based treatments for ocular surface 

disorders. Clinical translation of LSCs-based therapies critically depends on the 

successful delivery, survival and retention of these therapeutic cells to the desired 

region. Such a major bottleneck could be overcome by using an appropriate 

carrier to provide anchoring sites and structural support to LSC culture and trans-

plantation. Bacterial nanocellulose (BNC) is an appealing, yet unexplored, can-

didate for this application because of its biocompatibility, animal-free origin and 

mechanical stability. Here, we investigated BNC as a vehicle for human embryon-

ic stem cells-derived LSC (hESC-LSC). To enhance cell-biomaterial interactions, 

we implemented a plasma activation followed by a Collagen IV and Laminin 

coating of the BNC substrates. This surface functionalization with human extra-

cellular matrix proteins greatly improved the attachment and survival of hESC-

LSC without compromising the flexible, robust and semi-transparent nature of the 

BNC. The surface characteristics of the BNC substrates are described and a pre-

liminary ex vivo test in simulated transplantation scenarios is provided. Importantly, 

we show that hESC-LSC retain their self-renewal and stemness characteristics up 

to 21 days on BNC substrates. These results open the door for future research on 

hESC-LSC/BNC constructs to treat severe ocular surface pathologies. 

Keywords

Microbial cellulose; Corneal epithelium; Human embryonic stem cells; Ani-

mal-free; Cell transplantation  

https://onlinelibrary.wiley.com/doi/full/10.1002/smll.202003937
https://onlinelibrary.wiley.com/doi/full/10.1002/smll.202003937
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Introduction

Limbal stem cells (LSC) are tissue-specific stem cells located at the boundary be-

tween the cornea and the bulbar conjunctiva. LSC safeguard ocular surface health 

by constantly renewing the corneal epithelium and by preventing the opaque 

conjunctival cells to migrate into the transparent cornea.7, 8 Acute trauma, burns 

and inflammatory diseases can disrupt the delicate ocular surface homeostasis and 

cause opacification, vascularization and scarring of the cornea resulting in im-

paired vision.2,9 LSC transplantation holds enormous therapeutic potential for 

these incapacitating conditions4,10,11 but its implementation is conditioned to the 

availability of clinically-compliant donor LSC and the effectiveness of the cell de-

livery strategies.12,13 As an alternative to autologous and allogenic primary cell 

sources, on-demand amounts of LSC can be attained through differentiation from 

human induced pluripotent (hiPSC) or human embryonic stem cells (hESC) in-

dependently from donor ocular tissues. Furthermore, recent protocols ensure the 

reproducible and well-defined differentiation of LSC offering safer venues for 

ocular surface reconstruction.14–16

Finding an optimal carrier for LSC transplantation to the ocular surface would 

give a firm push to the practical implementation of LSC-based therapies. Ideally, 

the carrier should be biocompatible and support cell viability while presenting 

adequate material properties (e.g. robustness, conformability, manageability). Hu-

man amniotic membrane (AM), the innermost layer of the placenta, is widely used in 

ophthalmological treatments17,18 and it has been advocated as a well-suited substrate 

for LSC expansion and transplantation.19,20 Nevertheless, concerns about the low 

availability and reproducibility of AM have prompted research on alternative bio-

logical substrates such as collagen and fibrin.21–23 On this line, we have previous-

ly suggested the biopolymer bacterial nanocellulose (BNC) for ocular surface 

bandaging applications.24 BNC is biosynthesized by non-pathogenic bacterial cul-

tures in the form of an interlaced nanofibrillar structure with high architectonic 

parallelism to collagen matrices. This nanostructure endows BNC with outstanding 

material properties regarding mechanical and thermal stability, conformability, wa-

ter retention and easiness of manipulation. 25 In addition, BNC is widely regarded 

as a cytocompatible substrate owing to its high chemical purity and supported by 
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numerous in vitro investigations26–28. As for immunogenicity, BNC grafts have been 

found to elicit low to none inflammatory responses in vivo and to be generally well 

tolerated by the surrounding tissues29–32. Production-wise, BNC is equally appealing 

because of its animal-free origin, tunability and feasible scale-up.33,34 All these rea-

sons endorse BNC towards its way through the health market35,36 with applications 

ranging from wound dressings37,38 to anti-fibrotic implant coatings.39

Here, we aimed at establishing and characterizing LSC cultures on BNC substrates 

to assess the potential of BNC as a transplantation vehicle for these cells. BNC 

has been suggested as a carrier for other cell types,40,41 including retinal pigment 

epithelium,42,43 but to the best of our knowledge, this is the first study combining 

BNC and LSC. Clinical translation being our ultimate goal; we employed LSC 

differentiated from hESC (hESC-LSC) under feeder- and serum-free conditions15. 

Similarly, BNC membranes were thoroughly purified until endotoxin-free before 

its use as cell support.26 The palette of BNC modifications seeking to enhance cell 

attachment is particularly diverse33,34,36–38. Thus, our ambition was to find a BNC 

conditioning rendering a favourable interface for hESC-LSC culture in a simple, 

well-defined and scalable process. 

Materials and methods  

Bacterial nanocellulose (BNC) substrates preparation and characterization

BNC production 

BNC hydrogels were synthesized by Komagataeibacter xylinus (K. xylinus, NCIMB 

5346 from Colección Española de Cultivos Tipo (CECT), Valencia, Spain) grown 

on Hestrin-Schramm medium following our previously described protocols.24,44 

K. xylinus cultures were kept on 24-well plates for three days under static con-

ditions at 30 ºC to obtain circular BNC fleeces with the same diameter as the 

containers (~1.6 cm). The as-formed hydrogels were picked with tweezers and 

immersed in a 1:1 v/v solution of Milli-Q water and ethanol for 10-15 minutes. 

Then, BNC fleeces were cleaned with boiling Milli-Q water (40 min) and NaOH 

(2 x 20 min) to remove organic remains. The BNC hydrogels were dried at 60 ºC, 
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between two Teflon plates and 1 Kg weight. Dry films were rehydrated in Milli-Q 

water, sterilized by autoclave (121 ºC, 20 min), and stored at Room Temperature 

(RT) until experimental use.  

BNC surface modification 

BNC membranes were placed on 24-well culture plates and incubated overnight 

at 4 ºC with a solution of 0.5 μg/cm2 of recombinant human laminin (LN-521, 

Biolamina) and 5 μg/cm2 collagen type IV from human placenta (Col IV, Sig-

ma-Aldrich) in Dulbecco's phosphate-buffered saline (DPBS, Lonza) containing 

calcium and magnesium. The as-prepared samples are referred to as “ECM coated” 

BNC. To prepare the “Plasma + ECM coated” samples, dry BNC films were ac-

tivated for 1 min with oxygen plasma inside a plasma reactor (Diener Electronic 

GmbH, power=50 W, pressure=0.40 mBar) under vacuum. Then, the activated 

membranes were immediately coated with the ECM protein solution following 

the previous procedure. The “plasma” BNC samples were only irradiated with 

oxygen plasma and the “plain” samples were left untreated. 

Light transmittance measurements 

Visible light absorption spectra were collected with a JASCO V-570 Ultravio-

let-Visible-Near-Infrared spectrophotometer between 400 and 800 nm. Samples 

were held with a cover glass also used for the baseline correction. Three different 

samples were analysed for each condition and the obtained values were averaged. 

Scanning electron microscopy (SEM)

Fragments of dry BNC films were placed flat on aluminium SEM sample holders 

with adhesive carbon tape. Metalized samples were sputtered with 5 nm of plati-

num before imaging. A high-resolution scanning electron microscope (FEI Ma-

gellan 400L XHR SEM) was used under a high vacuum and with an acceleration 

voltage of 2 kV to obtain images at 5.000, 20.000 and 100.000X magnifications. 

Working distance was 4 mm and the current was 0.1 nA. Energy-dispersive X-ray 

(EDX) spectroscopy was performed with the same equipment at 1 KeV. At least 

two areas from four independent BNC samples were imaged on both sides of the 

films. 
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Atomic force microscopy (AFM)

Topographical images and roughness values were obtained with a 5100 Agilent 

Technologies atomic force microscopy on tapping mode and equipped with a 

FORT tip from AppNano. Three 30 x 30-µm areas were analysed from each sam-

ple. Dry BNC samples were fixed flat on the holders with adhesive tape. The images 

were processed with Surface analysis software V7.4 (64-bit) - Mountains technology. 

Ex vivo evaluation of BNC with porcine corneal organ culture 

The corneal organ model employed in this study has been described previous-

ly45,46. Briefly, fresh porcine eyes from a local abattoir were kept in cold DPBS 

+ 2 % antibiotics for up to 4 h and then disinfected with 2 % povidone-iodine 

(Betadine®, Leiras). The corneas and part of the sclera were resected under sterile 

conditions and kept in Dulbecco's Modified Eagle Medium (DMEM) supple-

mented with 5 % Foetal Bovine Serum (FBS), 1 % Penicillin/Streptomycin (P/S), 

0.1 % Amphotericin-B and 1 X GlutaMax at 37 º C and 5 % CO
2
 until BNC 

implantation. Before the BNC application, epithelial damage was created by an 

exhaustive scraping of the corneal surface with a scalpel, including the limbal area. 

BNC membranes were preconditioned with culture medium and 5-mm diameter 

pieces were cut with a trephine and sutured to the central part of the cornea with 

the help of a Barron artificial anterior chamber (Katena Products Inc.). Four sym-

metric sutures (VICRON suture number 7) were made to fix each BNC sample. 

Then, specimens were moved to 6-well plates and covered with soft contact lenses 

(EyeQ One-Day Premium, Cooper Vision) to avoid drying. The corneal organ 

culture was kept in the same culture conditions for two weeks after the implan-

tation. The medium was changed trice per week. Before histological analysis, the 

porcine corneas were fixed using 4 % paraformaldehyde (PFA) in DPBS for 4 h 

at RT. Samples were dehydrated in a Tissue-Tek VIP 5 (Sakura Finetek Europe) 

automatic tissue processor overnight and embedded in paraffin blocks. Following, 

7 mm thick tissue sections were cut with a microtome from each sample to cover 

different areas of the cornea. Histological sections were stained with haematoxy-

lin-eosin (HE) and mounted on TOMO® adhesion microscope slides (Matsuna-

mi Glass Ind., Ltd.). Optical microscope images were captured with Nikon Eclipse 

TE2000-S microscope and DS-Fi1 camera.
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In vitro experiments

Human embryonic stem cell-derived limbal stem cells (hESC-LSC) culture

All cell studies were conducted under the ethical approval of the Ethics Com-

mittee of Pirkanmaa Hospital District number R05116 to derive, culture and 

differentiate hESC lines for research. No new cell lines were derived from this 

study. The hESC-LSCs were differentiated from the hESC line Regea08/17 as de-

scribed previously.15 The hESC-LSC cultures were maintained under serum- and 

feeder cell-free conditions. For the in vitro experiments, cryopreserved hESC-LSC 

in PSC cryopreservation medium (Thermo Fisher Scientific) were thawed at 

37ºC and directly plated on top of BNC substrates (100.000 cells/ cm2) placed on 

24-well plates. Immediately after seeding, the culture plates were centrifuged for 

one minute at 200 g’s to increase the contact between hESC-LSC and the BNC 

supports. Controls were seeded on Corning® CellBIND 24-well plates with the 

same ECM coating (5 µg/cm2 Col-IV + 0.5 µg/cm2 LN-521). The cultures were 

maintained in defined CnT-30 corneal differentiation medium (CELLnTEC, Ad-

vanced Cell Systems) containing 0.5 % antibiotics (P/S) at 37 ºC and 5 % CO
2
. 

Cell morphology and attachment were visually evaluated with a phase-contrast 

microscopy Zeiss Axio Vert A1 (Carl Zeiss) and the medium was changed trice 

per week. 

Cell viability studies 

For qualitative cell viability assessment, the LIVE/DEAD® Viability/Cytotox-

icity Kit for mammalian cells from Thermo Fisher Scientific was employed fol-

lowing the manufacturer’s instructions. Briefly, cell cultures were washed with 

DPBS and incubated in the dark for 30 min with 500 µL of a 2 μM Calcein-AM and 

1 μM Ethidium homodimer solution in DPBS. Then, the samples were rinsed with 

DPBS and imaged using a fluorescence microscope (Olympus IX51 equipped 

with a DP71 camera) at 10X. The PrestoBlue™ cell viability reagent (Thermo 

Fischer Scientific) was used to measure cell proliferation. Triplicate samples were 

washed with DPBS and incubated with PrestoBlue® reagent diluted 1:10 (v/v) in 

CnT-30 medium for 30 min at 37 °C and protected from light. Then, the super-

natants were pipetted in technical triplicates on a 96-well plate (100 µL/well) and 



– 126 –

| Chapter 3 |

fluorescence values were read with a Viktor 1420 Multilabel Counter (Wallac) at 

544 nm excitation and 590 emission wavelengths. Blanks were made with BNC 

substrates without cells. The average viability values obtained at Days 3 and 7 were 

normalized to values from Day 1 and represented as mean ± standard error repeat-

ing the experiment three times.  

Immunofluorescence

For specific marker proteins and Collagen IV detection, samples were firstly 

washed with DPBS, fixed with 4 % PFA for 20 min at RT and washed again three 

times with DPBS. Triton X-100 was used to permeabilize the cell membranes for 

15 min at RT and then samples were blocked for 90 min with a solution of 3 % 

Bovine Serum Albumin (BSA) in DPBS under mild agitation. Primary antibodies 

were diluted in 0.5 % BSA and incubated overnight at 4 ºC. The next day, spec-

imens were washed three times with DPBS and incubated for one hour at RT 

under mild agitation with the fluorescently labelled secondary antibodies diluted 

in 0.5 % BSA. See Table 1 for information regarding the employed antibodies. Fi-

nally, samples were rinsed again three times with DPBS, flipped upside down and 

prepared for imaging with mounting medium containing 4',6-Diamidino-2-phe-

nylindole di-hydrochloride (DAPI) (Vectashield® from Vector Laboratories) under 

13 mm Ø coverslips. Pictures were captured using an Olympus IX51 fluorescence 

microscope with 5X and 10X dry objectives. The stainings were repeated at least 

three times. Raw images were coloured and adjusted for contrast and brightness 

using Image-J-Fiji software. Grey values were measured as the average intensity 

from the whole fluorescent images acquired with the same exposure times using 

the same software. 

Antibody Host Supplier Dilution (v/v)

p63a Rabbit Cell Signalling Technology 1:200

p40 Mouse Biocare Medical 1:100

CK14 Mouse R&D 1:200

CK15 Mouse Neomarkers (Thermo Fisher) 1:200

CK12 Goat Santa Cruz Biotechnology 1:200



– 127 –

| BNC carriers for LSC |

Antibody Host Supplier Dilution (v/v)

CK12 Rabbit Abcam 1:200

Ki-67 Rabbit Millipore 1:500

Collagen IV Goat Millipore 1:100

anti-rabbit Alexa-488 Donkey Molecular Probes 1:800

anti-rabbit Alexa-568 Donkey Molecular Probes 1:800

anti-goat Alexa-568 Donkey Molecular Probes 1:800

anti-mouse Alexa-647 Donkey Molecular Probes 1:800

anti-mouse-Alexa-568 Donkey Molecular Probes 1:800

Confocal microscope 

Fixed hESC-LSC cultures grown on top of BNC membranes were incubated for 

5 min at RT with 1 mL of a solution of 5 μg/mL CellMask™ Deep Red Plasma 

Membrane Stain (Invitrogen) to dye cellular membranes and 0.25 mg/mL Flu-

orescent Brightener (Sigma) diluted in DPBS to stain the BNC substrates. Then, 

samples were rinsed with DPBS and placed with the cells facing down on Ibidi 

Glass Bottom dishes. Stack images were obtained with a confocal laser-scanning 

microscope (Leica SP5). Fluorescent Brightener was exited at 350 nm and Cell 

Mask 588 nm wavelength. Fluorescence images were reconstructed and coloured 

with the Fiji package of Image-J (64-bit version).

Statistical analysis 

Statistically significant differences were determined using Graph Pad Prism 5 soft-

ware by one-way analysis of variance (ANOVA) and Tukey’s multiple comparison 

post hoc test. Significance between groups was established for P < 0.05. Values 

provided correspond to the average ± standard deviation or standard error of the 

mean as indicated. P-values on the graphs are summarized as non-significant (ns) 

for P ≥ 0.05, * for P < 0.05, ** for P < 0.01 and *** for P < 0.001.
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Results

BNC membranes coating and characterization 

BNC membranes (i.e. dried and rehydrated native BNC hydrogels) were condi-

tioned for hESC-LSC culture following the process summarized in Figure 4A. 

Typically, hESC-LSC require specific binding moieties present in the extracellular 

matrix (ECM) for adherence and survival. Therefore, a defined mixture of ECM 

proteins consisting of human Collagen IV (Col-IV) and recombinant human La-

minin-521 (LN-521) was conjugated to endow BNC with specific linkers to fa-

vour cell attachment. Col-IV was fluorescently immunostained to investigate the 

distribution and abundance of the covering (Figure 4, B-E). The conventional 

method consisting of incubating the BNC membranes with the protein solution 

rendered an inhomogeneous and incomplete coating of the substrates (Figure 4C) 

with accumulations of Col-IV in the cavity-like structures of the BNC membranes. 

To address this issue, a plasma activation step was incorporated before the impregna-

tion with Col-IV and LN-521. The plasma-treated BNC substrates were homoge-

neously and more profusely covered by Col-IV than the substrates coated without 

prior plasma activation (Figure 4D). This effect was confirmed by comparing the 

fluorescence intensity values (Figure 4E) which showed statistically significant diffe-

rences between the two methods. 

Macroscopically, BNC membranes were indistinguishable. All the studied for-

ms of BNC appeared as semi-transparent, thin (~20 microns) flexible and self-stan-

ding substrates (Figure 5A). BNC membranes, regardless of the surface treatments, 

were easily manipulated with tweezers and showed good conformability to a do-

me-shaped surface (Figure 5A). Moreover, the applied surface treatments had a 

negligible effect on the light transmittance of the BNC membranes (Figure 5B). 

All the investigated BNC membranes presented high light transmittance at long 

wavelengths while showing a gradual decline towards smaller wavelengths. As an 

example, the average transmittance at 700 nm was 84 % and 70% at 500 nm. 

SEM was used to investigate the effect of oxygen plasma on the micro/na-

nostructure of BNC revealing an altered nanofiber morphology after the plasma 

treatment (Figure 4, F and H). This is a superficial modification since the reverse 

side of all the substrates presented the typical BNC nanofibrous organization (see 
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a representative image in Figure 4). Under SEM, the ECM coating was visually 

imperceptible on both ECM-coated and plasma-activated + ECM-coated sam-

ples (Figure 4, G and H). To discard misinterpretations due to the metallization 

of the samples, non-metallized substrates were also observed under SEM with 

comparable outcomes (Figure S1). On the contrary, a nitrogen peak, ascribed to 

the proteinaceous coating, was detected by EDX only on the samples containing 

Col-IV and LN-521 (Figure S1). Besides, the surface of the plasma-treated BNC 

membranes was noticeably rougher than the untreated ones. This observation was 

confirmed by AFM roughness measurements, which disclosed a 1.4-fold increase 

in roughness for the plasma-activated samples vs the not activated samples (AFM 

images are shown in Figure S1).

Figure 4: BNC surface treatments.  A) Sketch of the different surface modifications of BNC 
membranes. B-D) Immunofluorescence staining of Collagen IV (green) deposited on BNC subs-
trates. B) BNC activated with plasma but without ECM coating (Blank). C) BNC coated with the 
standard procedure consisting of pipetting the ECM protein solution on top of the substrates. D) 
Plasma-activated and ECM-coated BNC substrates where an intense and homogeneous coating 
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by Collagen IV is observed. E) Fluorescence intensity (grey value ± standard error) comparison of 
the Collagen IV staining between the different BNC substrates. Statistically significant differences 
were detected between all the groups. The lower board (F-I) gathers representative SEM images 
of the BNC substrates. As seen in images F and H, the plasma treatment altered the BNC nanofi-
bers while the ECM coating was visually undetectable (G). I) The reverse (untreated) side of all 
the BNC substrates remained unaltered, indicating that the modifications caused by the oxygen 
plasma are superficial. A representative SEM image is shown.   

Figure 5: Macroscopic and optical features of BNC substrates.   A) Digital images of the 
tested BNC substrates presenting an analogous appearance. All the membranes could be easily 
handled, maintained their flexibility and robustness and accommodated well to a curved surface 
(upper photograph). B) Visible light transmittance of the tested cell carriers. The coatings to 
enhance hESC-LSC attachment did not alter the optical properties of BNC. All the substrates 
presented high transmittance at long wavelengths with a progressive decrease towards shorter 
wavelengths.

Ex vivo BNC evaluation with a corneal organ culture 

To assess the applicability of BNC as a support for cell transplantation to the ocular 

surface, an ex vivo organ culture model was used. Epithelial damage was created 

on excised porcine corneas before BNC implantation. After 14 days in culture, 

histological analysis was carried out by sectioning the specimens as schematized in 

Figure 6A. During the sample preparation process, BNC membranes proved exce-

llent conformability to the dome shape of the corneas, could be cut to the desired 

size and were easily ex vivo sutured to the ocular surface (Figure 6B). Imaging of 

the HE-stained sections showed undamaged BNC membranes in close contact 

with the corneal surface for some of the tested eyes. Remarkably, a continuous 

corneal epithelium had re-grown under the BNC patch (Figure 6, C and D). See 
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where a similarly regrown pig epithelium is appreciable

Figure 6: Ex vivo evaluation of BNC applicability as a cell delivery vehicle to the ocular 
surface with a porcine organ culture model. A) and B) depict the experimental setup, a Barron 
artificial anterior chamber (B) was used to perform the sutures on resected pig eyes. BNC mem-
branes withstood cutting to the desired shape and fixation by suture stitches to porcine corneas 
with induced epithelial damage. Histological sections were cut as illustrated in A). HE staining of 
the tissue sections revealed the successful reepithelization of the pig corneas and intimate contact 
between the BNC and the ocular surface at the two examined cross-sections (C and D). For clarity 
of the images, BNC has been highlighted in blue and the pig epithelium in pink. 

hESC-LSC attachment and viability on BNC substrates 

Next, the ability of the BNC to promote hESC-LSC attachment and viability was 

evaluated and compared for the distinct surface treatments. After 24 h in cultu-

re, evident differences could be observed in terms of cell morphology (Figure 7). 

hESC-LSC platted on plasma activated-ECM coated BNC membranes exhibited a 

homogeneous distribution on the substrate and the expected epithelial cell appea-

rance (Figure 7D). Oppositely, hESC-LSC seeded on BNC membranes that recei-
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ved only plasma activation (Figure 7B) or solely ECM coating (Figure 7C) were 

round in morphology indicating poor suitability of these substrates for hESC-LSC 

maintenance. The same outcomes were detected for plain BNC (Figure 7A).

In accordance with these observations, on Day 4 after seeding, Live/Dead stai-

ning evidenced a highly viable cell population on the BNC membranes that were 

plasma-activated and coated with Col IV and LN-521 (Figure 7H). hESC-LSC 

on plasma-activated as well as plain BNC had mainly detached from the substrates 

(Figure 7, E and F). On BNC membranes with conventional ECM coating, more 

hESC-LSC remained adhered but were unable to spread and stained mainly as dead 

cells (Figure 7G). An additional Live/Dead assay was conducted for BNC with plas-

ma activation and ECM-coating at Day 8 to confirm long-term cell survival ob-

serving a highly viable hESC-LSC population (Figure S3). In light of these results, 

the in vitro experiments that follow were only performed with BNC substrates with 

plasma activation and ECM coating and are referred to as “BNC” from here on. 

Figure 7: Attachment and viability of hESC-LSC on surface-modified BNC.  A-D) Phase-con-
trast microscope images a Day 1 where, depending on the surface modification of BNC, clear 
differences in cell morphology can be visualized. Substrates with only one treatment (plasma (B) 
or ECM coating (C)) rendered rounded hESC-LSC morphologies while the combination of both 
created a favourable surface for hESC-LSC spreading (D). E-H) Live/Dead staining of hESC-LSC at 
Day 4 where alive cells are stained in green and dead cells in red. Note the high cell viability in (H) 
corresponding to BNC substrates with plasma activation followed by ECM protein coating. Viable 
hESC-LSC on the rest of the substrates were scarce (E-G).
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hESC-LSC self-renewing capacity on BNC substrates

Since the capacity to promote cell attachment, proliferation and then further di-

fferentiation towards corneal epithelial cells is a valuable characteristic of a cell 

carrier, we studied the self-renewal properties of hESC-LSC on BNC substrates at 

three different time points. Visually, an increase in cell number could be observed 

between Day 1 and 3 while from Day 3 to 7 cell density stabilized and cell size 

augmented (Figure 8A). hESC-LSC exhibited the expected cobblestone morpho-

logy at the three studied time points and tended to form an epithelial monolayer 

on top of the BNC substrates as observed by confocal microscope (Figure 8B). The 

metabolic activity was quantitatively analysed with a Presto Blue assay (Figure 8D). 

An increase in the fluorescence signal was detected at the early stages of the culture 

but not at the late stages where the fluorescence intensity remained constant (not 

statistically significant differences). To further confirm these results, immunofluo-

rescence staining of the proliferation marker Ki67 was performed (Figure 8C). 

Expression of Ki67 was detected at days 1, 3 and 7 in a fraction of the hESC-LSC 

indicating the presence of a self-renewing cell population. The estimated percenta-

ge of Ki67 positive cells was higher on Day 1 than on Day 7. hESC-LSC growing 

on conventional culture plates coated with Col IV and LN-521 were used for 

comparison and a similar evolution was observed (See Figure S4). 

Protein marker expression 

Finally, we investigated whether hESC-LSC cultured on BNC films retain their 

progenitor phenotype or they start to differentiate towards corneal epithelial cells. 

The expression of specific LSC markers47 was evaluated by immunocytochemistry. 

Simultaneous p63a and p40 antibodies were used to detect the presence of the 

nNp63a isoform of p63 in the cell nuclei, a widely used LSC marker.  For further 

validation of the progenitor phenotype, the presence of distinctive cytokeratins 

(CK) was also examined. CK14 and CK15 were selected as stemness indicators 

while CK12 was employed as a differentiated corneal cell marker. Immunofluo-

rescence images shown in Figure 9A illustrate that the majority of hESC-LSC 

cultured on BNC substrates highly express nNp63a and low to undetectable 

levels of CK12 at both Days 3 and 7 correlating with the expected LSC phenoty-

pe. Control hESC-LSC cultured on ECM-coated plastic exhibited a comparable 
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marker expression pattern (see Ct in Figure 9A).  Notably, the progenitor mar-

kers CK14 and CK15 behaved differently. While both keratins presented positive 

immunofluorescence –less homogeneous than nNp63a– at Day 4, only CK15 

remained detectable on hESC-LSC maintained on BNC membranes until Day 

7 (Figure 9B). As for controls, a similar trend was observed except for some faint 

signal still present at Day 7 for CK14.

Figure 8: hESC-LSC culture monitoring and proliferation on BNC supports. A) Cell density 
and distribution vs. time on BNC substrates. B) Confocal microscope and XZ cross-section images 
where the tendency of hESC-LSC to form an epithelial monolayer on top of the BNC substrates 
can be observed. hESC-LSC plasma membranes were marked in red and the BNC supports in 
blue. C) Representative immunofluorescence staining images of the Ki67 proliferation marker 
expression at diverse time points of hESC-LSC cultures on BNC. D) Presto Blue assay measuring 
the metabolic activity of hESC-LSC expanded on BNC. Bars show the average value of three 
independent experiments with standard error. E) Estimation (average and standard error) of the 
percentage of Ki67-positive cells at three different culture time points.

Furthermore, we examined the long-term maintenance of stemness marker ex-

pression. Figure S5 displays immunofluorescence micrographs of hESC-LSC on 

BNC carriers and control surfaces cultured for 2 and 3 weeks where a sustained 

LSC phenotype (p40-positive and predominantly CK12 negative) is perceived for 

both time points and culture surfaces resembling the early time points. 
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Figure 9: LSC marker expression at early time points. A) Representative immunofluorescence 
photographs of hESC-LSC cultured on BNC membranes 3 and 7 days after platting. Expression of 
the well-established limbal stem cell marker ΔNp63a was confirmed by the simultaneous detec-
tion of p63a and p40. CK12, an epithelial differentiation marker, was identified in low amounts. 
Merged images confirm the nuclear location of ΔNp63a and the co-localization of the p63a and 
p40 antibodies. Ct refers to conventional ECM-coated cell culture surfaces used for comparison 
and the scale bar is 100 µm. B) Cytoplasmic expression of the stemness-associated cytokeratins 
14 and 15 (CK14 and CK15) on hESC-LSC cultures grown on top of BNC membranes for 4 and 7 
days. The distribution of CK14 and CK15 (red) is compared to p63a (green) present in the nucleus. 
Scale bar equals 100 µm. Inserts: DAPI-stained nuclei (blue) to evidence the total number of cells 
and details of the localization of the stemness markers. Scale bar of the inserts= 50 µm.

Discussion

hESC-LSC could revolutionize the management of ocular surface diseases but an 

optimal cell delivery strategy still needs to be found. This study suggests BNC as 

a non-animal sourced substrate for hESC-LSC maintenance, manipulation and 

plausible transplantation. We describe a straightforward plasma-assisted method to 

anchor ECM proteins on the surface of BNC enabling subsequent hESC-LSC at-

tachment, spreading and viability. Then, we demonstrate that hESC-LSC cultures 

express the proliferation marker Ki67, especially at the early stages of the culture, 

and that they retain a LSC phenotype for up to 3 weeks on BNC supports. 

A preliminary histological analysis from a corneal organ culture model shows 

the possibility to achieve intimate contact between BNC and the corneal surfa-

ce, which is an advantageous situation for cell transplantation. We also observed 

re-epithelization under the BNC membranes, which hints that BNC does not 

cause major cytotoxicity or oxygen permeability issues on this ex vivo model. The-

se findings, combined with our previous reports on BNC suturability and stability 

in contact with ocular tissue,24 confirm that the material properties of BNC are 

adequate for a carrier in ocular surface cell replacement therapies. However, future 

research is required to assess the migration and integration capabilities of hESC-

LSC grown on BNC carriers onto damaged corneas. Likewise, in vivo biocompa-

tibility studies about ophthalmological applications of BNC are encouraging but 

still very scarce48 and the interactions between BNC and the host ocular immune 

system warrant further investigation. 
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There are a few examples in the literature about the usage of BNC supports 

in stem cell culture that do not report on the need for coating BNC with ECM 

proteins to provide cell adhesion moieties.49–51 Similarly, in our previous work 

with human dermal fibroblasts,26 we found that BNC coating was not required 

to facilitate cell attachment. However, the here presented results prove that the 

plasma-assisted ECM protein functionalization is crucial for hESC-LSC attach-

ment and survival on the BNC substrates. Neither the plasma activation alone 

nor the conventional method to coat cell culture surfaces were able to provide a 

favourable interface between BNC and hESC-LSC. These observations discard 

that the described enhanced hESC-LSC adhesion is a consequence of the in-

creased roughness of the plasma-treated BNC substrates detected by electronic 

microscopy and AFM. On the contrary –and backed by the intensified Col IV 

adsorption on plasma-treated BNC– we ascribe this effect on the presence of 

specific binding sites for hESC-LSC. Interestingly, an analogous strategy was fo-

llowed by Sorkio et al. to enhance hESC-derived retinal pigment epithelial cells 

attachment to synthetic electrospun membranes drawing similar conclusions.52 

Hence, the requirement of surface modifications to use BNC as a cell culture 

substrate seems to be cell type-dependent. This cell-specificity has also been des-

cribed by Pertile and colleagues53 who reported that nitrogen plasma activation 

improved the affinity of microvascular cells and neuroblasts for BNC  but had 

no effect on fibroblasts.    

Notably, the plasma treatment (1 min-activation) did not make the hESC-LSC 

seeding protocol substantially longer, more complex or costlier compared to the 

standard ECM coating and did not compromise the manageability and the se-

mi-transparency of the BNC membranes. By SEM examination, we encountered 

morphological changes on the BNC surface which were not present on the bulk 

of the material again in good agreement with reference.53 Therefore, we conclude 

that plasma activation offers vast possibilities for BNC functionalization aiming at 

favouring its interactions with cells without comprising its outstanding materials 

properties in a fast, simple and scalable manner.54

We inferred hESC-LSC cultures progression on BNC by measuring the 

metabolic activity and by detecting the proliferation marker Ki67 noticing that 

hESC-LSC can produce new daughter cells on BNC membranes as evidenced 
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by the presence of Ki67-positive populations. A slowdown in the proliferation 

rate after Day 3 together with an increase in cell size was detected. These features 

correlate with a slight maturation of hESC-LSC on BNC, although not complete 

differentiation since the cultures remained positive for LSC markers and essentia-

lly CK12 negative (maturation marker) for up to 3 weeks. The detection of the 

progenitor marker CK14 at Day 4 but not at Day 7 after platting and the dimmer 

staining for CK15 at Day 7 compared to Day 4 further supports that a partial 

maturation of hESC-LSC is occurring on the BNC carriers. We believe that is an 

interesting finding since cellular therapies expect the progeny of the transplanted 

cells to mature and become part of a functional corneal epithelium after implan-

tation, mimicking the in vivo phenomena.8,55. On the other hand, the employed 

hESC-LSC were previously proved capable of terminal differentiation on porcine 

collagen matrices by detecting the expression of CK3 and CK12 proteins.23 Howe-

ver, it remains uncertain if hESC-LSC possess the ability to differentiate towards 

fully mature corneal epithelial cells on BNC supports indicating a need for future 

work. Together, these observations lead us to believe that the level of maturation of 

the hESC-LSC cultures will be an important parameter to consider in upcoming 

studies on BNC-assisted hESC-LSC delivery to the ocular surface. 

Notably, the assumed long-term mode of action of LSC transplantation relies 

on its capability to repopulate the limbal niche and from there provide constant 

cell renewal to the corneal epithelium. The expression of multiple stemness mar-

kers –nNp63a, CK14 and CK15– on hESC-LSC seeded on BNC carriers corro-

borates its progenitor phenotype and reinforces the therapeutic expectation that 

hESC-LSC could act similarly to autologous LSC56,57. Therefore, we venture that 

the time window between Day 1 and Day 4 after seeding on BNC supports could 

be an appropriate timing for hESC-LSC transplantation because the cultures ex-

hibit higher proliferation and more stemness characteristics than later time-points; 

features that have been correlated with greater in vivo regenerative potential58,22. 

Besides, this timing would also reduce the preparation period of the hESC-LSC/

BNC constructs. Overall, and considering that biomaterial properties can greatly 

influence cell differentiation,59,60 the ability of BNC membranes to maintain the 

hESC-LSC phenotype in vitro rather than inducing terminal differentiation is en-

couraging for future implementation. We speculate that this effect could be at least 
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partially explained by the particular nanotopography of BNC, as already reported 

for mouse stem cell cultures.49,61 

Currently, the library of biomaterials exploited in cell-based corneal regene-

ration is dominated by AM,4,62 collagen13,63 and fibrin-derived substrates22,64 with 

successful results already reported.22,65 Research efforts are now focused on re-

ducing the inherent risks of these therapies66 by switching to well-defined cell 

culture protocols67,68 and non-animal sourced carriers.69 In pursuit of clinica-

lly-compatible solutions, we employed serum- and feeder-free hESC-LSC cul-

tures containing clinical-grade heparin, from the CnT-30 medium, as the only 

animal-derived product. BNC fits well into this emerging concept because of its 

purity and biotechnological animal-free production.70 We believe that BNC can 

be advantageous over the above-mentioned biopolymers because of its mechanical 

stability, manageability and lack of processing, which are considered as major li-

miting factors of the current solutions.63,1 Moreover, the thermal stability of BNC 

enables both its sterilization by heat and cryopreservation.26 The latest being of 

particular significance because it makes the cryobanking of ready-to-use hESC-

LSC/BNC constructs a feasible possibility.  

Conclusions

Here, we report on the culture of hESC-LSC on BNC membranes. We show 

that BNC substrates support the formation of new daughter cells and retain the 

progenitor phenotype of hESC-LSC while providing a self-standing and easy to 

manipulate mechanical support. Moreover, the non-animal origin of BNC and 

the well-defined hESC-LSC differentiation and cultivation procedures allowed 

the formation of cell-biomaterial constructs intended for a prospective clinical 

application in ocular surface treatments. hESC-LSC attachment and viability were 

achieved after a plasma-enabled ECM protein functionalization of the BNC subs-

trates. This fast and simple BNC functionalization method could be exploited in 

the future for the culture of other therapeutic cells and expand the possibilities of 

BNC as a cell carrier. 
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Figure S1: Substrate characterization. Table gathering information about surface characteriza-
tion of BNC membranes undertaking different treatments. Column one shows atomic force mi-
croscopy (AFM) topographical pictures and average roughness values ± standard deviation from 
three different 30 x 30-µm images. Column two and three show scanning electron microscopy 
(SEM) micrographs of non-metallized BNC samples from both sides of the substrates (treated vs 
untreated). The fourth column shows EDX graphs from the same substrates. Note that a nitrogen 
peak is only detected on samples with ECM proteins coating. 

Figure S2: Control pig cornea after epithelial damage. HE-stained tissue section from a cultu-
red porcine cornea one week after inducing epithelial damage and without implanting BNC. The 
regrown pig epithelium has been highlighted in pink.
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Figure S3: hESC-LSC viability on Day 8. Fluorescent Live/Dead staining of hESC-LSC cultures on 
control surfaces (ECM-coated commercial culture plate) and BNC coated with ECM proteins after 
plasma activation. Viable cells are stained green with Calcein-AM and dead cells in red with Pro-
pidium Iodide. The right image demonstrates that hESC-LSC keep high viability on BNC supports 
after 8 days of culture. 

Figure S4: Monitoring of hESC-LSC cultures on control surfaces (ECM-coated cell culture 
plates). A) Phase-contrast microscope images at different time points. B) Immunofluorescence 
staining of the proliferation marker Ki67 (green). Cell nuclei are marked in blue (DAPI) to evidence 
the total number of cells. 
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Figure S5: Protein marker expression profile of hESC-LSC after long-term culture.  Charac-
teristic immunofluorescence images of hESC-LSC maintained for two and three weeks on plas-
ma-treated + ECM-coated BNC substrates and control surfaces (ECM-coated culture vessels). 
For all the pictures DAPI marks cell nuclei to show the total cell number, p40-positive cells are 
considered to exhibit a stemness phenotype and the dim CK12 (corneal maturation marker) sig-
nal indicates a predominantly low maturation stage of the cultures on both conditions and time 
points.  Scale bar = 100 µm. 
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Preliminary trials on the cryobanking of BNC/LSC constructs 
  
Encouraged by the satisfactory results obtained in Chapter 2 for the cryopreserva-

tion of fibroblasts on BNC carriers, a similar approach was adopted for hESC-LSC 

cultures. The goal of this experiment was to provide safe storage of ready-to-use 

BNC/LSC constructs causing the minimum cell damage. The results from this 

section are not published to date. 

Materials and methods

Triplicates of hESC-LSCs were cultured on top of plasma-treated and ECM-coat-

ed BNC supports as described in Publication 3 and the protocol for cryopreser-

vation was based on that detailed in Publication 2. In short, at Day 3 or 7 after 

seeding, the BNC/LSC constructs were washed with DPBS and incubated shortly 

in xeno-free PSC cryopreservation medium (Gibco®) containing 10% DMSO as 

a cryoprotectant. Then, the samples were placed carefully with tweezers in con-

ventional cryo-tubes containing 1 mL of PSC cryopreservation medium with the 

cells facing the liquid. Cryovials were frozen in two steps; i) overnight at -80 ºC 

(cooling rate of 1 °C/min) and ii) moved to a liquid nitrogen tank for one week 

± 2 days. The BNC/LSCs constructs were thawed fast on a warm water bath and 

examined visually for attachment (phase-contrast microscope) and viability (Live/

Dead assay) as described in Publication 3. Not cryopreserved samples prepared 

from the same batch of cells and BNC were used for comparison. 

Results and discussion

Figure 10 shows hESC-LSC/BNC constructs before cryopreservation and after 

retrieving from the nitrogen tank. Interestingly, soon after thawing (Figure 10B) 

a large majority of hESC-LSC remained attached to the BNC supports in all 

samples. However, upon posterior incubation in some specimens hESC-LSC re-

mained adherent, viable and evenly distributed (Figure 10 C and D, showing a 
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“best-case scenario”) while in other samples, hESC-LSC started to exfoliate from 

the BNC carriers and the remaining cells stained mainly as dead cells in the Live/

Dead assay (see Figure 10 E and F for a “worst-case scenario” example) while 

other samples exhibited intermediate outcomes. Several attempts to optimize this 

process were made: 

Two parameters related to the freezing step were studied, namely the precul-

ture time and the duration of the plasma activation of the BNC substrates before 

cell seeding. First, as hESC-LSC experience a partial maturation on the BNC 

carriers (see Publication 3), Day 3 and Day 7 cultures were cryopreserved and cell 

viabilities after thawing were compared without detecting remarkable differences. 

Then, the plasma irradiation time of the BNC samples before ECM coating was 

raised from one (standard protocol) to two minutes expecting to provide a stronger 

anchorage of the ECM proteins to the BNC substrates and subsequently mitigate 

cell detachment after thawing. This approach did not yield the expected results. 

Even more, the two-minute plasma activation proved to be detrimental for cell 

attachment and viability as determined by Presto Blue assay where a ~45% reduc-

tion in cell viability was observed compared to the one-minute treatment (n=1).   

For the next trial, the focus was put on the thawing procedure and only samples 

activated during one minute and cryopreserved at Day 3 after platting were used. 

Right after recovering the samples from the nitrogen tank, a selective Rho-asso-

ciated coiled-coil containing protein kinase (ROCK) inhibitor (10 µM) was added 

to the culture medium. Among many other functions, ROCK acts as an apoptosis 

regulator and ROCK inhibitors have been widely used to enhance cell survival71. 

The addition of the ROCK inhibitor was expected to contribute towards in-

creased hESC-LSC viability after cryostorage but, oppositely, this approach did not 

render noticeable improvements on the reproducibility of the method. 

Overall, the results from this section imply that the cryopreservation of ready-

to-use BNC/LSC constructs should be feasible but a more exhaustive optimiza-

tion is needed to obtain reproducible outcomes. Despite the efforts made, there 

are still several parameters that can influence the cryopreservation protocol, e.g. 

the composition of the cryopreservation medium, the distribution of the cryopro-

tectant through the sample as well as the sensitivity of the cells to the freeze-thaw 

cycle72, that deserve further investigation. Besides, even though the samples were 
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manipulated carefully and thawed as fast as possible in small groups (2-3 vials each 

time), there might be some room for improvement in the technical aspects of the 

experiment. These results contrast with those obtained in Publication 2 for fibro-

blasts where the cryopreservation of adherent cells on BNC supports was readily 

achieved indicating that the present protocol requires fine-tuning depending on 

the cell type to be cryostored. 

Figure 10: Cryostorage of hESC-LSC precultured on BNC carriers. A) hESC-LSC condition 
before cryopreservation (Day 3). B) Short after thawing the cells remained attached to the BNC 
supports in all the cases. C and E) Phase contrast microscope images at day two after thawing 
where differences between samples became noticeable. D and F) Fluorescence microscopy pic-
tures from Live/Dead staining conducted one week after thawing the cryopreserved BNC/LSC 
constructs. While in some samples (D) hESC-LSC appeared as highly viable cultures as evidenced 
by the positive Calcein staining (green) in others (F) most of the cells detached from the substra-
tes. Scale bar = 200 µm for all the images.
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Contributions to the field and critical comment 
  
The data provided in Chapter 3 represents a leap forward in this dissertation as it 

broadens the utility of BNC as a cell carrier from non-therapeutic cells to cells 

with a clinical significance. This is also relevant for the BNC research community. 

Previous publications described the culture of animal (rat50, mouse73 and rabbit74) 

stem cells on BNC-based substrates however reports on the use of BNC to sustain 

human stem cell cultures are extremely scarce40, adding novelty to Publication 3. 

Moreover, the employed hESC-LSC cultures are in the pipeline towards prod-

uct development through a spin-off company (https://projects.tuni.fi/stemsight/) 

which further highlights their therapeutic potential. However, the engraftment 

and immunogenic properties of hESC-LSC on BNC carriers still need to be in-

vestigated before its clinical translation. 

A satisfactory outcome on the cryopreservation of hESC-LSC attached to 

BNC membranes would represent a first step towards the banking of transplant-

able BNC/LSC constructs readily available upon the patient’s needs with mini-

mum preparation times or steps. This situation is still hypothetic but the fast-mov-

ing advances in stem cell and BNC research make it a reasonable mid-term goal. 

Another pivotal activity to advance towards this scenario would be adapting BNC 

production to Good Manufacturing Practises (GMP’s) and ultimately gain the 

Conformité Européenne (CE) mark to meet the requirements of medical devices for 

human use. 

From a technical point of view, the described BNC modification with ECM 

proteins upon 1-min plasma activation is another worthy contribution from this 

chapter. It is conceivable that this fast and simple method could be leveraged 

by other researchers seeking to increase cell attachment to BNC substrates. This 

chapter also provides a catalogue of biological characterization techniques (Live/

Dead assay, Presto Blue assay, immunofluorescence stainings and ex vivo transplan-

tation test) which are perfectly compatible with BNC. These methods, together 

with those described in Chapter 2, encompass a toolkit to study the interplay 

between BNC and human cells.  

https://projects.tuni.fi/stemsight/
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Figure 1: Schematic summary of Chapter 4. The proposed BNC corneal 
bandages on an illustration of the human eye (up) and the two studies inclu-
ded in this chapter (bottom).   
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Chapter introduction

Chapter 4 describes a new concept of corneal bandage based on BNC hydrogels. 

This work has been performed in close collaboration with the Barraquer Ophthal-

mology Centre (COB) –a leading ophthalmological institution located in Barce-

lona– and represents the second example of BNC applicability in ophthalmology 

exposed in this thesis.  

Several corneal lesions (erosions, abrasions, ulcers…) require the application of 

an ocular surface dressing to promote efficient and scar-less healing1. Current cor-

neal bandaging solutions rely on animal or human-derived products like amniotic 

membrane (AM) grafts 2 and collagen sponges3. AM is commercialized in different 

formats: fresh (shipped directly from tissue banks), dehydrated (e.g. AmbioDisk®) 

and cryopreserved (e.g. Prokera®). Contact lens-like covers manufactured from bo-

vine collagen are also available under the trademark Collagen Soft Shield®. With 

the implementation of genetic engineering technologies, recombinant forms of 

collagen4 and hyaluronic acid (HA)5 irrupted as donor and animal-free alternatives. 

Particularly promising seems the “Ocular Bandage Gel” based on cross-linked re-

combinant HA since this formulation has shown efficacy in promoting corneal 

re-epithelization in both human6,7 and veterinary8,9 settings. Synthetic collagen 

might become another relevant player as implants made from fully-defined col-

lagen-like synthetic peptides10 have shown long-term regenerative effects in ani-

mals11 and humans12. In this framework, BNC-based biomaterials could result in 

another family of donor and animal-free ocular bandages with the advantage of 

requiring minimal processing. See Figure 2 for a schematic summary of the most 

commonly used biomaterials in corneal regeneration. Among the so-called “con-

solidated options”, AM represents the most standard choice13 and therefore it was 

selected as a benchmark material for our study. 

Chapter 4 encompasses experimental work on the evaluation of BNC as a 

substitute/complement to AM in corneal bandaging (Publication 4) and a study 

on the market opportunity of the proposed product. This preliminary business plan 

has been conducted under the framework of a Llavor (meaning “seed”) grant from 

AGAUR (Agència de Gestió d’Ajuts Universitaris i de Recerca, Generalitat de Catalun-

ya) and FEDER (Fons Europeu de Desenvolupament Regional) granted to the project 
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“Corneal-BNC”. This funding is addressed to innovative projects with potential 

for being incorporated into the production sector and includes a training program 

in Technology Transfer (TT) by the UPF-Barcelona School of Management in 

which I have taken part. The TT proposal was performed in close cooperation 

with Thomas Meslier from the N&N group of ICMAB.

Figure 2: Consolidated and emerging biomaterials exploited to treat ocular surface disorders.

Biomaterials for corneal regeneration

Consolidated Emerging 

 Human: amniotic 
membrane, fibrin

 Animal: collagen  

 Recombinant: Collagen, 
hyaluronic acid 

 Synthetic: Collagen 
 Biosynthesized: Bacterial 

nanocellulose
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Publication 4: 	Bacterial Nanocellulose as a Corneal 
	 Bandage Material: a Comparison with 
	 Amniotic Membrane
  
Irene Anton-Sales, Justin C. D'Antin, Jorge Fernández-Engroba, Victor Charoen-

rook, Anna Laromaine, Anna Roig and Ralph Michael. Biomater. Sci., 2020, 8, 2921. 

Published in open access by The Royal Society of Chemistry (RSC).  

https://pubs.rsc.org/en/content/articlelanding/2020/bm/d0bm00083c#!divAbstract 

Figure 3: Graphical abstract of Publication 4.

Abstract

Corneal trauma and ulcerations are leading causes of corneal blindness around the 

world. These lesions require attentive medical monitoring since improper healing 

or infection has serious consequences on vision and quality of life. Amniotic 

membrane grafts represent the common solution to treat severe corneal wounds. 

However, amniotic membrane’s availability remains limited by the dependency 

Amniotic 
membrane
(benchmark) 

Bacterial 
nanocellulose
(tested material)

Corneal 
bandage

https://pubs.rsc.org/en/content/articlelanding/2020/bm/d0bm00083c#!divAbstract 
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on donor tissues, its high price and short shelf life. Consequently, there is an active 

quest for biomaterials to treat injured corneal tissues. Nanocellulose synthesized 

by bacteria is an emergent biopolymer with vast clinical potential, namely, for skin 

tissue regeneration. Bacterial nanocellulose also exhibits appealing characteristics 

to act as an alternative corneal bandage such as; high liquid holding capacity, 

biocompatibility, flexibility, natural – but animal-free- origin and a myriad of 

functionalization opportunities. Here, we present an initial study aiming at testing 

the suitability of bacterial nanocellulose as a corneal bandage based on diverse 

preclinical requirements and using amniotic membrane as a benchmark. Bacterial 

nanocellulose exhibits higher mechanical resistance to sutures and slightly longer 

stability under in vitro and ex vivo simulated physiological conditions than amniotic 

membrane. Additionally, bacterial nanocellulose offers good conformability to the 

shape of the eye globe and easy manipulation in medical settings. These excellent 

attributes accompanied by the facts that bacterial nanocellulose is stable at room 

temperature for long periods, can be heat-sterilized and is easy to produce, 

reinforce the potential of bacterial nanocellulose as a more accessible ocular 

surface bandage. 

Introduction 

Ocular surface disorders, especially those affecting the cornea, can severely disturb 

vision and quality of life. Yearly, there are approximately 1.5 million worldwide 

cases of corneal trauma, burns and infectious ulcerations14,15. Conjunctival flap 

operations have long been performed in these cases16–18, but due to its poor post-

operative visual and cosmetic results, during the last decades, human amniotic 

membrane (AM) patches19–21 have been preferred because of their well-known 

regenerative effects22. The AM has a layered structure with two well-differentiated 

sides: an epithelial side made of cuboidal cells and a spongy stromal side constituted 

mainly of collagen fibres23 which is typically placed in contact with the corneal 

damage. AM also offers a tectonic pillar for corneal perforations and can be indi-

cated as a temporary treatment prior to a reconstructive technique24. Despite its 

satisfactory clinical outcomes25,26, AM sometimes degrades faster than the required 
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healing time27, it is extremely costly and has a short shelf life. Other drawbacks of 

AM concern its availability, which depends on donors and the presence of tissue 

banks and medical infrastructure. Therefore, novel biomaterials able to overcome 

these limitations are currently being investigated28–30. 

Bacterial nanocellulose (BNC) is a polysaccharide naturally secreted by several 

non-pathogenic bacterial strains that has gained a lot of attention for biomedical 

applications31,32. BNC can easily be produced from Komagataeibacter xylinus (K.xylinus) 

cultures as stable water-insoluble hydrogels at the interface between the air and 

the liquid culture medium. After appropriate cleaning, BNC hydrogels are free 

of endotoxins and ultra-pure, containing just nanocellulose fibres organized in a 

similar structure as collagen33. Furthermore, BNC exhibits a high liquid holding 

capacity, porosity and conformability together with numerous functionalization 

opportunities due to its high surface area. All these unique characteristics promote 

the many valuable applications of BNC as a biomaterial. In fact, BNC has suc-

cessfully been used for skin tissue regeneration34–36 and products like Epicitehydro 

(JeNaCell) are already available on the market. Similarly, a BNC-based coating for 

implantable devices (Hylomate Pouch37) is in the final stages of validation as an 

anti-fibrotic agent. Other studies highlight the potential of BNC as a substrate for 

in vitro models38  and as a drug delivery matrix39,40.

Despite these promising reports, the capability of BNC to heal other body sur-

faces such as the cornea or the dura mater41 remain largely unexploited42. There-

fore, based on the outstanding performance of BNC on skin wound healing, we 

hypothesize that BNC also holds potential as an ocular surface bandage. In contrast 

to AM, BNC is stable at room temperature for long periods and its production 

from diverse carbon sources is sustainable and controllable in terms of size, shape 

and thickness43. Finally, yet importantly, BNC can be easily sterilized by heat and 

its animal-free origin might reduce the risk of disease transmission, ethical con-

cerns and dependency on donor tissues. BNC’s light transmittance is around 70% 

due to light scattering caused by fibre bundles and pores44. Since this might limit 

its applicability as a long-term corneal substitute, we focused on a temporal appli-

cation of BNC similar to that of AM45. 

Here, we validate BNC as a suitable base material to develop novel corneal 

bandages. A detailed comparison between physicochemical characteristics of AM 
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and BNC is provided and then, we demonstrate BNC’s mechanical resistance to 

suture and stability under physiological conditions. Finally, we show preliminary 

ex vivo assays with porcine corneas. Together our results endorse BNC as a strong 

candidate for future corneal bandaging applications.

Results 

Material characterization 

Despite the extensive use of AM in ophthalmology, not much has been reported 

about its micro/nanostructure and material characteristics. Consequently, prior to 

the stability tests, the main characteristics of BNC and AM were compared. Scan-

ning electron microscopy (SEM) was employed to study the micro and nanostruc-

tures of the ocular surface bandages. SEM imaging (Figure 4A) of AM revealed a 

distinct micro and nanostructure of its two sides. The stromal side, which is generally 

placed in contact with the corneal surface, exhibits a nanofibrillar structure that 

highly resembles the BNC’s architecture. The mean fibre diameter measured from 

the SEM images was 57 ± 9 nm for the collagen fibres in AM and 56 ± 13 nm 

for BNC nanofibers (average value from both sides of BNC). The epithelial side 

of AM is more unorganized and fibres were not observed. BNC presented a rather 

similar structure on both sides. However, the top side oriented towards the air dur-

ing the biosynthesis process shows higher compaction of the fibres than the side 

facing the liquid bacterial culture (Figure 4A). 

BNC hydrogels were investigated as-synthesized, containing high amounts of 

water (~100 times its own dry weight). A dehydration test revealed that BNC 

hydrogels exposed to the air under controlled temperature (22 ºC) and humidity 

(45 %) still maintain two-thirds of their initial water content after 6 hours (see 

supplementary Figure S1). AM membranes were also used as-received from the 

tissue bank. Thicknesses measured with a micrometre were between 600 and 900 µm 

for BNC, while AM pieces were much thinner (between 50 and 110 µm). These 

thickness measurements could be affected by the blotting performed prior to the 

measurement to remove the excess water of the films and therefore the superficial 

mass parameter was monitored instead of the thickness on the onward ex-
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periments. BNC superficial mass computed was almost 8 times higher than AM 

(90 vs 12 mg/cm2).

Regarding optical properties, both materials exhibit low visible light absorbance 

(<1 absorbance from 800 to 400 nm) displaying a progressive increase in light ab-

sorbance towards the ultraviolet range. Interestingly, despite the marked difference 

in thickness, the overall ultraviolet-visible light absorbance was not proportionally 

higher in BNC. As an example, light absorbance for BNC was 0.38 at 600 nm and 

0.29 for AM. 

Figure 4: Materials characterization. A) Micro and nanostructure of the bandage materials tes-
ted. Each material presents two differentiated sides, which are illustrated schematically and with 
SEM micrographs. The stromal side of AM and the compact side of BNC were the ones facing the 
ocular tissues in the experiments detailed below. B) Representative TGA curves of BNC and AM 
(n= 3 for each material). The remaining mass of BNC is 0.7 ± 0.1 % and AM is 1.7 ± 0.8 %. C) X-ray 
diffraction patterns of the ocular surface bandages where BNC shows two broad diffraction peaks 
while AM appears as an amorphous material.  

The thermal stability of the materials was assessed by thermo-gravimetric 

analysis (TGA) (Figure 4B). The onset of degradation was defined by the position 

of the peaks from the first derivative function of the TGA curves and happened 

at ~325 ºC for BNC and at ~250 ºC for AM. Both materials decomposed almost 
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completely (BNC total degradation happened at approx. 500 ºC and AM at approx. 

650 ºC) and show residual masses of 0.7 ± 0.1 % for BNC and 1.7 ± 0.8 % for AM 

(n=3). This result indicates that both materials are almost entirely constituted by 

organic matter as expected. 

To gain insight into the atomic organization of BNC and AM, their X-Ray 

diffraction (XRD) patterns were compared (Figure 4C). BNC is a semi-crystalline 

material that presents two characteristic broad diffraction peaks (at 2u =14.6 and 

22.8) as well as some amorphous background46. Contrarily, AM does not show any 

clear diffraction pattern, indicating an amorphous structure. 

Suture stress test

An important specification of an ocular surface bandage material is to enable an 

easy and durable suturing to the eye surface. Since AM is commonly sutured in 

ophthalmological procedures, it was used as a benchmark for comparison. BNC 

has been satisfactorily sutured in vivo47 but, to the best of our knowledge, not to the 

ocular tissues and its resistance to suture has never been quantified. A set up was 

assembled similar to the one reported in48 and illustrated in Figure 5A. BNC and 

AM samples were sutured to small pieces of scleral tissues and clamped. Weights 

were added until BNC and AM materials torn at the suture point as shown in 

Figure 5B. BNC films held an average force of 0.47 ± 0.11 N while AM resistance 

was much lower (0.11 ± 0.02 N). Some of the BNC pieces tolerated higher loads 

and caused the suture thread to break before BNC (filled dots on the graphs in 

Figure 5B). Statistical analysis (unpaired T-test) revealed a significant difference 

between the two maximum forces supported by the compared materials. 

Stability under simulated physiological conditions 

Another requisite to consider a material for ocular bandaging applications is its 

durability and stability under the eye’s physiological conditions. To gain insight 

into BNC’s bio-stability we performed in vitro and ex vivo tests. For these tests, 

native BNC hydrogels were used since dry films have a paper-like appearance that 

showed poorer conformability to the dome shape of the eye globes. For the in vitro 

study, BNC and AM were maintained in corneal preservation medium to monitor 

its potential degradation. The integrity of the samples was inferred by measuring 
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their superficial mass and by visual observation. No indications of degradation were 

noticed for any of the two materials as depicted in Figure 6. The materials did not 

show any substantial change in diameter or thickness (see slit lamp pictures). In 

addition, no disintegration features or holes were observed in any of the samples. 

Visually, AM samples became more opaque after the 30-day incubation while 

BNC samples maintained their transparency but acquired some shading from the 

culture medium. These visual observations were confirmed by measuring the grey 

values of the dark field images taken for each sample before and after incuba-

tion (darkfield pictures are shown in Figure S2).  The grey values of AM samples 

considerably increased upon incubation (from 77 ± 7 to 162 ± 7) while similar 

grey values for BNC were conserved after the incubation period (79 ± 18 prior 

to incubation and 73 ± 17 after incubation). As for the UV-VIS absorbance, AM 

Figure 5: Suture stress resistance test. A) Set up of the device for the suture stress resistance 
test. The insert image shows a BNC sample sutured to a piece of scleral tissue. The same pro-
cedure was employed to evaluate AM. B) Force (N) that caused the breakage of the materials. 
Filled circles indicate that BNC tolerated a higher weight than the suture thread. That is to say, the 
complex collapsed because the suture broke before the BNC.  P-value (unpaired T-test): < 0.0001. 
Max forces were normalized for the maximum thickness sample of each group (986 μm for BNC 
and 63 μm for AM). Images inside the graph show the fracture of the material (indicated with an 
asterisk) at the suture point.
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did not present any substantial change whereas incubated BNC showed a small 

rise in absorbance at 600 nm compared to untreated BNC (from 0.38 to 0.41) 

(Figure 7A). The material’s superficial mass was also characterized after the corneal 

medium incubation test (Figure 7B). BNC samples reduced their superficial mass 

by near 12% (from 90 to 79 mg/cm2) while AM samples decreased by 33% its 

superficial mass (from 12 to 8 mg/cm2). This change of the superficial mass was 

statistically significant (paired T-test, p-value <0.0001) only for the AM specimens. 

 

Figure 6: Frontal (white filed + grid) and slit-lamp images of AM and BNC before and after 
the stability tests. White field photographs were taken with a grid to better visualize the trans-
parency of the materials. Each square of the grid is one mm2. Inserts at the bottom of the images 
correspond to lateral views of the materials captured with a slit lamp. In general, both materials 
were stable under the tested conditions and incubation times. To mark the orientation of the sam-
ples that were sutured to porcine corneas, a tissue marker was used. For clarity in the pictures, 
corneal bandages were delineated with a yellow-dotted-line.

Figure 7: Ultraviolet-visible light absorbance of the materials and superficial mass. A) Ultra-
violet and visible light absorbance of BNC and AM materials at different experimental conditions. 
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Average spectra were obtained from the mean of all the samples for each condition. Each sample 
was measured at least twice. As for samples sutured to porcine corneas, BNC increased its overall 
absorbance indicating some acquisition of the tissue/medium components. Oppositely, AM sli-
ghtly decreases its absorbance, this might be due to a thinning of the material. B) Changes in the 
superficial mass of the films upon 30-day maintenance in vitro. Superficial mass was compared to 
evaluate degradation and possible changes in thickness. Both materials experienced a reduction 
in their superficial mass: 12% for BNC and 33% for AM. This change in superficial mass was only 
statistically significant for AM (P-value <0.0001, paired T-Test) samples.

Finally, SEM investigation revealed that the characteristic nanofibrillar struc-

ture of both BNC and AM was retained during the 30-day experiment (Figure 8, 

see untreated vs in vitro) and that the epithelial side of AM presented some crystal-

lizations after the in vitro incubation (Supplementary Figure S3). These elongated 

crystals were undetectable by X-Ray diffraction (data not shown) indicating that 

its contribution to the total amount of mass of the material should be rather small.

Figure 8: Representative SEM images of the ocular dressing materials before and after the 
in vitro and ex vivo stability tests. Three samples were imaged for each material and condition 
at different magnifications. The side of the material shown here is the one that was in contact 
with the eye surface, images from the external side are shown as supplementary Figure S3. Under 
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SEM, no signs of degradation were observed neither for BNC nor for AM samples after any of 
the two treatments. For the materials sutured to the corneas, both AM and BNC showed some 
organic deposits (marked with *) that might indicate some transfer of biological matter from the 
eye surface/culture medium to the ocular surface bandages.

Conformability and adaptability of the materials to the arched shape of the 

cornea were evaluated by suturing BNC to porcine eyes. BNC films naturally 

present a flat side (with compact fibres) and a rougher side (loose fibres). After 

assessing the two possible orientations, the flat side was selected to be in contact 

with the corneal surface since it showed better adaptability. Importantly, corneal 

surgeons from our clinic sutured BNC to the cornea of over a score of excised 

pig eyes and found it easy to handle. BNC maintained its original shape during 

the process without tearing at the puncture holes. Overall, the suturing of BNC 

was comparable to that of the AM and the sutured BNC moulded well to the 

dome-shaped cornea. See supplementary Figure S4 for more details about this 

process. 

Excised porcine corneas were also used for a more realistic ex vivo evaluation 

of the materials under study. Sample preparation for BNC is illustrated in Figure 9 

and AM samples were arranged in a similar fashion. After the ex vivo culture, the 

materials were recovered for characterization. Overall, we did not detect major 

differences in the BNC samples before and after being sutured to the excised por-

cine corneas; all samples maintained their integrity (size and shape) and did not 

degrade (for better visualization refer to dark field images in supplementary Figure 

S2). AM samples also maintained their overall integrity but presented tears at the 

suture points and some debilitated (i.e. more transparent and apparently fragile) ar-

eas. Lateral images of the samples taken with a slit lamp showed a continuous layer 

of material both for AM and BNC after being sutured to the corneas (See third 

and fourth columns in Figure 6) without detectable defects. Accordingly, SEM 

imaging revealed that the nanofibrillar structure of BNC and AM was maintained 

after their incubation (Figure 8, see untreated vs sutured to the cornea) in contact 

with the biological material. Both BNC and AM presented some organic deposits 

on the side in contact with the corneal surface (indicated with asterisks in Figure 8). 

The crystals that appeared on the in vitro experiments were not detected in these 

ex vivo conditions. 
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In comparison to untreated samples, BNC increased 26% its absorbance at 

600 nm whereas AM samples displayed a reduction of 35% (see Figure 7A). 

Moreover, BNC samples presented a new absorbance peak at 260 nm. It was not 

possible to accurately calculate the superficial mass of the samples after the ex 

vivo test since the suture caused deformation of the samples, especially of the AM 

membranes.

Figure 9: Ex vivo suture test sample preparation. BNC hydrogels and AM were sutured to pig 
eyes as illustrated schematically in A. The needle easily penetrated the BNC hydrogels and con-
ventional knots were made with surgical instrumentation (B). Both materials adapted well to the 
dome shape of the eye without forming wrinkles. Then, the cornea and part of the sclera were 
excised and placed on Petri dishes containing RPMI medium for 20 days. The same sample pre-
paration process was followed for AM.

Discussion 

Although BNC possesses attractive intrinsic characteristics to become a new ocular 

surface bandage material31,49, very few studies have explored this possibility. Here, 

we present a comparative study between BNC and the most common ocular sur-

face bandage; AM. First, we provide an extensive characterization of BNC and AM 

and a comparison of their physicochemical characteristics. Then, BNC is positively 

evaluated regarding: stability under simulated physiological conditions, resistance 

to the mechanical stress caused by suture, conformability to the eye surface and 

easiness of manipulation using standard clinical procedures. Compared to AM, 
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BNC hydrogels resisted a higher force on the suture stress test, did not lose trans-

parency after the in vitro test and where less deformed on the ex vivo assay. 

The present study focused on the suitability of BNC as a new ocular surface 

bandage from a material point of view. Therefore, data regarding the ability of 

BNC to promote corneal wound healing is not provided yet. We speculate that 

BNC corneal bandages can have a protective effect similar to that of collagen cor-

neal shields3,50. Thus, feasible clinical usages of BNC would be as temporary tec-

tonic or multi-layered bandages for patients suffering from non-infectious corneal 

ulcers, or ulcerative keratitis with a high risk of corneal perforation. Applying a 

therapeutic contact lens on top of the BNC bandage could be needed, in the same 

way as when using AM in clinical practice. The contact lens would contribute to 

decrease friction with the inner surface of the eyelids as well as to maintain mois-

ture by capturing the tears on its concave side.

Importantly, our latest data51 shows that the amount of endotoxins detected in 

the eluates of autoclaved BNC are 0.05 ± 0.01 Endotoxin Units (EU)/mL. This 

value falls well below the Food and Drug Administration limit set at 0.5 EU/mL 

for medical devices and thus indicates that BNC can be considered a non-pyro-

genic material. Regarding inflammatory responses, we expect native BNC to act 

as an inert biomaterial. That is, BNC hydrogels are expected to be neither pro nor 

anti-inflammatory as demonstrated in52 with in vitro tests. It has also been argued 

that BNC is well tolerated in vivo without causing major inflammatory compli-

cations53,54.  However, the interactions of BNC with the immune system will be 

addressed in our future investigations. 

BNC is a mechanical and thermally stable material. These features are relevant 

for thermal sterilization (typically performed at 121ºC) and for adhering BNC to 

the ocular surface by suture stitches. AM decomposition takes place at rather high 

temperatures but its sterilization by heat might compromise its wound healing 

capabilities. BNC hydrogels used in this study were much thicker than AM, al-

though the thickness of both materials varies considerably due to their biological 

origin55,13. AM can be up to 200 µm and can be used as a multilayer, an approach 

that can also be envisioned for BNC. Notably, BNC’s thickness can be modulated 

during the production process56 and/or posteriorly by adjusting its water content46 

to meet specific requirements. Roughly, BNC hydrogels can be obtained with 
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thicknesses ranging from hundreds of microns to few millimetres while dry BNC 

membranes exhibit thicknesses of tens of microns. 

The Young modulus of BNC is also largely influenced by the water content 

and biosynthesis method, being in the range of 0.6 to 1.5 GPa57,46 in its dry state 

with considerably lower values for the never dry form. Similarly, tensile strength 

is in the order of 50 MPa for dry BNC and between 1.5 and 2 MPa for the never 

dry form. Nevertheless, the BNC hydrogels present higher ductility with elon-

gation at break values up to 20% which might be of interest for the application 

suggested here58. BNC presents a characteristic nanofibrillar structure with great 

architectonical similarity to that of collagen found in the stromal side of AM (see 

SEM images in Figure 4). Despite the observed similar nanofibrillar organization, 

BNC and AM differ at the organization level, evidenced by the X-Ray diffraction 

patterns, being AM non-crystalline and BNC a semi-crystalline material.

On the other hand, BNC’s nanofibrillar network can act as a reservoir for diverse 

molecules59,60. This capability might offer venues for future BNC corneal bandages 

supplemented with therapeutic agents in order to emulate the anti-scarring and anti-

inflammatory effects that AM provides. In fact, the anti-inflammatory effect of BNC 

hydrogels supplemented with diclofenac has recently been reported52. Similarly, in 

cases of bacterial keratitis, BNC could be impregnated with antibiotics to act as 

a medication reservoir. In this direction, BNC is also well known to support the 

culture of several cell types61–63 including retinal pigment epithelial cells33,64. These 

reports, together with the findings reported here, suggest further uses of BNC as a 

cell carrier for corneal cell therapies. In the case of a BNC bandage supplemented 

with sensitive biological material (cells or bioactive molecules), the cryo-storage 

approach commonly used for preserving AM65 could also be considered since 

our recent data demonstrate that BNC is stable at liquid nitrogen temperatures51. 

Other interesting modifications of BNC aim at increasing its optical transparency. 

This can be achieved by mechanically increasing fibre alignment57 or by filling the 

pores with biocompatible polymers such as polyethylene glycol52.

Importantly, we validate that BNC can be sutured to the ocular surface without 

employing more time or resources than AM while presenting a higher resistance 

to the mechanical stress caused by the suture. Moreover, its soft and flexible nature 

confers optimal adaptability to the dome shape of the ocular surface. We also ex-
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pect that the high liquid holding capacity of BNC hydrogels will be convenient to 

keep proper hydration of the ocular surface.

We examined the behaviour of BNC in two simulated physiological envi-

ronments; in vitro, maintained in corneal preservation medium for 30 days, and 

ex vivo, sutured to excised pig corneas during 20 days without observing signs of 

degradation neither at the macro nor at the micro/nanoscales. In vitro, BNC and 

AM kept their integrity but decreased their superficial mass; this reduction was 

higher in weight percentage for AM than for BNC. However, it is hard to discern 

if this shrinking in the superficial mass is due to material deterioration or to loss 

of water due to osmotic processes. Additionally, AM samples became more opaque 

after the incubation, possibly due to microcrystals deposits that increased light 

scattering. BNC hydrogels did not present crystals or opacification but BNC films 

were coloured by the culture medium and this might be responsible for the slight 

increase of light absorbance.

Placing the materials in direct contact with ocular tissue on the ex vivo test 

allowed us to discard the degradation of the BNC caused by the interaction with 

the tissue and to confirm its robustness after suturing. BNC nanofibrillar struc-

ture was also intact after the experiment. Contrary to BNC, AM samples were 

deformed and presented some tears at the suture points but kept their overall 

integrity. The UV-VIS light absorbance of AM decreased after the treatment and 

some areas seemed to debilitate as observed on the grid images. This might be 

attributed to a thinning of the material that needs to be further confirmed. BNC 

behaved differently, its overall UV-VIS absorbance moderately increased presenting 

a new peak characteristic of nucleic acids and close to the protein absorbance re-

gion. This could be ascribed to the adsorption of biological material on the BNC 

coming either from the ocular tissues or the culture medium. This observation 

is also supported by the organic deposits visualized under SEM. Transference of 

tissue/medium components was also detected visually in the form of opaque areas 

and with SEM as organic accumulations in the AM samples. Overall, we consider 

BNC to be stable under the two tested conditions and times.

In summary, corneal damage is a highly prevalent cause of vision reduction 

and blindness, particularly in rural areas of developing countries. Therefore, there 

is an evident need for low-cost, accessible, durable and easy to apply ocular sur-
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face bandages66,67. In the present study, we aimed at deciphering whether BNC, 

a biomaterial that shows great promise for skin regeneration, is also suitable as 

bandage material to treat ocular surface disorders. Using AM as a benchmark, we 

demonstrated that BNC meets basic preclinical requirements for this purpose. 

These findings, together with BNC’s prolonged shelf life, straightforward and an-

imal-free production and controllability might encourage further investigations of 

BNC for corneal regeneration.

Methods 

The general experimental design of this study is summarized in Supplementary 

Table 1. 

Amniotic membrane

Human amniotic membranes were obtained from the local tissue bank (Barcelona 

Banc de Sang i Teixits) and stored at -80 ºC until experimental use. The samples 

were cut into the desired shapes and sizes using a 17 mm Ø trephine (circles) or 

surgical scissors (rectangles). 

Production of the bacterial nanocellulose films 

Bacterial nanocellulose films were obtained following our established protocol de-

tailed elsewhere68. Briefly, a commercial Komagataeibacter xylinus (K. xylinus) strain 

(NCIMB 5346 from CECT, Valencia, Spain) was inoculated on 6 mL of Hes-

trin-Schramm (HS) medium (1.15 g citric acid, 6.8 g Na
2
HPO

4
·12H

2
O, 5 g pep-

tone, 5 g yeast, and 20 g dextrose for 1 L of Milli-Q water) and incubated statically 

for 7 days at 30 ºC. This bacterial culture was further diluted 1:15 with fresh HS 

medium and cultured on 24-well plates (2 mL/well) for 3 days. The BNC pellicles 

that formed at the air-liquid interface were collected and immersed in a solution of 

1:1 Ethanol: deionized water (DI) to kill the bacteria. Then, the films were washed 

1x40 minutes in boiling DI water and 2x20 minutes in a boiling 0.1 M NaOH 

solution to remove organic residues. After rinsing several times with DI water, the 

films were autoclaved (121 ºC, 20 min). 
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Endotoxin contamination study

The endotoxin extraction was carried out by placing clean and autoclaved BNC 

hydrogels in depyrogenated falcon tubes with 40 mL of endotoxin-free water 

for 72 h at 30 ºC and under orbital agitation (100 rpm), according to FDA 

recommendations69. The endotoxin content in the eluates from BNC samples 

was measured with a Pierce™ LAL Chromogenic Endotoxin Quantification 

Kit purchased from Thermo Fisher and the assay was performed following 

the manufacturer’s instructions. The products of the reaction were read for 

absorbance at 405 nm in a microplate reader (Infinite 200 PRO, TECAN ®) 

at 37 ºC. The indicated values in the results section correspond to the mean 

±  standard deviation of two independent experiments obtained from two 

different endotoxin quantification kits and evaluating each time two samples 

from two different batches of BNC. 

Dehydration test 

Three independent BNC hydrogels (12 cm x 12 cm) were left to dehydrate inside 

a room with controlled humidity (45%) and temperature (22 ºC). The materials 

were weighed every hour with a precision scale. The initial weight of the hydrogels 

was used to calculate the reaming weight (%) at different time points. 

Thickness measurements

The thickness of the AM (n=12) and BNC (n=20) samples were measured with a 

digital micrometre, placing the samples between two cover slides to keep them flat. 

A slight blotting of the specimens was made with filter paper prior to the meas-

urement to remove the excess liquid. Five measures were made for each sample at 

different areas to get an average thickness. 

Thermogravimetric analysis

To evaluate the thermal stability of the materials, a TGA-DSC/DTA analyser 

(NETZSCH STA 449 F1 Jupiter) was used. The covered temperature range was 

from 25 to 800 ºC and the heating rate was 10 ºC/minute in air. The first deriva-

tive graphs were obtained with the Origin 85 software. 
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X-Ray diffraction

Dry BNC and AM were fixed flat on a silicon wafer support to acquire X-ray 

diffraction patterns using a Siemens (Model D-5000) diffractometer. Step size was 

0.02º/minute in a 2u range from 5º to 30º. A Cu anode was employed. Smoothing 

of the data was performed with the Savitzky-Golay model included on the Origin 

85 software. 

Digital images

Digital images were taken with a Canon Eos 550C camera coupled to a microscope 

with the samples placed on a dark/white field chamber. For the white field images, 

a grid (squares of 1 mm2) was located under the specimens to better visualize the 

transparency of the materials. The photographs were acquired with a standardized 

exposure time of 1/100s. Areas and grey values were measured from these images 

with the ImageJ-win64 software. 

Scanning electron microscopy

Both BNC and AM samples were freeze-dried at -80 ºC for 48 hours to preserve 

their native structure. Small pieces of the films were cut with scissors and immobilized 

on top of an aluminium sample holder with carbon tape. The samples were sputtered 

with 5 nm of platinum before being imaged with a high resolution scanning electron 

microscope Magellan 400L at the following magnifications: 5000X, 20,000X and 

100,000X. The employed voltage was 2.00 kV and the current was 100 pA. 

Ultraviolet-visible spectroscopy

Ultraviolet-visible (UV-Vis) absorbance spectra of BNC and AM materials were 

obtained without any sample preparation step. A Varian Cary-5000 UV-Vis-NIR 

spectrophotometer on transmission mode was employed to obtain a minimum of 

two spectra (between 200 and 800 nm) from each sample. A baseline correction 

was performed by subtracting the absorbance of the glass coverslips used to hold 

the samples. The absorbance of the sample was calculated as: A=log
10

(I
0
 / I) where 

I
0
 corresponds to the intensity of the light passing through the reference cell (glass) 

and I to the intensity of the light passing through the sample cell (BNC or AM) 

at the same wavelength. 
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In vitro stability test

The in vitro stability test evaluated six independent samples of each material. Cir-

cular BNC films of ≈2 cm2 and AM rectangles of ≈3 cm2 were used. Every sample 

was weighed and photographed before the incubation. Each sample was placed 

individually on sterile glass bottles containing 100 mL of Tissue C (Alchimia) 

culture medium. The materials were clipped to a CornealFloat to keep them sus-

pended in the liquid. The bottles were kept for 30 days in a CO
2 
incubator (5%) at 

37 ºC. Then, the materials were recovered and characterized for: weight, diameter, 

integrity, micro/nanostructure (SEM) and light absorbance (UV-Vis). 

Suture stretch test

To test the mechanical stability of the materials, the device illustrated in Figure 5A 

was employed. BNC (n=16) and AM (n=5) samples were sutured (Suture type: 

Nylon 10/0, Lab Aragó) with a single stitch to small pieces of porcine scleral tissue 

(≈1 cm2) using standard suture instruments from Grieshaber (Westcott scissors and 

Colibrí forceps), a Barraquer needle holder and a Castroviejo Suture forceps. Then, 

the complex was clamped on the top part (clamp placed on the BNC/AM) and 

fixed to a support. Another clamp was placed at the scleral tissue (bottom) and a 

platform was hung form that clamp. 4.5 g weights were added gradually (every 

two minutes) to the platform until the BNC/AM broke at the suture point. The 

maximum weight tolerated by each sample before rupture was divided by the 

normalized thickness of the sample inside each type (BNC and AM). A value of 1 

was assigned to the thickest BNC (986 μm) and AM (63 μm) specimens.

Ex vivo suture test

Eyes globes were obtained from 6-month-old pigs and used within 48 h. BNC 

and AM films of ≈16 mm diameter were non-invasively characterized (weight 

and diameter) and then sutured to pig corneas keeping the limbal area intact. 6 

symmetric sutures were made for each eye 1 mm away from the BNC/AM bor-

der and holding 1 mm of tissue with standard nylon suture 10/0 from Lab Aragó 

(Barcelona). The knots were not buried. The sutures penetrated ≈ ¾ of the cornea/

sclera thickness. The cornea and part of the sclera were resected from the rest of 

the eye with scleral scissors. Pictures were also taken at this point. The samples 
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were decontaminated by immersion into a 5% Povidone-iodine (PI) solution for 2 

minutes. Sodium thiosulphate (0.1%) was used to remove the PI and later the sam-

ples were rinsed with phosphate-buffered saline. Then, the excised corneas were 

placed in a closed container (Petri dish) with 13 mL of Roswell Park Memorial 

Institute (RPMI-1640) culture medium (R8758 Sigma-Aldrich) supplemented 

with 5% foetal bovine serum (F7524 Sigma-Aldrich) and 1% antibiotic-antimy-

cotic (A5955 Sigma-Aldrich) under sterile conditions. The as-prepared Petri dish-

es were kept in an incubator at 37ºC and 5% CO
2 
for 20 days. The medium was 

changed every 3 to 4 days. 

Statistical analysis 

For the statistical analysis, GraphPad Prism 5 software was employed. Data is rep-

resented by mean ± standard deviation. Statistical significance was accepted when 

p-values under 0.05 were obtained in paired (superficial mass) or unpaired (suture 

stress test) Student’s T-tests.
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Figure S1: Dehydration rate of BNC hydrogels. Graph showing weight losses of BNC hydrogels 
(water content >99%) over time when exposed to the air under controlled humidity (45%) and 
temperature (22º C). Water evaporation took place at a constant speed and after 6 hours of ex-
posure, BNC hydrogels still contained 66% of their initial water content. Data were fitted to linear 
regression (r2=0.97). 

Figure S2: Frontal and slit-lamp images of AM and BNC before and after the ex vivo stabi-
lity tests. Darkfield images are shown on the first and third columns where the integrity of the 
samples can be visualized. White field photographs were taken with a grid (second and fourth 
columns) to better visualize the transparency of the materials. Each square of the grid corresponds 
to one mm2. Inserts at the bottom of the grid images correspond to lateral views of the materials 
captured with a slit lamp. To mark the orientation of the samples a tissue marker was used and for 
clarity in the pictures, the materials were delineated with a yellow-dotted line.
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Figure S3: Representative SEM micrographs of the AM and BNC sides expected not to be 
in contact with the ocular surface. After both in vitro and ex vivo experiments, the materials did 
not seem to be degraded and the organic deposits observed on the side placed in contact with 
the eye surface were not perceived. The only noticeable difference was the presence of elonga-
ted crystals on the AM samples of the in vitro test (indicated with asterisks). Three samples were 
imaged for each material at least in three different areas. The mentioned observations were con-
sistent for the three samples that were examined.

Figure S4: BNC handling and suturing to the ocular surface. BNC hydrogels (Ø=1.6 cm) were 
easily manipulated with forceps and maintained their initial shape as illustrated on the left panel. 
BNC acquired a pink colour from the culture medium components. BNC suture process (right 
panel) to pig eyes was comparable in terms of time and complexity to that of human AM. The 
needle penetrated easily on the material without causing tearing and BNC spread and adapted 
readily on the surface of the cornea.
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Table S1: Summary of the experimental design.

Characterization 
points and techniques Untreated t=0 

(untreated) t= 30 days t=0 
(untreated) t= 20 days

Thickness
Micrometre X

Thermal stability 
Thermo-gravimetric 
analysis 

X

Atomic structure and 
crystallinity 
X-Ray Diffraction 

X

Suture stress 
resistance  
Suture stretch test 

X

Macroscopic integrity
Digital pictures: 
darkfield and slit lamp

X X X X

Optical transparency  
Digital white field 
pictures with grid  

X X X X

Superficial mass 
Mass and surface X X

Material absorbance  
UV-Visible 
spectrophotometry

X X X

Micro and 
nanostructure 
Scanning electron 
microscopy 

X X X
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Business proposal for the Corneal-BNC project

To truly impact society, research outcomes need to go through a process of tech-

nology transfer (TT) to convey academic findings to the market place. The TT 

pipeline consists of several phases and is a complex and multidisciplinary process 

that requires skills that are not usually taught in traditional scientific training. 

This section describes a tentative roadmap for a TT strategy of the BNC corneal 

bandages. 

Market analysis

 

Problem and target market 

A market analysis assesses the attractiveness of an innovation by determining the 

interest in it of a target market and by estimating the potential market size. As 

mentioned before, corneal trauma, ulcerations and chronic inflammatory pro-

cesses are estimated to originate 1.5–2.0 million new cases of vision reduc-

tion every year, positioning corneal opacities as the fourth cause of blindness 

worldwide70. Moreover, these numbers are projected to rise due to the growing 

use of contact lenses (risk factor) as well as the increasing and ageing of the 

world's population. Irreversible corneal conditions can only be remediated with 

a corneal transplant but the world’s demand surpasses the supply of compliant 

donor corneas71. For not so severe cases, a common intervention consists of an 

AM graft also obtained from donated human tissue (placenta). This approach, 

although clinically efficacious, suffers from significant limitations i.e. the strin-

gent collection and storage conditions of AM, its short shelf life and ethical 

concerns. This problematic situation leaves a market opportunity for alternative 

ocular bandages where BNC could find a market share. Thus, our initial market 

segment would be local ophthalmological institutions, both public and private, 

that periodically use AM grafts to treat ocular surface pathologies. Typically, the 

market size is calculated as follows: 

Market size = M × P × N = 600 × 335 × 2 = 402.000€



– 181 –

| BNC corneal bandages |

M corresponds to the target market (number of patients), P to the prize of the 

product and N the number of times the product is used per year. Based on the reg-

isters from COB, the number of patients that could be treated in Catalunya every 

year is around 600 (total population: 7.5 million). The price of our product is not 

determined yet and thus the price from fresh AM from the local tissue bank (our 

benchmark) is used for the calculation (335€/membrane). It is anticipated that 

for a standard treatment at least two bandages would be required. This estimation 

computes an estimated market size of 400K€/year only in Catalunya. Naturally, 

the number of patients to be treated could be expanded to other territories in 

future endeavours. Thus, by extrapolating the number of patients in Catalunya to 

other geographies we can anticipate that in Spain there are 3.760 potential patients 

(total: 47 million), in Europe 59.840 (total: 748 million) and in North America 

29.600 (total 370 million).

Competitors 

Despite the great supply of products addressed to ocular surface health, not all of 

them should be considered as direct competitors since their strategies might differ 

from our positioning. Hence, another pivotal task in market analysis is to identify 

those products that target a comparable market segment. Table 1 compiles com-

mercial and in-development medical products recognized as the main potential 

competitors to our suggested BNC corneal bandages. These short-listed products 

should be monitored for updates, price variations, acquisitions etc. during the de-

velopment of Corneal-BNC. 
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Table 1: Details about products addressed to treat ocular pathologies with a similar strategic 
positioning to the Corneal-BNC. 

Product name 
and company

Therapeutic indi-
cation Composition Mode of use Price

Amniotic 
membrane 
Banc de Sang i 
Teixits, BCN

Fresh human 
amniotic 
membrane

Sutured by 
surgeons in 
operating room

335€/mem-
brane

AmbioDisk™
IOP Ophthalmic, 
USA

Dehydrated 
amniotic 
membrane

Applied in-office 
by clinicians

~400€/mem-
brane

Prokera®
Biotissue, USA

Cryopreserved 
amniotic 
membrane

Applied in-office 
by clinicians

~800€/mem-
brane

Oasis corneal Soft 
Shield 
Oasis Medical, 
USA

Protection after 
ocular surgery, in-
jections or corneal 
trauma

Bovine cross-
linked collagen

Applied in-office 
by clinicians

250€/pack 
of 15

Ocular Bandage 
Gel 
Eye Gate pharma, 
USA

Surgical trauma Modified and 
cross-linked 
hyaluronic acid

Applied by the 
patient as eye 
drops 

Not 
determined, 
product under 
development 

CorNeat EverPatch
CorNeat Vision, 
Israel

Glaucoma and 
keratoprosthesis

Synthetic 
non-degradable 
porous material

Applied by 
surgeons in the 
operating room 

Not 
determined, 
product under 
development

SWOT analysis  

A SWOT (Strengths, Weaknesses, Opportunities and Threats) analysis is a tool used 

to evaluate a company's competitive position. The SWOT matrix assesses internal 

and external factors, as well as current and future potential. Figure 10 shows a 

SWOT analysis of the Corneal-BNC project. 

Corneal erosions, 
ulcerations, 

chemical/thermal 
burns, non-healing 
epithelial defects, 
severe dry eye and 

post-infectious 
keratitis
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Figure 10: Analysis of the strengths, weaknesses, opportunities and threats (SWOT) of the Cor-
neal-BNC proposal.

Value proposition

A value proposition is a statement that answers 'why' someone should do busi-

ness with you. It is typically presented as:

1.	A single summary statement.

2.	A short description of the problem addressed. 

3.	How the proposed solution is better than current solutions (unique 

	 attributes).  

A possible value proposition for Corneal-BNC would be: 

A biotechnological ocular surface bandage; a novel concept of donor-independent, 

available, durable and easy to use biomaterial to treat corneal pathologies. Our 

ophthalmic medical device is based on a naturally produced nanocellulose hydrogel 

serving also as a reservoir of therapeutic agents.
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technologies might become 
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Business model

 

A business model is a company’s strategy to achieve revenues. It summarizes how the 

company creates, delivers and captures value and it is usually visualized as a business 

model canvas. Figure 11 displays the proposed business model for Corneal-BNC. 

Figure 11: Envisioned business model canvas for the Corneal-BNC project. 

Development plan

 

Early stages  

Before the implementation of the business plan, the Technology Readiness Lev-

el (TRL) of the Corneal-BNC patches should be increased from the current 

state, estimated to be around 3 (experimental proof of concept),  to a TRL 6 

(technology demonstrated in relevant environment). To achieve this milestone, 

a two-year development plan is presented in Figure 12. The estimated budget 

provided is based on previous experience from the team as well as inquiries 

to other organisations (Instituto Universitario de Oftalmobiología Aplicada (IOBA), 

Oficina Española de Patentes y Marcas (OEPM)). 

Key partners Key activities

Key resources

Cost structures Revenue Streams

Value proposition
Customer 

relationships

Channels

Customers 
segments

• Production of the BNC 
bandages

• Incorporation of 
bioactive substances

• CE mark acquisition 
• Development of 

further versions  

Provide to clinicians an 
ocular surface 

bandage to treat 
corneal pathologies 
based on a donor-

independent, available, 
durable and easy to 
use biomaterial that 
can also serve as a 
vehicle for bioactive 

substances.

• Technical expertise in 
BNC production 

• Clinical expertise in
ocular surface 

• Reputation of ICMAB-
CSIC and COB

• Current public and 
private funding

• Multidisciplinary team 

• Clinicians: congresses,
scientific publications, 
personalized sales

• General public: social 
media, outreach 
publications, press

• Investors: tech transfer fairs 
and entrepreneurs contests

• Local private 
ophthalmological 
clinics

• Local ophthalmology 
departments of 
public hospitals

• Healthcare providers 
in regions lacking 
supply of AM and/or 
clinical infrastructure

• Adapt to patients needs 
and budget 

• Offer customizable options 
• Close patient follow up
• Patients and clinicians 

feedback

• Manufacturing: BNC fabrication and impregnation with active 
substances, laboratory infrastructure, personnel 

• Outsources: accountancy, regulatory affairs, intellectual property 
and marketing 

• Packaging and distribution  

• Sales to private hospitals/insurances 
• Contracts with public health services

• ICMAB-CSIC
• COB
• Regulatory affairs 

and intellectual 
property 
professionals

• Accountancy 
services

• IOBA: animal trails
• JeNaCell: industrial 

feasibility 
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The expenses detailed in the diagram sum up ~33.000€. To this value, per-

sonnel (124.000€ for two contracted specialists) and overheads of the research 

centre (20%) payments should be added together with and a 15% extra for unex-

pected expenses leaving an approximate budget of 223.000€. In the eventuality of 

protecting our technology through patenting, the costs of this process should be 

added. This funding could be reasonably attained through public aids (e.g. Centro 

para el Desarrollo Tecnológico Industrial) or via a seed investment from a private entity 

(e.g. business angel).

Figure 12: E Diagram of the early development plan to increase the TRL from 3 to 6. OEPM 
stands for Oficina Española de Patentes y Marcas.

Middle-long term plan   

After the proposed creation of the spin-off company at the end of 2022, funding 

sources are projected to switch to crowdfunding (e.g. https://capitalcell.es/) and/or 

venture capital. The long-term development plan (beyond 2022) appears difficult 

to predict at the moment. However, one can anticipate that a crucial activity will 

be the regulatory procedures to attain the CE mark required for commercializing 

medical devices (MD) in the European Union (EU). After consulting the European 

requirements (EU regulation 2017/745), we consider that the ocular bandages 

based solely on BNC should be classified as MD Class IIb as they are expected to 

contact an injured area of the body. As for the proposed BNC bandages containing 

ancillary substances, the product would fall into the MD Class III category. Thus, 

Final technology 
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and immune 
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• Professional patent 
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510€

Business plan
• Create a spin off
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attractive webpage 
• Networking 
• Assist to events 

• Spin-Off register: 
~150€

• Administrative 
tasks: ~5000€

2021
TRL 3
Experimental proof of concept 

2022
TRL 6

Technology demonstrated in relevant environment

https://capitalcell.es/
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the conformity assessment of MD Class IIb would be made thought a notified 

body (NB). In the case of the MD Class III, apart from the NB, a Competent 

Authority (i.e. Spanish Agency for Medicines and Health Products) should also be 

involved. Scaling up the BNC production following Good Manufacturing Practis-

es guideless will represent another challenge. For that, a partnership with JeNaCell 

(http://www.jenacell.com/de/) would be considered as this biotech company al-

ready developed industrial-scale production of BNC72. 

Following our long-term vision, the research activity should be maintained in 

parallel to the product development process. The product range of Corneal-BNC 

will spread towards novel formats of ocular bandages (i.e. formats that can be ap-

plied directly by the patients) and enlarge the portfolio of functionalities to reach 

other market segments. The packaging, labelling, distribution and marketing steps 

are also allocated to later stages of the development process. 

Ultimately, the spin-off will likely be acquired by a leading medical device 

group with a global presence to further develop and internationalize the business. 

http://www.jenacell.com/de/
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Contributions to the field and critical comment 

This chapter combines the preclinical testing of BNC as a novel ocular surface 

bandage with an initial TT proposal.   

The experimental part of Chapter 4 validates the hypothesis that the mate-

rial properties of BNC that are highly appreciated in the field of skin regener-

ation (robustness, manageability, conformability, water retention etc.) can also 

be harnessed in the ophthalmological domains. Moreover, we could identify 

only a very small number of previous publications pointing towards BNC ap-

plicability in corneal regeneration73–75.  Our work differs from these references 

in the mode of use; i.e. we suggest a temporal ocular surface bandage while 

others pursued the development of a tissue substitute based on BNC or BNC 

composites. 

It is noteworthy that the experimental design for Publication 4 was outlined 

after several brainstorming sessions with clinicians and researchers from COB 

(independent from those interviewed in Chapter 1) to always keep in mind the 

needs of the end-users. The selection of AM as a benchmark further emphasizes 

our translational intention. Nevertheless, these encouraging results need to be 

completed with further experiments that are scheduled or already underway. The 

ex vivo test presented in Publication 4 demonstrates the durability and applicabil-

ity of the BNC bandages yet it does not provide evidence about their capacity to 

accelerate corneal wound healing, rendering a second round of ex vivo tests as a 

future work priority.   

As reported in the literature, BNC matrices have been impregnated with Ac-

tive Pharmaceutical Ingredients (API) upon simple diffusion methods for topical 

delivery59,76,77. This approach is currently being investigated in our lab to exploit 

BNC as an ocular delivery device and accounts for a relevant step in our TT pro-

posal. The possibility to combine BNC with an array of bioactive substances on 

demand expands the possibilities for medicated ocular bandages. These modifica-

tions are expected to emulate the regenerative potential of AM while providing 

a more controlled and customizable platform. For regulatory compliance sake, 

the bioactive substances incorporated in the corneal bandages are expected to be 

compounds commonly used in ophthalmological practice. 
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Despite its immaturity due to the low TRL, I endorse the valorisation of the 

BNC corneal bandages as a noteworthy contribution of Chapter 4. The provided 

guideline can be handy in the future to gradually move from academic results 

to medical use. Besides, participating in the Llavor program has been beneficial 

for this thesis as it provided resources to broaden our knowledge in different di-

rections. Finally, I deem the estimated early-stage plan as a realistic horizon. It is 

expected that when reaching an advanced development phase, more sound deci-

sions would be taken concerning the commercial feasibility of the Corneal-BNC 

project. 
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Figure 1: Visual summary of Chapter 5. The proposed use of BNC patches 
to reinforce the abdominal wall after a hernia repair surgery.
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Chapter introduction

This chapter devotes efforts to the applicability of BNC as a non-resorbable patch 

to repair internal tissues. This possibility was mentioned already in Chapter 1 and 

could be materialized through a collaboration with the R+D department of B. 

Braun Surgical in Spain (https://www.bbraun.es/es.html) specialized in wound 

closure technologies. 

A tissue reinforcement is often required in the surgical management of ab-

dominal hernias. The term hernia derives from the Greek “hernios” meaning 

“bud” or “sprout” and refers to a protrusion caused by a part of the bowel or per-

itoneum –the membrane lining the abdominal cavity– pushing through a gap in 

the abdominal wall. The prevalence of hernias is extremely high; affecting 5% of 

the general population at least once during their lifetime1. Depending on its top-

down location in the body, hernias can be classified as2: 

•	 Epigastric: the protrusion occurs between the breastbone and the belly button.

•	 Umbilical: the weak point appears near the belly button.

•	 Incisional: the hernia happens in scar tissue caused by a previous surgical incision. 

•	 Inguinal: this is the most common type of hernia and appears above the in-

guinal ligament, right above the groin.

•	 Femoral: the internal organs poke through in the upper part of the tight, 

below the inguinal ligament.

Strengthening permanently the abdominal wall with a thin surgical mesh –known 

as hernioplasty– has become the mainstay for hernia repair (Figure 2). Hernio-

plasty has prevailed over approaches relying on sutures to close the defect, owing 

to the reduced recurrences achieved with this method.3,4 The majority of the 

implantable meshes are constructed from synthetic non-resorbable polymers and 

will remain indefinitely inside the body. Nevertheless, hernia repair surgery is 

not exempt from post-operative complications. Adverse events can be related to 

infections or hernia reappearances, but also arise from intraperitoneal adhesions 

which are formed by scar-like tissue sticking together the implanted mesh and the 

adjacent organs5. These adhesions are a major cause of chronic pain after hernia 

repair and a common trigger of secondary surgeries. Consequently, research and 

development of anti-adhesive implants6 accounts for a pressing need in the field. 

https://www.bbraun.es/es.html
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Figure 2: Schematics of hernia management. A) Abdominal hernias appear as protrusions 
of the internal organs through debilitated areas of the abdominal wall. B) The most common 
approach for hernia repair is the implantation of a surgical mesh serving as a lifelong tissue 
reinforcement. The illustration contains modified content from https://www.freepik.es/ and 
https://smart.servier.com/.

The publication included in this chapter “In vivo Soft Tissue Reinforcement with 

Bacterial Nanocellulose” exposes preclinical data on the assessment of BNC as a can-

didate biomaterial for hernia repair. This study aimed at mitigating adhesion-related 

complications employing BNC as an anti-adhesive barrier and is co-authored by the 

B. Braun Surgical researchers Kamelia Traeger, Dr Christine Weis and Dr Pau Turón. 

The first part of the work investigates the mechanical properties of different BNC 

configurations which are discussed in more detail in the doctoral thesis of my col-

league Soledad Roig-Sanchez.
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tween meshes and viscera are one of the most threatening complications, often 

implying reoperation or side effects such as chronic pain and bowel perforation. 

Despite recent advances in the optimization of mesh porous structure, incorpo-

ration of anti-adherent coatings or new approaches in the mesh fixation systems, 

clinicians and manufacturers are still pursuing an optimal material to improve the 

clinical outcomes at a cost-effective ratio. 

Here, bacterial nanocellulose (BNC), a bio-based polymer, is evaluated as a soft 

tissue reinforcement material regarding mechanical properties and in vivo anti-ad-

hesive performance. A double-layer BNC laminate proved sufficient to meet the 

standards of mechanical resistance for abdominal hernia reinforcement meshes. 

BNC-polypropylene (BNC-PP) composites incorporating a commercial mesh 

have also been prepared. The in vivo study of implanted BNC patches in a rabbit 

model demonstrated excellent anti-adherent characteristics of this natural nanofi-

brous polymer 21-days after implantation and the animals were asymptomatic after 

the surgery. BNC emerges as a novel and versatile hernioplasty biomaterial with 

outstanding mechanical and anti-adherent characteristics.

Introduction

Abdominal hernias occur when internal organs protrude through weakened 

zones of the abdominal cavity. To date, surgical intervention is the only effective 

approach to repair such a highly prevalent condition that yearly affects more 

than 20 million patients worldwide7. Instrumental for successful hernia surgery 

has been the use of surgical meshes (i.e. hernioplasty) to reinforce the damaged 

region. Those implants are predominantly manufactured from synthetic polymers, 

mainly polypropylene (PP), and aim at providing mechanical support to the her-

niated area. Implantation of a non-resorbable PP-mesh has become the standard 

procedure for hernia repair, however, complications related to mesh implantation 

such as seroma, adhesions, chronic severe pain and infections are driving constant 

innovation in the field8,9.

Adhesions developed between PP-mesh and viscera, as a result of tissue re-

action due to foreign body implant, are particularly threatening since they often 
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cause complicated reoperations in the previously implanted area, increasing the 

surgical risk and the chances of suffering side effects such as chronic pain and bow-

el perforation10. High rates of adhesion are reported in approx. 15% of the cases 

one year after surgery, resulting in a high burden to healthcare systems11. Aiming 

to reduce the complications caused by those intraperitoneal adhesions, research 

efforts have been focused on improving the characteristics of PP meshes. Strategies 

include the optimization of mesh porous structure12, incorporation of anti-adher-

ent coatings and improvements of mesh fixation systems  (i.e. glueing)13,14. Besides, 

multi-component grafts have been advocated as a well-suited strategy to isolate 

the PP mesh from the viscera by adding an additional layer of a synthetic15,16 or 

natural biomaterial17,18 that acts as an anti-adherent barrier. Despite recent ad-

vances, clinicians and manufacturers are still pursuing an optimal mesh to improve 

the clinical outcome and the cost-effectiveness ratio of hernioplasty procedures 

by leveraging the selection of materials, porous structure, mechanical resistance, 

anti-adhesive properties, biocompatibility, long term mechanical stability, tissue 

integration and conformability1. 

Considering the requirements of hernia repair implants, the bio-based poly-

mer bacterial nanocellulose (BNC) could be deemed as a strong candidate for the 

above-mentioned tissue reinforcement application19. BNC is biotechnologically 

produced as a highly pure, non-soluble nanocellulose fibrillary network entrap-

ping a large amount of liquid and exhibiting excellent mechanical properties20–22. 

These attributes have enabled an ever-increasing number of bio-applications in 

wound dressing and drug delivery23–25. Moreover, BNC is emerging as a high-per-

forming alternative to repair other defects where non-biodegradable implants are 

desirable, such as damage of the dura mater26,  the eardrum27 or as an anti-fibrotic 

agent for cardiac implants28. As for soft tissue reinforcement, a hybrid biomateri-

al combining BNC with PP-meshes and its in vitro low adhesion properties has 

recently been described29.  Besides, Zharikov and co-workers compared the an-

ti-adhesive behaviour of BNC with PP meshes revealing a lower occurrence of 

adhesion in BNC-implanted dogs together with the absence of infections30. For 

that study, wet native BNC pellicles were employed and no mechanical tests were 

carried out. In more recent work, Rauchfuß et al. tested two surgical methods to 

implant wet BNC into the abdominal wall of rats31. These authors observed adhe-
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sion formation when using BNC as an abdominal wall replacement together with 

a tissue reaction assessed to be of low clinical significance. Interestingly, this work 

provides mechanical testing of BNC after explantation showing variable values 

and calling for future work on the suitability of BNC for hernia repair in terms 

of mechanical properties. These studies, although preliminary, concur with the 

absence of major postoperative complications and emphasize the underexploited 

potential of BNC in herniology.  

Our work aims at providing further insight into the prospects of BNC for 

hernia repair surgery. To expand on the mechanical suitability of BNC for soft 

tissue reinforcement, the mechanical performance of several types of BNC im-

plants –dry and wet forms as well as single to triple-layered BNC constructs– are 

evaluated. Furthermore, an in vivo study based on a novel animal model (rabbit) 

and the implantation of dry BNC is presented to demonstrate the anti-adherence 

properties of BNC. 

Materials and Methods

Bacterial nanocellulose (BNC) production

BNC films were obtained as previously described in Roig-Sanchez S. et al.32. In 

brief, the Komagataeibacter xylinus (K. xylinus) strain (NCIMB 5346, from CECT, 

Spain) was inoculated on 6 ml of Hestrin-Schramm (HS) fresh medium and ex-

panded for 7 days at 30 ºC. HS medium was prepared as follows:  5 g peptone, 5 

g yeast, 20 g dextrose (Conda Lab), 1.15 g citric acid and 6.8 g Na
2
HPO

4
·12H

2
O 

(Sigma-Aldrich) per 1 L of Milli-Q (MQ) water. Then, 0.5 ml of the mixture was 

transferred to 4.5 ml of fresh HS medium and let to proliferate for another three 

days. Finally, bacteria were diluted to a proportion 1:14 inoculum: HS medium 

and 65 ml were cultivated for 6 days in 12x12 cm plates (Labbox polystyrene 

Petri dishes) at 30 ºC. The square BNC pellicles formed at the liquid-air inter-

face of the wells were harvested and cleaned 10 minutes in a 50% ethanol-water 

solution, twice with boiling water for 20 min and twice with 0.1 M NaOH 

(Sigma-Aldrich) at 90 ºC for 20 min. Lastly, the films were washed with MQ 

water until neutralization and sterilized by autoclave (121 ºC, 20 min). To obtain 
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the dry and flat BNC films used in the mechanical and in vivo tests, BNC hydro-

gels were placed between two Teflon papers at 60 ºC and with a 2 kg weight on 

top for 12 h as previously described32. Systems with two and three BNC layers 

were prepared by drying size-matched BNC pellicles in close contact following 

the same procedure. To achieve a smooth interface between the BNC films, the 

superficial water was removed by blotting BNC with filter paper and air bubble 

formation was avoided by applying manual pressure. BNC-PP composites were 

prepared similarly by placing fragments of  PP meshes (Optilene® Mesh Elastic 

and Optilene® Mesh LP both from B. Braun Surgical, S.A.U., Spain), knitted 

with different pore sizes, in between two wet BNC films. The size of the BNC 

layers was larger than the PP meshes to allow the self-adhesion between BNC films 

to occur during drying. 

Scanning Electron Microscopy (SEM)

For the SEM characterization of the native wet BNC structure, BNC hydrogels 

were supercritically dried (SC). For that, the as-obtained BNC films were placed 

within filter paper sheets and were subjected to a water-to-ethanol solvent ex-

change process. After two transfers of 3 h in absolute ethanol, the films were 

moved to a fresh ethanol bath, kept overnight and the resulting alcogel was dried 

by SC drying. SC drying was performed on a 300 ml capacity autoclave filled 

with ethanol which was pressurized to 100 bar at RT. Liquid CO
2 
was dispensed 

for 1.5 h with a flow of 1 kg/h to exchange the solvent. Then, the reactor was 

heated up to 45 ºC to reach supercritical conditions and supercritical CO
2 
 was 

pumped for 1 h keeping the same flow rate. Finally, the vessel was slowly depres-

surized to avoid pore collapse and BNC aerogels were obtained. For the SEM 

analysis of dry films, BNC hydrogels were dried as described in The previous 

section. 

FEI Magellan 400L XHR SEM under a high vacuum, with an acceleration 

voltage of 2 kV, current of 0.10 nA and a working distance of 5 mm was used to 

study the morphology of SC dried and dry BNC. The material was fixed with ad-

hesive carbon tape on top of aluminium SEM holders.  Dry BNC was sputtered 

with 5 nm Pt. BNC fibre diameter was calculated as the mean of 100 measure-

ments obtained using Image-J software.  
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Cross-section images of multi-layered constructs were obtained with FEI 

Quanta 650GEG-ESEM under low vacuum conditions, an acceleration voltage 

of 20 kV, an electron beam spot of 4-5 and a working distance of 10 mm. Samples 

were cut with a Teflon coated blade (Personna GEM single edge, 3-facet stainless 

steel, 0.23 mm) and placed on holders with a 90º tilt. 

Mechanical studies

Each BNC sheet was cut in 20x50 mm pieces and the weight, size and thickness 

were measured with an Acculab Atilon ATL-244-1 analytical balance, Stanley 

Millesimal rule and Mitutoyo 543-250B micrometre respectively. Results were 

computed from five replicas. Surface weight was calculated as the ratio between 

weight and area. Wet BNC samples were deposited on a filter paper to remove 

the excess water and measurements were performed when the material was still 

wet. The thickness of the films was measured in the middle of the specimens. 

For wet samples, the plunger of the micrometre was lifted and lowered three times 

and the thickness was obtained when the value was stable for more than 2 s 

during the third time. 

Zwick Z2.5 dynamometer with a load cell of 2.5 kN was used for tensile ex-

periments. The clamps were metallic with a pneumatic flat rubber part in contact 

with the sample. The test velocity was 100 mm/min, the pressure of the clamps 

was 6 bars and the distance between them was 20 mm. The preload applied was 

0.05 N. Strain and resistance to tearing (Fmax) values were acquired.

Multi-layered systems were immersed in a 0.9% NaCl solution for 5 min 

for rehydration before the tensile study. Excess of liquid was removed as de-

scribed before and water uptake (H
2
Oup) percentage was calculated as (mw-

md)/md · 100, where mw is the weight of the wet sample after hydration and 

md is the weight of the dry sample before hydration. Surface weight, calculated 

as the ratio between dry weight and area, and thickness were obtained before 

the rehydration.

In vivo study 

A scheme of the steps to BNC implantation is depicted in Figure 7A. This study 

was conducted by FREY-TOX GmbH (Herzberg, Germany), a DAkkS (national 
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accreditation body of Germany) accredited laboratory according to EN ISO/IEC 

17025 and European guidelines 93/42/EWG as well as 90/385/EWG. 

BNC implant preparation

Dry BNC patches were cut to a size of 7x3 cm with scissors and sterilized by a 

routine ethylene oxide (EtOx) cycle from B. Braun Surgical S.A.U. to sterilise 

non-absorbable meshes. Sterility was confirmed by submerging the EtOx-treated 

BNC into liquid culture medium for 14 days without detecting the appearance 

of turbidity. The resistance of the biomaterial to the EtOx cycle was assessed by 

Fourier-Transform Infrared Spectroscopy (FTIR) (Figure S1).

In vivo model

The in vivo implantation study was performed in five female SPF albino rabbits 

of the stock New Zealand White (Envigo, 58’’  Venray Netherlands). The ani-

mals had a bodyweight from 3.4 to 4.2 kg. An acclimatization period of at least 

5 days was allowed. General anaesthesia was induced by intramuscular injection 

of 35-40 mg/kg ketamine and 5-6 mg/kg xylazine (Serumwerke Bernburg AG, 

Bernburg, Germany). This rabbit species was chosen because of its convenient 

body proportion and proved suitability for studying hernia repair materials in-

cluding meshes33. 

In the literature, it is described that most post-surgical adhesion formation 

takes place approximately until day 8 post-implantation34. Hence, the follow-up 

time was set at 21-days based on our previous work endorsing it as a sufficient 

period to observe mature adhesions in an advanced healing process as well as to 

infer the integration of the biomaterial within the abdominal wall35.

Surgical procedure

The operation field was shaved, disinfected and the abdomen was covered in a 

sterile manner. A median laparotomy was performed and the patches were care-

fully applied onto the left native abdominal wall between the peritoneum and the 

visceral organs, avoiding folding of the implants. Subsequently, the BNC patches 

were fixed by 6 suture stitches with PP (Optilene, B. Braun Surgical, S.A.U., USP 

3-0) sutures. The wound was closed with a continuous muscle suture and con-
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tinuous intracutaneous sutures. The skin was glued with Histoacryl®, a cyanoacr-

ylate-based tissue glue (B. Braun Surgical, S.A.U., Spain).  After the follow-up 

time of 21 days, the rabbits were anaesthetized (Ketamine 40 mg/kg body weight 

and Xylazine 6 mg/kg body weight) and subsequently euthanized (T61 intrave-

nously).

Once the animals were sacrificed, tissue integration and adhesion formation 

were macroscopically examined. During explantation, the application site, as well 

as the abdomen in toto, were macroscopically evaluated. Possibly occurring ad-

hesions were evaluated after dissection regarding their area extension in relation 

(%) to the total abdominal wall area implanted (7x3 cm). Furthermore, adhesions 

were defined to the following categories following the Zühlke scores as6:  

Score I: String adhesions that are easy to separate (blunt detachment) 

Score II: Adhesions being partially vascularized causing blunt to sharp detachment

Score III: Adhesions having distinct vascularization, with sharp detachment only

Score IV: Tight adhesions requiring sharp detachment causing damage to the organs 

The tissue integration was judged descriptively: no integration; mild inte-

gration = slight pull for uplifting the patch from the abdominal wall; and distinct 

integration = distinct pull uplifting from the abdominal wall with visible adhesion 

and vascularization. 

Histological analysis 

The central area of the implant (size approximately 1x3 cm) was extirpated and 

fixed on 4% buffered formalin for histological examination Tissue sections were 

cut with a microtome and processed following standard procedures37. Haematox-

ylin/Eosin (HE) was used as a general staining for judgment of tissue integration. 

Statistical analysis

Quantitative data were analysed with GraphPad Prism 8.0.2 software using ordi-

nary one-way ANOVA followed by Tukey’s multiple comparison test. Statistical 

significance was accepted at 0.05 and data are represented as means ± standard 

deviation.
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Results

Single layered BNC patches 

Firstly, single-layer BNC patches intended for hernioplasty applications were pro-

duced and characterized in terms of their macroscopic features, thickness and me-

chanical properties. Figure 4 displays the simultaneous production of seventy-two 

12x12 cm-BNC films summing up >1 m2 of the biomaterial as a venue to attain 

increased amounts of BNC at a laboratory level. After 6 days at 30 ºC, continuous 

BNC pellicles formed at the surface of the liquid culture (Figure 4B). Upon 

cleaning and removing organic residues, a change in colour (from yellowish to 

translucent white) was appreciated (Figure 4C).  

Macro and microstructure of BNC in wet and dry conditions are depicted in 

Figure 4 (C-D) and (E-F) respectively. Since the morphology of wet as-synthetized 

BNC samples could not be observed with enough resolution using SEM, a super-

critical (SC) dried film was used as this drying method maintains with high-relia-

bility the architecture of native samples38.  As exposed in Figure 4D, SC-dried BNC 

films are highly porous and composed of entangled cellulose nanofibers of 15 ± 5 

nm in diameter. Upon drying at 60 ºC, BNC films become more transparent and 

thinner while the fibres compact and the porosity decreases (see inset in Figure 4F).

Figure 4. BNC synthesis, wet and dry states and microstructure. A) Numbering up BNC 
production at laboratory level. B) A native wet BNC pellicle. C) Wet form of BNC after clea-
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ning and autoclaving. D) SEM image of an SC dried BNC sample mimicking the microstructure 
of a wet BNC film. E) Dry BNC film. F) SEM image of the compact nanofiber conformation for 
dry BNC. Inset: Higher magnification to better visualize the nanofibers arrangement.

High tensile stress is a basic demand for a biomaterial proposed for soft tissue 

reinforcement applications. Tensile stress ≥ 16N/cm has been used as a benchmark 

for safe reinforcement of the abdominal wall39. Accordingly, tensile strength ex-

periments were conducted to test the mechanical properties of BNC films using 

this value as a threshold. Figure 5 shows the mean values obtained from five BNC 

samples in dry (pink) and wet (blue) conditions. Before mechanical characteri-

zation, the original BNC films (12x12 cm) were cut in 20x50 mm samples and 

their thickness and surface weight (weight per area) were measured in both wet 

and dry forms. The surface weight is approximately 60 times higher for wet films 

than for its dried counterparts (654 ± 153 g/m2 wet film; 11 ± 1 g/m2 dry film). 

Upon drying, 98% of the surface weight is lost as the water is removed, indicating 

that cellulose nanofibers account for only 2% of the wet BNC mass. These results 

are in agreement with the thickness measurement as BNC films experience a de-

crease in thickness of more than 96% when dehydrated (from 445 ± 91 µm wet 

film; to 16 ± 8 µm dry film). For the mechanical characterization, the 20x50 mm 

BNC pieces were clamped with metallic clips containing a pneumatic flat rubber 

part to prevent the sliding of the samples (see the image in Figure 5). The resistance 

to tear (Fmax) of wet BNC is approximately 60% than that of dry BNC (5 ± 1 N/cm and 

8 ± 3 N/cm respectively). On the contrary, the maximum strain increases 12-fold 

in wet conditions (24 ± 2 % in comparison to 2.1 ± 0.5 % for dry BNC). These 

data indicate that our single-layer BNC films (neither in wet nor in the dry state) 

do not meet the minimum mechanical resistance requirements of 16 N/cm to be 

used as a PP mesh substitute. 

Laminated BNC patches and hybrids

To increase the mechanical resistance of the BNC patches, two strategies were 

followed: i) preparation of multi-layered BNC meshes and ii) combination of 

BNC with standard PP meshes. Our previous work showed that robust BNC 

stacks that endure hard manipulation even upon rehydration can be created by 

pilling up and drying together (i.e. applying weight) several wet BNC films. Upon 
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drying, hydrogen bonding between the fibres of two films confers stability to the 

stack. The multilayers do not suffer delamination even when immersed in a liquid 

solution32.  Accordingly, laminated patches were created by assembling 2 or 3 wet 

BNC films and subjected to the same mechanical characterization as the single 

BNC layers. Figure 6A depicts the results of 2 and 3 layers of BNC (mean values of 

n=5). All the obtained values were substantially higher than those of a single layer. 

As expected, thickness and surface weight increased as more layers were added. 

More precisely, thickness rose from 16 ± 8 µm (1 layer) to 23 ± 2 µm (2 layers) 

and 34 ± 6 µm (3 layers); and surface weight from 11 ± 1 g/m2 (1 layer) to 

20 ± 1 g/m2 (2 layers) and 28 ± 2 g/m2 (3 layers). The multilayers were then rehy-

drated in a 0.9% NaCl solution for 5 min before performing mechanical studies to 

better simulate the physiological conditions. As shown in Figure 6A, the laminate 

BNC presents a maximum strain of 14 ± 1 and 12 ± 3 % and resistance to tearing 

of 26 ± 6 and 32 ± 9 N/cm for 2 and 3 layers respectively. For the double-layered 

BNC, the maximum strain increased almost 7-fold compared to a single BNC 

layer (dry form) while, the resistance to tear increased more than 3-fold. As expect-

ed, the triple-layer renders an even higher improvement in mechanical resistance 

(4-fold compared to a dry single layer). Note that the values of both the double 

Figure 5: Mechanical properties of single-layer BNC patches in wet and dry conditions 
and the experimental setup. Single-layered BNC implants did not meet the acceptance 
criteria of the tensile stress resistance set at Fmax=16 N/cm (grey area). Statistically significant 
differences between dry and wet BNC samples were found for all the studied parameters 
except for the Fmax

 (P-values <0.001), (n=5). 
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and triple-layer laminates are above the set threshold of 16 N/cm for abdominal 

wall reinforcement applications. Improvements in mechanical properties (both 

the % of strain and the max force tolerated) of the stacked-BNC are statistically 

significant (P-values <0.001) when compared to the BNC single-layer. Remarka-

bly, during the tensile test, no peeling or separation of the layers was observed. This 

feature is also exemplified in Figure 6B where a bi-layered sturdy BNC patch is 

shown. Both images (the macrostructure image and the cross-section SEM picture 

(inset)) illustrate the homogeneous adhesion between two BNC films. Moreover, 

the original transparency was maintained without macroscopic air bubbles trapped 

in the interface and the boundary area between the two BNC films could not be 

identified by SEM. Figure S2 gathers the values obtained for the mechanical prop-

erties of all the studied systems for a clearer comparison.

Finally, BNC hybrid constructs incorporating commercial PP meshes were 

considered. Figure 6C shows frontal and lateral pictures of a preliminary pro-

totype of a sandwich-like multilayer composite. The construct was prepared by 

taking advantage of the above-mentioned self-adhesion property of BNC. Note 

that the BNC-PP composite firmly incorporates PP meshes with different pore 

sizes. The thickness of the dry composites varied depending on the incorporated 

PP material between the BNC layers. That is, for a PP mesh with small pores 

(named SP-PP) a thickness of 332 ± 8 µm was obtained, while when a PP mesh 

with bigger pores was employed (BP-PP) thickness increased up to 589 ± 23 µm. 

An SEM cross-section study (Figure 6D) showed good integration of the BP-PP 

mesh in between the BNC layers. Although the synthetic material did not adhere 

to the BNC layers, it was immobilized in an envelope-like structure due to the 

BNC self-adhesion in the contact areas in between the pores of the PP mesh and 

at the composite’s contour (inset Figure 6D). The stability of the hybrid structure 

was tested by rehydration in water. After 5 days, the moist envelope-like structure 

was flexible and easily handled without noticeable delamination as depicted in 

Figure S3.

In vivo studies

Besides mechanical validation, a key characteristic required from soft tissue re-

pair materials is their proficiency in minimizing adhesion-related complications 
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and integration by surrounding tissues. Therefore, the next step was to assess the 

anti-adhesion properties of BNC with an in vivo rabbit model following the im-

plantation process shown in Figure 7A. 

Macroscopic evaluation 

Dry and sterile single layer BNC patches of 3x7 cm were selected for the in vivo 

study as being the ones with weaker mechanical characteristics and imposing the 

most stringent conditions. Single-layer BNC patches could be easily handled un-

der operation-room settings, fold-free placing was readily achieved and fixation 

by suture was performed without complications (Figure 7B). The semi-trans-

Figure 6: Composite alternatives to increase the mechanical resistance of BNC-based im-
plants. A) Mechanical study of BNC multilayers comprised of 2 or 3 films. (n=5) * indicates the 
resistance to tear threshold for tissue reinforcement materials (16 N/cm). B) Picture of a BNC mul-
tilayer formed by 2 dry BNC films. Inset: SEM cross-section image where the interface between 
the two BNC layers is undetectable. C) Preliminary BNC bilayer combination with PP meshes with 
different pore sizes. Upper panel: frontal view. Lower panel: a lateral image of the BNC-PP mesh 
composite. D) SEM cross-section image of the BNC-PP composite. Inset: higher magnification of 
the cross-section to appreciate the continuous adhesion between BCN layers. 
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parency of BNC was also convenient to avoid unintentional puncturing of blood 

vessels while suturing. During the application of the BNC patch, careful handling 

was necessary, nonetheless, the BNC patch allowed the secure application on the 

abdominal wall; no fracturing of the suture puncture holes was observed and 

the BNC patches were removable with instruments and repositioned if needed. 

During the postoperative phase, all animals presented swift recovery. Analgesic 

treatment was only administered in the first postoperative days and a slight body 

weight gain was detected. 

After the implantation period of 21 days, tissue integration was evaluated 

using observational criteria during the autopsy. The BNC patches displayed a 

general good integration to the abdominal wall whereas only marginal areas 

were not integrated. Adhesion level was examined and scored macroscopically 

considering prevalence (quantity) and type (quality) of the detected adhesions 

among BNC implants and the internal organs. In 4 /5 animals adhesions were 

detected involving approximately 8% of the overall BNC surface. Although 

some fibrin accumulation and distinct vascularization were observed in all an-

imals, only one rabbit presented a significant adhesion area (20%) as depicted 

in Figure 7D. Three animals presented adhesions to the greater omentum and 

one animal to the cecum. Notably, one animal was completely free of adhesions 

(Figure 7C). The implanted BNC patches were dominated by only one visible 

layer of fibrin. These macroscopic observations are gathered in Figure S4 and 

Tables 1 and 2.

Table 1. Individual adhesion observations.  Results of the area free of adhesions, adhesion area, 
adhesion score and tissue integration for each studied animal.

Animal Number 6501 6507 6527 6564 6574

Code A1 A2 A3 A4 A5

Area free of 
adhesions approx. 95% 100% 95% 80% 90%

Adhesion area
approx.

5%
to greater 
omentum

0%
5%

to greater 
omentum

20%
to greater 
omentum

10%
to cecum
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Adhesion score 
(Zühlke scores)

II – blunt to 
sharp 

detachment

no adhesions II – blunt to 
sharp 

detachment

IV – sharp 
detachment

IV – sharp 
detachment

Tissue integration mild 
integration

distinct 
integration

distinct 
integration

mild 
integration

mild 
integration

Table 2. Overall adhesion observations. Summary of the macroscopic evaluation of adhesions 
between BNC implants and internal organs.

Nº. of animals 
affected by 
adhesions

Area (%) free 
of adhesions

Adhesions 
area (%) 

Organs involved in adhesion 
processes

4/5 92 8 •	 Greater omentum (3 animals)
•	 Cecum (1 animal) 

Figure 7. Experimental design, macroscopic evaluation and adhesion assessment for two 
of the five animals studied.  A) Sketch showing the prepared BNC implant, the employed in 
vivo model and the evaluations performed. B) Time 0: BNC patches were applied onto the left 
abdominal wall and fixed with six suture stitches C) A2 explanted analysis after 21 days (best case 
scenario). g indicates fibrin accumulation, c the adjacent abdominal wall without adhesions and 
p marks vascularization. D) A4 explanted analysis after 21 days (worst case scenario). g indicates 
vascularization, cfibrin accumulations and p corresponds to adhesion.
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Histological evaluation

The central area of the implant (size ~1x3 cm) was extirpated and used for his-

tological examinations. Representative HE-stained tissue sections from the five 

studied animals are shown in Figure 8. The area surrounding the BNC patches 

presented a severe diffuse to granulomatous immune cell infiltration involving 

lymphocytes, heterophilic granulocytes, macrophages and solitary multinucleated 

giant cells. Also, a moderate active fibroplasia on the implanted zone was noted, 

as well as a good integration onto the abdominal wall and moderate neovascu-

larization.

Figure 8. HE-stained tissue sections of the BNC-implanted abdominal walls. A-E: Low magni-
fication images of the five operated rabbits where the BNC implants have been highlighted with 
a blue dotted line to facilitate interpretation. For all cases, a good integration of the BNC patch 
together with an inflammatory reaction can be observed. F-J: Zoom-in to better appreciate the 
BNC implant (c) and the presence of diverse inflammatory cells (lymphocytes, heterophilic granu-
locytes and macrophages) surrounding the implant (g). Solitary multinucleated giant cells were 
observed on A4 (=>).

Discussion

We have investigated BNC patches for soft tissue reinforcement applications 

by dealing with two clinically relevant parameters; the mechanical resistance of 

constructs comprising one to three BNC layers and the in vivo anti-adherence 

properties of BNC. Before that, we characterized the BNC patches and present 

an increased BNC production (up to ~1 m2) under laboratory settings to illustrate 
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the feasibility of an up-scaled fabrication. However, to achieve an industrial 

manufacturing process, a more advanced system should be implemented such as 

the pilot-scale production processes reported by Kralisch et al.40 and Beekmann et al.41 

The mechanical characterization of as-synthesized BNC films (wet films) and 

after drying showed that wet BNC patches are thicker, more brittle but more 

stretchable than dry BNC patches. This confers to the wet BNC a higher strain 

but, at the same time, makes the material less resistant to tear. After drying, the 

water content of BNC decreases drastically and the cellulose nanofibers condense, 

reducing their porosity20 and their ability to rearrange upon tensile stress applica-

tion. Thus, the dried form of BNC is stiffer and less stretchable than wet-BNC, 

making it more suitable for hernioplasty. Although the here studied single-layered 

BNC did not fulfil the mechanical resistance requirements to be used as a PP mesh 

substitute, thicker single layer BNC films grown for longer periods (>6 days) are 

expected to present sufficient mechanical support. We have previously reported 

that BNC fibres condense upon drying and form strong bonds among the cellu-

lose nanofibers, this characteristic allowed us to arrange robust BNC multilayer 

laminates consisting of 2 or 3 layers. 24 The mechanical studies of those rehydrated 

BNC laminates have shown that the resistance to tear can be easily improved 

beyond the required 16 N/cm threshold for abdominal wall reinforcement ap-

plications. Even though previous studies confirmed the stability of BNC films in 

physiological conditions for up to 30 days42, the mechanical results of the laminates 

presented here were obtained after a 5 min-immersion in a saline solution and 

therefore, we cannot discard that the mechanical properties of the films could be 

affected by longer hydration times. 

Seeking to expand the library of BNC-based configurations for hernia re-

pair patches, a composite patch integrating both BNC films and PP meshes was 

fabricated. This preliminary proof-of-concept demonstrates the possibility to, 

not only tune the mechanical properties of BNC but also to combine BNC 

films and PP meshes with different pore sizes. The sandwich-like BNC-PP 

structure was easy to prepare and exhibited robustness and good manageability 

both in dry and rehydrated conditions. This hybrid material shows the potential 

of BNC in the development of on-demand hybrid biomaterials for reinforce-

ment of the abdominal wall but still requires further validation. The durability 
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of the BNC-PP composites under physiological conditions is unknown at the 

moment and the need for additional strengthening of the composite (i.e. glue-

ing with a cyanoacrylate-based biocompatible adhesive) could be considered in 

the future43. 

We have recently validated BNC in diverse biological scenarios providing 

data on its cytocompatibility, lack of endotoxins (0.04 ± 0.01 Endotoxin Units/

mL) after its biosynthesis as well as suturability and manageability in preclinical 

settings42,44. These findings, combined with the appealing mechanical properties 

reported here, positioned BNC as a suitable candidate for soft tissue repair patch-

es and therefore in vivo studies were conducted. The anti-adhesion behaviour, 

biocompatibility and tissue integration characteristics of the BNC patches have 

been evaluated with a pilot animal study. BNC presented favourable surgical 

properties for this specific application in terms of suturability, manageability and 

accommodation to the implantation site. Moreover, the semi-transparent char-

acter of BNC was beneficial to avoid unintentional puncturing of underlying 

tissues. A general fold-free integration of the BCN material to the abdominal 

wall was detected in all the rabbits. Regarding adhesions between BNC patches 

and internal organs, the overall area of the five implanted patches free of adhe-

sions in this study is about 92%. Only a few adhesions were found after BNC 

implantation in the rabbit model, mostly involving the greater omentum which 

can be assessed as almost physiological since this organ is typically active in any 

post-surgical process. We hypothesize that the nanofibrillar microstructure of 

BNC, similar to that of the collagen networks on the extracellular matrix, fa-

vours the non-adherent characteristics of the BNC implants in accordance with 

the anti-fibrotic effect reported for cardiac implants wrapped with BNC20. The 

macroscopic evaluation showed that the few adhesion strands detected (overall 

at about 8% of the implant area) originated mainly on the suture stitches and at 

the border of the patches. For this pilot test, the BNC patches were fixed with 

sutures, even though sutures can cause foreign body responses and adhesions; 

indicating that suture-free administration methods could be worth exploring to 

diminish the adhesions even more. Overall, the macroscopic observation showed 

that good biocompatibility can be assumed for the BNC patches in vivo and the 

results indicate that BNC patches might act as a sufficient barrier to prevent 
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adhesions in this rabbit sidewall model. Systemic tolerability of BNC can also 

be supposed from the good post-operative recovery of the test animals that oc-

curred without notable complications.  

On the histological analysis, all BNC implants appeared to be well integrated 

onto the abdominal wall, in good agreement with the macroscopic observations. 

An inflammatory response was observed at the peri-implanted area presenting 

fibroplasia and infiltration of diverse cell types (lymphocytes, heterophilic gran-

ulocytes, macrophages and solitary multinucleated giant cells) indicating a tissue 

reaction upon BNC. In a similar work, oxidized and laser-perforated BNC was 

employed in experimental surgery using a rabbit model45. One week after subcu-

taneous suture-free BNC implantation on the animal’s back a positive integration 

of the BNC implants with the surrounding tissues was reported following our 

observations. Interestingly, Lai and co-workers stated a very low inflammatory 

response contrasting with the here presented histological analysis. Possibly, the 

distinct tissue responses arise from the different experimental protocols used (i.e. 

implantation site, use of sutures and longer implantation time, in our case) or 

the modifications of BNC. On the other hand, the previously cited work from 

Rauchfuß and colleagues31 describes an inflammatory infiltration on the BNC 

patches judged to be of minimal clinical significance. We endorse that it could 

also apply to our in vivo study based on the witnessed lack of systemic toxicity. 

Besides, the good integration of the BNC implants –which were only indistinctly 

noticeable on the surrounding tissue– strengthens this reasoning. Nevertheless, 

the heterogeneous responses of the host immune system towards BNC implants 

indicate a need for future work.

Finally, the observation that a single layer of BNC could be sufficient to 

achieve low adhesions rates further emphasizes the attractiveness of BNC com-

posites. Since a strong mechanical resistance is required for hernioplasty, compos-

ite BNC patches (either as multilayers or in combination with PP meshes) should 

be the mainstay of our future work. 
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Conclusions 

In summary, BNC was investigated as a biomaterial for soft tissue reinforcement 

applications to tackle the long-lasting challenge of reducing adhesions between 

implants and internal organs after hernia surgery. While single-layer BNC does 

not present favourable mechanical properties, BNC laminates with 2 or 3 films 

are resistant enough to reach the minimal acceptance criteria for abdominal wall 

reinforcement applications. Notably, this simple stacking methodology supported 

the integration of commercial PP meshes between the BNC sheets opening future 

perspectives on BNC-PP hybrid biomaterials. Finally, an in vivo study revealed that 

BNC exhibits favourable surgical features in terms of suturability, manageability and 

accommodation to the implantation site. Besides, mild adhesion scores involving 

low percentages of the implant's area together with excellent integration capability 

on the peri-implant zone could be demonstrated. BNC elicited an inflammatory 

response that needs to be further investigated. Overall, our work proves that bio-

based BNC possesses attractive mechanical and anti-adherent properties that could 

be valuable in the development of innovative hernia repair solutions.
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Supplementary information included in Publication 5 

Figure S1: FTIR spectra of BNC samples before (blue line) and after (red line) ethylene oxi-
de sterilization. Note that no major changes are perceived after the treatment indicating the 
tolerability of BNC to this sterilization method. The FTIR spectra were obtained as the average 
of 16 scans.

Figure S2: Comparison of the mechanical properties of all the BNC systems studied. * Indica-
tes the resistance to tear threshold for soft tissue reinforcement materials.
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Figure S3: A) Digital image showing the BNC-PP composite after 5-day rehydration in wa-
ter showing high durability. B) A video is enclosed. See the provided supplementary movie: 
http://www.rsc.org/suppdata/d1/bm/d1bm00025j/d1bm00025j2.mp4 to illustrate the manipulation 
and stability of the hybrid biomaterial.

Figure S4: BNC implant’s fixation with sutures, macroscopic evaluation and adhesion assess-
ment for the five test animals. A) BNC patch applied onto the abdominal wall and fixed with six 
suture points at time= 0. Explanted analysis after 21 days; B) A1, p adhesion, c vascularization, 
g fibrin accumulation, C) A2, p vascularization, c adjacent abdominal wall, g  fibrin accumulation. 
D) A3, p adhesion, c adjacent abdominal wall and vascularization, g  thin adhesion strands.  E) A4, 
p big adhesion, c fibrin accumulation,g  vascularization, and F) A5, p Adhesion, c fibrin accumu-
lation, g  ventral margin turned over.
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Contributions to the field and critical comment 

Chapter 5 showcases the final healthcare application of BNC from this compen-

dium. In line with the objectives of the thesis, the study incorporates a relevant 

player in the field of hernia repair to guide our endeavours towards an unmet 

clinical need. The cooperation with B. Braun –a leading manufacturer of surgical 

meshes– provided an industrial connection together with a better comprehension 

of the requirements for biomaterials oriented to soft tissue reinforcement. A good 

example of this is the selection of dry BNC patches over the wet counterparts. 

This choice was based not only on better mechanical performance but also on 

superior manufacturing compliance. That is, dry materials are easier to store, trans-

port and sterilize by gaseous methods such as EtOx. Besides, demonstrating excel-

lent compatibility of BNC with EtOx processes, which is a common technology 

in the industry but not in research labs, represents another significant input from 

this chapter. 

Publication 5 differs from the temporal treatments exposed in previous sec-

tions and explores the possibility of a long-term BNC graft. The notion that BNC 

can be exploited to design implantable devices is increasingly reported, and spe-

cific uses range from meniscus to bile duct prosthesis46–49. The general trend in the 

literature is to claim low inflammatory reactions and good tissue integration upon 

BNC implantation50. While our observations also point towards a favourable inte-

gration, we noted immune cell infiltration in the peri-implant area. Since immune 

reactions are multifactorial, current data is insufficient to discern the severity and 

causes of the inflammatory response detected. Despite the need for future investi-

gations, we endorse BNC as a worth considering option in hernia repair because 

of the advantageous surgical, mechanical and anti-adhesive properties demonstrat-

ed in Publication 5. 

Interestingly, a promising under development BNC implant (Hylomate®) targets a 

fairly similar application to that considered here. Hylomate® is designed to inter-

face between prosthesis (i.e., pace-makers and neuro-stimulators) and surrounding 

host tissues reducing the formation of fibrotic tissue. This BNC biomaterial has 

been surface engineered with micro-wells to reduce the interactions with immune 

cells and fibroblasts seeking to enhance its anti-adhesive properties28,51. On the 
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other hand, some encouraging examples of hernia repair with BNC-derived bio-

materials employed perforated BNC films45,52. Cumulatively, these reports suggest 

that BNC topography and porous structure play an important role in its implanta-

bility. Since protocols to microstructure BNC have already been developed in our 

lab, evaluating the performance of BNC implants with different surface structures 

emerges as an appealing future work direction.

BNC implants are still finding their way to clinical translation. To the best of 

our knowledge, the only BNC products that have gained market authorization are 

intended for topical use (i.e., Nanoderm™, Suprasorb®). This might be explained, 

at least partially, by the complexity of the regulatory procedures for implantable 

devices which are classified as medical devices class III (highest risk). On the other 

hand, follow-up times of in vivo biocompatibility studies rarely surpass 12 months 

and thus the performance of BNC for devising lifelong prosthesis remains an 

open question. Nevertheless, the growing interest in naturally-sourced implants53 

combined with the development of industrial production of BNC under 

controlled conditions54 are pushing the frontiers of the field. We hope that our 

work contributes to such progress by emphasising the value of BNC as a robust and 

anti-adhesive biomaterial and by prompting more public-private collaborations.
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Figure 1: Schematics of the main conclusions of the thesis. 
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Conclusions 

The overarching goal of this PhD thesis was to identify and investigate opportu-

nities for bacterial nanocellulose (BNC) in several healthcare sectors. Based on the 

gathered scientific data, the following conclusions can be drawn: 

1. 	BNC is an emerging biopolymer with a myriad of underexploited 

potential in healthcare 

o 	 The distinctive properties of BNC, partially arising from its nano 

fibrous structure, are highly appreciated in diverse biomedical disci-

plines, principally for soft tissue (skin, cornea, internal organs, mu-

cosae…) repair and cell-therapies. This is reflected in a growing in-

terest –from both researchers and entrepreneurs– on BNC. 

o	 The current golden standard for the above applications is colla-

gen-based biomaterials, which can be used to benchmark novel bio-

materials, including BNC. 

o	 Direct interaction with end-users has been proved as an efficient ap-

proach to complement bibliographic work and gain a well-informed 

view about the use of biomaterials in clinical practice and the limi-

tations of the current solutions. 

o	 Skin regeneration is a competitive field at both the research and the 

market level. Therefore, we focused on alternative targets like the 

ocular surface as appealing niches for BNC. 

o	 According to the interviewees, general pre-requisites for candidate 

biomaterials are non-toxicity, cell-interactivity and manageability, 

among others. For ophthalmic biomaterials, flexibility, moisture re-

tention and transparency should be added to this checklist.

2. 	BNC and BNC/TiO
2
 hybrids support the expansion and cryo-

preservation of model cells

o	 As a starting point, we studied the interactions between two BNC-

based substrates with model human cells encountering no signs of 
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cytotoxicity neither for native BNC films nor for BNC functional-

ized with TiO
2
 nanoparticles.

o	 After cleaning and sterilization by autoclave, our BNC hydrogels 

were found to be endotoxin-free (E.U. values were well below the 

FDA requirements).

o	 Cell viability, proliferation, morphology and retrieval were charac-

terized for both substrates obtaining analogous results.

o	 Cell-laden BNC and BNC/TiO
2
 were successfully cryopreserved 

at liquid nitrogen temperature without compromising cell viability 

and substrate’s integrity. This finding opens up venues for fabricating 

off-the-shelf cell/BNC constructs. 

o	 Despite being cytocompatible, the BNC/TiO
2
 hybrids did not out-

perform plain BNC substrates in the functionality tests performed; i) 

sunscreen capacity and ii) anti-microbial activity, and therefore these 

biomaterials were not further investigated.  

3.	ECM-coated BNC is a well-suited carrier for limbal stem cell trans-

plantation to the ocular surface

o	 The potential of BNC as a cell carrier for therapeutic cells was demon-

strated by efficiently culturing human embryonic stem cells-derived 

limbal stem cells (hESC-LSC) on BNC films. 

o	 To provide anchoring sites to hESC-LSC, a plasma-enabled collagen 

and laminin coating of the BNC films was indispensable. This finding 

indicates that the surface of BNC can be conditioned to match the 

requirements of the target cells. 

o	 ECM-coated BNC allowed maintaining a hESC-LSC population 

with a predominantly stem phenotype for up to three weeks. 

o	 BNC was evaluated for transplantability with a porcine corneal organ 

culture model obtaining satisfactory results. 

o	 The well-defined (feeder- and serum-free) hESC-LSC differentia-

tion and maintenance protocols and the pure and animal product-free 

nature of BNC are strategic advantages for clinical translation.  
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o	 The cryopreservation of hESC-LSC attached to BNC carriers 

holds huge potential. However, the cryopreservation protocol re-

quires optimization. 

o	 The combination of the therapeutic potential of hESC-LSC with 

the outstanding biomaterial properties of BNC, render the BNC/

LSC constructs a worthwhile option for the treatment of blinding 

corneal pathologies. 

4.	BNC hydrogels fulfil preclinical requirements to become novel 

ocular surface bandages 

o	 In close collaboration with ophthalmologists, BNC hydrogels were 

positively assessed for basic, but very meaningful demands of bioma-

terials to treat the ocular surface. 

o	 BNC was benchmarked against human amniotic membrane as it 

represents the golden standard for corneal bandaging.

o	 The technical feasibility i.e. suturability, manageability, adaptability 

to the implantation site and durability of BNC has been demonstrat-

ed using a porcine eye ex vivo model. 

o	 Owing to its versatility, stability and easy production, BNC-based 

solutions could irrupt as a more widely available option for ocular 

surface wound healing.

o	 The technology transfer potential of BNC as an ophthalmic natural 

donor-independent material has been assessed detecting an attractive 

market opportunity.

5.	BNC offers possibilities as an anti-adhesive barrier for hernia treat-

ments

o	 Together with the R+D department of B.Braun Surgical, we inves-

tigated BNC patches as anti-adhesive tissue reinforcements.

o	 Rewet double- and triple-layered BNC withstand high tensile stress, 

making them interesting candidates for hernia repair. 
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o	 BNC membranes displayed great integration and low adhesion scores 

when placed in contact with internal organs in a rabbit model. 

o	 The implanted BNC was found to be infiltrated by immune cells, a 

tissue response that warrants future work.  

o	 Sterile BNC could be attained upon an ethylene oxide gaseous treat-

ment, demonstrating an additional venue to sterilize dry BNC mate-

rials. 

Overall, this PhD thesis has identified and paved the way for innovative therapies 

based on the biopolymer BNC. Three research lines have been initiated; i) the 

validation of BNC as a resourceful cell carrier ii) the development of BNC-based 

corneal bandages and iii) the assessment of BNC as a tissue reinforcement. All these 

new uses of BNC have been rationally addressed grounded on extensive non-

experimental research compassing literature review as well as on-site interviews 

with end-users and validated with robust experimental data. Remarkably, a huge 

effort has been put into suggesting solutions with high translatability. To this end, 

collaborations with relevant players have been established and the clinical demands 

have at all times been taken into consideration.

Outlook 

The ultimate goal of the healthcare uses of BNC outlined in this thesis is to reach 

the clinics, yet there is still a rather long way to go before their implementation. 

Regarding the ophthalmological applications, functionality tests are to be con-

ducted. For the limbal stem cell-loaded BNC membranes (Chapter 3), demon-

strating the ability of the therapeutic cells to migrate from the BNC carriers and 

repopulate a damaged limbal stem cells niche would provide convincing evidence 

about the feasibility of the treatment. As for the BNC corneal bandages (Chapter 4), 

ex vivo tests to elucidate the corneal wound healing capability of BNC are already 

underway. Notably, apart from native BNC hydrogels, BNC bandages incorporat-

ing bioactive substances are being considered in our current work. Moreover, in 

vivo testing using animal models will be required to validate the safety and efficacy 
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of both approaches. In the long run, the work presented in this thesis could give 

rise to a BNC-centred therapeutic platform for the ocular surface. Ideally, it will 

comprise an advanced therapy medicinal product based on BNC carrying limbal 

stem cells to the ocular surface and a medical device consisting of BNC impreg-

nated with ancillary substances. Tailor-made treatments could be offered by adapt-

ing the size, shape and bioactive substances of the final product joining the global 

trend of personalized medicine.  

To reach the full potential of the anti-adhesive BNC implants, future studies 

are needed to gain insights into the underlying mechanisms of the reported phe-

nomena. Testing BNC implants with different surface properties would probably 

provide a sound explanation about the low adhesion rates between the BNC 

implants and the viscera, facilitating the optimisation of the system. Additionally, 

further experiments with an increased number of animals and follow-up times 

would be informative about the clinical significance of the observed immune cell 

infiltration in the peri-implant area.

To conclude, several proof-of-concept’s, which are among the first reports of 

BNC utilization in distinct sectors, are described in this PhD thesis. We expect our 

findings to push the boundaries of BNC uses in medical care and to support the 

emergence of BNC-based medical products as biotechnological and customizable 

biomaterials. This progress should not overlook basic research since understanding 

the therapeutic action mechanisms and the interplay between biomaterials and 

host tissues is essential to ensure efficient and safe upcoming treatments. 
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Opportunities of Bacterial Cellulose to Treat Epithelial Tissues 
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� Abstract: In this mini-review, we highlight the potential of the biopolymer bacterial cellulose to treat 
damaged epithelial tissues. Epithelial tissues are cell sheets that delimitate both the external body sur-
faces and the internal cavities and organs. Epithelia serve as physical protection to underlying organs, 
regulate the diffusion of molecules and ions, secrete substances and filtrate body fluids, among other 
vital functions. Because of their continuous exposure to environmental stressors, damage to epithelial 
tissues is highly prevalent. Here, we first compare the properties of bacterial cellulose to the current 
gold standard, collagen, and then we examine the use of bacterial cellulose patches to heal specific ep-
ithelial tissues; the outer skin, the ocular surface, the oral mucosa and other epithelial surfaces. Special 
emphasis is made on the dermis since, to date, this is the most widespread medical use of bacterial cel-
lulose. It is important to note that some epithelial tissues represent only the outermost layer of more 
complex structures such as the skin or the cornea. In these situations, depending on the penetration of 
the lesion, bacterial cellulose might also be involved in the regeneration of, for instance, inner connec-
tive tissue. 

A R T I C L E  H I S T O R Y 

Received: July 19, 2018 
Revised: October 22, 2018 
Accepted: November 07, 2018 
 
DOI: 
10.2174/1389450120666181129092144 

Keywords: Biomaterials, bacterial cellulose, epithelial tissues, wound dressing, cell carrier, drug delivery, epithelial regeneration. 

1. INTRODUCTION 

 Epithelial tissues are, essentially, continuous cell sheets 
that delimitate both the external body surfaces and the inter-
nal cavities. Epithelia have a reduced content of extracellular 
matrix and exhibit strong cell-to-cell adhesions known as 
tight junctions. Epithelial tissues are not vascularized and 
receive support from the underlying basement membrane 
formed by connective tissue. Examples of epithelial tissues 
are the external linings of the skin, cornea and mouth but 
also those from the hollow internal organs such as lungs, 
digestive system, urogenital conducts and spinal cord. De-
pending on its location in the body, epithelia can be found as 
single (e.g., intestines, lungs) or multiple cell layers (e.g., 
skin, cornea, esophagus). The glandular epithelium that sur-
rounds the glands in our body is a highly specialized epithe-
lium that will not be addressed here. In this manuscript, we 
have used “epithelial tissue” as an umbrella term to refer to 
diverse body surfaces and barriers. 

 Epithelial structures physically protect the underlying 
tissues, regulate the diffusion of molecules and ions, secrete 
substances and filtrate body fluids among other vital func-
tions. Because of their surface location, epithelia are  
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constantly exposed to environmental stressors ranging from 
infections caused by microorganisms and mechanical inju-
ries to the exposure to toxic chemicals. Moreover, epithelial 
tissues are also greatly affected by inflammatory diseases 
and cancers. Despite the extraordinary regenerative capacity 
of epithelial tissues, they can be overwhelmed by large-area 
injuries, surgical scissions, burns or ulcers which might re-
sult in chronic lesions [1]. Additionally, diabetes, infectious 
processes, systemic and chronic treatments or other patho-
logical conditions can make epithelial regeneration less effi-
cient [2]. In these specific cases, the use of biomaterials to 
assist the regeneration of sensitive epithelia becomes vital.  

 Biomaterials represent a core element of regenerative 
therapies and are used in multiple ways to treat epithelial 
defects. Biomaterials are designed to interface with biologi-
cal systems to evaluate, treat, increase or replace tissues, 
organs or functions in the body (European Society for Bio-
materials, 2nd Consensus Conference on Definition, 1991). 
The palette of available biomaterials is extensive being poly- 
mers, ceramics and metals the main categories. Ceramics and 
metals are indicated for bioengineering load-bearing struc-
tures and are out of the focus of this minireview. Polymeric 
biomaterials are often classified into synthetic and natural 
polymers according to its origin. Because of its superior bio-
compatibility and bioactivity, naturally-occurring polymers 
(e.g., collagen, fibrin, chitosan, keratin, silk, alginate, cellu-
lose) are frequently used for repairing epithelial tissues. Bi-
omaterials based on natural polymers can serve as transitory 
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treatments like wound coverages [3], temporary skin substi-
tutes [4], carriers for cell therapy [5, 6] and drug delivery 
platforms [7, 8] as well as long-term replacements for dam-
aged epithelial tissues [9, 10].  

 Despite the broad spectrum of natural polymers and natu-
ral-natural [11] or natural-synthetic [12] composites that are 
being investigated for epithelial regeneration, currently, the 
main clinical procedures rely on collagen-based solutions 
[13]. Collagen is a fibrous structural protein that forms triple 
helix assemblies; it is a major constituent of the extracellular 
matrix and inherently bioactive and biocompatible. It is 
therefore understandable that collagen has long been consid-
ered the gold standard to repair organs and tissues (skin, cor-
nea, oral mucosa etc.) exposed to the environment. Collagen 
is primarily obtained from livestock sources like cow, pig, 
rat and more recently also from fish [14] and typically needs 
extensive manipulation prior to attaining the final product. 
One of the main drawbacks of animal collagen is its moder-
ate immunogenicity [15] and its high batch-to-batch variabil-
ity. On the other hand, religious constraints against animal 
derived medical products also have played a role [16]. Re-
combinant collagen from bacteria or plants [17] can help to 
overcome these issues but the production is still far from 
meeting the worldwide increasing collagen demand [18]. 
Last but not least, the mechanical properties and degradation 
kinetics of collagen do not always meet clinical require-
ments. Thus, novel biomaterials able to fulfill the enormous 
diversity of conditions and patients’ needs are required. 

 Third generation natural biomaterials are expected to be 
biocompatible as well as to foster the regeneration of dam-
aged tissues. To achieve this, researchers are screening not 
only alternative biopolymers [19] but also novel architec-
tures of already well-known natural materials [20]. In line 
with this, nanostructured biomaterials, typically in the form 
of nanofibrous hydrogels, have recently attracted much at-
tention [21-23]. Nanostructuration can endow biomaterials 
with high surface area to volume ratios, enhanced cell at-
tachment and proliferation; mechanical stability and ade-
quate porosity [24]. Such nanostructured substrates can be 
fabricated for instance by electrospinning [25]. Electrospin-
ning has already allowed forming gelatin and gelatin-
alginate nanofibers with improved mechanical properties 
compared to unstructured hydrogels [26]. Silk fibroin elec-
trospun nanomatrices showed reduced inflammation and 
faster re-epithelization in a rat burn model compared to con-
ventional treatments [27]. These authors partially ascribed 
the over-performance of the nanostructured wound dressing 
to the nanoscale dimensions of the fibers that accurately 
mimic the properties of soft tissues and retain certain 
amounts of liquid. 
 A lesser explored family of natural biopolymers with 
potential applicability in epithelial regeneration are 
nanocelluloses [28]. The term “nanocellulose” refers to cel-
lulose-based materials with at least one dimension in the 
nanoscale. Nanocelluloses can be subdivided into bacterial 
cellulose (BC), cellulose nanofibrils (CNF) and cellulose 
nanocrystals (CNC). CNF and CNC are commonly obtained 
from plant/wood cellulose after mechanical and/or chemical 
treatments while BC is biotechnologically produced by mi-

croorganisms using different carbon sources [29]. The three 
types of nanocellulose have been proposed for a diversity of 
medical and/or pharmaceutical applications. Regarding 
plant-derived nanocellulose hydrogels, recent encouraging 
applications include renewable and xeno-free wound dress-
ings for skin graft donor sites [30] as well as controlled drug 
release platforms for both low and high molecular weight 
substances [31]. As an alternative to CNC and CNF, cellu-
lose produced by microorganisms is emerging as a promising 
natural source of ready-to-use nanocellulose for medical and 
pharmaceutical applications.  

2. BACTERIAL CELLULOSE 

 BC is produced extracellularly by Gram-negative bacte-
rial cultures such as Gluconacetobacter, Acetobacter, Agro-
bacterium, Achromobacter, Aerobacter, Sarcina, Azobacter, 
Rhizobium, Pseudomonas, Salmonella and Alcaligenes. 
Among them, the most efficient BC producer belongs to the 
Komagataeibacter genus, specifically called Komaga-
taeibacter xylinus (K. xylinus) [32, 33]. The observation that 
Acetobacter xylinus produces a gelatinous mass on liquid/air 
interfaces has been known since 1886 by the work of A.J. 
Brown [34]. This gelatinous mass was later identified as BC. 
The bacterium uses the nanofibrous film to protect itself 
from environmental stresses such as dehydration, nutrient 
deficiency and UV radiation. In addition, the BC allows the 
bacteria to float and to remain at the interface between medi-
um and air thus increasing oxygen supply. 
 BC can conveniently be produced in laboratories follow-
ing the process summarized in (Fig. 1). The bio-synthesis 
starts with the inoculation of a culture medium with a BC-
producing bacteria strain (Fig. 1A). A typical culture medi-
um contains the following compounds: 2% (w/v) glucose, 
0.5% (w/v) yeast extract, 0.5% (w/v) peptone, 0.3% (w/v) 
sodium hydrogen phosphate and 0.1% (w/v) citric acid 
(Hestrin-Schramm (HS) culture medium) [35]. At molecular 
level, the biosynthesis of BC in the microorganism can be 
divided into four sub steps (Fig. 1B). First, phosphorylation 
of glucose by a glucokinase occurs (a) in the nucleus, fol-
lowed by isomerization of glucose-6-phosphate to glucose-1-
phosphate (b). Finally, it reacts with UDPG-pyrophosphory- 
lase to form uranyl diphosphate-glucose (UDPG) (c), fol-
lowed by the synthesis of BC by a cellulose synthase (d). 
The last step in the cytoplasm is a chain growth at the re-
duced end of the β-1,4-glucan chains by UDPG to form cel-
lulose fibers [36].  
 In the extracellular space, the unassembled cellulose 
chains aggregate into fibrils. These fibrils usually consist of 
10-15 fibers, have an approximate width of 15 nm and form 
microfibrils, which are arranged in cellulose bands with a 
width of approximately 80 nm [37]. This mechanism ex-
plains the three-dimensional cross-linked BC microstructure 
depicted in (Fig. 1D). The structure of the cellulose network 
can be affected by variation of bacteria strain, culture medi-
um, pH value, temperature and mechanical stresses. With 
static cultivation, BC in form of fleeces or thin films is ob-
tained, whereas agitated cultivation results in irregular ag-
gregated, fibrous structures or spheroidal particles (Fig. 1C) 
[38]. 
 The as-synthetized BC membranes exhibit unique prop-
erties proving its adequacy for epithelial regeneration pur-



– 243 –

| CV and publications |

810    Current Drug Targets, 2019, Vol. 20, No. 8 Anton-Sales et al. 

poses such a high degree of polymerization (4,000 -
 10,000) [28] and crystallization (up to 90%) [39]. For medi-
cal applications, the high mechanical stability, the lack of 
immunogenicity and the high purity are of particular rele-
vance [38, 40]. The biocompatibility of BC cannot solely be 
attributed to the high purity of the material but also to its 
similar organization of the fibers as in native collagen [41]. 
Despite the identical chemical structure of BC and plant-
based cellulose [42], BC clearly defines itself by its structure 
and material properties. The three-dimensional interwoven 
network of BC is characterized by a high surface area of 35 –
 40 m2/g (measured in freeze-dried form) [43, 44] and a wa-
ter content of about 99% [45]. The latter characteristic is the 
reason why BC is also called a “hydropolymer” or “hydro-
gel” [39]. Moreover, BC exhibits high temperature stability 
which allows temperature sterilization processes [46].  
 Last but not least, the attractiveness of this innovative 
biofabricated material has further increased due to its animal 
and human-free origin [47]. Its biosynthesis opens up the 
opportunity to develop biotechnological production to signif-
icantly influence and control the final BC shape and material 
features. Shapes, especially designed to come into contact 
with epithelial tissue, range from thin foils and fleeces used 
as covering, patch or dressing, tubes for artificial blood ves-
sels [48] to preformed structures for implantation (e.g., arti-
ficial meniscus [46] and ear cartilage replacement [49]). In 
recent years, enormous progress in BC cultivation techniques 
has been made to provide tailored-made and high-quality BC 
based materials. In parallel, the possibility to scale up BC 
production may broaden BC applicability in the near 
future [28].  

 To facilitate contextualization, a comparison between the 
hallmarks of BC and collagen, can be found in Table 1. 

3. APPLICATIONS OF BC IN EPITHELIAL REGEN-
ERATION 

 In this section, several applications of BC in epithelial 
regeneration are summarized. Special emphasis is made on 
dermal treatments since, to date, this is the most widespread 
medical use of BC. Afterward, less studied applications of 
BC in epithelial regeneration identified as the most promis-
ing current research directions are compiled. 

3.1. Dermal Applications 

 Skin is the largest and outermost human organ and covers 
the entire external body surface. Therefore, above all, the 
skin’s primary function is to protect the underlying muscles, 
bones, ligaments and internal organs from external biological 
and chemical agents as well as physical influences [70, 71]. 
Furthermore, skin is also involved in sensation, temperature 
regulation, immunological surveillance, prevention of dehy-
dration and synthesis of vitamin D3 [72]. The large epitheli-
um of the skin, which is responsible for the barrier function 
against infection and waterproofing, is called epidermis. This 
outermost layer of the skin is a stratified squamous epitheli-
um, composed of proliferating basal and differentiated su-
prabasal keratinocytes. The epidermis contains no blood ves-
sels, and cells in the deepest layers are nourished by diffu-
sion from blood capillaries extending to the upper layers of 
the dermis [73]. The integrity of this organ can be affected 
by cuts, burns, ulcers, surgical incisions or illnesses,

Fig. (1). Schematic representation of the basic BC generation process steps. (A) Formation process of BC fleece during cultivation of 
K. xylinus in HS medium in Erlenmeyer flasks. (B) Metabolic pathway of cellulose formation. (C) BC produced in different shapes. (D) 
Scanning electron microscopy (SEM) picture of BC porous middle layer depicting its three-dimensional fiber network. (E) Layered structure 
of a BC pellicle. (The color version of the figure is available in the electronic copy of the article). 
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Table 1. Comparison between collagen (as a benchmark material) and bacterial cellulose regarding relevant properties of bio-
materials for epithelial regeneration. 

Property Collagen Bacterial Cellulose 

Macrostructure 

 Sponges, hydrogels Image: Collagen sponge from: [50] 

 

 

 

 

 

 

 

Hydrogels, aerogels or films mainly with planar forms [51] 

 

 

 

 

 

 

 

Micro/nano structure 

Triple helix protein fibers organized in 3D a network.  

SEM image of collagen image from [52] 

 

 

 

 

 

 

 

 

 

 

3D network of pure cellulose nanofibers 

 

 

 

 

 

 

 

 

 

 

 

 

Building blocks Amino acids, mainly glycine, proline and hydroxyproline β-1,4-linked D-glucose units 

Origin 
Mainly, livestock animals (cow, pig). Also plants [53] 

and fish [14]
Bacterial cultures, mainly Komagataeibacter xylinus strains 

Purity Variable Very high  

Fiber cross-section ≈ 100 nm [54] 20-100 nm [28] 

Fiber length ≈ 1 µm [54] > 1 μm, hard to determine precisely 

Interwoven fibers Yes  Yes 

Degree of polymerization > 1400 4,000-10,000 [28] 

Molecular weight High High 

Options for structuration 
Fiber alignment [55, 56] 

Sacrificial templates [57] 

Fiber alignment [58] 

Templates during biosynthesis [59] 

Fiber Crystallinity Non consensus  
High (≈ up to 90% [60]), mix between Iα and Iβ cellulose 

structures 

Porosity 
Very variable depending on collagen source and fabrica-

tion method 

35-99% [50, 61, 62] 

Very variable depending on the drying method and posterior 
treatments  

60% -95 % [51, 61, 63]   

Pore type and size 
Interconnected pores with variable size: 26 [61] - 200 µm 

(SpongeCol®) 

Multi-size Native BC ≈5 µm.  

Can be modified with porogens (40 µm in [64]) and by in situ 
modifications [65]  

Water content 98% [50] 99% 

(Table 1) contd…. 

1 µm 

1 cm 

3 µm 
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Property Collagen Bacterial Cellulose 

Temperature stability 200 ºC [66] Up to 300 ºC 

Biodegradability High, ≈ 1 month in vitro [62] Low/none in the body, biodegradable by cellulases 

Biocompatibility High High 

Immunogenicity Low/moderate Low 

Bioactivity High, supports cell attachment and proliferation 
Tunable Moderate as-synthetized, increases after modifica-

tion [63, 67, 68] 

Mechanical stability  
Very variable: low in native collagen [13], increases 

after crosslinking [5] 

High in general. Reported to be higher than collagen [61], to 
be improved after surface modification [69] and to recapitu-

late native cartilage [49]  

Price Variable, high for pure forms Variable, depends on area of application 

Commercial availabil-
ity/scalability 

High 
High in the food form nata de coco (500-1500 tons per year 

per producer) and cosmetics but still low for  high quali-
ty/purity (medical-pharmaceutical grade)  

 
such as diabetes [74]. When the skin integrity is compro-
mised, its structure and functions must be re-established as 
soon as possible to recover tissue homeostasis. To accom-
plish that, the wound healing process should begin almost 
immediately after a skin injury occurs, in order to avoid bac-
terial infection and dehydration [75, 76]. Due to the proper-
ties described above, BC is a promising biomaterial for heal-
ing skin injuries. In fact, BC has already been used as a natu-
ral polymeric wound care material since the 80s [77, 78]. BC 
meets many of the requirements of an ideal wound dressing: 
it acts as a physical barrier against bacterial infections, al-
lows gas exchange, absorbs exudates, keeps a moist envi-
ronment that enhances reepithelization, and is easy to re-
move without pain. [79, 80] Furthermore, BC is non-toxic 
and non-allergenic as described [36].  
 Today, several types of BC based wound dressings pro-
vided by different companies are on the market. The first 
BC-based medical product on the market was Biofill®, a thin 
BC film with a water content of 8.5% used as temporary skin 
substitute and biological wound dressing. It has been suc-
cessfully applied for the treatment of several skin injuries 
such as basal cell carcinoma, severe burns, dermabrasions, 
chronic ulcers as well as at donor and receptor sites in skin 
grafts. Among other benefits, immediate pain relief, close 
adhesion to the wound bed, spontaneous detachment follow-
ing reepithelization and reduced treatment times as well as 
costs have been reported for this product. The only flaw dis-
cussed in some reports was the limited elasticity, when ap-
plied in areas of great mobility [77]. Along with the rising 
trend for modern moist wound management, clinical investi-
gations of wet, never-dried BC for both, chronic wounds and 
burns, followed [81, 82]. Moist BC-based dressings such as 
XCell® were described as more effective than conventional 
wound dressing materials in promoting autolytic debride-
ment, accelerating granulation and simultaneously donating 
and absorbing moisture from the wound [82].  
 Some recent studies on dermal BC applications focused 
on the understanding of the accelerated healing observed for 
both, dry and wet BC wound dressings, and thus contributed 

to a better understanding of the effects. Kwak and col-
leagues [83] performed an in vivo study on rats and reported 
on distinct improvements in thickness of both, epidermis and 
dermis, as well as the number of blood vessels and an inhibi-
tion of the infiltration of mast cells at indicated time points in 
case of BC treated burns compared to gauze. The authors 
hypothesized that BC may accelerate the process of wound 
healing in burn injuries through regulation of angiogenesis 
and connective tissue formation. 
 Li and colleagues [84] evaluated the e�ect of the struc-
ture of BC on full-thickness skin wound repair. The hierar-
chical structure of BC films and their di�erent e�ects on skin 
wound healing were studied both in vitro (in a wound heal-
ing model placed on a microfluidic chip) and in vivo (Wistar 
rats). The results indicated clear benefits of BC in the 
healing of full-thickness wounds compared to gauze in terms 
of inflammatory reaction and healing time. The in vivo and 
ex vivo experiments on rats also demonstrated a certain dif-
ference in performance of both sides of the BC pellicle. The 
bottom side of the BC film promoted blood vessel regenera-
tion and collagen production of the wounds more than the 
top side. The authors argued that a looser BC network also 
promotes cell migration and proliferation and suggested het-
erogeneous BC-based biomaterials for complex tissue engi-
neering. However, they did not investigate yet, whether a 
higher porosity and surface roughness may compromise the 
easy and pain-free detachment after reepithelization reported 
for BC wound dressings. 
 Cavalcanti et al. recently published the outcome of a ran-
domized and controlled trial investigating the efficacy of 
perforated dry BC membranes for the treatment of lower 
limbs chronic varicose ulcers [79]. In the BC group, ulcers 
were more superficial at the end of the observation period 
(120 days) in more than 80% of the patients (versus 60% in 
the control group treated with triglyceride oil and gauze). 
The authors suggested that BC dressings could act as an in-
ducer of tissue remodeling, stimulating the granulation pro-
cess. They stressed the fact that the ulcer healing depends 
not only on the epidermal proliferation at the margins of the 
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lesion but also on the growth of the granulation tissue from 
the central area. 
 Several modifications allow to further increase the func-
tionality of BC as wound care device while keeping the es-
sential BC properties of biocompatibility and nanofibrillar 
structuration. Modifications of the cellulose can be obtained 
during the biofabrication process (in situ) e.g. using additives 
and by post-modification such as drying, chemical function-
alization or loading of the BC network with active ingredi-
ents. An excellent overview of BC in various modifications 
developed for wound healing applications can be found by 
Sulaeva et al. [33]. However, some recent findings are high-
lighted in (Table 2) and discussed below. 

3.1.1. Material Modifications 

 Modifications of the BC such as control the water con-
tent, surface topography and nanocomposites have been ap-
plied to improve wound healing. Rebelo et al. recently inves-
tigated the effects of varying water content on BC material 
properties. They demonstrated that the dehydration effects 
on BCs viscoelastic and electrochemical properties. Lower 
water contents as 80% and 50% caused increased stiffness 
and BC resistance to electron transfer became higher with 
lower electron capacity [96]. Those findings have implica-
tions for BC wound dressings with different moisture con-
tent. They may range from practical aspects such as handling 
and draping of the dressing to electrolyte exchange through 
the dressing. However, this should be investigated in further 
studies. Another group focused on modifications of the sur-
face topography of BC dressings in order to improve wound 
healing. Bottan and colleagues introduced a new approach 
called guided assembly-based biolithography (GAB) tech-
nology [85]. They developed PDMS molds with different 
surface patterns allowing a controlled in situ modification of 
the BC surface topography. The structured surface was 
shown to influence migratory patterns and alignment of hu-
man dermal fibroblasts and keratinocytes. A full-thickness 
wound model tested on mice confirmed the promotion of 
fibroblast infiltration and new collagen deposition in the 
wound bed by the modified dressing compared to flat BC. 

3.1.2. Combination of BC with Other Biomaterials 

 In many studies, BC has been combined with other bio-
materials known for their beneficial effects on wound heal-
ing. To give an example, Moraes and colleagues [97] inves-
tigated a self-prepared wound gel made from disintegrated 
bacterial cellulose and collagen type I (BC/COL). In an ani-
mal study, healing of surgical skin wounds in rat dorsum 
with BC/COL gel was compared with those from animals 
treated with commercial collagenase ointment and an un-
treated group. BC/COL hydrogel was found to be more effi-
cient than the collagenase ointment. Wound closure and fully 
repaired epithelium and dermis with organized collagen fi-
bers and tissue rich in blood vessels were observed at day 15. 
At the same time, the dermis was thinner in case of the col-
lagenase ointment treatment and still under repair with the 
presence of numerous inflammatory cells for the untreated 
group. Especially, the adhesion of the hydrogel on the 
wound bed was found to be advantageous for the treatment. 
 Other groups reported the combination of BC with silk-
sericin [98], chitosan [99] and dextrane [100]. Silk-sericin 

was selected due to its cytoprotective and mitogenic effects, 
whereas chitosan and dextrane were selected based on their 
antibacterial efficiency and positive effects on fibroblast cell 
proliferation, respectively. In all cases, positive effects of the 
combination compared to native BC were reported. 
 H. Wu et al. used bacterial cellulose nanocrystals (BCNCs) 
to reinforce regenerated chitin (RC) fibers to form 
BCNC/RC filaments for surgical sutures. Mechanical meas-
urements demonstrated that the strength of the BCNC/RC 
filament increased dramatically over the RC analogue. A 
yarn made of 30 BCNC-loaded fibers also achieved satisfac-
tory mechanical performance, with a knot-pull tensile 
strength of 9.8 ± 0.6 N compared to 6.8 ± 0.6 N of RC yarn 
without BCNC. While obtaining biocompatibility of the sur-
gical suture, enzymatic degradation rate can be tuned by var-
ying the concentration of BCNCs in the yarn. It has been 
proven that BCNC/RC promotes cell proliferation (in vivo) 
murine skin wound closure experiments, without any adverse 
effects. The combination of strength-enhanced fiber and 
promising in vivo experiments qualify BCNC/RC to be a 
new candidate for application as BC-based medical suture 
[86]. 

3.1.3. Drug-delivery Systems 

 Furthermore, an increasing number of studies report on 
drug delivery systems based on BC for dermal 
applications [47]. To avoid the risk of bacterial infections, 
e.g. Amoxicillin loaded BC sponges were examined [101]. 
The functionalized sponges displayed good porosity and 
swelling, which are beneficial for absorbing wound exu-
dates. Moreover, a wound infection model proved enhanced 
wound healing ability in vivo. In another study, antimicrobial 
peptides such as ε-poly-L-Lysine (ε-PLL) were investigated 
[94]. This peptide is a non-toxic biopolymer with broad-
spectrum antimicrobial activity. Fürsatz et al. cross-linked 
low molecular weight ε-PLL in pristine BC membranes and 
to carboxymethyl cellulose functionalized BC using car-
bodiimide chemistry. The functionalization of BC with ε-
PLL inhibited growth of S. epidermidis on the membranes 
but did not affect the cytocompatibility to cultured human 
fibroblasts as compared to native BC. The functionalization 
had no significant effects neither on the nanofibrous struc-
ture nor on the mechanical properties of the BC. Further-
more, there are recently published studies taking advantage 
of some classical approaches in cellulose chemistry applied 
to BC. e.g. Wu et al. used the 2,2,6,6-Tetramethyl-1-
piperidinyloxy (TEMPO) oxidation to obtain superficially 
oxidized bacterial cellulose pellicles (TOBCP) and subse-
quently loaded them with silver nanoparticles (TOBCP/ 
AgNP) [87]. Through this modification, they established 
antimicrobial activity by a silver ion release with a rate of 
12.2% per day at 37 °C in three days while retaining the bio-
compatibility of TOBCP.  
 Following the same purpose, other groups reported about 
the incorporation of zinc oxide nanoparticles into BC. The 
nanocomposites exhibited high antibacterial activity against 
Escherichia coli, Pseudomonas aeruginosa, Staphylococ-
cus aureus and Citrobacter freundii. In a burn wound model, 
animals treated with the BC/ZnO nanocomposite further 
showed a significant healing of 66% after 15 days related to 
day 0 compared to BC, which showed a healing of 50.5%
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lesion but also on the growth of the granulation tissue from 
the central area. 
 Several modifications allow to further increase the func-
tionality of BC as wound care device while keeping the es-
sential BC properties of biocompatibility and nanofibrillar 
structuration. Modifications of the cellulose can be obtained 
during the biofabrication process (in situ) e.g. using additives 
and by post-modification such as drying, chemical function-
alization or loading of the BC network with active ingredi-
ents. An excellent overview of BC in various modifications 
developed for wound healing applications can be found by 
Sulaeva et al. [33]. However, some recent findings are high-
lighted in (Table 2) and discussed below. 

3.1.1. Material Modifications 

 Modifications of the BC such as control the water con-
tent, surface topography and nanocomposites have been ap-
plied to improve wound healing. Rebelo et al. recently inves-
tigated the effects of varying water content on BC material 
properties. They demonstrated that the dehydration effects 
on BCs viscoelastic and electrochemical properties. Lower 
water contents as 80% and 50% caused increased stiffness 
and BC resistance to electron transfer became higher with 
lower electron capacity [96]. Those findings have implica-
tions for BC wound dressings with different moisture con-
tent. They may range from practical aspects such as handling 
and draping of the dressing to electrolyte exchange through 
the dressing. However, this should be investigated in further 
studies. Another group focused on modifications of the sur-
face topography of BC dressings in order to improve wound 
healing. Bottan and colleagues introduced a new approach 
called guided assembly-based biolithography (GAB) tech-
nology [85]. They developed PDMS molds with different 
surface patterns allowing a controlled in situ modification of 
the BC surface topography. The structured surface was 
shown to influence migratory patterns and alignment of hu-
man dermal fibroblasts and keratinocytes. A full-thickness 
wound model tested on mice confirmed the promotion of 
fibroblast infiltration and new collagen deposition in the 
wound bed by the modified dressing compared to flat BC. 

3.1.2. Combination of BC with Other Biomaterials 

 In many studies, BC has been combined with other bio-
materials known for their beneficial effects on wound heal-
ing. To give an example, Moraes and colleagues [97] inves-
tigated a self-prepared wound gel made from disintegrated 
bacterial cellulose and collagen type I (BC/COL). In an ani-
mal study, healing of surgical skin wounds in rat dorsum 
with BC/COL gel was compared with those from animals 
treated with commercial collagenase ointment and an un-
treated group. BC/COL hydrogel was found to be more effi-
cient than the collagenase ointment. Wound closure and fully 
repaired epithelium and dermis with organized collagen fi-
bers and tissue rich in blood vessels were observed at day 15. 
At the same time, the dermis was thinner in case of the col-
lagenase ointment treatment and still under repair with the 
presence of numerous inflammatory cells for the untreated 
group. Especially, the adhesion of the hydrogel on the 
wound bed was found to be advantageous for the treatment. 
 Other groups reported the combination of BC with silk-
sericin [98], chitosan [99] and dextrane [100]. Silk-sericin 

was selected due to its cytoprotective and mitogenic effects, 
whereas chitosan and dextrane were selected based on their 
antibacterial efficiency and positive effects on fibroblast cell 
proliferation, respectively. In all cases, positive effects of the 
combination compared to native BC were reported. 
 H. Wu et al. used bacterial cellulose nanocrystals (BCNCs) 
to reinforce regenerated chitin (RC) fibers to form 
BCNC/RC filaments for surgical sutures. Mechanical meas-
urements demonstrated that the strength of the BCNC/RC 
filament increased dramatically over the RC analogue. A 
yarn made of 30 BCNC-loaded fibers also achieved satisfac-
tory mechanical performance, with a knot-pull tensile 
strength of 9.8 ± 0.6 N compared to 6.8 ± 0.6 N of RC yarn 
without BCNC. While obtaining biocompatibility of the sur-
gical suture, enzymatic degradation rate can be tuned by var-
ying the concentration of BCNCs in the yarn. It has been 
proven that BCNC/RC promotes cell proliferation (in vivo) 
murine skin wound closure experiments, without any adverse 
effects. The combination of strength-enhanced fiber and 
promising in vivo experiments qualify BCNC/RC to be a 
new candidate for application as BC-based medical suture 
[86]. 

3.1.3. Drug-delivery Systems 

 Furthermore, an increasing number of studies report on 
drug delivery systems based on BC for dermal 
applications [47]. To avoid the risk of bacterial infections, 
e.g. Amoxicillin loaded BC sponges were examined [101]. 
The functionalized sponges displayed good porosity and 
swelling, which are beneficial for absorbing wound exu-
dates. Moreover, a wound infection model proved enhanced 
wound healing ability in vivo. In another study, antimicrobial 
peptides such as ε-poly-L-Lysine (ε-PLL) were investigated 
[94]. This peptide is a non-toxic biopolymer with broad-
spectrum antimicrobial activity. Fürsatz et al. cross-linked 
low molecular weight ε-PLL in pristine BC membranes and 
to carboxymethyl cellulose functionalized BC using car-
bodiimide chemistry. The functionalization of BC with ε-
PLL inhibited growth of S. epidermidis on the membranes 
but did not affect the cytocompatibility to cultured human 
fibroblasts as compared to native BC. The functionalization 
had no significant effects neither on the nanofibrous struc-
ture nor on the mechanical properties of the BC. Further-
more, there are recently published studies taking advantage 
of some classical approaches in cellulose chemistry applied 
to BC. e.g. Wu et al. used the 2,2,6,6-Tetramethyl-1-
piperidinyloxy (TEMPO) oxidation to obtain superficially 
oxidized bacterial cellulose pellicles (TOBCP) and subse-
quently loaded them with silver nanoparticles (TOBCP/ 
AgNP) [87]. Through this modification, they established 
antimicrobial activity by a silver ion release with a rate of 
12.2% per day at 37 °C in three days while retaining the bio-
compatibility of TOBCP.  
 Following the same purpose, other groups reported about 
the incorporation of zinc oxide nanoparticles into BC. The 
nanocomposites exhibited high antibacterial activity against 
Escherichia coli, Pseudomonas aeruginosa, Staphylococ-
cus aureus and Citrobacter freundii. In a burn wound model, 
animals treated with the BC/ZnO nanocomposite further 
showed a significant healing of 66% after 15 days related to 
day 0 compared to BC, which showed a healing of 50.5%
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Table 2. Modifications of BC and properties resulting from the modifications. 

Material Title of Paper Results Obtained by BC Modification 

BC with structured topography [85] Surface-structured bacterial cellulose with Guided 
Assembly-Based Biolithography (GAB) 

Improved cell alignment 

Promotion of fibroblast infiltration and new collagen deposi-
tion in the wound bed 

BCNC/RC [86] Regenerated chitin fibers reinforced with bacterial 
cellulose nanocrystals as suture biomaterials 

Biocompatible surgical sutures 

increasing strength of BCNC/RC filaments 

Enzymatic degradation possible 

Degradation rate can be tuned by varying concentration of 
BCNCs in the yarn 

Chitin can promote cell proliferation (in vivo) 

TOBCP/AgNP [87] TEMPO-Oxidized Bacterial Cellulose Pellicle 
with Silver Nanoparticles for Wound Dressing 

Antimicrobial activity  

Ag+ release with a rate of 12,2%/day at 37°C in 3 days 

Biocompatible wound dressing 

BC/ZnO [88] Bacterial cellulose-zinc oxide nanocomposites as a 
novel dressing system for burn wounds 

Antimicrobial activity against Escherichia coli, Pseudomonas 
aeruginosa, Staphylococcus aureus and Citrobacter freundii 

Significant healing of 66% after 15 days related to day 0 

BC/TiO2 [89] Bacterial cellulose-TiO2 nanocomposites promote 
healing and tissue regeneration in burn mice model 

Antimicrobial activity against Escherichia coli (81.0 ± 0.4%) 
and Staphylococcus aureus (83.0 ± 0%) 

BC/SMN-Zein [90] Drug release and antioxidant/antibacterial activi-
ties of silymarin-zein nanoparticle/Bacterial cellu-
lose nanofiber composite films 

Flavonoid silymarin (SMN) and zein loading through nano-
particle adsorbing onto BC nanofibers 

Change of wettability and swelling 

Antioxidant and antibacterial activity 

air-dried SMN-Zein/BC nanocomposite slow down the lipid 
oxidation 

BC/Octenidin [91] Controlled extended octenidine release from a 
bacterial nanocellulose/Poloxamer hybrid system 

Long term controlled release of octenidine up to one-week 
improved mechanical and antimicrobial properties. 

Ready-to-use system with Poloxamer loaded BC for ad-
vanced treatment of infected wounds 

Toxicity test performed with shell-less hen’s egg model 

BC/CMC/MTX [92] 

 

Effect of in situ modification of bacterial cellulose 
with carboxy-methylcellulose on its 
nano/microstructure and methotrexate release 
properties 

Impact of DS-CMC on methotrexate loading 

Topical treatment of psoriasis 

Decrease of the elastic modulus as the DS of CMC increased 

BC/PHEMA [93] Embedding of Bacterial Cellulose Nanofibers 
within PHEMA Hydrogel Matrices: Tunable Stiff-
ness Composites with Potential for Biomedical 
Applications 

New modification: in situ UV radical polymerization of HE-
MA monomer impregnated into wet BC nanofibrous structure 

Significant improvement in mechanical properties 

Tensile strength increased 

Non toxic 

rMSCs (rat mesenchymal stem cells) proliferation 

tissue replacement and wound healing 

BC/ ε-poly-L-Lysine [94] Functionalization of bacterial cellulose wound 
dressings with the antimicrobial peptide ε -poly-L-
Lysine 

Antimicrobial activity (broad-spectrum) without affecting the 
beneficial structural and mechanical properties 

Modification with non-toxic biopolymer 

ε-PLL inhibited growth of S. epidermidis on the membranes 
but did not affect the cytocompatibility to cultured human 
fibroblast 

(Table 2) contd…. 
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Material Title of Paper Results Obtained by BC Modification 

BC/PVA [95] Preparation and in vitro characterization of 
BC/PVA hydrogel composite for its potential use 
as artificial cornea biomaterial 

Higher visible light transmittance than plain BC  

BC/HA [60] Bacterial cellulose/hyaluronic acid composite 
hydrogels with improved viscoelastic properties 
and good thermodynamic stability 

Higher visible light transmittance than plain BC 

ABC/urinary bladder matrix [67] Acetylated bacterial cellulose coated with urinary 
bladder matrix as a substrate for retinal pigment 
epithelium 

Higher adhesion and proliferation of retinal pigment epitheli-
um cells than uncoated BC 

Closer recapitulation of the in vivo cell phenotype than un-
coated BC  

BC/varying porosity [64] Bacterial cellulose-based biomimetic nanofibrous 
scaffold with muscle cells for hollow organ tissue 
engineering 

Higher pore size than native BC to allow muscle cell in-
growth  

Higher porosity 

Small decrease in mechanical strength  

 
after the same treatment [88]. The incorporation of titanium 
dioxide nanoparticles (TiO2) in BC has also given encourag-
ing results [89]. Khalid et al. depicted in vivo burn wound 
healing potential of BC and TiO2 nanocomposites 
(BC/TiO2). Antimicrobial activity of the nanocomposite was 
against Escherichia coli (81.0 ± 0.4%) and Staphylococ-
cus aureus (83.0 ± 0.0%) was confirmed through agar disc 
diffusion protocol.  
 The combination of BC with natural substances or natu-
ral derived Active Pharmaceutical Ingredients (APIs) is be-
coming more and more notable. Tsai et al. investigated a 
composite film with silymarin-zein nanoparticles and BC 
nanofibers. They applied adsorption of flavonoid silymarin 
(SMN) and zein nanoparticles to load them onto the fibers 
for improving higher antioxidant and antibacterial activity. 
The authors could also show that air-dried SMN-Zein/BC 
nanocomposites slowed down lipid oxidation [90]. 
 Lima Fontes et al. have shown the effect of CMC in situ-
modifications on BC nano/microstructure and methotrexate 
(MTX) release properties. The degree of substitution of 
CMC (DS-CMC) has a massive impact on API loading; 
since carboxymethylcellulose (CMC) is a well-known candi-
date to change e.g. pore-sizes of the three-dimensional net-
work of BC. For topical skin application, MTX is used as 
disease-modifying anti-rheumatic drug for e.g. treatment of 
psoriasis. However, besides the impact of loading capacity, 
increasing DS-CMC causes a decrease of the elastic modulus 
of BC [92]. 
 Remarkable is also the new in situ-modification by UV 
radical polymerization of HEMA monomer impregnated into 
wet BC nanofibers. The combination of BC with poly(2-
hydroxyethyl methacrylate) depicted a significant improve-
ment in the mechanical properties (e.g. tensile strength) and 
the rat mesenchymal stem cells proliferation which qualifies 
this modification for tissue replacement and wound healing 
applications [93]. 
 Considering all these wound dressings loaded with an 
API as drug-delivery systems, most of the studies show ini-
tial bursts of the API release. Up to now, long-term con-
trolled release systems are still very rare. Nevertheless, 

Alkhatib et al. designed a new delivery system consisting of 
BC and Poloxamer developed for the antiseptic API octenid-
ine as a long-term ready-to-use system for dermal wound 
treatment (Fig. 2). This delivery system provides a prolonged 
retention time for octenidine, up to one week, with improved 
mechanical and antimicrobial properties as well as a high 
biocompatibility [91]. 

3.1.4. BC as Cell Carrier 

 Because of the possibility to support mammalian cell 
attachment and proliferation, BC films are also investigated 
as cell carriers in cell transplantation [102]. For instance, 
bacterial cellulose/acrylic acid (BC/AA) wound dressing 
hydrogels (without cells) enhanced wound healing capacity 
in nude mice. Interestingly, when the BC/AA hydrogels were 
loaded with human epidermal keratinocytes and human der-
mal fibroblasts, the positive effects of the BC/AA in burn 
recovery were accentuated. The in vivo results showed that 
the cell-loaded hydrogel produces the greatest acceleration 
on burn wound healing, followed by treatment with the hy-
drogel alone in comparison to the untreated group. The per-
centage wound reduction on day 13 in the mice treated with 
BC/AA hydrogel loaded with cells (77.3 ± 6.2%) was signif-
icantly higher than that in the control-treated mice (64.8 ± 
6.8%) or the hydrogel-treated ones alone (71.5 ± 2.3), re-
spectively. Histological analysis for the expression of colla-
gen type I via immunohistochemistry and transmission elec-
tron microscopy indicated a greater deposition of collagen in 
the mice treated with the hydrogel loaded with cells than in 
the mice administered with other treatments. Therefore, the 
BC/AA hydrogel proved promising applicability as a wound 
dressing and as a cell carrier. 
 In summary, very promising experimental investigations 
and preclinical studies have been performed suggesting the 
future application of modified, drug-loaded and/or native BC 
in an increasing number of dermal applications. The increas-
ing number of BC-based wound dressings on the market 
follow the same trend and confirm the high commercializa-
tion potential of innovative BC based medical products. Oth-
er fields of BC application in damaged epithelial tissues re-
generation are still in its infancies, as described below, but 
show the same promise. 
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Fig. (2). (a) Schematic overview of the loading of BC with Polox-
amers forming critical micelle concentration (CMC) and critical 
gelation concentration (CGC) samples. (b) Photographs of octenid-
ine and octenidine/Poloxamer loaded CMC and CGC BC samples 
and percentage uptake of octenidine (mean ± SD, n = 3) after incu-
bation of fleeces for 48 h by Alkathib et al. reproduced with per-
mission from Elsevier [91]. (The color version of the figure is avail-
able in the electronic copy of the article). 

3.2. Ophthalmology 

 Ophthalmology is a branch of medicine historically 
linked with the use of biomaterials, exemplified by contact 
and intraocular lenses. The application of biologically de-
rived materials in regenerative ophthalmology predominant-
ly concentrates on the ocular surface and, to a lesser extent, 
on the retina. [103] (Fig. 3) localizes these two tissues in a 
3D human eye anatomy representation. To date, for ocular 
surface wound healing, amniotic membrane patches are 
regularly applied [104] and the most common clinical ap-
proach for ocular surface reconstruction relies on corneal 
transplantation, whereas innovative regenerative medicine 
approaches are gradually gaining acceptance [105]. 
 The outermost part of eye comprises two epithelia: The 
corneal and the conjunctival epithelium. Recently, collagen 
based materials have been designed to reconstruct these two 
structures [106-109], while other authors developed silk or 
keratin-based membranes [110]. Some previous reviews al-
ready pointed out that the innate hydrophilicity, flexibility 
and mechanical stability of BC suggest a potential applica-
tion on corneal regeneration [111, 112]. One more strength 
of BC for this specific application is its conformability, 
which might facilitate the adaptation of the biomaterial to the 

dome shape of the ocular surface. BC has been shaped into a 
contact lens-like form by culturing K. xylinus on top of hy-
drophilic surfaces [113] and, in parallel, BC has proven to 
support the growth of human corneal stromal cells [114]. 
However, research papers on this topic are scarce and de-
scribe preliminary findings, indicating that the application of 
BC in ocular surface regeneration is still a field in its infancy 
that deserves to be explored in more depth. 

 Native-state BC has a visible light transmittance around 
70% due to the dispersive character of the fibers bundles and 
pores. In order to increase the transparency of BC for long-
term applications in corneal regeneration, BC has been com-
bined with other components such polyvinyl alcohol (PVA) 
[95]. BC/PVA composites, prepared by a freeze-thaw meth-
od, were satisfactorily evaluated in terms of water holding 
capacity, light transmittance, mechanical properties and 
thermal stability; important characteristics for a corneal sub-
stitute. However, no biological characterization of those ma-
terials have been published at the time of this review. Simi-
larly, BC/Hyaluronic acid composites (BC/HA) were pre-
pared by a physical gelation method with the resulting mate-
rial displaying 90% of visible light transmittance [60]. Inter-
estingly, this feature was maintained after a drying-rewetting 
cycle. According to the authors, biocompatibility tests for the 
BC/HA composites are in progress. 

 To our knowledge, the only in vivo assessment of BC as 
a corneal replacement was carried out by R. V. Sepúlveda  
et al. [115]. In this study, dry BC and BC/polycaprolactone 
(PCL) hydrogels were implanted into rabbit’s eyes to replace 
the corneas. Both BC and BC/PCL implants remained stable 
over the 45 days of the study and delayed the manifestation 
of corneal edema with respect to the control group that re-
ceived no treatment. Nevertheless, the authors report chronic 
inflammation and incomplete re-epithelization in the long 
term for the rabbits receiving the BC and BC/PCL implants. 
These results hint that the use of BC as a permanent corneal 
substitution will be challenging.  
 Another research direction regarding ophthalmological 
applications of BC is the repair of retinal pigment epithelium 
(RPE). The function of this highly specialized epithelium is 
impaired in patients suffering from age related macular de-
generation, the most common cause of vision loss in Europe 
[116]. Gonçalves et al. described that acetylated BC support-
ed the attachment and proliferation of RPE cells and envi-
sioned a potential application of BC as a carrier for RPE cell 
transplantation to the retina [117]. More recently, the same 
group reported a further functionalization of acetylated-BC 
(ABC) with urinary bladder matrix [67]. It is encouraging to 
read that when RPE cells were seeded on these substrates, 
they recapitulated closer the in vivo phenotype than on un-
coated ABC. 
 Taken together, these studies set the basis for future re-
search on BC-based biomaterials specifically targeting eye 
epithelia. The above-summarized results are still immature 
and, due to the lack of in vivo experiments, conclusions must 
be drawn with caution. Nevertheless, the field of regenera-
tive ophthalmology appears as an opportunity for the BC-
based biomaterials to find a potential niche in the health 
market, which appears as less competitive than i.e. the skin. 
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3.3. Stomatology 

 Deliberations for potential applications of BC, e.g. tem-
poral implants in dental extraction alveoli or wound dressing 
after mucosal transplantation recently came up, but the test-
ing of BC and specific product developments are still rare. 
However, the softness of the hydropolymer plus its flexibil-
ity and self-attachment to surfaces strongly suggest a broader 
scope of application in dentistry. Studies of Weyell et al. 
depicted the benefits of doxycycline-loaded hydrated and 
freeze-dried BC in dental therapies such as dental extraction 
or mucosal transplantation [118]. Both applications would 
benefit on the one hand from a material, which degrades 
under physiological conditions and on the other hand from 
an antibiotic environment. Consequently, periodate-
oxidation of BC was performed to modify its degradation 
kinetics. In addition, native and oxidized BC loaded with 
doxycycline were tested for prophylaxis against infection. 
An in vitro toxicity test ensured biocompatibility of oxidized 
BC, whereas agar diffusion tests of samples loaded with 
doxycycline against pathogenic oral bacteria proved high 
antibiotic efficiency. Release studies of the drug from native 
and oxidized BC confirmed a comparable release behavior 
showing an initial burst of 50-60% within the first hour and a 
total release of about 90% after 3-5 h [119]. 
 Chiaoprakobbkij et al. developed freeze-dried composite 
sponges made from BC fibers and alginate, crosslinked with 
CaCl2. This recent in vitro study also showed a supported 
proliferation of human keratinocytes and gingival fibroblasts 
caused by this composite material [120]. In conclusion, there 
is still an unmet potential for BC-based products (e.g. perio-
dontal dressings, sponges, tamponades, sutures or even drug 
delivery systems) in dentistry. 

3.4. Other Epithelial Surfaces 

 Epithelial tissues form part of a myriad of membranes 
and barriers inside the human body. Some of these structures 
such as the eardrum, the meninges or the linings of hollow 
organs are difficult to rebuild after disease or trauma and 
would largely benefit from new repair approaches based on 

natural biomaterials. In this last section, we have grouped 
further applications of BC regarding the regeneration of di-
verse body surfaces. 
 The tympanic membrane (TM) separates the external ear 
form the middle ear and its key function is to amplify air-
borne vibrations and transduce them to the middle ear. TM 
perforation is a common clinical situation and implies a risk 
of prolonged damage and hearing reduction, especially if 
bacterial infection occurs. BC patches have been evaluated 
as wound healing devices in eardrum perforations to substi-
tute the muscle, fat or cartilage autografts that are conven-
tionally used in TM reconstruction. F. Coelho Alves Silveira 
et al. performed a randomized controlled trial with 40 pa-
tients and reported a higher success rate (90 vs 80%) when 
BC films were used as wound dressings respect to autolo-
gous temporal fascia (muscle) patches. Notably, the BC 
treatment reduced the operation time in more than one hour 
and the total hospitalization costs were 13 times lower. An-
other study tested the efficiency of BC to solve small but 
long-lasting TM perforations in 16 ears [121]. The authors 
conclude that the high rate of recovery of these patients 
treated with BC (81.3% of the cases) encourages for further 
investigations of BC in otology. Interestingly, this publica-
tion highlights, from a clinical point of view, some ad-
vantages of BC respect to other grafting materials for TM 
reconstruction: no need of general anesthesia for the surgical 
procedure, easy shaping of the material to match the defect 
size, enhancement of cell growth in the damaged area, easy 
sterilization and short operating time. 
 Because its limited endogenous regenerative potential, 
the nervous system is another area where BC patches could 
be of great interest. In particular, dura mater, the outermost 
of the three meninges that surround the brain and the spinal 
cord, is frequently disrupted after neurosurgical interventions 
or trauma and thus can be regarded as a potential target for 
BC-based treatments. In vitro, patterned BC substrates 
proved to support and guide the growth of neural stem cells 
[59]. In line with this, Goldschmidt and coworkers reported 
the proliferation of human dural fibroblasts (primary cul-

 
Fig. (3). Schematic representation of the human eye anatomy and the targeted tissues treated with BC-based therapies. Image modified from 
[106]. (The color version of the figure is available in the electronic copy of the article). 
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tures) on BC films [122]. These authors propose BC as a 
conceivable option for dural implants principally because of 
its mechanical stability and its capability to support the 
growth and migration of native dural cells. In vivo, damage 
to dura mater has been experimentally treated with BC 
patches [123]. In this study, sutureless BC implants were 
inserted in 40 rats and examined after 120 days without no-
ticing any complication such as infection, cerebrospinal fluid 
leakage, hemorrhages or behavior disturbance in the animals 
during the study time. The levels of inflammation were simi-
lar between the group that received BC patches and the 
group implanted with a polytetrafluoroethylene-based mate-
rial (positive control). The authors claim a satisfactory level 
of BC graft acceptance and highlight the potential applica-
tion of BC in dura mater repair. Actually, in 2014 the com-
mercial product SYNTHECEL Dura Repair was launched 
for this specific application after showing an equivalent ef-
fectiveness compared to other commercially available prod-
ucts for dura replacement [124]. 
 BC native structure in the form of a fibrous hydrogel and 
some reported BC film thickness [51] are comparable to 
those of the mucus layers covering the body’s internal cavi-
ties [125, 126]. Thus, BC has also been proposed for recon-
struction of hollow organs [112] that is, urinary, reproduc-
tive, respiratory and intestinal tracks, which contain a muco-
sa on its inner side. To this end, asymmetric BC structures 
exhibiting one site with densely packed BC fibers and anoth-
er side with loose BC fibers were generated mimicking the 
architecture of tubular organs [64]. These scaffolds achieved 
higher porosity than native BC and after being seeded with 
muscle cells, were implanted in dog urinary systems yielding 
better outcomes than unmodified BC.  
 The findings summarized in this section collectively un-
derline the versatility BC and its potential to take part in the 
regeneration of diverse body surfaces. Likewise, the adapta-
bility of BC in terms of size, shape and porosity will be cru-
cial in the future to conceive tissue-specific biomaterials 
based on BC.  

CONCLUSION 

 The outstanding properties of BC, in conjunction with its 
natural origin and sustainable manufacturing call for many 
diverse applications in epithelial regeneration. Here, we pro-
vide a compact but detailed synopsis about the opportunities 
for BC-based alternatives to conventional treatments in this 
field.  
 Huge progress has been made in the development of nov-
el BC-based materials for dermal applications and in the 
understanding of their positive effects on wound healing. 
Approaches ranging from modifications of topography, wa-
ter content and pore structure to combinations with other 
biopolymers, active ingredients and/or cells have shown that 
BC is not only an excellent wound dressing material in its 
native form but also a versatile platform material to tailor-
made product design. Along with the increasing comprehen-
sion of the reasons for accelerated wound healing observed 
for native as well as modified BC, new BC-based medical 
products, designed for the treatment of specific skin lesions, 
can be expected to enter the market within the next couple of 
years.  

 Besides the well-known example of the outer skin, we 
pinpointed other epithelial surfaces that could benefit from 
innovative treatments based on BC. In the field of ophthal-
mology, the preliminary findings reviewed here should en-
courage future research on BC-based biomaterials specifical-
ly targeting eye epithelia since the field of regenerative oph-
thalmology appears as an opportunity for BC to find a niche 
in the competitive health market. Similarly, the softness of 
the BC hydrogels together with its flexibility and self-
attachment to body surfaces strongly suggest a broader scope 
of potential application in dentistry, a field that definitely 
deserves more research efforts. Worth noting are the reports 
on tympanic membrane reconstruction highlighting im-
portant advantages of BC compared to other grafting materi-
als from a clinical perspective: no need of general anesthesia 
for the surgical procedure, easy shaping of the material to 
match the defect size, enhancement of cell growth in the 
damaged area, easy sterilization and short operating time.  
 The potential of BC as cell carrier should not be underes-
timated. In this manuscript we gathered abundant examples 
of cell types that can effectively attach and proliferate on BC 
substrates. These cell types include diverse human cells; 
epidermal keratinocytes, dermal fibroblasts, corneal stromal 
cells, retinal pigment epithelium and other mammalian cells 
like neural stem cells (mouse) and muscle cells (dog). On top 
of that, BC exhibits potentiality as a substrate for stem cell 
transplantation as it proved to maintain stemness of mouse 
mesenchymal stem cells for a longer period of time than tra-
ditional culture methods [127].  
 Naturally, there are some difficulties that BC-based bio-
materials will need to overcome to effectively contribute to 
epithelial regeneration. When permanent replacement for 
epithelial tissue is targeted, BC should allow cell ingrowth to 
provide a proper integration of the biomaterial into the sur-
rounding tissue. So far, this can only be achieved when BC 
is specifically modified to increase porosity. Moreover, BC 
based (implant) materials need to degrade after fulfilling the 
intended medical purpose. Degradability of BC under physi-
ological conditions can only be achieved after chemical 
modification or enzymatic treatment and the verification of 
total degradation and metabolization in in vivo studies is still 
open. Likewise, for the specific application of long-term 
corneal replacement, BC will also need to be adapted to im-
prove visible light transmittance. 
 However, these limitations in some specific fields of 
medical application are already addressed in current research 
and will probably be overcome in the next years. The signifi- 
cant progress in controlled production and the successful 
design of bioreactors suited for industrial scale production of 
medical grade BC [38] already paved the way for faster 
commercialization. Together with the profound knowledge 
gained by young companies world-wide about the produc-
tion of BC based products according to current quality man-
agement and medical device regulations, this progress will 
significantly accelerate the market entrance of further BC 
based products including an increasing number of implant 
materials designed for epithelial regeneration. 

LIST OF ABBREVIATIONS 

API = Active Pharmaceutical Ingredient  
BC = Bacterial Cellulose  
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BC/AA = Bacterial Cellulose/Acrylic acid 
BC/COL = Bacterial Cellulose/Collagen 
BC/HA = Bacterial Cellulose/Hyaluronic Acid 
BC/PCL = Bacterial Cellulose/ PolyCaproLactone  
BCNC = Bacterial Cellulose NanoCrystals 
CGC = Critical Gelation Concentration 
CMC (1) = Carboxymethylcellulose 
CMC (2) = Critical Micelle Concentration 
DMARD = Disease-Modifying Anti-Rheumatic Drug 
DS = Degree of Substitution 
HA = Hyaluronic Acid 
HEMA = 2-HydroxyEthyl MethAcrylate 
K. xylinus = Komagataeibacter xylinus 
MTX = Methotrexate 
PCL = PolyCaproLactone  
PHEMA = Poly (2-HydroxyEthyl MethAcrylate) 
PVA = Poly Vinyl Alcohol  
RC = Regenerated Chitin 
RPE = Retinal Pigment Epithelium  
SEM = Scanning Electron Microscope 
SMN = Flavonoid Silymarin 
TEMPO = 2,2,6,6-Tetramethylpiperidine 1-oxyl radical 
TM = Tympanic Membrane  
TOBCP = TEMPO-Oxidized Bacterial Cellulose 

Pellicle 
UDPG = Uranyl Diphosphate-Glucose 
ε-PLL = ε-Poly-L-Lysine 
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and Anna Roig*

Cite This: ACS Biomater. Sci. Eng. 2020, 6, 4893−4902 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Carrier-assisted cell transplantation offers new strategies to
improve the clinical outcomes of cellular therapies. Bacterial nanocellulose (BC)
is an emerging biopolymer that might be of great value in the development of
animal-free, customizable, and temperature-stable novel cell carriers. Moreover,
BC exhibits a myriad of modification possibilities to incorporate additional
functionalities. Here, we have synthesized BC-titanium dioxide (TiO2)
nanocomposites (BC/TiO2) to evaluate and compare the suitability of not
only BC but also a model hybrid nanobiomaterial as cell transplantation
supports. This work provides thorough information on the interactions between
BC-based substrates and model human cells in terms of cell attachment,
morphology, proliferation rate, and metabolic activity. Two methods to partially
retrieve the adhered cells are also reported. Both BC and BC/TiO2 substrates are positively evaluated in terms of cytocompatibility
and endotoxin content without detecting major differences between BC and BC nanocomposites. Lastly, the effective
cryopreservation of cells-BC and cells-BC/TiO2 constructs, yielding high cell viability and intact cell carrier's characteristics after
thawing, is demonstrated. Taken together, our results show that both BC and BC/TiO2 enable to integrate the processes of
expansion and long-term storage of human cells in transportable, robust and easy to manipulate supports.

KEYWORDS: microbial cellulose, nanocomposites, titania, cryopreservation, fibroblasts, cell culture support

■ INTRODUCTION

Cell transplantation approaches rely on a dual beneficial effect
evoked by the administered cells: (i) repopulation of the
wound bed and (ii) contribution toward a favorable micro-
environment for tissue repair (via secretion of cytokines and
growth factors). Cellular therapies in the form of autologous1,2

or allogenic3 cell transplants exhibit a long-proven efficacy to
treat complicated skin lesions; while extending these therapies
to other organs4 and developing innovative cell delivery
systems5 represents an active focus of research. Despite some
satisfactory clinical outcomes have already been obtained,6,7

the complex administration of therapeutic cells, i.e., insufficient
survival and integration of cells delivered in suspensions or
sprays,8−10 hinders the widespread implementation of some
cell therapies. Moreover, the next generation of cellular
products should be provided in a ready-to-use format to
decrease waiting times and be used on-demand. To this end,
long-term and reliable storage (e.g., cryopreservation) of
cellular products needs to be further developed and stand-
ardized. The use of cell carriers can contribute to overcoming
some of these bottlenecks; specifically by enhancing cell
survival, controlling differentiation and retaining the trans-
planted cells at the target site. Last but not least, cell vehicles
can also facilitate cryopreservation and the handling of
therapeutic cells.11

Collagen-based biomaterials represent the current gold
standard for cell transplantation supports mainly because of
its ability to support cell attachment and proliferation.8,12

However, collagen presents some disadvantages such as a
certain risk of immunogenicity, poor batch-to-batch reprodu-
cibility and low availability, all due to its animal origin.
Nanocellulose synthesized by bacteria (referred here as
bacterial nanocellulose, BC) is a biopolymer with potential
applicability as an alternative cell carrier. BC inherently
presents many of the characteristics sought-after for cell
transplantation supports, namely; purity, conformability, water
holding capacity, and porosity.13 Besides, the high thermal and
mechanical stability of BC are favorable features for the clinical
translation since they enable heat-sterilization, easy handling
and fixation by suturing.14 The interwoven nanofibrillar
structure of BC is responsible for most of these unique
physicochemical properties and for the high architectonical
similarity to collagenous structures. BC was first proposed as a
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substrate for mammalian cell culture in the 1990s by Watanabe
et al.15 Later studies have reported on BC functionalized with
the tripeptide motif RGD for the culture of fibroblasts16 or
surface-modified BC as support for retinal pigment epithelial
cells.17,18 However, uncoated BC substrates have also been
successfully loaded with several cells types19−21 and proved to
prolong stemness of mouse embryonic stem cells.22 These
findings imply that BC could be deemed as an alternative to
collagen in the design of novel carriers for cell transplantation
therapies23 and in vitro studies.24 On the other hand, BC has
been suggested as a cryoprotectant agent25 and other cellulosic
materials have been employed as substrates to cryopreserve
embryos26 and fungi.27 However, the possibility to cryopre-
serve BC-cell constructs has not been addressed so far.
Considering the remarkable functional properties that

inorganic nanoparticles (NPs) can endow to BC and the
rising research attention on hybrid biomaterials,28 it is of great
interest to investigate the impact of these NPs on cells cultured
on such BC nanocomposites. Because of its widespread use in
skin-related applications, titanium dioxide (TiO2) NPs were
selected here as a model NP among the plethora of
biocompatible NPs to be combined with BC. Importantly,
colloidal TiO2 NPs have recently been suggested for dermal
treatments as antimicrobial and scar-reducing agents.29,30 TiO2
NPs have also been incorporated to plant-derived nano-
cellulose patches as a linker for drug molecules to modulate
release kinetics.31,32 In another study, TiO2 NPs combined
with BC films created an efficient wound dressing in a burn
mice model.33 Nevertheless, the role of TiO2 on the
performance of BC as a cell carrier has never been
systematically studied.
Here, we present a thorough study of BC and BC/TiO2

nanocomposites as versatile and portable cell culture supports.
The two substrates are structurally characterized and proven
endotoxin-free and then in vitro studies on cell attachment,
proliferation, viability and morphology are described. Next,
three methods to retrieve the cells adhered to BC and BC/
TiO2 supports are tested. Finally, we show that cell-BC and
cell-BC/TiO2 constructs can be effectively cryopreserved
yielding highly viable cell populations and intact carriers after
thawing.

■ EXPERIMENTAL SECTION
BC and BC/TiO2 Substrates: Synthesis and Characterization.

Bacterial Nanocellulose Production. A commercial Komagataeibacter
xylinus (K. xylinus) strain (NCIMB 5346 from CECT, Valencia,
Spain) was initially cultured in Hestrin-Schramm (HS) solid medium
consisting of 1.15 g of citric acid, 6.8 g of Na2HPO4·12H2O, 5 g of
peptone, 5 g of yeast extract, 15 g of agar, and 20 g of dextrose all
from Condalab for 1 L of Milli-Q water. Next, a bacterial inoculum
was picked with a loop and used to inoculate 6 mL of HS liquid
medium (same composition as the solid medium but without agar),
and this culture was expanded during 7 days at 30 °C. Then, 0.5 mL
of the previous broth was mixed with 4.5 mL of fresh HS liquid
medium and further incubated for 7 days. Finally, a 1:14 dilution of
the former bacterial solution was performed with fresh medium and
transferred to 24 well-plates (2 mL/well). The culture remained 3
days at 30 °C under static conditions and circular BC hydrogels
formed at the air−liquid interface of every well with the same
diameter as the container (∼2 cm2). BC pellicles were picked with
plastic tweezers and soaked in a solution of 1:1 Ethanol: deionized
water (DI) for 10 min to kill the bacteria.
The exhaustive cleaning process of the BC involved different

boiling steps; (i) 40 min in DI water and (ii) two periods of 20 min in
0.1 M NaOH (Sigma-Aldrich) aqueous solution to remove all organic

residues. Lastly, BC films were rinsed with DI water until neutral pH
was reached. Then, the films were autoclaved (121 °C, 20 min) and
stored in DI water at RT until further use. BC samples were dried at
60 °C between two Teflon plates under a 1 kg weight.

Bacterial Nanocellulose Functionalization with TiO2 Nano-
particles. For the BC functionalization with TiO2 NPs, a previously
described34,35 microwave (CEM Discover Explorer-12 Hybrid reactor
operating at a frequency of 2.45 GHz and with a maximum power of
300 W placed in a clean room) assisted method was employed.
Briefly, ever dry BC films were soaked in benzyl alcohol (99% BA
from Scharlau) for approximately 30 min to allow solvent exchange
and then transferred to a glass tube containing 4 mL of benzyl alcohol
and 140 μL of titanium(IV) butoxide (TBOT, 97%, Sigma-Aldrich).
All of the precursors were mixed immediately before starting the
microwave reaction to avoid hydrolysis of the titanium precursor. The
reaction vessel was heated in two steps: (1) 5 min at 50 °C and (2) 10
min at 190 °C. After the reaction, the BC/TiO2 films were rinsed
once with ethanol to remove the excess of NPs and several times with
DI water until reaching a neutral pH. After TiO2-functionalization, the
never dry BC films were dried at 60 °C between two Teflon plates
under 1 kg weight.

Endotoxin Contamination Study. According to the FDA
recommendations,36 the endotoxin extraction was carried out by
placing autoclaved BC and BC/TiO2 never dry samples in
depyrogenated falcon tubes with 40 mL of endotoxin-free water
during 72 h at 30 °C and under orbital agitation (100 rpm). To
evaluate the endotoxin content in the eluates from BC and BC/TiO2
films, a Pierce LAL Chromogenic Endotoxin Quantification Kit was
purchased from Thermo Fisher and the assay was performed
following the kit’s instructions. The products of the reaction were
measured for absorbance at 405 nm in a microplate reader (Infinite
200 PRO, TECAN ) at 37 °C. The indicated values correspond to the
mean ± standard deviation of two independent experiments obtained
from two different endotoxin quantification kits and evaluating each
time two samples from two different batches of BC.

Scanning Electron Microscopy (SEM). Dry BC and BC/TiO2 films
were fixed flat on top of aluminum SEM sample holders with adhesive
carbon tape. The samples were coated with 5 nm of platinum before
imaging. A high-resolution scanning electron microscope (FEI
Magellan 400L XHR SEM) was used under high vacuum with an
acceleration voltage of 2 kV. To image the BC/TiO2 samples without
Pt coating, the same sample preparation without the sputtering step
was performed. Energy-dispersive X-ray (EDX) spectroscopy was
performed with the same equipment on two BC/TiO2 samples.

Atomic Force Microscope (AFM). To obtain topographical images
and roughness measurements of BC and BC/TiO2 pellicles, a 5100
Agilent Technologies atomic force microscopy was employed on
tapping mode and equipped with a FORT tip form AppNano. At least
three 30 × 30 μm or 50 × 50 μm images were obtained for four
different dry BC and BC/TiO2 films. The images were processed with
surface analysis software V7.4 (64-bit) - mountains technology. The
indicated roughness values correspond to mean ± standard
deviations.

Thermogravimetric Analysis (TGA). Thermal decomposition
studies were performed with a NETZSCH -STA 449 F1 Jupiter
analyzer employing a heating rate of 10 °C per minute from 25 to 600
°C at an air atmosphere. Three dry BC and three dry BC/TiO2
samples were analyzed.

Inductively Coupled Plasma−Optical Emission Spectroscopy
(ICP-OES). Dry BC/TiO2 samples were immersed in 8 mL of water
during 1 month under mild agitation and then the eluates were
collected for analysis with an ICP-OES Optima 4300DV PerkinElmer.

Transmission Electron Microscopy (TEM). The nanoparticles
characterization was performed through JEOL JEM-1210 electron
microscope operating at 120kv with an ORIUS 831 SC 600 Gatan
camera. TEM images were analyzed with ImageJ software and a
histogram of 360 nanoparticles was fitted to a Gaussian function. The
percentage of standard deviation divided mean value was obtained as
the polydispersity value. Selected area electron diffraction (SAED)
was used to obtain diffraction patterns from the TiO2 nanoparticles.
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BC and BC/TiO2 Substrates: Evaluation As Cell Carriers. In
Vitro Studies. For the in vitro experiments, a human dermal fibroblast
cell line was used (1BR3.G cells, ECACC 90020507) as a model. The
cultures were maintained in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 2 mM GlutaMax and 10% fetal bovine
serum (South American FBS) both from Gibco and monitored with
an inverted optical microscope (Nikon Eclipse TS100). 1BR3.G cells
were kept in a T75 flask (Sarstedt) at 37 °C in 10% CO2 and split
three times per week.
For all of the experiments detailed in this section, dry BC and BC/

TiO2 samples were rehydrated in DI water and autoclaved (121 °C,
20 min) before being used as cell supports. To plate the cells, BC and
BC/TiO2 films were preconditioned with warm DMEM and then
transferred to 24-well plates using forceps and irradiated with UV light
for 30 min to ensure sterility. A concentrated cell suspension (50.000
cells/well for the proliferation study and 100.000 cells/well for the
rest of the experiments) was carefully pipetted on the middle of the
pellicles. When the cell suspension was absorbed by the BC films, 500
μL of fresh culture medium were added to each well. See Figure S2 for
an illustration of this process. Controls (uncoated commercial cell
culture plates, Nunc) were seeded with the same procedure and
number of cells than the substrates.
Cell proliferation was assessed qualitatively by optical microscope

and quantitatively with the CellTiter-Glo Luminescent Cell Viability
Assay (Promega) by measuring ATP levels on the cultures at Day 1,
Day 3 and Day 8 after cell seeding. For this assay, all the elements
were accommodated at RT and then the cell-loaded films were
transferred to unused culture wells and washed with PBS before
adding 100 μL of the CellTiter-Glo reagent to each well together with
100 μL of DMEM. The 24 multiwell plates were agitated for 2 min to
lysate the cells and then incubated during 10 min at RT to stabilize
the luminescence. After careful mixing, 150 μL of the supernatant of
each well were transferred to a 96-well plate with an opaque bottom
for the luminescent read. Blanks were performed with plain BC films
and culture medium without cells. Luminescence was read with a
Tecan Spark multimode microplate reader (LifeSciences) with an
integration time of 1000 ms. The experiment was performed three
times with three technical replicates for each time point.
Cell viability, distribution, and morphology were studied with a

confocal laser scanning microscope (Leica SP5) 48 h after plating the
cells. Calcein-AM (BD Pharmingen) staining was used to monitor the
viability of the cells growing on BC and BC/TiO2 supports since this
reagent becomes fluorescent after being cleaved by intracellular
esterases that are only present on alive cells. Cell-loaded BC and BC/
TiO2 films were washed with Hank’s Balanced Salt Solution (HBSS,
Gibco) and then incubated during 15 min in the dark with 1 mL/
sample of 4 μg/mL Calcein-AM in HBSS and washed twice with
HBSS. Then the cells were fixed with 4% cold paraformaldehyde
(Panreac) during 5 min. Fixed cells were further stained during 5 min
with 1 μg/mL of Hoechst 33342 (Invitrogen, cell nuclei) and 5 μg/
mL CellMask Deep Red Plasma Membrane Stain (Invitrogen, cell
membranes, red) diluted in PBS and rinsed again. Calcein was excited
at a wavelength of 495 nm, Hoesch at 350 nm and Cell Mask at 588
nm. The BC and BC/TiO2 films were flipped so that the cells faced
the surface of Ibidi Glass Bottom dishes to be imaged with 10× (dry),
20× (dry), or 40× (oil) objectives. Several images of different z planes
were obtained for each sample so that all the cross-section off the
sample was covered. These stacks of images were then used to
generate 3D reconstructions with the Fiji package of ImageJ (64-bit
version). Cell shape descriptors were analyzed with the same software
by measuring >60 cells for each condition from images taken from
three independent experiments. For the axial ratio, the length of the
longer axis of each cell was divided by the length of the shortest axis.
Circularity was calculated as 4π*(cell area/cell perimeter2). The
nuclear-cytoplasmic ratio (N:C ratio) was obtained by diving the
nuclear area between the total area of the cell. To fluorescently stain
the substrates (images in Figures 1 and 2), rewet BC and BC/TiO2
films were stained with Safranin-O (Alfa Aesar, 0.01% weight/volume
dilution in DI water) overnight and rinsed several times before plating
the cells. The Safranin-O dye was excited with a 495 nm laser.

Cryopreservation of Cell-Biomaterial Constructs. For the
cryopreservation experiment, 100.000 1BR3.G cells were seeded on
triplicates on BC and BC/TiO2 rewet films and conventional cell
culture surfaces (controls) and expanded until highly confluent
cultures were achieved; 1 week for BC and BC/TiO2 substrates and 5
days for controls. Cell-loaded BC and BC/TiO2 films were transferred
to 1.8 mL cryovials (Nunc) containing 1 mL cryopreservation
medium consisting of 90% FBS and 10% cell culture grade DMSO.
Controls cells were detached from the culture wells using Trypsin-
EDTA, centrifuged for 5 min at 1400 rpm and then resuspended in 1
mL of the same cryopreservation medium and transferred to cryovials.
The cryovials were kept overnight inside a CoolCell container at −80
°C to allow a controlled freezing rate of −1 °C/min. Then, the vials
were stored for at least 1 week at −196 °C on a liquid nitrogen tank.
BC and BC/TiO2 films without cells were included to monitor the
material stability upon cryostorage.

All of the vials were thawed directly by immersion on a 37 °C water
bath. The BC and BC/TiO2 films were carefully transferred to 24 well
plates containing fresh culture medium using tweezers. Control cells
were precipitated upon centrifugation and resuspended in warm
DMEM before being transferred to culture well plates. Twenty-four
hours later, the medium was changed to remove DMSO remains. Cell
recovery was assessed at three time-points: before cryopreservation, 4
and 48 h after thawing. Cell morphology was monitored with a
contrast phase microscope and cell viability was qualitatively
evaluated with Calcein-AM staining (described in the previous
section) and quantitatively with the CellTiter-Glo Luminescent Cell
Viability Assay also detailed before performing the luminescence reads
with a VICTOR 3 plate reader (PerkinElmer). Cell viability after
thawing was calculated for each condition relative to the luminescent
signal obtained for the not cryopreserved samples.

Cell Retrieve. For the trypsin-based cell retrieve experiment, BC,
BC/TiO2 films and controls (cell culture plates) were used as
supports to plate 100.000 1BR3.G cells as previously described
(triplicates). To estimate the number of cells that attached to the
supports, the number of unattached cells, floating on the culture
medium, was counted 4 h after platting as follows: Subsequently to
exhaustive homogenization, a sample of 10 μL of the cell suspension
was mixed with 10 μL of Trypan Blue Stain (0.4%, Gibco) to count
the number of cells that were not attached to the BC and BC/TiO2
substrates using a Neubauer chamber. 48 h later, the same cell
cultures were washed thoroughly with PBS (Gibco) and trypsinized
using 250 μL trypsin-EDTA (0.05%, Gibco)/well during 5 min. The
enzyme was neutralized with 500 μL of DMEM and the cells that
were floating on the medium were counted in the same manner. To
estimate the percentage of recovered cells, the initial number of
attached cells (100.000 minus the number of not attached cells) was
multiplied by the cell proliferation rate calculated for BC and BC/
TiO2 after 48 h of culture to obtain the theoretical number of cells
present on each film. Then the percentage of recovered cells was
estimated by diving the number of detached cells upon trypsinization
between the expected numbers of cells for each film. Optical
microscopy observations were also conducted to match these
calculations. The cell recovery was considered to be 100% for the
controls and the experiment was repeated three times.

To study cell retrieve via migration of cells from BC films to other
substrates, 100.000 1BR3.G cells were seeded by triplicate on rewet
BC and BC/TiO2 films and cultured for 48 h. Then, the films were
placed upside-down with the cells contacting the new substrates (cell
culture plate and never dry BC hydrogels) using tweezers and further
incubated for 72 h. After that, the original films were removed and the
migration/transference of cells was qualitatively evaluated with an
optical microscope. Migrated-cell’s viability was confirmed upon
Calcein-AM staining. The experiment was repeated three times.

The third method tested to recover cells from BC and BC/TiO2
substrates consisted of the enzymatic dissolution of the substrates
using cellulase. Three samples of BC and BC/TiO2 were seeded with
100.000 1BR3.G cells and incubated until reaching high confluence.
Then, the samples were rinsed with PBS incubated with a commercial
mix of cellulases (GrowDase, UPM Biomedicals) at 37 °C until
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cellulose degradation as observed. Two different concentrations of
cellulase were tested: (i) 0.45 mg/sample and 0.675 mg/sample
diluted in culture medium in a total volume of 300 μL. BC
degradation was monitored and photographed with an inverted
optical microscope (Nikon Eclipse TS100).
Statistical Analysis. Quantitative data are expressed as means ±

standard deviation. Statistical analyses were performed with Graph
Pad Prism 5 software using one-way ANOVA followed by Tukey’s
multiple comparison test. To compare two different experimental
conditions Student’s t tests were conducted. Statistical significance
was accepted when obtained P-values were ≤0.05 and summarized as
* = <0.05, ** = <0.01, *** = <0.001 for the calculated P-values.

■ RESULTS AND DISCUSSION
Substrate Characterization. BC directly obtained from

the K. xylinus cultures are hydrogels with a water content of
>100 times its own dry weight and a typical thickness of ∼800
μm. These samples are semitransparent after cleaning, sturdy
and easy to manipulate, and here are referred to as “never dry
BC”. When never dry BC is dried at 60 °C under 1 kg weight,
its thickness reduces to ∼20 μm, and samples acquire a paper-
like appearance. Upon rehydration, the dry films do not absorb
as much water as the never dry BC and exhibited a thickness of
∼23 μm.37 The rehydrated BC samples are referred to as
“rewet BC”. Figure S1 includes digital images of each type of
BC and other characteristics of the substrates. To create the
BC/TiO2 nanocomposites, never dry BC films were function-
alized with nanotitania via a microwave-assisted thermal

decomposition method previously reported34 and summarized
in Figure 1A. This one-step (15 min reaction time)
hydrothermal reaction allowed uniform nucleation of TiO2
NPs directly on the BC fibers as evidenced by the whitish color
acquired by the BC samples (see Figure S1). Never dry BC/
TiO2 was dried with the same procedure and its thickness
reduced to ∼30 μm. Rewet BC/TiO2 films were slightly
thicker (∼35 μm) than rewet BC. The handling of the BC/
TiO2 was comparable to that of plain BC; the samples kept its
shape, size, and flexibility, and we did not observe any sign of
deterioration after the microwave reaction.
Before its use as a substrate for cell culture, BC and BC/

TiO2 films were structurally characterized. To get a macro-
scopic view of the substrates, confocal microscope imaging of
fluorescently stained rewet BC and BC/TiO2 substrates was
conducted (Figure 1B,E). Both samples show continuous, flat,
and rather smooth surfaces only presenting few wrinkles
formed during the drying process. Since surface roughness is
reported to impact on cell attachment and growth,38,39 atomic
force microscopy (AFM) was used to compare the roughness
of the substrates in the dry state. BC films showed an average
roughness of 0.14 ± 0.03 μm whereas BC/TiO2 were rougher
(0.33 ± 0.07 μm) due to the nanoparticle coating (see Figure
1C,F).
Following, scanning electron microscopy (SEM) was used to

elucidate fiber organization and nanoparticle distribution on
the BC/TiO2 supports. BC films showed an unorganized

Figure 1. Preparation and structural characterization of the BC and BC/TiO2 substrates. (A) Schematic representation of the processes adopted to
prepare BC and BC/TiO2 cell carriers. Images B and E show macroscopic confocal microscope images of rewet BC (B) and BC/TiO2 (E) films
fluorescently stained with Safranin-O. AFM images (30 × 30 μm areas) are shown on C (BC) and F (BC/TiO2) panels to visualize differences in
roughness. Finally, scanning electron microscope (SEM) of BC (D) and BC/TiO2 (G) illustrates the nanofibrillar structure of the substrates and
the TiO2 coating. Insert on image D corresponds to a collagen-based biological membrane to visualize the high structural similarities with BC. SEM
samples were coated with five nm of Pt on images D and G and were left uncoated on the inset in image G. Color was added to facilitate
visualization of the insets.
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interlaced 3D nanofiber distribution (Figure 1D). Interestingly,
this 3D network presents a strong architectonical similarity to
collagen, the current gold standard to devise cell trans-
plantation supports. Insert on Figure 1D shows an SEM image
of collagen fibers from the amniotic membrane to exemplify
this resemblance. BC/TiO2 exhibits the same nanofibrillar
structure than plain BC with a homogeneous and dense
coating by the TiO2 NPs (Figure 1G). The inset of Figure 1G
shows an SEM image BC/TiO2 without metal sputtering were
the TiO2 coating is also visible. Energy-dispersive X-ray
Spectroscopy revealed that the atomic contribution of titanium
on the surface of BC/TiO2 substrates accounts for 25 ± 8%.
Both the atomic percentage of titanium and the density and
distribution of the TiO2 NPs coating was very similar between
the two sides of the nanocomposite.
Thermogravimetric analysis (TGA) was carried out to

determine that nanotitania represents ∼6% of the dry weight of
the BC/TiO2 composites. TGA was also used to study the
long-term stability of the nanocomposites; BC/TiO2 films
immersed in water for one month under mild stirring showed
no leaching of titanium. That is, the same weight percentage of
titanium was detected before and after the soaking.34

Accordingly, inductively coupled plasma-optical emission
spectroscopy revealed that the amounts of titanium detected
in the eluates BC/TiO2 samples were <0.02 mg/L. These two
experiments confirm that the nanoparticles are chemically
bonded to the nanocellulose fibers. This should prevent TiO2
nanoparticles to be released from the substrates and to be
internalized by the cells in the next in vitro experiments.
Transmission electron microscopy (TEM) was employed to

estimate the particle size distribution from the colloidal TiO2
NPs present on the supernatant of the microwave reaction,
being in average 7.1 ± 1.6 nm with a polydispersity of a 23%
(Figure S1−C). Finally, TEM on electron diffraction mode was
used to determine that the TiO2 crystallized in the anatase
phase, see Figure S1-D.
Together, these observations confirm that the employed

microwave synthesis is an effective method to prepare stable
BC/TiO2 nanocomposites in a fast and reproducible manner,
obtaining a uniform coating of the nanocellulosic fibers
without compromising the original structural properties of BC.
Endotoxin Content. Endotoxin (also known as lipopoly-

saccharide) contamination induces a variety of negative

biological effects such as airway disease, fever, hypotension,
coagulopathies, septic shock and even death, and represents a
major problem in biomaterial fabrication. Since BC is
synthesized by a Gram-negative bacterium, the presence of
endotoxins could pose a threat. The amount of endotoxins
detected in the eluates of sterile never dry BC and BC/TiO2
films were 0.04 ± 0.01 and 0.05 ± 0.01 endotoxin units (EU)/
mL respectively. Notably, these values are 1 order of
magnitude below the Food and Drug Administration (FDA)
obligatory limit of 0.5 EU/mL applied to medical devices. The
low amount of endotoxins detected in the substrates is in
accordance with the recent literature17,40 and indicates that the
cleaning protocol of BC is effective in removing any remains of
the K. xylinus cell wall.

Cell Attachment and Morphology. To investigate the
suitability of BC and BC/TiO2 as substrates to expand and
transplant adherent cells, a model human dermal fibroblast cell
line was employed (1BR3.G). Rewet BC and BC/TiO2
membranes were selected for the in vitro experiments as the
drying-rehydration cycle contributed to reducing the variability
between samples and slightly increased the initial cell
attachment compared to never dry BC. Accordingly, dry BC
and BC/TiO2 were rehydrated in DI water, autoclaved and
then seeded with 1BR3.G cells. This tolerance to heat
sterilization represents a clear advantage of BC for future
clinical translation. Fibroblasts readily attached to both BC and
BC/TiO2 substrates without the need of any additional
treatment, thus greatly facilitating the seeding protocol.
Moreover, the above-mentioned morphological stability of
BC and BC/TiO2 allowed the easy manipulation and
portability of the cell cultures. Figure S2 shows the cell
platting protocol, the handling of BC-cells constructs, and the
monitoring of the cell cultures by phase-contrast microscope.
By counting the number of cells that were not attached to the
substrates 4 h after seeding, we could assess that 77 ± 1% of
the seeded cells adhered to BC and 73 ± 9% attached to BC/
TiO2 (not statistically significant differences). Even that the
BC and BC/TiO2 films have the same size as the culture wells,
a small portion of the seeded cells still attached to the
underneath tissue culture plate instead of the substrates and
therefore these numbers are presented as an approximation.
After 2 days of culture, images from Figure 2A were collected
with a confocal microscope where fibroblasts attachment to the

Figure 2. Cell attachment and morphology on BC and BC/TiO2 substrates. Panel A shows confocal microscope images of human dermal
fibroblasts attached to BC and BC/TiO2 supports 48 h after plating the cells. Insets display enlargements to better visualize cell morphology and
spreading. Cell nuclei (blue) were stained with Hoechst and cell membranes (red) with Cell Mask while BC and BC/TiO2 supports were stained
with Safranin-O (green). 3D reconstruction of the z stacks revealed that cells distribute over the BC and BC/TiO2 films surface without penetrating
inside the films (see lateral images for the xz and yz planes). (B) Radar chart comparing the main cell shape descriptors (normalized) measured 48
h after seeding 1BR3.G cells on BC and BC/TiO2 films. N:C ratio refers to the nuclear/cytoplasmic ratio. Statistically significant differences were
found for the measurements of axial ratio, total cell area and N:C ratio suggesting a higher fibroblast spreading on BC/TiO2 than in plain BC.
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BC and BC/TiO2 films (stained in green with Safranin-O) is
clearly observed. Optical slicing in the z direction revealed that
1BR3.G cells grew over the entire surface of the BC and BC/
TiO2 films without penetrating inside the substrates as
expected according to the small size of the BC pores. Figure
S3 shows large area confocal microscope images (∼40 mm2) of
BC and BC/TiO2 substrates 48 h after seeding to further
illustrate fibroblast distribution on the surfaces.
Then, we analyzed diverse cell shape descriptors to

investigate whether BC and BC/TiO2 films were able to
facilitate cell spreading recapitulating the characteristic
elongated fibroblast phenotype found in vivo. Both supports
rendered the expected fibroblast morphology with axial values
of 3.9 ± 1.7 for BC/TiO2 and 3.1 ± 1.3 for plain BC (n > 60
cells, P-value < 0.005). Cell shape descriptors measurements
are detailed in Figure S4. Notably, the obtained axial ratios are
similar to those reported for fibroblasts seeded on collagen and

fibrin coated supports.41 Cells plated on BC/TiO2 substrates
presented statistically significant higher axial ratio compared to
cells cultured on plain BC as well as larger total cell area. This
indicates an enhanced spreading of the fibroblast on the BC/
TiO2 respect to BC supports (See normalized data on Figure
2B). The nuclear-cytoplasmic ratio (N:C ratio), i.e. the relative
area of the cytoplasm respect to the nucleus,42 was significantly
smaller for cells seeded on BC/TiO2 further supporting that
cells tend to extend more on the hybrid substrates. We ascribe
these effects to the greater roughness of the BC/TiO2
substrates which might provide more anchoring sites for the
fibroblasts.38,39,43

Cell Viability and Proliferation. To gain insight into the
biological activity of the fibroblasts cultivated on top of BC and
BC/TiO2 substrates, cell viability (Calcein-AM staining) and
proliferation kinetics were studied. Figure 3A illustrates that
cells seeded on both BC and BC/TiO2 films exhibit high

Figure 3. Cell viability and proliferation on BC and BC/TiO2 supports. (A) The study of cell viability was carried out with Calcein-AM staining 48
h after cell seeding. BC and BC/TiO2 substrates yielded highly viable cell populations. Confocal microscope images depict cell nuclei (blue) stained
with Hoechst and cell membranes (red) colored with Cell Mask. Viable cells were stained with Calcein-AM (green). The fourth column shows the
composite of all pictures. (B) Proliferation kinetics of the fibroblasts seeded on BC (gray bars) and BC/TiO2 (white bars) and controls (dotted
bars) monitored with the CellTiter-Glo assay measuring ATP levels. For the studied cell carriers, statistically significant differences were found for
day 8 compared to day 1 demonstrating the ability of BC and BC/TiO2 to support fibroblast proliferation (n = 3).

Figure 4. Cell retrievement from BC and BC/TiO2 supports. (A) Percentage of cells that could be harvested upon conventional enzymatic method
with trypsin-EDTA. A higher percentage of cells (55 ± 18 vs 35 ± 15%) was retrieved from the BC/TiO2 substrates but this difference was not
statistically significant (P-value = 0.1965). The dashed line at 100% corresponds to the approximate percentage of cells recovered from polystyrene
surfaces by the same procedure. (B) Optical microscopy images of the migrated/transferred fibroblasts from the initial substrates (BC and BC/
TiO2) to the new substrates: BC hydrogels (soft substrate) and polystyrene cell culture surfaces (stiff substrate). Insets correspond to fluorescence
microscopy images were cell nuclei are marked in blue (total number of cells) and viable cells are stained green with Calcein-AM. Scale bars = 100
μm.
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viability since 98% and 99% of the cells were positive for the
Calcein-AM staining respectively at day 2 after seeding.
Fibroblasts platted on control surfaces exhibited analogous
Calcein-AM staining. Then, we monitored cell proliferation
over 8 days of culture on BC, BC/TiO2 and cell culture plates
as positive controls (Figure 3B). A progressive intensification
of the signal was observed for the three conditions finding
statistically significant differences at day 8 with respect to day 1
for the BC and BC/TiO2 substrates, which correlates with an
increasing number of metabolically active cells. Not surpris-
ingly, fibroblasts on the control surfaces exhibit higher absolute
values (statistically significant respect to both BC and BC/
TiO2) which we attribute mainly to the higher initial cell
attachment to these surfaces compared to the BC and BC/
TiO2 carriers. No statistically significant differences were found
when comparing proliferation between plain BC and titania
hybrids implying that the TiO2 NPs coating has a neutral effect
over fibroblasts proliferation. After ∼1 week, the cultures
reached 100% confluence on the three substrates (Figure S2−
B) leading to the formation of a continuous cell monolayer.
These observations point out that BC and BC/TiO2 allow not
only the adhesion and spreading of fibroblasts but also its

metabolic activity and in vitro expansion. These findings are
relevant for future exploitation of BC and BC/TiO2 as cells
carriers since elevated cell densities are generally required for
transplantation.

Cell Retrieve. To further investigate the properties of BC
and BC/TiO2 substrates as cell culture platforms, we evaluated
the possibility to retrieve the cells attached to BC and BC/
TiO2 substrates by three different methods: conventional
trypsinization, direct contact with other substrates and
degradation of the nanocellulose carriers.
Cells adhered to BC and BC/TiO2 substrates could partially

be harvested upon a 5 min incubation with trypsin-EDTA. To
be precise, 55 ± 18% of the cells could be retrieved from BC/
TiO2 substrates while 35 ± 15% of the cells were detached
from BC (not statistically significant differences) yielding a
suspension of viable cells that could be used for further studies
such as flow cytometry (Figure 4A). By an equivalent
trypsinization process of fibroblasts growing on polystyrene
plates, virtually the totality of the cells (indicated as 100% in
Figure 4A) was recovered. This observation indicates that both
BC and BC/TiO2 substrates interfere to some extent with the
trypsin-EDTA action, making it a partially effective approach

Figure 5. Adherent cell cryopreservation in BC and BC/TiO2 substrates. (A) Phase-contrast and fluorescent (insets showing Calcein-AM staining
in green for viable cells) microscope images of fibroblasts grown on BC, BC/TiO2 and cell culture surfaces at the different evaluated points: before
cryopreservation, 4 and 48 h after thawing where cell recovery can be clearly appreciated. Scale bar = 100 μm. (B) Cell viability after thawing
expressed as a percentage of the not cryopreserved cultures. After 48 h of incubation, the cryopreserved cells recovered almost the same viability
values as the not cryopreserved samples on the three assessed methods (No statistically significant differences). (C) BC and (D) BC/TiO2
evaluation by scanning electron microscopy of the substrate’s integrity after cryostorage. Note that the nanofibrillar structure is totally maintained
after thawing on both substrates. Scale bar = 1 μm.
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to harvest the cells from the investigated substrates. Figure S-5
contains optical microscope images of the fibroblasts cultures
before and after the trypsin treatment further confirming these
results.
Second, we placed BC and BC/TiO2 films loaded with

1BR3.G cells in close contact (turned upside down) with two
different substrates: a polystyrene culture plate as an example
of a stiff substrate and a never dry BC hydrogel representing a
softer surface. With this method, the transference of a fraction
of the total adherent cell population (from their initial
substrates to the unused ones) was observed (Figure 4B).
Remarkably, the fibroblasts that migrated from the BC and
BC/TiO2 films were able to attach to the new supports and
were metabolically active as indicated by the positive Calcein-
AM staining (inserts in Figure 4B). The migrated cells
exhibited a different morphology depending on the substrate
where they were transferred; being more spread on the
polystyrene plate than on the BC hydrogel. Presumably, this is
due to the difference in the acceptor substrate stiffness which is
known to influence fibroblast morphology rendering more
rounded cell shapes in soft than in stiff substrates.44 Overall,
this preliminary experiment suggests that despite being
strongly attached to the BC and BC/TiO2 supports, the
cultured cells keep their migration abilities, which is useful for
future cell transplantation therapies.
Finally, we explored the possibility to benefit from cellulase

enzymes to dissolve the BC and BC/TiO2 carriers living a bare
cell layer similar to that obtained from the cell-sheet
technology that is begin developed with the use of
thermoresponsive polymers.45,46 However, this option was
dismissed because the optimization of the working conditions
of the cellulase enzyme was incompatible with the growth of
the cells; being the long incubation time required to
completely dissolve the nanocellulose carriers the main
inconvenience (see Figure S-6).
Adherent Cell Cryopreservation. Cryobanking of adherent

mammalian cells is challenging because of the need for low-
temperature resistant substrates and the high risk of cell
detachment after thawing.47 We hypothesized that the
mechanical and thermal stability of BC could be of great
value for this application. Accordingly, we evaluated the
possibility to directly cryopreserve cell-BC and cell-BC/TiO2
complexes aiming at facilitating the banking and transport of
ready-to-use medical products based on BC.48 BC-cells
constructs were slowly frozen, stored on liquid nitrogen for
over 1 week and thawed to assess cell viability and integrity of
the BC and BC/TiO2 supports.
Figure 5A shows the state of the fibroblast cultures grown on

BC, BC/TiO2 and culture wells before cryopreservation and
after thawing. Not surprisingly, 4 h after defrosting, the cells
were visibly stressed on the three tested conditions and
decreased its viability down to 20−40% compared to the not
cryopreserved cultures. However, cells remained attached to
the BC and BC/TiO2 substrates and it was noticeable that,
after a recovery time of 48 h, the fibroblasts cultures became
again highly confluent and viable as evidenced by the positive
staining for Calcein-AM (see insets in Figure 5A) on the three
experimental settings. Accordingly, the ATP levels measured
48 h after thawing (Figure 5B) of the cryopreserved cells were
almost identical (no statistically significant differences) to the
not cryopreserved samples. This corroborates the successful
adherent cell cryopreservation on BC and BC/TiO2 in a
comparable fashion to the conventional cryopreservation

method of single cells suspensions (Ct). Notably, the
suggested adherent cell cryopreservation process represents
even an easier protocol compared to the control method since
trypsinization is not required. The flexible nature of BC was
helpful to place the substrates inside the cryovials and we
speculate it is also convenient to prevent cell detachment as
described in49 for a poly urethane nanofibrous supports.
Moreover, we assessed the integrity of BC and BC/TiO2
substrates (without cells) after one-week storage at −196 °C.
The films did not undergo any change in shape or consistency
and were as easy to manipulate as the noncryopreserved
materials. Accordingly, the SEM micrographs of Figure 5C
(BC) and 5D (BC/TiO2) show intact nanofibrillar structures
and NPs coating without the presence of pores or cracks (use
SEM images in Figure 1 for comparison). The finding that BC
and BC/TiO2 support the cryopreservation of adherent cells in
an off-the-shelf format has important clinical significance as it
could reduce the preparation time of cell loaded-biomaterials
and boarders the possibilities for long-term storage of cellular
products.48

■ CONCLUSIONS
Here, we endorse BC and BC/TiO2 as endotoxin-free supports
to expand human dermal fibroblasts by providing a complete
evaluation of cellular responses toward BC and BC/TiO2. No
cytotoxic effects arising from the TiO2 nanoparticles anchored
to the BC fibers have been detected while cell spreading on the
hybrids was higher than in plain BC. In this study, TiO2 NPs
were incorporated into the BC substrates to investigate its
interactions with cells. However, future studies will examine
other reported advantages of TiO2 NPs such as the positive
effect in wound healing and antimicrobial activity. Notably, we
also report for the first time on the successful cryopreservation
of cell-BC and cell-BC/TiO2 constructs. Viable adherent cell
cultures and undamaged carriers were thawed after being
stored >1 week in liquid nitrogen. This indicates that BC and
its derivatives could be utilized in the fabrication and long-term
storage of ready-to-use cellular products. We expect the
findings reported here serve as a first step toward the
development of BC-based cell transplantation supports paving
the way for future uses of BC-nanocomposites as advanced
biomaterials.
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1. Introduction

Limbal stem cells (LSC) are tissue-specific stem cells located  
at the boundary between the cornea and the bulbar con-
junctiva. LSC safeguard ocular surface health by constantly  
renewing the corneal epithelium and by preventing the opaque 
conjunctival cells to migrate into the transparent cornea.[1,2] 
Acute trauma, burns, and inflammatory diseases can disrupt 
the delicate ocular surface homeostasis and cause opacifica-
tion, vascularization, and scarring of the cornea resulting in 

Limbal stem cells (LSCs) are already used in cell-based treatments for 
ocular surface disorders. Clinical translation of LSCs-based therapies 
critically depends on the successful delivery, survival, and retention of these 
therapeutic cells to the desired region. Such a major bottleneck could be 
overcome by using an appropriate carrier to provide anchoring sites and 
structural support to LSC culture and transplantation. Bacterial nanocellulose 
(BNC) is an appealing, yet unexplored, candidate for this application because 
of its biocompatibility, animal-free origin and mechanical stability. Here, BNC 
as a vehicle for human embryonic stem cells-derived LSC (hESC-LSC) are 
investigated. To enhance cell-biomaterial interactions, a plasma activation 
followed by a Collagen IV and Laminin coating of the BNC substrates is 
implemented. This surface functionalization with human extracellular matrix 
proteins greatly improved the attachment and survival of hESC-LSC without 
compromising the flexible, robust and semi-transparent nature of the BNC. 
The surface characteristics of the BNC substrates are described and a 
preliminary ex vivo test in simulated transplantation scenarios is provided. 
Importantly, it is shown that hESC-LSC retain their self-renewal and stemness 
characteristics up to 21 days on BNC substrates. These results open the 
door for future research on hESC-LSC/BNC constructs to treat severe ocular 
surface pathologies.

impaired vision.[3,4] LSC transplantation 
hold enormous therapeutic potential 
for these incapacitating conditions[5–7] 
but its implementation is conditioned 
to the availability of clinically compliant 
donor LSC and the effectiveness of the 
cell delivery strategies.[8,9] As an alterna-
tive to autologous and allogenic primary 
cell sources, on-demand amounts of LSC 
can be attained through differentiation 
from human induced pluripotent (hiPSC) 
or human embryonic stem cells (hESC) 
independently from donor ocular tissues. 
Furthermore, recent protocols ensure the 
reproducible and well-defined differen-
tiation of LSC offering safer venues for 
ocular surface reconstruction.[10–12]

Finding an optimal carrier for LSC 
transplantation to the ocular surface 
would give a firm push to the practical 
implementation of LSC-based therapies. 
Ideally, the carrier should be biocom-
patible and support cell viability while 
presenting adequate material properties  
(e.g., robustness, conformability, managea-
bility). Human amniotic membrane  

(AM), the innermost layer of the placenta, is widely used in 
ophthalmological treatments[13,14] and it has been advocated 
as a well-suited substrate for LSC expansion and transplanta-
tion.[15,16] Nevertheless, concerns about the low availability and 
reproducibility of AM have prompted research on alternative 
biological substrates such as collagen and fibrin.[17–19] On this 
line, we have previously suggested the biopolymer bacterial 
nanocellulose (BNC) for ocular surface bandaging applica-
tions.[20] BNC is biosynthesized by nonpathogenic bacterial 
cultures in the form of an interlaced nanofibrillar structure 
with high architectonic parallelism to collagen matrices. This 
nanostructure endows BNC with outstanding material proper-
ties regarding mechanical and thermal stability, conformability, 
water retention and easiness of manipulation.[21] In addition, 
BNC is widely regarded as a cytocompatible substrate owing 
it to its high chemical purity and supported by numerous in 
vitro investigations.[22–24] As for immunogenicity, BNC grafts 
have been found to elicit low to none inflammatory responses 
in vivo and to be generally well tolerated by the surrounding  
tissues.[25–28] Productionwise, BNC is equally appealing because 
of its animal-free origin, tunability and feasible scale-up.[29,30] 
All these reasons endorse BNC toward its way through the 
health market[31,32] with applications ranging from wound 
dressings[33,34] to antifibrotic implant coatings.[35]
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Here, we aimed at establishing and characterizing LSC cul-
tures on BNC substrates to assess its potential as a transplanta-
tion vehicle for these cells. BNC has been suggested as a carrier 
for other cell types,[36,37] including retinal pigment epithelium,[38,39] 
but to the best of our knowledge, this is the first study combining 
BNC and LSC. Clinical translation being our ultimate goal; we 
employed LSC differentiated from hESC (hESC-LSC) under 
feeder- and serum-free conditions.[11] Similarly, BNC membranes 
were thoroughly purified until endotoxin-free before its use as cell 
support.[22] The palette of BNC modifications seeking to enhance 
cell attachment is particularly diverse.[29,30,40–42] Thus, our ambition 
was to find a BNC conditioning rendering a favorable interface for 
hESC-LSC culture in a simple, well-defined and scalable process.

2. Experimental Section

2.1. BNC Substrates Preparation and Characterization

2.1.1. BNC Production

BNC hydrogels were synthesized by Komagataeibacter xylinus (K. 
xylinus, NCIMB 5346 from Colección Española de Cultivos Tipo, 
Valencia, Spain) grown on Hestrin-Schramm medium following 
previously described protocols.[20,43] K. xylinus cultures were 
kept on 24-well plates for 3 d under static conditions at 30  °C 
to obtain circular BNC fleeces with the same diameter as the 
containers (≈1.6 cm). The as-formed hydrogels were picked with 
tweezers and immersed in a 1:1 v/v solution of Milli-Q water and 
ethanol for 10–15  min. Then, BNC fleeces were cleaned with 
boiling Milli-Q water (40 min) and NaOH (2 × 20 min) to remove 
organic remains. The BNC hydrogels were dried at 60  °C, 
between two Teflon plates and 1 kg weight. Dry films were rehy-
drated in Milli-Q water, sterilized by autoclave (121 °C, 20 min), 
and stored at room temperature (RT) until experimental use.

2.1.2. BNC Surface Modification

BNC membranes were placed on 24-well culture plates and 
incubated overnight at 4  °C with a solution of 0.5  µg  cm−2 of 
recombinant human laminin (LN-521, Biolamina) and 5 µg cm−2 
collagen type IV from human placenta (Col IV, Sigma-Aldrich) in 
Dulbecco’s phosphate-buffered saline (DPBS, Lonza) containing 
calcium and magnesium. The as-prepared samples are referred 
to as “extracellular matrix (ECM) coated” BNC. To prepare the 
“Plasma + ECM coated” samples, dry BNC films were activated 
for 1  min with oxygen plasma inside a plasma reactor (Diener 
Electronic GmbH, power = 50 W, pressure = 0.40 mBar) under 
vacuum. Then, the activated membranes were immediately 
coated with the ECM protein solution following the previous 
procedure. The “plasma” BNC samples were only irradiated with 
oxygen plasma and the “plain” samples were left untreated.

2.1.3. Light Transmittance Measurements

Visible light absorption spectra were collected with a JASCO V-570 
ultraviolet–visible–near infrared spectrophotometer between 400 

and 800 nm. Samples were held with a cover glass also used for 
the baseline correction. Three different samples were analyzed for 
each condition and the obtained values were averaged.

2.1.4. Scanning Electron Microscopy (SEM)

Fragments of dry BNC films were placed flat on aluminum 
SEM sample holders with adhesive carbon tape. Metalized sam-
ples were sputtered with 5 nm of platinum before imaging. A 
high-resolution scanning electron microscope (FEI Magellan 
400L XHR SEM) was used under a high vacuum and with an 
acceleration voltage of 2 kV to obtain images at 5.000, 20.000, 
and 100.000X magnifications. Working distance was 4 mm and 
the current was 0.1 nA. Energy-dispersive X-ray (EDX) spectro-
scopy was performed with the same equipment at 1  KeV. At 
least two areas from four independent BNC samples were 
imaged on both sides of the films.

2.1.5. Atomic Force Microscopy (AFM)

Topographical images and roughness values were obtained 
with a 5100 Agilent Technologies atomic force microscopy on 
tapping mode and equipped with a FORT tip form AppNano. 
Three 30 µm × 30 µm areas were analyzed from each sample. 
Dry BNC samples were fixed flat on the holders with adhesive 
tape. The images were processed with Surface analysis software 
V7.4 (64-bit)—Mountains technology.

2.1.6. Ex Vivo Evaluation of BNC with Porcine Corneal  
Organ Culture

The corneal organ model employed in this study has been 
described previously.[44,45] Briefly, fresh porcine eyes from a 
local abattoir were kept in cold DPBS +  2% antibiotics for up 
to 4 h and then disinfected with 2% povidone-iodine (Betadine, 
Leiras). The corneas and part of the sclera were resected under 
sterile conditions and kept in Dulbecco’s modified Eagle 
medium supplemented with 5% fetal bovine serum, 1% Peni-
cillin/Streptomycin (P/S), 0.1% Amphotericin-B and 1 X Glu-
taMax at 37 °C and 5% CO2 until BNC implantation. Before the 
BNC application, epithelial damage was created by an exhaus-
tive scraping of the corneal surface with a scalpel, including 
the limbal area. BNC membranes were preconditioned with 
culture medium and 5  mm diameter pieces were cut with 
a trephine and sutured to the central part of the cornea with 
the help of a Barron artificial anterior chamber (Katena prod-
ucts Inc.). Four symmetric sutures (VICRON suture number 
7) were made to fix each BNC sample. Then, specimens were 
moved to six-well plates and covered with soft contact lenses 
(EyeQ One-Day Premium, Cooper Vision) to avoid drying. The 
corneal organ culture was kept in the same culture conditions 
for 2 weeks after the implantation. The medium was changed 
trice per week. Before histological analysis, the porcine cor-
neas were fixed using 4% paraformaldehyde (PFA) in DPBS 
for 4 h at RT. Samples were dehydrated in a Tissue-Tek VIP 5 
(Sakura Finetek Europe) automatic tissue processor overnight 
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and embedded in paraffin blocks. Following, 7 mm thick tissue 
sections were cut with a microtome from each sample to cover 
different areas of the cornea. Histological sections were stained 
with hematoxylin-eosin (HE) and mounted on TOMO adhe-
sion microscope slides (Matsunami Glass Ind., Ltd.). Optical 
microscope images were captured with Nikon Eclipse TE2000-S 
microscope and DS-Fi1 camera.

2.2. In Vitro Experiments

2.2.1. Human Embryonic Stem Cell-Derived Limbal Stem Cells 
(hESC-LSC) Culture

All cell studies were conducted under the ethical approval of 
the Ethics Committee of Pirkanmaa Hospital District number 
R05116 to derive, culture, and differentiate hESC lines for 
research. No new cell lines were derived from this study. The 
hESC-LSCs were differentiated from the hESC line Regea08/17 
as described previously.[11] The hESC-LSC cultures were main-
tained under serum- and feeder cell-free conditions. For the in 
vitro experiments, cryopreserved hESC-LSC in PSC cryopreser-
vation medium (Thermo Fisher Scientific) were thawed at 37 °C 
and directly plated on top of BNC substrates (100.000 cells cm−2) 
placed on 24-well plates. Immediately after seeding, the culture 
plates were centrifuged for 1 min at 200 g’s to increase the con-
tact between hESC-LSC and the BNC supports. Controls were 
seeded on Corning CellBIND 24-well plates with the same 
ECM coating (5  µg  cm−2 Col-IV  +  0.5  µg  cm−2 LN-521). The 
cultures were maintained in defined CnT-30 corneal differentia-
tion medium (CELLnTEC, Advanced Cell Systems) containing 
0.5% antibiotics (P/S) at 37  °C and 5% CO2. Cell morphology 
and attachment were visually evaluated with a phase-contrast 
microscopy Zeiss Axio Vert A1 (Carl Zeiss) and the medium 
was changed trice per week.

2.2.2. Cell Viability Studies

For qualitative cell viability assessment, the LIVE/DEAD Via-
bility/Cytotoxicity Kit for mammalian cells from Thermo Fisher 
Scientific was employed following the manufacturer’s instruc-
tions. Briefly, cell cultures were washed with DPBS and incubated 
in the dark for 30 min with 500 µL of a 2 × 10−6 m Calcein-AM 
and 1  × 10−6 m Ethidium homodimer solution in DPBS. Then, 
the samples were rinsed with DPBS and imaged using a fluores-
cence microscope (Olympus IX51 equipped with a DP71 camera)  
at 10X. PrestoBlue cell viability reagent (Thermo Fischer Scientific)  
was used to measure cell proliferation. Triplicate samples were 
washed with DPBS and incubated with PrestoBlue reagent 
diluted 1:10 v/v in CnT-30 medium for 30  min at 37  °C and 
protected from light. Then, the supernatants were pipetted in 
technical triplicates on a 96-well plate (100 µL per well) and fluo-
rescence values were read with a Viktor 1420 Multilabel Counter 
(Wallac) at 544 nm excitation and 590 nm emission wavelengths. 
Blanks were made with BNC substrates without cells. The 
average viability values obtained at Days 3 and 7 were normalized 
to values from Day 1 and represented as mean ± standard error 
repeating the experiment three times.

2.2.3. Immunofluorescence

For specific marker proteins and Collagen IV detection, samples 
were first washed with DPBS, fixed with 4% PFA for 20 min at 
RT and washed again three times with DPBS. Triton X-100 was 
used to permeabilize the cell membranes for 15 min at RT and 
then samples were blocked for 90  min with a solution of 3% 
bovine serum albumin (BSA) in DPBS under mild agitation. Pri-
mary antibodies were diluted in 0.5% BSA and incubated over-
night at 4 °C. The next day, specimens were washed three times 
with DPBS and incubated for 1 h at RT under mild agitation 
with the fluorescently labeled secondary antibodies diluted in 
0.5% BSA. See Table 1 for information regarding the employed 
antibodies. Finally, samples were rinsed again three times with 
DPBS, flipped upside down and prepared for imaging with 
mounting medium containing 4′,6-diamidino-2-phenylindole 
dihydrochloride (DAPI) (Vectashield from Vector Laboratories) 
under 13  mm Ø coverslips. Pictures were captured using an 
Olympus IX51 fluorescence microscope with 5X and 10X dry 
objectives. The stainings were repeated at least three times. Raw 
images were colored and adjusted for contrast and brightness 
using Image-J-Fiji software. Gray values were measured as the 
average intensity from the whole fluorescent images acquired 
with the same exposure times using the same software.

2.2.4. Confocal Microscope

Fixed hESC-LSC cultures grown on top of BNC membranes were 
incubated for 5 min at RT with 1 mL of a solution of 5 µg mL−1 
CellMask Deep Red Plasma Membrane Stain (Invitrogen) to dye 
cellular membranes and 0.25  mg  mL−1 Fluorescent Brightener 
(Sigma) diluted in DPBS to stain the BNC substrates. Then, 
samples were rinsed with DPBS and placed with the cells facing 
down on Ibidi Glass Bottom dishes. Stack images were obtained 
with a confocal laser-scanning microscope (Leica SP5). Fluores-
cent Brightener was exited at 350  nm and Cell Mask 588  nm 
wavelengths. Fluorescence images were reconstructed and 
colored with the Fiji package of Image-J (64-bit version).

Table 1. Antibodies employed in the immunofluorescence staining.

Antibody Host Supplier Dilution (v/v)

p63α Rabbit Cell Signaling Technology 1:200

p40 Mouse Biocare Medical 1:100

CK14 Mouse R&D 1:200

CK15 Mouse Neomarkers (Thermo Fisher) 1:200

CK12 Goat Santa Cruz Biotechnology 1:200

CK12 Rabbit Abcam 1:200

Ki-67 Rabbit Millipore 1:500

Collagen IV Goat Millipore 1:100

Antirabbit Alexa-488 Donkey Molecular Probes 1:800

Antirabbit Alexa-568 Donkey Molecular Probes 1:800

Antigoat Alexa-568 Donkey Molecular Probes 1:800

Antimouse Alexa-647 Donkey Molecular Probes 1:800

Antimouse Alexa-568 Donkey Molecular Probes 1:800
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2.3. Statistical Analysis

Statistically significant differences were determined using 
Graph Pad Prism 5 software by one-way analysis of variance 
and Tukey’s multiple comparison post hoc test. Significance 
between groups was established for P <  0.05. Values provided 
correspond to the average ± standard deviation or standard 
error of the mean as indicated. P-values on the graphs are sum-
marized as nonsignificant (ns) for P ≥ 0.05, * for P < 0.05, ** 
for P < 0.01, and *** for P < 0.001.

3. Results

3.1. BNC Membranes Coating and Characterization

BNC membranes (i.e., dried and rehydrated native BNC 
hydrogels) were conditioned for hESC-LSC culture following 
the process summarized in Figure 1A. Typically, hESC-LSC 
require specific binding moieties present in the ECM for 
adherence and survival. Therefore, a defined mixture of ECM 
proteins consisting of human Collagen IV (Col-IV) and recom-
binant human Laminin-521 (LN-521) was conjugated to endow 
BNC with specific linkers to favor cell attachment. Col-IV was 
fluorescently immunostained to investigate the distribution 
and abundance of the covering (Figure  1B–E). The conven-
tional method consisting of incubating the BNC membranes 
with the protein solution rendered an inhomogeneous and 
incomplete coating of the substrates (Figure 1C) with accumu-
lations of Col-IV in the cavity-like structures of the BNC mem-
branes. To address this issue, a plasma activation step was 
incorporated before the impregnation with Col-IV and LN-521. 
The plasma-treated BNC substrates were homogeneously and 
more profusely covered by Col-IV than the substrates coated 
without prior plasma activation (Figure  1D). This effect was 
confirmed by comparing the fluorescence intensity values 
(Figure  1E) which showed statistically significant differences 
between the two methods.

Macroscopically, BNC membranes were indistinguishable. 
All the studied forms of BNC appeared as semi-transparent, 
thin (≈20 µm), flexible, and self-standing substrates (Figure 2A). 
BNC membranes, regardless of the surface treatments, were 
easily manipulated with tweezers and showed good conform-
ability to a dome-shaped surface (Figure  2A). Moreover, the 
applied surface treatments had a negligible effect on the light 
transmittance of the BNC membranes (Figure  2B). All the 
investigated BNC membranes presented high light transmit-
tance at long wavelengths while showing a gradual decline 
toward smaller wavelengths. As an example, the average trans-
mittance at 700 nm was 84% and 70% at 500 nm.

SEM was used to investigate the effect of oxygen plasma on 
the micro/nanostructure of BNC revealing an altered nanofiber 
morphology after the plasma treatment (Figure  1F,H). This 
is a superficial modification since the reverse side of all the 
substrates presented the typical BNC nanofibrous organiza-
tion (see a representative image in Figure 1I). Under SEM, the 
ECM coating was visually imperceptible on both ECM-coated 
and plasma-activated  +  ECM-coated samples (Figure  1G,H). 
To discard misinterpretations due to the metallization of the 

samples, nonmetallized substrates were also observed under 
SEM with comparable outcomes (Figure S1, Supporting 
Information). On the contrary, a nitrogen peak, ascribed to 
the proteinaceous coating, was detected by EDX only on the 
samples containing Col-IV an LN-521 (Figure S1, Supporting 
Information). Besides, the surface of the plasma-treated BNC 
membranes was noticeably rougher than the untreated ones. 
This observation was confirmed by AFM roughness meas-
urements, which disclosed a 1.4-fold increase in roughness 
for the plasma-activated samples versus the not activated 
samples (AFM images are shown in Figure S1, Supporting 
Information).

3.2. Ex Vivo BNC Evaluation with a Corneal Organ Culture

To assess the applicability of BNC as a support for cell trans-
plantation to the ocular surface, an ex vivo organ culture model 
was used. Epithelial damage was created on excised porcine 
corneas before BNC implantation. After 14 d in culture, histo-
logical analysis was carried out by sectioning the specimens as 
schematized in Figure 3A. During the sample preparation pro-
cess, BNC membranes proved excellent conformability to the 
dome shape of the corneas, could be cut to the desired size and 
were easily ex vivo sutured to the ocular surface (Figure  3B). 
Imaging of the HE-stained sections showed undamaged BNC 
membranes in close contact with the corneal surface for some 
of the tested eyes. Remarkably, a continuous corneal epithe-
lium had regrown under the BNC patch (Figure  3C,D). See 
Figure S2 in the Supporting Information for comparison with a 
control pig cornea without BNC implantation where a similarly 
regrown pig epithelium is appreciable.

3.3. hESC-LSC Attachment and Viability on BNC Substrates

Next, the ability of the BNC to promote hESC-LSC attachment 
and viability was evaluated and compared for the distinct sur-
face treatments. After 24 h in culture, evident differences could 
be observed in terms of cell morphology (Figure 4). hESC-LSC 
platted on plasma activated-ECM coated BNC membranes 
exhibited a homogeneous distribution on the substrate and 
the expected epithelial cell appearance (Figure 4D). Oppositely, 
hESC-LSC seeded on BNC membranes that received only 
plasma activation (Figure 4B) or solely ECM coating (Figure 4C) 
were round in morphology indicating poor suitability of these 
substrates for hESC-LSC maintenance. The same outcomes 
were detected for plain BNC (Figure 4A).

In accordance with these observations, at Day 4 after 
seeding, Live/Dead staining evidenced a highly viable cell pop-
ulation on the BNC membranes that were plasma-activated 
and coated with Col IV and LN-521 (Figure  4H). hESC-LSC 
on plasma-activated as well as plain BNC had mainly detached 
from the substrates (Figure  4E,F). On BNC membranes 
with conventional ECM coating, more hESC-LSC remained 
adhered but were unable to spread and stained mainly as dead 
cells (Figure  4G). An additional Live/Dead assay was con-
ducted for BNC with plasma activation and ECM-coating at 
Day 8 to confirm long-term cell survival observing a highly 
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viable hESC-LSC population (Figure S3, Supporting Informa-
tion). In light of these results, the in vitro experiments that 
follow were only performed with BNC substrates with plasma 
activation and ECM coating and are referred to as “BNC” from 
here on.

3.4. hESC-LSC Self-Renewing Capacity on BNC Substrates

Since the capacity to promote cell attachment, proliferation 
and then further differentiation toward corneal epithelial 
cells is a valuable characteristic of a cell carrier, we studied 

the self-renewal properties of hESC-LSC on BNC substrates 
at three different time points. Visually, an increase in cell 
number could be observed between Days 1 and 3 while from 
Days 3 to 7 cell density stabilized and cell size augmented 
(Figure 5A). hESC-LSC exhibited the expected cobblestone 
morphology at the three studied time points and tended to 
form an epithelial monolayer on top of the BNC substrates 
as observed by confocal microscope (Figure  5B). The meta-
bolic activity was quantitatively analyzed with a Presto Blue 
assay (Figure 5D). An increase in the fluorescence signal was 
detected at the early stages of the culture but not at the late 
stages where the fluorescence intensity remained constant 

Figure 1. BNC surface treatments. A) Sketch of the different surface modifications of BNC membranes. B–D) Immunofluorescence staining of Collagen 
IV (green) deposited on BNC substrates. B) BNC activated with plasma but without ECM coating (Blank). C) BNC coated with the standard procedure 
consisting of pipetting the ECM protein solution on top of the substrates. D) Plasma-activated and ECM-coated BNC substrates where an intense 
and homogeneous coating by Collagen IV is observed. E) Fluorescence intensity (gray value ± standard error) comparison of the Collagen IV staining 
between the different BNC substrates. Statistically significant differences were detected between all the groups. The lower board (F)–(I) gathers repre-
sentative SEM images of the BNC substrates. As seen in images (F)–(H), G) the plasma treatment altered the BNC nanofibers while the ECM coating 
was visually undetectable. I) The reverse (untreated) side of all the BNC substrates remained unaltered, indicating that the modifications caused by 
the oxygen plasma are superficial. A representative SEM image is shown.
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(not statistically significant differences). To further confirm 
these results, immunofluorescence staining of the prolifera-
tion marker Ki67 was performed (Figure  5C). Expression of 
Ki67 was detected at Days 1, 3, and 7 in a fraction of the hESC-
LSC indicating the presence of a self-renewing cell population. 
The estimated percentage of Ki67 positive cells was higher on 
Day 1 than on Day 7. hESC-LSC growing on conventional cul-
ture plates coated with Col IV and LN-521 were used for com-
parison and a similar evolution was observed (see Figure S4, 
Supporting Information).

3.5. Protein Marker Expression

Finally, we investigated whether hESC-LSC cultured on BNC 
films retain their progenitor phenotype or they start to differ-
entiate toward corneal epithelial cells. The expression of spe-
cific LSC markers[46] was evaluated by immunocytochemistry. 
Simultaneous p63α and p40 antibodies were used to detect 
the presence of the ΔNp63α isoform of p63 in the cell nuclei, 
a widely used LSC marker. For further validation of the pro-
genitor phenotype, the presence of distinctive cytokeratins (CK) 

Figure 2. Macroscopic and optical features of BNC substrates. A) Digital images of the tested BNC substrates presenting an analogous appearance. 
All the membranes could be easily handled, maintained its flexibility and robustness, and accommodated well to a curved surface (upper photograph). 
B) Visible light transmittance of the tested cell carriers. The coatings to enhance hESC-LSC attachment did not alter the optical properties of BNC. All 
the substrates presented high transmittance at long wavelengths with a progressive decrease toward shorter wavelengths.

Figure 3. Ex vivo evaluation of BNC applicability as a cell delivery vehicle to the ocular surface with a porcine organ culture model. (A) and (B) depict 
the experimental setup, a Barron artificial anterior chamber (B) was used to perform the sutures on resected pig eyes. BNC membranes withstood 
cutting to the desired shape and fixation by suture stitches to porcine corneas with induced epithelial damage. Histological sections were cut as illus-
trated in (A). C,D) HE staining of the tissue sections revealed the successful re-epithelization of the pig corneas and intimate contact between the BNC 
and the ocular surface at the two examined cross-sections. For clarity of the images, BNC has been highlighted in blue and the pig epithelium in pink.
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was also examined. CK14 and CK15 were selected as stemness 
indicators while CK12 was employed as a differentiated corneal 
cell marker. Immunofluorescence images shown in Figure 6A 
illustrate that the majority of hESC-LSC cultured on BNC sub-
strates highly express ΔNp63α and low to undetectable levels 

of CK12 at both Days 3 and 7 correlating with the expected LSC 
phenotype. Control hESC-LSC cultured on ECM-coated plastic 
exhibited a comparable marker expression pattern (see Ct in 
Figure  6A). Notably, the progenitor markers CK14 and CK15 
behaved differently. While both keratins presented positive 

Figure 4. Attachment and viability of hESC-LSC on surface-modified BNC. A–D) Phase-contrast microscope images a Day 1 where, depending on the 
surface modification of BNC, clear differences in cell morphology can be visualized. Substrates with only one treatment (plasma (B) or ECM coating 
(C)) rendered rounded hESC-LSC morphologies while the combination of both created a favorable surface for hESC-LSC spreading (D). E–H) Live/
Dead staining of hESC-LSC at Day 4 where alive cells are stained in green and dead cells in red. Note the high cell viability in (H) corresponding to 
BNC substrates with plasma activation followed by ECM protein coating. E–G) Viable hESC-LSC on the rest of the substrates were scarce.

Figure 5. hESC-LSC culture monitoring and proliferation on BNC supports. A) Cell density and distribution versus time on BNC substrates.  
B) Confocal microscope and XZ cross-section images where the tendency of hESC-LSC to form an epithelial monolayer on top of the BNC substrates 
can be observed. hESC-LSC plasma membranes were marked in red and the BNC supports in blue. C) Representative immunofluorescence staining 
images of the Ki67 proliferation marker expression at diverse time points of hESC-LSC cultures on BNC. D) Presto Blue assay measuring the metabolic 
activity of hESC-LSC expanded on BNC. Bars show the average value of three independent experiments with standard error . E) Estimation (average 
and standard error) of the percentage of Ki67-positive cells at three different culture time points.
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Figure 6. LSC marker expression at early time points. A) Representative immunofluorescence photographs of hESC-LSC cultured on BNC membranes 
3 and 7 d after platting. Expression of the well-established limbal stem cell marker ΔNp63α was confirmed by the simultaneous detection of p63α and 
p40. CK12, an epithelial differentiation marker, was identified in low amounts. Merged images confirm the nuclear location of ΔNp63α and the colo-
calization of the p63α and p40 antibodies. Ct refers to conventional ECM-coated cell culture surfaces used for comparison and the scale bar is 100 µm. 
B) Cytoplasmic expression of the stemness-associated cytokeratins 14 and 15 (CK14 and CK15) on hESC-LSC cultures grown on top of BNC membranes 
for 4 and 7 d. The distribution of CK14 and CK15 (red) is compared to p63α (green) present in the nucleus. Scale bar equals to 100 µm. Insets: DAPI-
stained nuclei (blue) to evidence the total number of cells and details of the localization of the stemness markers. Scale bar of the insets = 50 µm.
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immunofluorescence—less homogeneous than ΔNp63α—at 
Day 4, only CK15 remained detectable on hESC-LSC main-
tained on BNC membranes until Day 7 (Figure 6B). As for con-
trols, a similar trend was observed except for some faint signal 
still present at Day 7 for CK14.

Furthermore, we examined the long-term maintenance of 
stemness marker expression. Figure S5 in the Supporting 
Information displays immunofluorescence images of hESC-
LSC on BNC carriers and control surfaces cultured for 2 and 
3 weeks where a sustained LSC phenotype (p40-positive and 
predominantly CK12 negative) is perceived for both time points 
and culture surfaces resembling the early time points.

4. Discussion

hESC-LSC could revolutionize the management of ocular sur-
face diseases but an optimal cell delivery strategy still needs to 
be found. This study suggests BNC as a nonanimal sourced 
substrate for hESC-LSC maintenance, manipulation, and plau-
sible transplantation. We describe a straightforward plasma-
assisted method to anchor ECM proteins on the surface of BNC 
enabling subsequent hESC-LSC attachment, spreading, and 
viability. Then, we demonstrate that hESC-LSC cultures express 
the proliferation marker Ki67, especially at the early stages 
of the culture and that they retain a LSC phenotype for up to  
3 weeks on BNC supports.

A preliminary histological analysis from a corneal organ cul-
ture model shows the possibility to achieve intimate contact 
between BNC and the corneal surface, which is an advanta-
geous situation for cell transplantation. We also observed re-
epithelization under the BNC membranes, which hints that 
BNC does not cause major cytotoxicity or oxygen permeability 
issues on this ex vivo model. These findings, combined with 
our previous reports on BNC suturability and stability in con-
tact with ocular tissue,[20] confirm that the material properties 
of BNC are adequate for a carrier in ocular surface cell replace-
ment therapies. However, future research is required to assess 
the migration and integration capabilities of hESC-LSC grown 
on BNC carriers onto damaged corneas. Likewise, in vivo bio-
compatibility studies about ophthalmological applications of 
BNC are encouraging but still very scarce[47] and the interac-
tions between BNC and the host ocular immune system war-
rant further investigation.

There are a few examples in the literature about the usage 
of BNC supports in stem cell culture that do not report on 
the need for coating BNC with ECM proteins to provide cell 
adhesion moieties.[48–50] Similarly, in our previous work with 
human dermal fibroblasts,[22] we found that BNC coating was 
not required to facilitate cell attachment. However, the here 
presented results prove that the plasma-assisted ECM protein 
functionalization is crucial for hESC-LSC attachment and 
survival on the BNC substrates. Neither the plasma activa-
tion alone nor the conventional method to coat cell culture 
surfaces was able to provide a favorable interface between 
BNC and hESC-LSC. These observations discard that the 
described enhanced hESC-LSC adhesion is a consequence 
of the increased roughness of the plasma-treated BNC sub-
strates detected by electronic microscopy and AFM. On the 

contrary—and backed by the intensified Col IV adsorption 
on plasma-treated BNC—we ascribe this effect on the pres-
ence of specific binding sites for hESC-LSC. Interestingly, an 
analogous strategy was followed by Sorkio  et  al. to enhance 
hESC-derived retinal pigment epithelial cells attachment to 
synthetic electrospun membranes drawing similar conclu-
sions.[51] Hence, the requirement of surface modifications 
to use BNC as a cell culture substrate seems to be cell type-
dependent. This cell-specificity has also been described by 
Pertile and colleagues[52] who reported that nitrogen plasma 
activation improved the affinity of microvascular cells and 
neuroblasts for BNC but had no effect on fibroblasts.

Notably, the plasma treatment (1 min activation) did not make 
the hESC-LSC seeding protocol substantially longer, more com-
plex or costlier compared to the standard ECM coating and did 
not compromise the manageability and the semi-transparency 
of the BNC membranes. By SEM examination, we encountered 
morphological changes on the BNC surface which were not 
present on the bulk of the material again in good agreement 
with reference.[52] Therefore, we conclude that plasma activa-
tion offers vast possibilities for BNC functionalization aiming 
at favoring its interactions with cells without comprising its 
outstanding materials properties in a fast, simple, and scalable 
manner.[53]

We inferred hESC-LSC cultures progression on BNC by 
measuring the metabolic activity and by detecting the prolif-
eration marker Ki67 noticing that hESC-LSC can produce new 
daughter cells on BNC membranes as evidenced by the pres-
ence of Ki67-positive populations. A slowdown on the prolif-
eration rate after Day 3 together with an increase in cell size 
was detected. These features correlate with a slight matura-
tion of the hESC-LSC on BNC, although not complete differ-
entiation since cultures remained positive for LSC markers  
and essentially CK12 negative (maturation marker) for up to 
3 weeks. The detection of the progenitor marker CK14 at Day 
4 but not at Day 7 after platting and the dimmer staining for 
CK15 at Day 7 compared to Day 4 further supports that a par-
tial maturation of hESC-LSC is occurring on the BNC carriers. 
We believe that is an interesting finding since cellular thera-
pies expect the progeny of the transplanted cells to mature and 
become part of a functional corneal epithelium after implan-
tation, mimicking the in vivo phenomena.[2,54] On the other 
hand, the employed hESC-LSC were previously proved capable 
of terminal differentiation on porcine collagen matrices by 
detecting the expression of CK3 and CK12 proteins.[19] However, 
it remains uncertain if hESC-LSC possess the ability to dif-
ferentiate toward fully mature corneal epithelial cells on BNC 
supports indicating a need for future work. Together, these 
observations lead us to believe that the level of maturation of 
the hESC-LSC cultures will be an important parameter to con-
sider in upcoming studies on BNC-assisted hESC-LSC delivery 
to the ocular surface.

Notably, the assumed long-term mode of action of LSC trans-
plantation relies on its capability to repopulate the limbal niche 
and from there provide constant cell renewal to the corneal 
epithelium. The expression of multiple stemness markers—
ΔNp63α, CK14, and CK15—on hESC-LSC seeded on BNC 
carriers corroborates its progenitor phenotype and reinforces 
the therapeutic expectation that hESC-LSC could act similarly 
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to autologous LSC.[55,56] Therefore, we venture that the time 
window between Day 1 and Day 4 after seeding on BNC sup-
ports could be an appropriate timing for hESC-LSC transplanta-
tion because the cultures exhibit higher proliferation and more 
stemness characteristics than later time-points; features that 
have been correlated with greater in vivo regenerative poten-
tial.[57,18] Besides, this timing would also reduce the preparation 
period of the hESC-LSC/BNC constructs. Overall, and consid-
ering that biomaterial properties can greatly influence cell dif-
ferentiation,[58,59] the ability of BNC membranes to maintain 
the hESC-LSC phenotype in vitro rather than inducing terminal 
differentiation is encouraging for future implementation. We 
speculate that this effect could be at least partially explained by 
the particular nanotopography of BNC, as already reported for 
mouse stem cell cultures.[48,60]

Currently, the library of biomaterials exploited in cell-based 
corneal regeneration is dominated by AM,[5,61] collagen,[9,62] 
and fibrin-derived substrates[18,63] with successful results 
already reported.[18,64] Research efforts are now focused on 
reducing the inherent risks of these therapies[65] by switching 
to well-defined cell culture protocols[66,67] and nonanimal 
sourced carriers.[68] In pursuit of clinically compatible solu-
tions, we employed serum- and feeder-free hESC-LSC cultures 
containing clinical-grade heparin, from the CnT-30 medium, 
as the only animal-derived product. BNC fits well into this 
emerging concept because of its purity and biotechnological 
animal-free production.[69] We believe that BNC can be advan-
tageous over the above mentioned biopolymers because of its 
mechanical stability, manageability, and lack of processing, 
which are considered as major limiting factors of the current 
solutions.[62,70] Moreover, the thermal stability of BNC ena-
bles both its sterilization by heat and cryopreservation.[22] The 
latest being of particular significance because it makes the 
cryobanking of ready-to-use hESC-LSC/BNC constructs a fea-
sible possibility.

5. Conclusions

Here, we report on the culture of hESC-LSC on BNC mem-
branes. We show that BNC substrates support the formation 
of new daughter cells and retain the progenitor phenotype of 
hESC-LSC while providing a self-standing and easy to manip-
ulate mechanical support. Moreover, the nonanimal origin of 
BNC and the well-defined hESC-LSC differentiation and cul-
tivation procedures allowed the formation of cell-biomaterial 
constructs intended for a prospective clinical application in 
ocular surface treatments. hESC-LSC attachment and viability 
were achieved after a plasma-enabled ECM protein functionali-
zation of the BNC substrates. This fast and simple BNC func-
tionalization method could be exploited in the future for the 
culture of other therapeutic cells and expand the possibilities of 
BNC as a cell carrier.

Supporting Information
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Bacterial nanocellulose as a corneal bandage
material: a comparison with amniotic membrane†

Irene Anton-Sales, a Justin Christopher D’Antin, b,c

Jorge Fernández-Engroba, b,c Victor Charoenrook,b,c Anna Laromaine, *a

Anna Roig *a and Ralph Michael b,c

Corneal trauma and ulcerations are leading causes of corneal blindness around the world. These lesions

require attentive medical monitoring since improper healing or infection has serious consequences in

vision and quality of life. Amniotic membrane grafts represent the common solution to treat severe

corneal wounds. However, amniotic membrane’s availability remains limited by the dependency on donor

tissues, its high price and short shelf life. Consequently, there is an active quest for biomaterials to treat

injured corneal tissues. Nanocellulose synthetized by bacteria (BNC) is an emergent biopolymer with vast

clinical potential for skin tissue regeneration. BNC also exhibits appealing characteristics to act as an

alternative corneal bandage such as; high liquid holding capacity, biocompatibility, flexibility, natural – but

animal free-origin and a myriad of functionalization opportunities. Here, we present an initial study aiming

at testing the suitability of BNC as corneal bandage regarding preclinical requirements and using amniotic

membrane as a benchmark. Bacterial nanocellulose exhibits higher mechanical resistance to sutures and

slightly longer stability under in vitro and ex vivo simulated physiological conditions than amniotic mem-

brane. Additionally, bacterial nanocellulose offers good conformability to the shape of the eye globe and

easy manipulation in medical settings. These excellent attributes accompanied by the facts that bacterial

nanocellulose is stable at room temperature for long periods, can be heat-sterilized and is easy to

produce, reinforce the potential of bacterial nanocellulose as a more accessible ocular surface bandage.

Introduction

Ocular surface disorders, especially those affecting the cornea,
can severely disturb vision and quality of life. Yearly, there are
approximately 1.5 million worldwide cases of corneal trauma,
burns and infectious ulcerations.1,2 Conjunctival flap oper-
ations have long been performed in these cases,3–5 but due to
its poor post-operative visual and cosmetic results, during the
last decades, human amniotic membrane (AM) patches6–8

have been preferred because of their well-known regenerative
effects.9 The AM has a layered structure with two well differen-
tiated sides: an epithelial side made of cuboidal cells and a
spongy stromal side constituted mainly of collagen fibres10

which is typically placed in contact with the corneal damage.
AM also offers a tectonic pillar for corneal perforations and

can be indicated as a temporary treatment prior to a recon-
structive technique.11 Despite its satisfactory clinical
outcomes,12,13 AM sometimes degrades faster than the
required healing time,14 it is extremely costly and it has a
short shelf life. Other drawbacks of AM concern its availability,
which depends on donors and the presence of tissue banks
and medical infrastructure. Therefore, novel biomaterials able
to overcome these limitations are currently being
investigated.15–17

Bacterial nanocellulose (BNC) is a polysaccharide naturally
secreted by several non-pathogenic bacterial strains that has
gained a lot of attention for biomedical applications.18,19 BNC
can easily be produced from Komagataeibacter xylinus (K.
xylinus) cultures as stable water-insoluble hydrogels at the
interface between the air and the liquid culture medium. After
appropriate cleaning, BNC hydrogels are free of endotoxins
and ultra-pure, containing just nanocellulose fibres organized
in a similar structure as collagen.20 Furthermore, BNC exhibits
a high liquid holding capacity, porosity and conformability
together with numerous functionalization opportunities due
to its high surface area. All these unique characteristics
promote the many valuable applications of BNC as a biomater-
ial. In fact, BNC has successfully been used for skin tissue

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0bm00083c

aInstitute of Materials Science of Barcelona (ICMAB-CSIC), Spain.
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regeneration21–23 and products like Epicitehydro (JenaCell) are
already available on the market. Similarly, a BNC-based
coating for implantable devices (Hylomate Pouch24) is in the
final stages of validation as an anti-fibrotic agent. Other
studies highlight the potential of BNC as substrate for in vitro
models25 and as a drug delivery matrix.26,27

Despite these promising reports, the capability of BNC to
heal other body surfaces such as the cornea or the dura
mater28 remain largely unexploited.29 Therefore, based on the
outstanding performance of BNC on skin wound healing, we
hypothesize that BNC also holds potential as an ocular surface
bandage. In contrast to AM, BNC is stable at room temperature
for long periods of time and its production from diverse
carbon sources is sustainable and controllable in terms of
size, shape and thickness.30 Finally, yet importantly, BNC can
be easily sterilized by heat and its animal-free origin might
reduce the risk of disease transmission, ethical concerns and
dependency on donor tissues. BNC’s light transmittance is
around 70% due to light scattering caused by fibre bundles
and pores.31 Since this might limit its applicability as a long-
term corneal substitute, we focused on a temporal application
of BNC similar to that of AM.32

Here, we validate BNC as suitable base material to develop
novel corneal bandages. A detailed comparison between
physicochemical characteristics of AM and BNC is provided
and then, we demonstrate BNC’s mechanical resistance to
suture and stability under physiological conditions. Finally, we
show preliminary ex vivo assays with porcine corneas. Together
our results endorse BNC as a strong candidate for future
corneal bandaging applications.

Results
Material characterization

Despite the extensive use of AM in ophthalmology, not much
has been reported about its micro/nanostructure and material
characteristics. Consequently, prior to the stability tests, the
main characteristics of BNC and AM were compared. Scanning
electron microscopy (SEM) was employed to study the micro
and nanostructures of the ocular surface bandages. SEM
imaging (Fig. 1A) of AM revealed a distinct micro and nano-
structure of its two sides. The stromal side, which is generally
placed in contact to the corneal surface, exhibits a nanofibril-
lar structure that highly resembles the BNC’s architecture. The
mean fibre diameter measured from the SEM images was 57 ±
9 nm for the collagen fibres in AM and 56 ± 13 nm for BNC
nanofibers (average value from both sides of BNC). The epi-
thelial side of AM is more unorganized and fibres were not
observed. BNC presented a rather similar structure at both
sides. However, the top side oriented towards the air during
the biosynthesis process shows higher compaction of the
fibres than the side facing the liquid bacterial culture (Fig. 1A).

BNC hydrogels were investigated as-synthetized, containing
high amounts of water (≈100 times its own dry weight). A de-
hydration test revealed that BNC hydrogels exposed to the air
under controlled temperature (22 °C) and humidity (45%) still
maintain two thirds of their initial water content after 6 hours
(see ESI Fig. S1†). AM membranes were also used as-received
from the tissue bank. Thicknesses measured with a
micrometer were between 600 and 900 µm for BNC, while AM
pieces were much thinner (between 50 and 110 µm). These

Fig. 1 Materials characterization. (A) Micro and nano structure of the bandage materials tested. Each material presents two differentiated sides,
which are illustrated schematically and with SEM micrographs. The stromal side of AM and the compact side of BNC were the ones facing the ocular
tissues in the experiments detailed below. (B) Representative TGA curves of BNC and AM (n = 3 for each material). Remaining mass of BNC is 0.7 ±
0.1% and AM is 1.7 ± 0.8%. (C) X-ray diffraction patterns of the ocular surface bandages where BNC shows two broad diffraction peaks while AM
appears as an amorphous material.
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thickness measurements can be slightly affected by the blot-
ting performed prior to the measurement to remove the excess
water of the films and therefore the superficial mass parameter
was monitored instead of the thickness on the onward experi-
ments. BNC superficial mass computed was almost 8 times
higher than AM (90 vs. 12 mg cm−2).

Regarding optical properties, both materials exhibit low
visible light absorbance (<1 absorbance from 800 to 400 nm)
displaying a progressive increase in light absorbance towards
the ultraviolet range. Interestingly, despite the marked differ-
ence in thickness, the overall ultraviolet-visible light absor-
bance was not proportionally higher in BNC. As an example,
light absorbance for BNC was 0.38 at 600 nm and 0.29 for AM.

The thermal stability of the materials was assessed by
thermo-gravimetric analysis (TGA) (Fig. 1B). The onset of
degradation was defined by the position of the peaks from the
first derivative function of the TGA curves and happened at
≈325 °C for BNC and at ≈250 °C for AM. Both materials
decomposed almost completely (BNC total degradation hap-
pened at approx. 500 °C and AM at approx. 650 °C) and show
residual masses of 0.7 ± 0.1% for BNC and 1.7 ± 0.8% for AM
(n = 3). This result indicates that both materials are almost
entirely constituted by organic matter as expected.

To gain insight into the atomic organization of BNC and
AM, their X-Ray diffraction (XRD) patterns were compared
(Fig. 1C). BNC is a semi-crystalline material that presents two
characteristic broad diffraction peaks (at 2θ = 14.6 and 22.8) as
well as some amorphous background.33 Contrarily, AM does
not show any clear diffraction pattern, indicating an amor-
phous structure.

Suture stress test

An important specification of an ocular surface bandage
material is to enable an easy and durable suturing to the eye
surface. Since AM is commonly sutured in ophthalmological
procedures, it was used as a benchmark for comparison. BNC
has been satisfactorily sutured in vivo34 but, to the best of our
knowledge, not to the ocular tissues and its resistance to
suture has never been quantified. A set up was assembled
similar to the one reported in ref. 35 and illustrated in Fig. 2A.
BNC and AM samples were sutured to small pieces of scleral
tissues and clamped. Weights were added until BNC and AM
materials teared at the suture point as shown in Fig. 2B. BNC
films held an average force of 0.47 ± 0.11 N while AM resis-
tance was much lower (0.11 ± 0.02 N). Some of the BNC pieces
tolerated higher loads and caused the suture thread to break
before BNC (filled dots on the graphs in Fig. 2B). Statistical
analysis (unpaired T-test) revealed a significant difference
between the two maximum forces supported by the compared
materials.

Stability under simulated physiological conditions

Another requisite to consider a material for ocular bandaging
applications is its durability and stability under the eye’s phys-
iological conditions. To gain insight on BNC’s bio-stability we
performed in vitro and ex vivo tests. For these tests, native BNC

hydrogels were used since dry films have a paper-like appear-
ance that showed poorer conformability to the dome shape of
the eye globes. For the in vitro study, BNC and AM were main-
tained in corneal preservation medium to monitor its potential
degradation. The integrity of the samples was inferred by
measuring their superficial mass and by visual observation.
No indications of degradation were noticed for any of the two
materials as depicted in Fig. 3. The materials did not show any
substantial change in diameter or thickness (see slit lamp pic-
tures). In addition, no disintegration features or holes were
observed in any of the samples. Visually, AM samples became
more opaque after the 30-day incubation while BNC samples
maintained their transparency but acquired some shading
from the culture medium. These visual observations were con-
firmed by measuring the grey values of the dark field images
taken for each sample before and after incubation (dark field
pictures are shown in Fig. S2†). The grey values of AM samples
considerably increased upon incubation (from 77 ± 7 to 162 ± 7)
while similar grey values for BNC were conserved after the
incubation period (79 ± 18 prior to incubation and 73 ± 17 after
incubation). As for the UV-VIS absorbance, AM did not present
any substantial change whereas incubated BNC showed a
small rise in absorbance at 600 nm compared to untreated
BNC (from 0.38 to 0.41) (Fig. 4A). The material’s superficial
mass was also characterized after the corneal medium incu-
bation test (Fig. 4B). BNC samples reduced its superficial
mass near 12% (from 90 to 79 mg cm−2) while AM samples
decreased 33% its superficial mass (from 12 to 8 mg cm−2).
This change of the superficial mass was statistically signifi-
cant (paired T-test, p-value < 0.0001) only for the AM
specimens.

Fig. 2 Suture stress resistance test. (A) Set up of the device for the
suture stress resistance test. The insert image shows a BNC sample
sutured to a piece of scleral tissue. Same procedure was employed to
evaluate AM. (B) Force (N) that caused the breakage of the materials.
Filled circles indicate that BNC tolerated a higher weight than the suture
thread. That is to say, the complex collapsed because the suture broke
before the BNC. P-Value (unpaired T-test): <0.0001. Max forces were
normalized for the maximum thickness sample of each group (986 μm
for BNC and 63 μm for AM). Images inside the graph show the fracture
of the material (indicated with asterisk) at the suture point.

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2020 Biomater. Sci., 2020, 8, 2921–2930 | 2923

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
7 

A
pr

il 
20

20
. D

ow
nl

oa
de

d 
on

 3
/2

9/
20

21
 4

:2
5:

17
 P

M
. 

 T
hi

s a
rti

cl
e 

is 
lic

en
se

d 
un

de
r a

 C
re

at
iv

e 
Co

m
m

on
s A

ttr
ib

ut
io

n-
N

on
Co

m
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e.

View Article Online



– 284 –

| Annex |

Finally, SEM investigation revealed that the characteristic
nanofibrillar structure of both BNC and AM was retained
during the 30-day experiment (Fig. 5, see untreated vs. in vitro)
and that the epithelial side of AM presented some crystalliza-
tions after the in vitro incubation (ESI Fig. S3†). These
elongated crystals, were undetectable by X-ray diffraction (data
not shown) indicating that its contribution to the total amount
of mass of the material should be rather small.

Conformability and adaptability of the materials to the
arched shape of the cornea were evaluated by suturing BNC to
porcine eyes. BNC films naturally present a flat side (with
compact fibres) and a rougher side (loose fibres). After asses-
sing the two possible orientations, the flat side was selected to

be in contact with the corneal surface since it showed better
adaptability. Importantly, corneal surgeons from our clinic
sutured BNC to the cornea of over a score of excised pig eyes
and found it easy to handle. BNC maintained its original
shape during the process without tearing at the puncture
holes. Overall, the suturing of BNC was comparable to that of
AM and the sutured BNC molded well to the dome-shaped
cornea. See ESI Fig. S4† for more details about this process.

Excised porcine corneas were also used for a more realistic
ex vivo evaluation of the materials under study. Sample prepa-
ration for BNC is illustrated in Fig. 6 and AM samples were
arranged in a similar fashion. After the ex vivo culture, the
materials were recovered for characterization. Overall, we did

Fig. 3 Frontal (white filed + grid) and slit lamp images of AM and BNC before and after the stability tests. White field photographs were taken with a
grid to better visualize transparency of the materials. Each square of the grid is one mm2. Inserts at the bottom of the images correspond to lateral
views of the materials captured with a slit lamp. In general, both materials were stable under the tested conditions and incubation times. To mark
the orientation of the samples that were sutured to porcine corneas, a tissue marker was used. For clarity in the pictures, corneal bandages were
delineated with a yellow-dotted-line.

Fig. 4 Ultra violet-visible light absorbance of the materials and superficial mass. (A) Ultraviolet and visible light absorbance of BNC and AM
materials at different experimental conditions. Average spectra were obtained from the mean of all the samples for each condition. As for samples
sutured to porcine corneas, BNC increased its overall absorbance indicating some acquisition of the tissue/medium components. Oppositely, AM
slightly decreases its absorbance, this might be due to a thinning of the material. (B) Changes in the superficial mass of the films upon 30-day main-
tenance in vitro. Superficial mass was compared to evaluate degradation and possible changes in thickness. Both materials experienced a reduction
on its superficial mass: 12% for BNC and 33% for AM. This change in superficial mass was only statistically significant for AM (P-value < 0.0001,
paired T-test) samples.
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not detect major differences in the BNC samples before and
after being sutured to the excised porcine corneas; all samples
maintained their integrity (size and shape) and did not
degrade (for better visualization refer to dark field images in
ESI Fig. S2†). AM samples also maintained their overall integ-
rity but presented tears at the suture points and some debili-
tated (i.e. more transparent and apparently fragile) areas.

Lateral images of the samples taken with a slit lamp showed a
continuous layer of material both for AM and BNC after being
sutured to the corneas (see third and fourth columns in Fig. 3)
without detectable defects. Accordingly, SEM imaging revealed
that the nanofibrillar structure of BNC and AM was main-
tained after their incubation (Fig. 5, see untreated vs. sutured
to cornea) in contact with the biological material. Both BNC
and AM presented some organic deposits on the side in
contact with the corneal surface (indicated with asterisks in
Fig. 5). The crystals that appeared on the in vitro experiment
were not detected in these ex vivo conditions.

In comparison to untreated samples, BNC increased 26%
its absorbance at 600 nm whereas AM samples displayed a
reduction of 35% (see Fig. 4A). Moreover, BNC samples pre-
sented a new absorbance peak at 260 nm. It was not possible
to accurately calculate the superficial mass of the samples
after the ex vivo test since the suture caused deformation of
the samples, especially of the AM membranes.

Discussion

Although BNC possesses attractive intrinsic characteristics to
become a new ocular surface bandage material,18,36 very few
studies have explored this possibility. Here, we present a com-
parative study between BNC and the most common ocular
surface bandage; AM. First, we provide an extensive character-

Fig. 5 Representative SEM images of the corneal bandage materials before and after the in vitro and ex vivo stability tests. The side of the material
shown here is the one that was in contact with the eye surface, images from the external side are shown as ESI Fig. S3.† Under SEM, no signs of
degradation were observed neither for BNC nor for AM samples after any of the two treatments. For the materials sutured to the corneas, both AM
and BNC showed some organic deposits (marked with *) that might indicate some transfer of biological matter from the eye surface/culture
medium to the ocular surface bandages.

Fig. 6 Ex vivo suture test sample preparation. BNC hydrogels and AM
were sutured to pig eyes as illustrated schematically in (A). The needle
easily penetrated the BNC hydrogels and conventional knots were made
with surgical instrumentation (B). Both materials adapted well to the
dome shape of the eye without forming wrinkles. Then, the cornea and
part of the sclera were excised and placed on Petri dishes containing
RPMI medium for 20 days. Same sample preparation process was fol-
lowed for AM.
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ization of BNC and AM and a comparison of their physico-
chemical characteristics. Then, BNC is positively evaluated
regarding: stability under simulated physiological conditions,
resistance to the mechanical stress caused by suture, conform-
ability to the eye surface and easiness of manipulation using
standard clinical procedures. Compared to AM, BNC hydrogels
resisted a higher force on the suture stress test, did not lose
transparency after the in vitro test and where less deformed on
the ex vivo assay.

The present study focused on the suitability of BNC as a
new ocular surface bandage from a material point of view.
Therefore, data regarding the ability of BNC to promote
corneal wound healing is not provided yet. We speculate that
BNC corneal bandages can have a protective effect similar to
that of collagen corneal shields.37,38 Thus, feasible clinical
usages of BNC would be as temporary tectonic or multi-layered
bandages for patients suffering from non-infectious corneal
ulcers, or ulcerative keratitis with high risk of corneal perfor-
ation. Applying a therapeutic contact lens on top of the BNC
bandage could be needed, in the same way as when using AM
in clinical practice. The contact lens would contribute to
decrease friction with the inner surface of the eyelids as well
as to maintain moisture by capturing the tears on its concave
side.

Importantly, our latest data39 shows that the amount of
endotoxins detected in the eluates of autoclaved BNC are 0.05
± 0.01 Endotoxin Units (EU) mL−1. This value falls well below
the Food and Drug Administration limit set at 0.5 EU mL−1 for
medical devices and indicates that BNC can be considered a
non-pyrogenic material. Regarding inflammatory responses,
we expect native BNC to act as an inert biomaterial. That is,
BNC hydrogels are expect to be neither pro nor anti-inflamma-
tory as demonstrated in ref. 40 with in vitro tests. It has also
been argued that BNC is well tolerated in vivo without causing
major inflammatory complications.41,42 However, the inter-
actions of BNC with the immune system will be addressed on
our future investigations.

BNC is a mechanical and thermally stable material. These
features are relevant for thermal sterilization (typically per-
formed at 121 °C) and for adhering BNC to the ocular surface
by suture stitches. AM decomposition takes place at rather
high temperatures but its sterilization by heat might compro-
mise its wound healing capabilities. BNC hydrogels used in
this study were much thicker than AM, although the thickness
of both materials varies considerable due to its biological
origin.43,44 AM can be up to 200 µm and can be used as a mul-
tilayer, an approach that can also be envisioned for BNC.
Notably, BNC’s thickness can be modulated during the pro-
duction process45 and/or posteriorly by adjusting its water
content33 to meet specific requirements. Roughly, BNC hydro-
gels can be obtained with thicknesses ranging from hundreds
of microns to few millimetres while dry BNC membranes
exhibit thicknesses of tens of microns.

The Young modulus of BNC is also largely influenced by
the water content and biosynthesis method, being in the range
of 0.6 to 1.5 GPa 33,46 in its dry state with considerably lower

values for the never dry form. Similarly, tensile strength is in
the order of 50 MPa for dry BNC and between 1.5 and 2 MPa
for the never dry form. Nevertheless, the BNC hydrogels
present higher ductility with elongation at break values up to
20% which might be of interest for the application suggested
here.47 BNC presents a characteristic nanofibrillar structure
with a great architectonical similarity to that of collagen found
in the stromal side of AM (see SEM images in Fig. 1). Despite
the observed similar nanofibrillar organization, BNC and AM
differ at the organization level, evidenced by the X-ray diffrac-
tion patterns, being AM non-crystalline and BNC a semi-crys-
talline material.

On the other hand, BNC’s nanofibrillar network can act as
a reservoir for diverse molecules.48,49 This capability might
offer venues for future BNC corneal bandages supplemented
with therapeutic agents in order to emulate the anti-scarring
and anti-inflammatory effects that AM provides. In fact, the
anti-inflammatory effect BNC hydrogels supplemented with
diclofenac has recently been reported.40 Similarly, in cases of
bacterial keratitis, BNC could be impregnated with antibiotics
to act as a medication reservoir. In this direction, BNC is also
well known to support the culture of several cell types50–52

including retinal pigment epithelial cells.20,53 These reports,
together with the findings presented here, suggest further uses
of BNC as a cell carrier for corneal cell therapies. In the case of
a BNC bandage supplemented with sensitive biological
material (cells or bioactive molecules), the cryo-storage
approach commonly used for preserving AM54 could also be
considered since our recent data demonstrate that BNC is
stable at liquid nitrogen temperatures.39 Other interesting
modifications of BNC aim at increasing its optical transpar-
ency. This can be achieved by mechanically increasing fibre
alignment46 or by filling the pores with biocompatible poly-
mers such as polyethylene glycol.40

Importantly, we validate that BNC can be sutured to the
ocular surface without employing more time or resources than
AM while presenting a higher resistance to the mechanical
stress caused by the suture. Moreover, its soft and flexible
nature confers optimal adaptability to the dome shape of the
ocular surface. We also expect that the high liquid holding
capacity of BNC hydrogels will be convenient to keep proper
hydration of the ocular surface.

We examined the behaviour of BNC in two simulated phys-
iological environments; in vitro, maintained in corneal preser-
vation medium for 30 days, and ex vivo, sutured to excised pig
corneas during 20 days without observing signs of degradation
neither at the macro nor at the micro/nano scales. In vitro,
BNC and AM kept its integrity but decreased its superficial
mass; this reduction was higher in weight percentage for AM
than for BNC. However, it is hard to discern if this shrinking
in the superficial mass is due to material deterioration or to
loss of water due to osmotic processes. Additionally, AM
samples became more opaque after the incubation, possibly
due to microcrystals deposits that increased light scattering.
BNC hydrogels did not present crystals or opacification but
BNC films were coloured by the culture medium and this

Paper Biomaterials Science

2926 | Biomater. Sci., 2020, 8, 2921–2930 This journal is © The Royal Society of Chemistry 2020

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 0
7 

A
pr

il 
20

20
. D

ow
nl

oa
de

d 
on

 3
/2

9/
20

21
 4

:2
5:

17
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.

View Article Online



– 287 –

| CV and publications |

might be responsible of the slight increase of light
absorbance.

Placing the materials in direct contact with ocular tissue on
the ex vivo test allowed us to discard degradation of the BNC
caused by the interaction with the tissue and to confirm its
robustness after suturing. BNC nanofibrillar structure was also
intact after the experiment. Contrary to BNC, AM samples were
deformed and presented some tears at the suture points but
kept its overall integrity. The UV-VIS light absorbance of AM
was decreased after the treatment and some areas seemed to
debilitate as observed on the grid images. This might be attrib-
uted to a thinning of the material that needs to be further con-
firmed. BNC behaved differently, its overall UV-VIS absorbance
moderately increased presenting a new peak characteristic of
nucleic acids and close to the protein absorbance region. This
could be ascribed to the adsorption of biological material on
the BNC coming either from the ocular tissues or the culture
medium. This observation is also supported by the organic
deposits visualized under SEM. Transference of tissue/
medium components was also detected visually in the form of
opaque areas and with SEM as organic accumulations in the
AM samples. Overall, we consider BNC to be stable under the
two tested conditions and times.

In summary, corneal damage is a highly prevalent cause of
vision reduction and blindness, particularly in rural areas of
developing countries. Therefore, there is an evident need for
low-cost, accessible, durable and easy to apply ocular surface
bandages.55,56 In the present study, we aimed to elucidate
whether BNC, a biomaterial that shows great promise for skin
regeneration, is also suitable as bandage material to treat
ocular surface disorders. Using AM as a benchmark, we
demonstrated that BNC meets basic preclinical requirements
for this purpose. These findings, together with BNC’s pro-
longed shelf life, straightforward and animal-free production
and controllability might encourage further investigations of
BNC for corneal regeneration.

Methods

The general experimental design of this study is summarized
on ESI Table 1.†

Amniotic membrane

Human AM were obtained from the local tissue bank
(Barcelona Banc de Sang i Teixits) and stored at −80 °C until
experimental use. The samples were cut into the desired
shapes and sizes using a 17 mm ∅ trephine (circles) or surgi-
cal scissors (rectangles).

Production of the bacterial nanocellulose films

Bacterial nanocellulose films were obtained following our
established protocol detailed elsewhere.57 Briefly, a commer-
cial Komagataeibacter xylinus (K. xylinus) strain (NCIMB 5346
from CECT, Valencia, Spain) was inoculated on 6 mL of
Hestrin–Schramm (HS) medium (1.15 g citric acid, 6.8 g

Na2HPO4·12H2O, 5 g peptone, 5 g yeast, and 20 g dextrose for
1 L of Milli-Q water) and incubated statically for 7 days at
30 °C. This bacterial culture was further diluted 1 : 15 with
fresh HS medium and cultured on 24-well plates (2 mL per
well) during 3 days. The BNC pellicles that formed at the air–
liquid interface were collected and immersed in a solution of
1 : 1 ethanol : deionized water (DI) to kill the bacteria. Then,
the films were washed 1 × 40 minutes in boiling DI water and
2 × 20 minutes in a boiling 0.1 M NaOH solution to remove
organic residues. After rinsing several times with DI water, the
films were autoclaved (121 °C, 20 min).

Endotoxin contamination study

The endotoxin extraction was carried out by placing clean and
autoclaved BNC hydrogels in depyrogenated falcon tubes with
40 mL of endotoxin free water during 72 h at 30 °C and under
orbital agitation (100 rpm), according to FDA recommen-
dations.58 The endotoxin content in the eluates from BNC
samples was measured with a Pierce™ LAL Chromogenic
Endotoxin Quantification Kit purchased form Thermo Fisher
and the assay was performed following the manufacture’s
instructions. The products of the reaction were read for absor-
bance at 405 nm in a microplate reader (Infinite 200 PRO,
TECAN®) at 37 °C. The indicated values in the results section
correspond to mean ± standard deviation of two independent
experiments obtained from two different endotoxin quantifi-
cation kits and evaluating each time two samples from two
different batches of BNC.

Dehydration test

Three independent BNC hydrogels (12 cm × 12 cm) were left to
dehydrate inside a room with controlled humidity (45%) and
temperature (22 °C). The materials were weighed every hour
with a precision scale. The initial weight of the hydrogels was
used to calculate the reaming weight (%) at different time
points.

Thickness measurements

Thickness of the AM (n = 12) and BNC (n = 20) samples was
measured with a digital micrometre, placing the samples
between two cover slides to keep them flat. A slight blotting of
the specimens was made with filter paper prior to the
measurement to remove the excess of liquid. Five measures
were made for each sample at different areas to get an average
thickness.

Thermogravimetric analysis

To evaluate the thermal stability of the materials, a TGA-DSC/
DTA analyser (NETZSCH STA 449 F1 Jupiter) was used. The
covered temperature range was from 25 to 800 °C and the
heating rate was 10 °C per minute in air. The first derivative
graphs were obtained with the Origin 85 software. Three
samples were analysed from each material.
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X-Ray diffraction

Dry BNC and AM were fixed flat on a silicon wafer support to
acquire X-ray diffraction patterns using a Siemens (Model
D-5000) diffractometer. Step size was 0.02° per minute in a 2θ
range from 5° to 30°. A Cu anode was employed. Smoothing of
the data was performed with the Savitzky–Golay model
included on the Origin 85 software.

Digital images

Digital images were taken with a Canon Eos 550C camera
coupled to a microscope with the samples placed on a dark/
white field chamber. For the white field images, a grid
(squares of 1 mm2) was located under the specimens to better
visualize transparency of the materials. The photographs were
acquired with a standardized exposure time of 1/100 s. Areas
and grey values were measured from these images with the
ImageJ-win64 software.

Scanning electron microscopy

Both BNC and AM samples were freeze dried at −80 °C for
48 hours to preserve its native structure. Small pieces of the
films were cut with scissors and immobilized on top of alu-
minium sample holder with a carbon tape. The samples were
sputtered with 5 nm of platinum before being imaged with a
high resolution scanning electron microscope Magellan 400L
at the following magnifications: 5000X, 20 000X and 100 000X.
The employed voltage was 2.00 kV and the current was 100 pA.

Ultraviolet visible spectroscopy

Ultraviolet-visible (UV-Vis) absorbance spectra of BNC and AM
materials were obtained without any sample preparation step.
A Varian Cary-5000 UV-Vis-NIR spectrophotometer on trans-
mission mode was employed to obtain a minimum of two
spectra (between 200 and 800 nm) from each sample. A base-
line correction was performed by subtracting the absorbance
of the glass coverslips used to hold the samples. The absor-
bance of the sample was calculated as: A = log10(I0/I) where I0
corresponds to the intensity of the light passing through the
reference cell (glass) and I to the intensity of the light passing
through the sample cell (BNC or AM) at the same wavelength.

In vitro stability test

The in vitro stability test evaluated six independent samples of
each material. Circular BNC films of ≈2 cm2 and AM rec-
tangles of ≈3 cm2 were used. Every sample was weighed and
photographed before the incubation. Each sample was placed
individually on sterile glass bottles containing 100 mL of
Tissue C (Alchimia) culture medium. The materials were
clipped to a CornealFloat to keep them suspended in the
liquid. The bottles were kept during 30 days in a CO2 incubator
(5%) at 37 °C. Then, the materials were recovered and charac-
terized for: weight, diameter, integrity, micro/nano structure
(SEM) and light absorbance (UV-Vis).

Suture stretch test

To test the mechanical stability of the materials, the device
illustrated in Fig. 2A was employed. BNC (n = 16) and AM (n =
5) samples were sutured (Suture type: Nylon 10/0, Lab Aragó)
with a single stitch to small pieces of porcine scleral tissue
(≈1 cm2) using standard suture instruments from Grieshaber
(Westcott scissors and Colibrí forceps), a Barraquer needle
holder and a Castroviejo Suture forceps. Then, the complex
was clamped on the top part (clamp placed on the BNC/AM)
and fixed to a support. Another clamp was placed at the scleral
tissue (bottom) and a platform was hung form that
clamp. 4.5 g weights were added gradually (every two minutes)
to the platform until the BNC/AM broke at the suture point.
The maximum weight tolerated by each sample before rupture
was divided by the normalized thickness of the sample inside
each type (BNC and AM). A value of 1 was assigned to the
thickest BNC (986 μm) and AM (63 μm) specimens.

Ex vivo suture test

Eyes globes were obtained from 6 month old pigs and used
within 48 h. BNC and AM films of ≈16 mm diameter were
non-invasively characterized (weight and diameter) and then
sutured to pig corneas keeping the limbal area intact. 6 sym-
metric sutures were made for each eye 1 mm away from the
BNC/AM border and holding 1 mm of tissue with standard
nylon suture 10/0 from Lab Aragó (Barcelona). The knots were
not buried. The sutures penetrated ≈3

4 of the cornea/sclera
thickness. The cornea and part of the sclera were resected
from the rest of the eye with scleral scissors. Pictures were also
taken at this point. The samples were decontaminated by
immersion into a 5% Povidone–iodine (PI) solution during
2 minutes. Sodium thiosulphate (0.1%) was used to remove
the PI and later the samples were rinsed with phosphate-
buffered saline. Then, the excised corneas were placed in a
closed container (Petri dish) with 13 mL of Roswell Park
Memorial Institute (RPMI-1640) culture medium (R8758
Sigma-Aldrich) supplemented with 5% fetal bovine serum
(F7524 Sigma-Aldrich) and 1% antibiotic–antimycotic (A5955
Sigma-Aldrich) under sterile conditions. The as-prepared Petri
dishes were kept in an incubator at 37 °C and 5% CO2 for 20
days. Medium was changed every 3 to 4 days.

Statistical analysis

For the statistical analysis, GraphPad Prism 5 software was
employed. Data is represented by mean ± standard deviation.
Statistical significance was accepted when p-values under 0.05
were obtained in paired (superficial mass) or unpaired (suture
stress test) Student’s T-tests.
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In vivo soft tissue reinforcement with bacterial
nanocellulose†
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The use of surgical meshes to reinforce damaged internal soft tissues has been instrumental for success-

ful hernia surgery; a highly prevalent condition affecting yearly more than 20 million patients worldwide.

Intraperitoneal adhesions between meshes and viscera are one of the most threatening complications,

often implying reoperation or side effects such as chronic pain and bowel perforation. Despite recent

advances in the optimization of mesh porous structure, incorporation of anti-adherent coatings or new

approaches in the mesh fixation systems, clinicians and manufacturers are still pursuing an optimal

material to improve the clinical outcomes at a cost-effective ratio. Here, bacterial nanocellulose (BNC), a

bio-based polymer, is evaluated as a soft tissue reinforcement material regarding mechanical properties

and in vivo anti-adhesive performance. A double-layer BNC laminate proved sufficient to meet the stan-

dards of mechanical resistance for abdominal hernia reinforcement meshes. BNC-polypropylene

(BNC-PP) composites incorporating a commercial mesh have also been prepared. The in vivo study of

implanted BNC patches in a rabbit model demonstrated excellent anti-adherent characteristics of this

natural nanofibrous polymer 21-days after implantation and the animals were asymptomatic after the

surgery. BNC emerges as a novel and versatile hernioplasty biomaterial with outstanding mechanical and

anti-adherent characteristics.

1. Introduction

Abdominal hernias occur when internal organs protrude
through weakened zones of the abdominal cavity. To date, sur-
gical intervention is the only effective approach to repair such
a highly prevalent condition that yearly affects more than
20 million patients worldwide.1 Instrumental for successful
hernia surgery has been the use of surgical meshes (i.e. her-
nioplasty) to reinforce the damaged region. Those implants
are predominantly manufactured from synthetic polymers,
mainly polypropylene (PP), and aim at providing mechanical
support to the herniated area. Implantation of a non-resorb-
able PP-mesh has become the standard procedure for hernia
repair, however, complications related to mesh implantation
such as seroma, adhesions, chronic severe pain and infections
are driving constant innovation in the field.2,3

Adhesions developed between PP-mesh and viscera, as a
result of tissue reaction due to foreign body implant, are par-
ticularly threatening since they often cause complicated reo-
perations in the previously implanted area, increasing the surgi-
cal risk and the chances of suffering side effects such as
chronic pain and bowel perforation.4 High rates of adhesion are
reported in approx. 15% of the cases one year after surgery,
resulting in a high burden to healthcare systems.5 Aiming to
reduce the complications caused by those intraperitoneal adhe-
sions, research efforts have been focused on improving the
characteristics of PP meshes. Strategies include the optimiz-
ation of mesh porous structure,6 incorporation of anti-adherent
coatings and improvements of mesh fixation systems (i.e.
glueing).7,8 Besides, multi-component grafts have been advo-
cated as a well-suited strategy to isolate the PP mesh from the
viscera by adding an additional layer of a synthetic9,10 or natural
biomaterial11,12 that acts as an anti-adherent barrier. Despite
recent advances, clinicians and manufacturers are still pursuing
an optimal mesh to improve the clinical outcome and the cost-
effectiveness ratio of hernioplasty procedures by leveraging the
selection of materials, porous structure, mechanical resistance,
anti-adhesive properties, biocompatibility, long term mechani-
cal stability, tissue integration and conformability.13

Considering the requirements of hernia repair implants,
the bio-based polymer bacterial nanocellulose (BNC) could be

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1bm00025j
‡Authors with equal contribution

aInstitute of Materials Science of Barcelona (ICMAB-CSIC), Campus UAB, 08193
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deemed as a strong candidate for the above-mentioned tissue
reinforcement application.14 BNC is biotechnologically pro-
duced as a highly pure, non-soluble nanocellulose fibrillary
network entrapping a large amount of liquid and exhibiting
excellent mechanical properties.15–17 These attributes have
enabled an ever-increasing number of bio-applications in
wound dressing and drug delivery.18–20 Moreover, BNC is emer-
ging as a high-performing alternative to repair other defects
where non-biodegradable implants are desirable, such as
damage of the dura mater,21 the eardrum22 or as an anti-fibro-
tic agent for cardiac implants.23 As for soft tissue reinforce-
ment, a hybrid biomaterial combining BNC with PP-meshes
and its in vitro low adhesion properties has recently been
described.24 Besides, Zharikov and co-workers compared the
anti-adhesive behaviour of BNC with PP meshes revealing a
lower occurrence of adhesion in BNC-implanted dogs together
with the absence of infections.25 For that study, wet native
BNC pellicles were employed and no mechanical tests were
carried out. In more recent work, Rauchfuß et al. tested two
surgical methods to implant wet BNC into the abdominal wall
of rats.26 These authors observed adhesion formation when
using BNC as an abdominal wall replacement together with a
tissue reaction assessed to be of low clinical significance.
Interestingly, this work provides mechanical testing of BNC
after explantation showing variable values and calling for
future work on the suitability of BNC for hernia repair in
terms of mechanical properties. These studies, although pre-
liminary, concur with the absence of major postoperative com-
plications and emphasize the underexploited potential of BNC
in herniology.

Our work aims at providing further insight into the pro-
spects of BNC for hernia repair surgery. To expand on the
mechanical suitability of BNC for soft tissue reinforcement,
the mechanical performance of several types of BNC implants
−dry and wet forms as well as single to triple-layered BNC
constructs− are evaluated. Furthermore, an in vivo study based
on a novel animal model (rabbit) and the implantation of dry
BNC is presented to demonstrate the anti-adherent properties
of BNC.

2. Materials and methods
2.1 Bacterial nanocellulose (BNC) production

BNC films were obtained as previously described in Roig-
Sanchez S. et al.27 In brief, Komagataeibacter xylinus (K.
xylinus) strain (NCIMB 5346, from CECT, Spain) was inoculated
on 6 mL of Hestrin-Schramm (HS) fresh medium and
expanded for 7 days at 30 °C. HS medium was prepared as
follows: 5 g peptone, 5 g yeast, 20 g dextrose (Conda Lab),
1.15 g citric acid and 6.8 g Na2HPO4·12H2O (Sigma-Aldrich)
per 1 L of Milli-Q (MQ) water. Then, 0.5 mL of the mixture was
transferred to 4.5 mL of fresh HS medium and let to proliferate
for another three days. Finally, bacteria were diluted to a pro-
portion 1 : 14 inoculum : HS medium and 65 mL were culti-
vated for 6 days in 12 × 12 cm plates (Labbox polystyrene Petri

dishes) at 30 °C. The square BNC pellicles formed at the
liquid-air interface of the wells were harvested and cleaned
10 minutes in a 50% ethanol-water solution, twice with boiling
water for 20 min and twice with 0.1 M NaOH (Sigma-Aldrich)
at 90 °C for 20 min. Lastly, the films were washed with MQ
water until neutralization and sterilized by autoclave (121 °C,
20 min). To obtain the dry and flat BNC films used in the
mechanical and in vivo tests, BNC hydrogels were placed
between two Teflon papers at 60 °C and with a 2 kg weight on
top for 12 h as previously described.27 Systems with two and
three BNC layers were prepared by drying size-matched BNC
pellicles in close contact following the same procedure. To
achieve a smooth interface between the BNC films, the super-
ficial water was removed by blotting BNC with filter paper and
air bubble formation was avoided by applying manual
pressure. BNC-PP composites were prepared similarly by
placing fragments of PP meshes (Optilene® Mesh Elastic and
Optilene® Mesh LP both from B. Braun Surgical, S.A.U.,
Spain), knitted with different pore sizes, in between two wet
BNC films. The size of the BNC layers was larger than the PP
meshes to allow the self-adhesion between BNC films to occur
during drying.

2.2 Scanning electron microscopy (SEM)

For the SEM characterization of the native wet BNC structure,
BNC hydrogels were supercritically dried (SC). For that, the as-
obtained BNC films were placed within filter paper sheets and
were subjected to a water-to-ethanol solvent exchange process.
After two transfers of 3 h in absolute ethanol, the films were
moved to a fresh ethanol bath, kept overnight and the result-
ing alcogel was dried by SC drying. SC drying was performed
on a 300 mL capacity autoclave filled with ethanol which was
pressurized to 100 bar at room temperature. Liquid CO2 was
dispensed for 1.5 h with a flow of 1 kg h−1 to exchange the
solvent. Then, the reactor was heated up to 45 °C to reach
supercritical conditions and supercritical CO2 was pumped for
1 h keeping the same flow rate. Finally, the vessel was slowly
depressurized to avoid pore collapse and BNC aerogels were
obtained. For the SEM analysis of dry films, BNC hydrogels
were dried as described in section 2.1.

FEI Magellan 400L XHR SEM under a high vacuum, with an
acceleration voltage of 2 kV, current of 0.10 nA and a working
distance of 5 mm was used to study the morphology of SC
dried and dry BNC. The material was fixed with adhesive
carbon tape on top of aluminium SEM holders. Dry BNC was
sputtered with 5 nm Pt. BNC fibre diameter was calculated as
the mean of 100 measurements obtained using Image-J
software.

Cross-section images of multi-layered constructs were
obtained with FEI Quanta 650GEG-ESEM under low vacuum
conditions, an acceleration voltage of 20 kV, an electron beam
spot of 4–5 and a working distance of 10 mm. Samples were
cut with a PTFE coated blade (Personna GEM single edge,
3-facet stainless steel, 0.23 mm) and placed on holders with a
90° tilt.
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2.3 Mechanical studies

Each BNC sheet was cut in 20 × 50 mm pieces and the weight,
size and thickness were measured with an Acculab Atilon
ATL-244-1 analytical balance, Stanley Millesimal rule and
Mitutoyo 543-250B micrometer respectively. Results were com-
puted from five replicas. Surface weight was calculated as the
ratio between weight and area. Wet BNC samples were deposited
on a filter paper to remove the excess of water and measure-
ments were performed when the material was still wet. The
thickness of the films was measured in the middle of the speci-
mens. For wet samples, the plunger of the micrometer was lifted
and lowered three times and the thickness was obtained when
the value was stable for more than 2 s during the third time.

Zwick Z2.5 dynamometer with a load cell of 2.5 kN was
used for tensile experiments. The clamps were metallic with a
pneumatic flat rubber part in contact with the sample. The
test velocity was 100 mm min−1, the pressure of the clamps
was 6 bars and the distance between them was 20 mm. The
preload applied was 0.05 N. Strain and resistance to tearing
(Fmax) values were acquired.

Multi-layered systems were immersed in a 0.9% NaCl solu-
tion for 5 min for rehydration before the tensile study. Excess
of liquid was removed as described before and water uptake
(H2Oup) percentage was calculated as (mw − md)/md × 100,
where mw is the weight of the wet sample after hydration and
md is the weight of the dry sample before hydration. Surface
weight, calculated as the ratio between dry weight and area,
and thickness were obtained before the rehydration.

2.4 In vivo study

A scheme of the steps to BNC implantation is depicted in
Fig. 4A. This study was conducted by FREY-TOX GmbH
(Herzberg, Germany), a DAkkS (national accreditation body of
Germany) accredited laboratory according to EN ISO/IEC 17025
and European guidelines 93/42/EWG as well as 90/385/EWG.

2.4.1. BNC implant preparation. Dry BNC patches were cut
to a size of 7 × 3 cm with scissors and sterilized by a routine
ethylene oxide (EtOx) cycle from B. Braun Surgical S.A.U. to
sterilise non-absorbable meshes. Sterility was confirmed by
submerging the EtOx-treated BNC into liquid culture medium
for 14 days without detecting the appearance of turbidity. The
resistance of the biomaterial to the EtOx cycle was assessed by
Fourier-Transform Infrared Spectroscopy (FTIR) (Fig. S1†).

2.4.2. In vivo model. The in vivo implantation study was per-
formed in five female SPF albino rabbits of the stock New
Zealand White (Envigo, 58″ Venray Netherlands). The animals
had a bodyweight from 3.4 to 4.2 kg. An acclimatization period
of at least 5 days was allowed. General anaesthesia was
induced by intramuscular injection of 35–40 mg kg−1 keta-
mine and 5–6 mg kg−1 xylazine (Serumwerke Bernburg AG,
Bernburg, Germany). This rabbit species was chosen because
of its convenient body proportion and proved suitability for
studying hernia repair materials including meshes.28

In the literature, it is described that most post-surgical
adhesion formation takes place approximately until day 8 post-

implantation.29 Hence, the follow-up time was set at 21-days
based on our previous work endorsing it as a sufficient period
to observe mature adhesions in an advanced healing process
as well as to infer the integration of the biomaterial within the
abdominal wall.30

2.4.3 Surgical procedure. The operation field was shaved,
disinfected and the abdomen was covered in a sterile manner.
A median laparotomy was performed and the patches were
carefully applied onto the left native abdominal wall between
the peritoneum and the visceral organs, avoiding folding of
the implants. Subsequently, the BNC patches were fixed by 6
suture stitches with polypropylene (Optilene, B. Braun
Surgical, S.A.U., USP 3-0) sutures. The wound was closed with
a continuous muscle suture and continuous intracutaneous
sutures. The skin was glued with Histoacryl®, a cyanoacrylate-
based tissue glue (B. Braun Surgical, S.A.U., Spain). After the
follow-up time of 21 days, the rabbits were anaesthetized
(Ketamine 40 mg per kg body weight and Xylazine 6 mg per kg
body weight) and subsequently euthanized (T61
intravenously).

Once the animals were sacrificed, tissue integration and
adhesion formation were macroscopically examined. During
explantation, the application site, as well as the abdomen in
toto, were macroscopically evaluated. Possibly occurring adhe-
sions were evaluated after dissection regarding their area
extension in relation (%) to the total abdominal wall area
implanted (7 × 3 cm). Furthermore, adhesions were defined to
the following categories following the Zühlke scores as
follows:31

Score I: String adhesions that are easy to separate (blunt
detachment).

Score II: Adhesions being partially vascularized causing
blunt to sharp detachment.

Score III: Adhesions having distinct vascularization, with
sharp detachment only.

Score IV: Tight adhesions requiring sharp detachment
causing damage to the organs.

The tissue integration was judged descriptively: no inte-
gration; mild integration = slight pull for uplifting the patch
from the abdominal wall; and distinct integration = distinct
pull uplifting from the abdominal wall with visible adhesion
and vascularization.

2.5. Histological analysis

The central area of the implant (size approximately 1 × 3 cm)
was extirpated and fixed on 4% buffered formalin for histo-
logical examination. Tissue sections were cut with a micro-
tome and processed following standard procedures.32

Haematoxylin/eosin (HE) was used as a general staining for
judgment of tissue integration.

2.6 Statistical analysis

Quantitative data were analysed with GraphPad Prism 8.0.2
software using ordinary one-way ANOVA followed by Tukey’s
multiple comparison test. Statistical significance was accepted
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at 0.05 and data are represented as means ± standard
deviation.

3. Results
3.1 Single layered BNC patches

Firstly, single-layer BNC patches intended for hernioplasty
applications were produced and characterized in terms of their
macroscopic features, thickness and mechanical properties.
Fig. 1A displays the simultaneous production of seventy-two 12
× 12 cm-BNC films summing up >1 m2 of the biomaterial as a
venue to attain increased amounts of BNC at a laboratory level.
After 6 days at 30 °C, continuous BNC pellicles formed at the
surface of the liquid culture (Fig. 1B). Upon cleaning and
removing organic residues, a change in colour (from yellowish
to translucent white) was appreciated (Fig. 1C).

Macro and microstructure of BNC in wet and dry conditions
are depicted in Fig. 1(C, D) and (E, F) respectively. Since the
morphology of wet as-synthetized BNC samples could not be
observed with enough resolution using SEM, a supercritical
(SC) dried film was used as this drying method maintains with
high-reliability the architecture of native samples.33 As
exposed in Fig. 1D, SC-dried BNC films are highly porous and
composed of entangled cellulose nanofibers of 15 ± 5 nm in
diameter. Upon drying at 60 °C, BNC films become more
transparent and thinner while the fibres compact and the
porosity decreases (see inset in Fig. 1F).

High tensile stress is a basic demand for a biomaterial pro-
posed for soft tissue reinforcement applications. Tensile stress ≥
16 N cm−1 has been used as a benchmark for safe reinforcement
of the abdominal wall.34 Accordingly, tensile strength experi-
ments were conducted to test the mechanical properties of BNC
films using this value as a threshold. Fig. 2 shows the mean
values obtained from five BNC samples in dry (pink) and wet
(blue) conditions. Before mechanical characterization, the orig-
inal BNC films (12 × 12 cm) were cut in 20 × 50 mm samples and
their thickness and surface weight (weight per area) were
measured in both wet and dry forms. The surface weight is
approximately 60 times higher for wet films than for its dried
counterparts (654 ± 153 g m−2 wet film; 11 ± 1 g m−2 dry film).
Upon drying, 98% of the surface weight is lost as the water is
removed, indicating that cellulose nanofibers account for only
2% of the wet BNC mass. These results are in agreement with the
thickness measurement as BNC films experience a decrease in
thickness of more than 96% when dehydrated (from 445 ±
91 µm wet film; to 16 ± 8 µm dry film). For the mechanical
characterization, the 20 × 50 mm BNC pieces were clamped with
metallic clips containing a pneumatic flat rubber part to prevent
the sliding of the samples (see the image in Fig. 2). The resis-
tance to tear (Fmax) of wet BNC is approximately 60% than that of
dry BNC (5 ± 1 N cm−1 and 8 ± 3 N cm−1 respectively). On the
contrary, the maximum strain increases 12-fold in wet conditions
(24 ± 2% in comparison to 2.1 ± 0.5% for dry BNC). These data
indicate that our single-layer BNC films (neither in wet nor in the
dry state) do not meet the minimum mechanical resistance
requirements of 16 N cm−1 to be used as a PP mesh substitute.

Fig. 1 BNC synthesis, wet and dry states and microstructure. (A) Numbering up BNC production at laboratory level. (B) A native wet BNC pellicle. (C)
Wet form of BNC after cleaning and autoclaving. (D) SEM image of an SC dried BNC sample mimicking the microstructure of a wet BNC film. (E) Dry
BNC film. (F) SEM image of the compact nanofiber conformation for dry BNC. Inset: higher magnification to better visualize the nanofibers
arrangement.
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3.2 Laminated BNC patches and hybrids

To increase the mechanical resistance of the BNC patches, two
strategies were followed: (i) preparation of multi-layered BNC
meshes and (ii) combination of BNC with standard PP
meshes. Our previous work showed that robust BNC stacks
that endure hard manipulation even upon rehydration can be
created by pilling up and drying together (i.e. applying weight)
several wet BNC films. Upon drying, hydrogen bonding
between the fibres of two films confers stability to the stack.
The multilayers do not suffer delamination even when
immersed in a liquid solution.27 Accordingly, laminated
patches were created by assembling 2 or 3 wet BNC films and
subjected to the same mechanical characterization as the
single BNC layers. Fig. 3A depicts the results of 2 and 3 layers
of BNC (mean values of n = 5). All the obtained values were
substantially higher than those of a single layer. As expected,
thickness and surface weight increased as more layers were
added. More precisely, thickness raised from 16 ± 8 µm (1
layer) to 23 ± 2 µm (2 layers) and 34 ± 6 µm (3 layers); and
surface weight from 11 ± 1 g m−2 (1 layer) to 20 ± 1 g m−2 (2
layers) and 28 ± 2 g m−2 (3 layers). The multilayers were then
rehydrated in a 0.9% NaCl solution for 5 min before perform-
ing mechanical studies to better simulate the physiological
conditions. As shown in Fig. 3A, the laminate BNC presents a
maximum strain of 14 ± 1 and 12 ± 3% and resistance to
tearing of 26 ± 6 and 32 ± 9 N cm−1 for 2 and 3 layers respect-
ively. For the double-layered BNC, the maximum strain
increased almost 7-fold compared to a single BNC layer (dry
form) while, the resistance to tear increased more than 3-fold.
As expected, the triple-layer renders an even higher improve-
ment in mechanical resistance (4-fold compared to a dry
single layer). Note that the values of both the double and
triple-layer laminates are above the set threshold of 16 N cm−1

for abdominal wall reinforcement applications. Improvements

in mechanical properties (both the % of strain and the max
force tolerated) of the stacked-BNC are statistically significant
(P-values < 0.001) when compared to the BNC single-layer.
Remarkably, during the tensile test, no peeling or separation
of the layers was observed. This feature is also exemplified in
Fig. 3B where a bi-layered sturdy BNC patch is shown. Both
images −the macrostructure image and the cross-section SEM
picture (inset)− illustrate the homogeneous adhesion between
two BNC films. Moreover, the original transparency was main-
tained without macroscopic air bubbles trapped in the inter-
face and the boundary area between the two BNC films could
not be identified by SEM. Fig. S2† gathers the values obtained
for the mechanical properties of all the studied systems for a
clearer comparison.

Finally, BNC hybrid constructs incorporating commercial
PP meshes were considered. Fig. 3C shows frontal and lateral
pictures of a preliminary prototype of a sandwich-like multi-
layer composite. The construct was prepared by taking advan-
tage of the above-mentioned self-adhesion property of BNC.
Note that the BNC-PP composite firmly incorporates PP
meshes with different pore sizes. The thickness of the dry
composites varied depending on the incorporated PP material
between the BNC layers. That is, for a PP mesh with small
pores (named SP-PP) a thickness of 332 ± 8 µm was obtained,
while when a PP mesh with bigger pores was employed (BP-PP)
thickness increased up to 589 ± 23 µm. An SEM cross-section
study (Fig. 3D) showed good integration of the BP-PP mesh in
between the BNC layers. Although the synthetic material did
not adhere to the BNC layers, it was immobilized in an
envelop-like structure due to the BNC self-adhesion in the
contact areas in between the pores of the PP mesh and at the
composite’s contour (inset Fig. 3D). The stability of the hybrid
structure was tested by rehydration in water. After 5 days, the
moist envelope-like structure was flexible and easily handled
without noticeable delamination as depicted in Fig. S3.†

Fig. 2 Mechanical properties of single-layer BNC patches in wet and dry conditions and the experimental setup. Single-layered BNC implants did
not meet the acceptance criteria of tensile stress resistance set at Fmax = 16 N cm−1 (grey area). Statistically significant differences between dry and
wet BNC samples were found for all the studied parameters except for the Fmax (P-values < 0.001) (n = 5).
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3.3 In vivo studies

Besides mechanical validation, a key characteristic required
from soft tissue repair materials is their proficiency in mini-
mizing adhesion-related complications and integration by sur-
rounding tissues. Therefore, the next step was to assess the
anti-adhesion properties of BNC with an in vivo rabbit model
following the implantation process shown in Fig. 4A.

3.3.1 Macroscopic evaluation. Dry and sterile single layer
BNC patches of 3 × 7 cm were selected for the in vivo study as
being the ones with weaker mechanical characteristics and
imposing the most stringent conditions. Single-layer BNC
patches could be easily handled under operation-room set-
tings, fold-free placing was readily achieved and fixation by
suture was performed without complications (Fig. 4B). The
semi-transparency of BNC was also convenient to avoid unin-
tentional puncturing of blood vessels while suturing. During
the application of the BNC patch, careful handling was necess-
ary, nonetheless, the BNC patch allowed the secure application
on the abdominal wall; no fracturing of the suture puncture

holes was observed and the BNC patches were removable with
instruments and repositioned if needed. During the postopera-
tive phase, all animals presented swift recovery. Analgesic
treatment was only administered in the first postoperative days
and a slight body weight gain was detected.

After the implantation period of 21 days, tissue integration
was evaluated using observational criteria during the autopsy.
The BNC patches displayed a general good integration to the
abdominal wall whereas only marginal areas were not inte-
grated. Adhesion level was examined and scored macroscopi-
cally considering prevalence (quantity) and type (quality) of
the detected adhesions among BNC implants and the internal
organs. In 4/5 animals adhesions were detected involving
approximately 8% of the overall BNC surface. Although some
fibrin accumulation and distinct vascularization were observed
in all animals, only one rabbit presented a significant
adhesion area (20%) as depicted in Fig. 4D. Three animals pre-
sented adhesions to the greater omentum and one animal to
the cecum. Notably, one animal was completely free of adhe-
sions (Fig. 4C). The implanted BNC patches were dominated

Fig. 3 Composite alternatives to increase the mechanical resistance of BNC-based implants. (A) Mechanical study of BNC multilayers comprised of
2 or 3 films. (n = 5) ★ indicates the resistance to tear threshold for tissue reinforcement materials (16 N cm−1). (B) Picture of a BNC multilayer formed
by 2 dry BNC films. Inset: SEM cross-section image where the interface between the two BNC layers is undetectable. (C) Preliminary BNC bilayer
combination with PP meshes with different pore sizes. Upper panel: frontal view. Lower panel: a lateral image of the BNC-PP mesh composite. (D)
SEM cross-section image of the BNC-PP composite. Inset: higher magnification of the cross-section to appreciate the continuous adhesion
between BCN layers.
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by only one visible layer of fibrin. These macroscopic obser-
vations are gathered in Fig. S4† and Tables 1 and 2.

3.3.2. Histological evaluation. The central area of the
implant (size ∼1 × 3 cm) was extirpated and used for histo-
logical examinations. Representative HE-stained tissue sec-
tions from the five studied animals are shown in Fig. 5. The
area surrounding the BNC patches presented a severe diffuse
to granulomatous immune cell infiltration involving lympho-
cytes, heterophilic granulocytes, macrophages and solitary

multinucleated giant cells. Also, a moderate active fibroplasia
on the implanted zone was noted, as well as a good integration
onto the abdominal wall and moderate neovascularization.

4. Discussion

We have investigated BNC patches for soft tissue reinforce-
ment applications by dealing with two clinically relevant para-

Fig. 4 Experimental design, macroscopic evaluation and adhesion assessment for two of the five animals studied. (A) Sketch showing the prepared
BNC implant, the employed in vivo model and the evaluations performed. (B) Time 0: BNC patches were applied onto the left abdominal wall and
fixed with six suture stitches (C) A2 explanted analysis after 21 days (best case scenario). → indicates fibrin accumulation, ▶ adjacent abdominal wall
without adhesions and * marks vascularization. (D) A4 explanted analysis after 21 days (worst case scenario). → indicates vascularization, ▶ fibrin
accumulations and * corresponds to adhesion.

Table 1 Individual adhesion observations. Results of the area free of adhesions, adhesion area, adhesion score and tissue integration for each
studied animal

Animal number 6501 6507 6527 6564 6574
Code A1 A2 A3 A4 A5
Area free of adhesions
approx.

95% 100% 95% 80% 90%

Adhesion area approx. 5% to greater omentum 0% 5% to greater omentum 20% to greater
omentum

10% to cecum

Adhesion score
(Zühlke scores)

II – blunt to sharp
detachment

No adhesions II – blunt to sharp
detachment

IV – sharp
detachment

IV – sharp
detachment

Tissue integration Mild integration Distinct integration Distinct integration Mild integration Mild integration

Table 2 Overall adhesion observations. Summary of the macroscopic evaluation of adhesions between BNC implants and internal organs

No. of animals affected by adhesions Area (%) free of adhesions Adhesions area (%) Organs involved in adhesion processes

4/5 92 8 Greater omentum (3 animals) Cecum (1 animal)
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meters; the mechanical resistance of constructs comprising
one to three BNC layers and the in vivo anti-adherence pro-
perties of BNC. Before that, we characterized the BNC patches
and present an increased BNC production (up to ∼1 m2) under
laboratory settings to illustrate the feasibility of an up-scaled
fabrication. However, to achieve an industrial manufacturing
process, a more advanced system should be implemented such
as the pilot-scale production processes reported by Kralisch
et al.35 and Beekmann et al.36

The mechanical characterization of as-synthesized BNC
films (wet films) and after drying showed that wet BNC
patches are thicker, more brittle but more stretchable than dry
BNC patches. This confers to the wet-BNC a higher strain but,
at the same time, makes the material less resistant to tear.
After drying, the water content of BNC decreases drastically
and the cellulose nanofibers condense, reducing their poro-
sity15 and their ability to rearrange upon tensile stress appli-
cation. Thus, the dried form of BNC is stiffer and less stretch-
able than wet-BNC, making it more suitable for hernioplasty.
Although the here studied single-layered BNC did not fulfil the
mechanical resistance requirements to be used as a PP mesh
substitute, thicker single layer BNC films grown for longer
periods (>6 days) are expected to present sufficient mechanical
support. We have previously reported that BNC fibres con-
dense upon drying and form strong bonds among the cellulose
nanofibers, this characteristic allowed us to arrange robust
BNC multilayer laminates consisting of 2 or 3 layers.24 The
mechanical studies of those rehydrated BNC laminates have
shown that the resistance to tear can be easily improved
beyond the required 16 N cm−1 threshold for abdominal wall
reinforcement applications. Even though previous studies con-
firmed the stability of BNC films in physiological conditions
for up to 30 days,37 the mechanical results of the laminates
presented here were obtained after a 5 min-immersion in a
saline solution and therefore, we cannot discard that the

mechanical properties of the films could be affected by longer
hydration times.

Seeking to expand the library of BNC-based configurations
for hernia repair patches, a composite patch integrating both
BNC films and PP meshes was fabricated. This preliminary
proof-of-concept demonstrates the possibility to, not only tune
the mechanical properties of BNC but also to combine BNC
films and PP meshes with different pore sizes. The sandwich-
like BNC-PP structure was easy to prepare and exhibited
robustness and good manageability both in dry and rehydrated
conditions. This hybrid material shows the potential of BNC in
the development of on-demand hybrid biomaterials for
reinforcement of the abdominal wall but still requires further
validation. The durability of the BNC-PP composites under
physiological conditions is unknown at the moment and the
need for additional strengthening of the composite (i.e.
glueing with a cyanoacrylate-based biocompatible adhesive)
could be considered in the future.38

We have recently validated BNC in diverse biological scen-
arios providing data on its cytocompatibility, lack of endotox-
ins (0.04 ± 0.01 Endotoxin Units per mL) after its biosynthesis
as well as suturability and manageability in preclinical
settings.37,39 These findings, combined with the appealing
mechanical properties reported here, positioned BNC as a suit-
able candidate for soft tissue repair patches and therefore
in vivo studies were conducted. The anti-adhesion behaviour,
biocompatibility and tissue integration characteristics of the
BNC patches have been evaluated with a pilot animal study.
BNC presented favourable surgical properties for this specific
application in terms of suturability, manageability and accom-
modation to the implantation site. Moreover, the semi-trans-
parent character of BNC was beneficial to avoid unintentional
puncturing of underlying tissues. A general fold-free inte-
gration of the BCN material to the abdominal wall was
detected in all the rabbits. Regarding adhesions between BNC

Fig. 5 HE-stained tissue sections of the BNC-implanted abdominal walls. A–E: Low magnification images of the five operated rabbits where the
BNC implants have been highlighted with a blue dotted line to facilitate interpretation. For all cases, a good integration of the BNC patch together
with an inflammatory reaction can be observed. F–J: Zoom-in to better appreciate the BNC implant (▶) and the presence of diverse inflammatory
cells (lymphocytes, heterophilic granulocytes and macrophages) surrounding the implant (→). Solitary multinucleated giant cells were observed on
A4 (I) (⇒).
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patches and internal organs, the overall area of the 5
implanted patches free of adhesions in this study is about
92%. Only a few adhesions were found after BNC implantation
in the rabbit model, mostly involving the greater omentum
which can be assessed as almost physiological since this organ
is typically active in any post-surgical process. We hypothesize
that the nanofibrillar microstructure of BNC, similar to that of
the collagen networks on the extracellular matrix, favours the
non-adherent characteristics of the BNC implants in accord-
ance with the anti-fibrotic effect reported for cardiac implants
wrapped with BNC.20 The macroscopic evaluation showed that
only a few adhesion strands were detected (overall at about 8%
of the implant area) originated mainly on the suture stitches
and at the border of the patches. For this pilot test, the BNC
patches were fixed with sutures, even though sutures can
cause foreign body responses and adhesions; indicating that
suture-free administration methods could be worth exploring
to diminish the adhesions even more. Overall, the macroscopic
observation showed that good biocompatibility can be
assumed for the BNC patches in vivo and the results indicate
that BNC patches might act as a sufficient barrier to prevent
adhesions in this rabbit sidewall model. Systemic tolerability
of BNC can also be supposed from the good post-operative
recovery of the test animals that occurred without notable
complications.

On the histological analysis, all BNC implants appeared to
be well integrated onto the abdominal wall, in good agreement
with the macroscopic observations. An inflammatory response
was observed at the peri-implanted area presenting fibroplasia
and infiltration of diverse cell types (lymphocytes, heterophilic
granulocytes, macrophages and solitary multinucleated giant
cells) indicating a tissue reaction upon BNC. In a similar work,
oxidized and laser-perforated BNC was employed in experi-
mental surgery using a rabbit model.40 One week after sub-
cutaneous suture-free BNC implantation on the animal’s back
a positive integration of the BNC implants with the surround-
ing tissues was reported following our observations.
Interestingly, Lai and co-workers stated a very low inflamma-
tory response contrasting with the here presented histological
analysis. Possibly, the distinct tissue responses arise from the
different experimental protocols used (i.e. implantation site,
use of sutures and longer implantation time, in our case) or
the modifications of BNC. On the other hand, the previously
cited work from Rauchfuß and colleagues26 describes an
inflammatory infiltration on the BNC patches judged to be of
minimal clinical significance. We endorse that it could also
apply to our in vivo study based on the witnessed lack of sys-
temic toxicity. Besides, the good integration of the BNC
implants −which were only indistinctly noticeable on the sur-
rounding tissue− strengthens this reasoning. Nevertheless, the
heterogeneous responses of the host immune system towards
BNC implants indicate a need for future work.

Finally, the observation that a single layer of BNC could be
sufficient to achieve low adhesions rates further emphasizes
the attractiveness of BNC composites. Since a strong mechani-
cal resistance is required for hernioplasty, composite BNC

patches (either as multilayers or in combination with PP
meshes) should be the mainstay of our future work.

5. Conclusions

In summary, BNC was investigated as a biomaterial for soft
tissue reinforcement applications to tackle the long-lasting chal-
lenge of reducing adhesions between implants and internal
organs after hernia surgery. While single-layer BNC does not
present favourable mechanical properties, BNC laminates with
2 or 3 films are resistant enough to reach the minimal accep-
tance criteria for abdominal wall reinforcement applications.
Notably, this simple stacking methodology supported the inte-
gration of commercial PP meshes between the BNC sheets
opening future perspectives on BNC-PP hybrid biomaterials.
Finally, an in vivo study revealed that BNC exhibits favourable
surgical features in terms of suturability, manageability and
accommodation to the implantation site. Besides, mild
adhesion scores involving low percentages of the implant’s area
together with excellent integration capability on the peri-
implant zone could be demonstrated. BNC elicited an inflam-
matory response that needs to be further investigated. Overall,
our work proves that bio-based BNC possesses attractive
mechanical and anti-adherent properties that could be valuable
in the development of innovative hernia repair solutions.

Ethical statement

All animal procedures were performed according to Good
Laboratory Guidelines and were carried out in accordance with
the guidelines of EN ISO/IEC 17025 and European guidelines
93/42/EWG and 90/385/EWG as accredited by the national
accreditation body of Germany (DAkkS, accreditation scope of
records: D-PL-20600-01-00).

Author contributions

Irene Anton-Sales: conceptualization, methodology, validation,
formal analysis, writing – original draft. Soledad Roig-Sanchez:
conceptualization, methodology, validation, formal analysis,
writing – original draft. Kamelia Traeger: methodology, vali-
dation, writing – review & editing. Christine Weis: conceptual-
ization, resources, project administration, supervision, writing
– review & editing. Anna Laromaine: conceptualization,
funding acquisition, supervision, writing – review & editing.
Pau Turon: conceptualization, resources, supervision, writing –

review & editing. Anna Roig: conceptualization, project admin-
istration, funding acquisition, supervision, writing – review &
editing.

Conflicts of interest

There are no conflicts to declare.

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2021 Biomater. Sci.

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
6 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
on

 3
/2

9/
20

21
 4

:2
4:

12
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.

View Article Online



– 301 –

| CV and publications |

Acknowledgements

Authors acknowledge financial support from the Spanish
Ministry of Science and Innovation through the RTI2018-
096273-B-I00 project, the ‘Severo Ochoa’ Programme for
Centres of Excellence in R&D (CEX2019-000917-S) and the
Generalitat de Catalunya 2017SGR765 grant. Authors are also
grateful for the PhD scholarships of I. A-S. (BE-2017-076734)
and S. R-S. (BES-2016-077533) and the 2019LLAV00046 project.
The ICMAB members participate in the CSIC Interdisciplinary
Platform for Sustainable Plastics towards a Circular Economy,
SUSPLAST, and in the Aerogels COST ACTION (CA 18125). This
work has been performed within the framework of the doctoral
program in materials science of UAB (I. A-S. and S. R-S.). We
acknowledge the support by the CSIC Open Access Publication
Support Initiative through its Unit of Information Resources
for Research (URICI) to cover the publication fee.

References

1 A. S. Kashyap, K. P. Anand and S. Kashyap, Inguinal and
incisional hernias, Lancet, 2004, 363(9402), 84.

2 R. Bittner, M. E. Arregui, T. Bisgaard, M. Dudai,
G. S. Ferzli, R. J. Fitzgibbons, et al., Guidelines for laparo-
scopic (TAPP) and endoscopic (TEP) treatment of inguinal
hernia, Surg. Endosc., 2011, 25(9), 2773–2843.

3 F. Köckerling, R. Bittner, D. Adolf, R. Fortelny, H. Niebuhr,
F. Mayer, et al., Seroma following transabdominal preperi-
toneal patch plasty (TAPP): incidence, risk factors, and pre-
ventive measures, Surg. Endosc., 2018, 32(5), 2222–2231.

4 S. Muller, T. Langø, R. Brekken and B. Ystgaard, Degree of
Adhesions After Repair of Incisional Hernia, J. Soc.
Laparoendosc. Surg., 2010, 14, 399–404.

5 E. Chelala, Y. Debardemaeker, B. Elias, F. Charara,
M. Dessily and J. L. Allé, Eighty-five redo surgeries after 733
laparoscopic treatments for ventral and incisional hernia:
Adhesion and recurrence analysis, Hernia, 2010, 14(2), 123–
129.

6 M. Mirjavan and A. Asayesh, Asgharian Jeddi AA. The effect
of fabric structure on the mechanical properties of warp
knitted surgical mesh for hernia repair, J. Mech. Behav.
Biomed. Mater., 2017, 66, 77–86.

7 C. Hollinsky, T. Kolbe, I. Walter, A. Joachim, S. Sandberg,
T. Koch, et al., Tensile strength and adhesion formation of
mesh fixation systems used in laparoscopic incisional
hernia repair, Surg. Endosc., 2010, 24(6), 1318–1324.

8 S. Lanzalaco, L. J. del Valle, P. Turon, C. Weis, F. Estrany,
C. Alemán, et al., Polypropylene mesh for hernia repair
with controllable cell adhesion/de-adhesion properties,
J. Mater. Chem. B, 2020, 8(5), 1049–1059.

9 P. J. Emans, M. H. F. Schreinemacher, M. J. J. Gijbels,
G. L. Beets, J. W. M. Greve, L. H. Koole, et al.,
Polypropylene meshes to prevent abdominal herniation.
Can stable coatings prevent adhesions in the long term?,
Ann. Biomed. Eng., 2009, 37(2), 410–418.

10 S. Lanzalaco, P. Turon, C. Weis, C. Mata, E. Planas,
C. Alemán, et al., Toward the New Generation of Surgical
Meshes with 4D Response: Soft, Dynamic, and Adaptable,
Adv. Funct. Mater., 2020, 2004145, 1–9.

11 N. Udpa, S. R. Iyer, R. Rajoria, K. E. Breyer, H. Valentine,
B. Singh, et al., Effects of Chitosan Coatings on
Polypropylene Mesh for Implantation in a Rat Abdominal
Wall Model, Tissue Eng., Part A, 2013, 19(23), 2713–2723.

12 F. Pomilio Di Loreto, A. Mangione, E. Palmisano,
J. I. Cerda, M. J. Dominguez, G. Ponce, et al., Dried human
amniotic membrane as an antiadherent layer for intraperi-
toneal placing of polypropylene mesh in rats, Surg. Endosc.,
2013, 27(4), 1435–1440.

13 F. Basile, A. Biondi and M. Donati, Surgical approach to
abdominal wall defects: History and new trends,
Int. J. Surg., 2013, 11(S1), S20–S23.

14 I. Anton-Sales, U. Beekmann, A. Laromaine, A. Roig and
D. Kralisch, Opportunities of Bacterial Cellulose to Treat
Epithelial Tissues, Curr. Drug Targets, 2019, 20(8), 808–822.

15 M. Zeng, A. Laromaine and A. Roig, Bacterial cellulose
films: influence of bacterial strain and drying route on film
properties, Cellulose, 2014, 21(6), 4455–4469.

16 S. Wang, F. Jiang, X. Xu, Y. Kuang, K. Fu, E. Hitz, et al.,
Super-Strong, Super-Stiff Macrofibers with Aligned, Long
Bacterial Cellulose Nanofibers, Adv. Mater., 2017, 29(35),
1702498.

17 S. Q. Chen, P. Lopez-Sanchez, D. Wang, D. Mikkelsen and
M. J. Gidley, Mechanical properties of bacterial cellulose
synthesised by diverse strains of the genus
Komagataeibacter, Food Hydrocolloids, 2018, 81, 87–95.

18 H. Ullah, F. Wahid, H. A. Santos and T. Khan, Advances in
biomedical and pharmaceutical applications of functional
bacterial cellulose-based nanocomposites, Carbohydr.
Polym., 2016, 150, 330–352.

19 D. Klemm, E. D. Cranston, D. Fischer, M. Gama,
S. A. Kedzior, D. Kralisch, et al., Nanocellulose as a natural
source for groundbreaking applications in materials
science: Today’s state, Mater. Today, 2018, 21(7), 720–748.

20 L. Bacakova, J. Pajorova, M. Bacakova, A. Skogberg,
P. Kallio, K. Kolarova, et al., Versatile Application of
Nanocellulose: From Industry to Skin Tissue Engineering
and Wound Healing, Nanomaterials, 2019, 9(2), 164.

21 F. M. Lima, F. C. M. Pinto, B. L. Andrade-da-Costa,
J. G. Silva, O. Campos Júnior and J. L. Aguiar,
Biocompatible bacterial cellulose membrane in dural
defect repair of rat, J. Mater. Sci.: Mater. Med., 2017, 28(37).

22 F. C. A. Silveira, F.C. M. Pinto, S. Caldas Neto Sda, M. de
C. Leal, J. Cesário and J. L. Aguiar, Treatment of tympanic
membrane perforation using bacterial cellulose: a randomized
controlled trial, Braz. J. Otorhinolaryngol., 2016, 82(2), 203–208.

23 F. Robotti, I. Sterner, S. Bottan, J. M. Monné Rodríguez,
G. Pellegrini, T. Schmidt, et al., Microengineered biosynthe-
sized cellulose as anti-fibrotic in vivo protection for cardiac
implantable electronic devices, Biomaterials, 2020, 229, 119583.

24 K. Ludwicka, M. Kolodziejczyk, E. Gendaszewska-Darmach,
M. Chrzanowski, M. Jedrzejczak-Krzepkowska, P. Rytczak,

Paper Biomaterials Science

Biomater. Sci. This journal is © The Royal Society of Chemistry 2021

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
6 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
on

 3
/2

9/
20

21
 4

:2
4:

12
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.

View Article Online



– 302 –

| Annex |

et al., Stable composite of bacterial nanocellulose and per-
forated polypropylene mesh for biomedical applications,
J. Biomed. Mater. Res., Part B, 2019, 107(4), 978–987.

25 A. N. Zharikov, V. G. Lubyansky, E. K. Gladysheva,
E. A. Skiba, V. Budaeva, E. N. Semyonova, et al., Early mor-
phological changes in tissues when replacing abdominal
wall defects by bacterial nanocellulose in experimental
trials, J. Mater. Sci. Mater. Med., 2018, 29(7).

26 F. Rauchfuß, J. Helble, J. Bruns, O. Dirsch, U. Dahmen,
M. Ardelt, et al., Biocellulose for incisional hernia repair—
an experimental pilot study, Nanomaterials, 2019, 9(2), 1–11.

27 S. Roig-Sanchez, E. Jungstedt, I. Anton-Sales, D. C. Malaspina,
J. Faraudo, L. A. Berglund, et al., Nanocellulose films with
multiple functional nanoparticles in confined spatial distri-
bution, Nanoscale Horiz., 2019, 4, 634–641.

28 J. C. Y. Chan, K. Burugapalli, Y. S. Huang, J. L. Kelly and
A. Pandit, A clinically relevant in vivo model for the assess-
ment of scaffold efficacy in abdominal wall reconstruction,
J. Tissue Eng., 2017, 8, 1–11.

29 G. S. DiZerega and J. D. Campeau, Peritoneal repair and
post-surgical adhesion formation, Hum. Reprod. Update,
2001, 7(6), 547–555.

30 R. A. Lang, P. M. Grüntzig, C. Weisgerber, C. Weis,
E. K. Odermatt and M. H. Kirschner, Polyvinyl alcohol gel
prevents abdominal adhesion formation in a rabbit model,
Fertil Steril, 2007, 88(4 suppl.), 1180–1186.

31 H. Kataria and V. P. Singh, Liquid Paraffin vs Hyaluronic
Acid in Preventing Intraperitoneal Adhesions, Indian J.
Surg., 2017, 79(6), 539–543.

32 J. F. Kukleta, C. Freytag and M. Weber, Efficiency and safety
of mesh fixation in laparoscopic inguinal hernia repair
using n-butyl cyanoacrylate: Long-term biocompatibility in
over 1, 300 mesh fixations, Hernia, 2012, 16(2), 153–162.

33 M. E. El-Naggar, S. I. Othman, A. A. Allam and
O. M. Morsy, Synthesis, drying process and medical appli-
cation of polysaccharide-based aerogels, Int. J. Biol.
Macromol., 2020, 145, 1115–1128.

34 U. Klinge, B. Klosterhalfen, J. Conze, W. Limberg,
B. Obolenski, A. P. Öttinger, et al., Modified mesh for
hernia repair that is adapted to the physiology of the
abdominal wall, Eur. J. Surg., 1998, 164(12), 951–960.

35 D. Kralisch, N. Hessler, D. Klemm, R. Erdmann and
W. Schmidt, White biotechnology for cellulose manufactur-
ing–the HoLiR concept, Biotechnol. Bioeng., 2010, 105(4),
740–747.

36 U. Beekmann, L. Schmölz, S. Lorkowski, O. Werz,
J. Thamm, D. Fischer, et al., Process control and scale-up
of modified bacterial cellulose production for tailor-made
anti-inflammatory drug delivery systems, Carbohydr.
Polym., 2020, 116062.

37 I. Anton-Sales, J. C. D’Antin, J. Fernández-Engroba,
V. Charoenrook, A. Laromaine, A. Roig, et al., Bacterial
nanocellulose as a corneal bandage material: A comparison
with amniotic membrane, Biomater. Sci., 2020, 8(10), 2921–
2930.

38 R. Jain and S. Wairkar, Recent developments and clinical
applications of surgical glues: An overview, Int. J. Biol.
Macromol., 2019, 137, 95–106.

39 I. Anton-Sales, S. Roig-Sanchez, M. J. Sánchez-Guisado,
A. Laromaine and A. Roig, Bacterial nanocellulose and
titania hybrids: cytocompatible and cryopreservable cell
carriers, ACS Biomater. Sci. Eng., 2020, 6(9), 4893–4902.

40 C. Lai, K. S. Hu, Q. L. Wang, L. Y. Sheng, S. J. Zhang and
Y. Zhang, Anti-Adhesion Mesh for Hernia Repair Based on
Modified Bacterial Cellulose, Starch/Staerke, 2018,
70(11–12), 1–10.

Biomaterials Science Paper

This journal is © The Royal Society of Chemistry 2021 Biomater. Sci.

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 2
6 

Fe
br

ua
ry

 2
02

1.
 D

ow
nl

oa
de

d 
on

 3
/2

9/
20

21
 4

:2
4:

12
 P

M
. 

 T
hi

s a
rti

cl
e 

is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
Li

ce
nc

e.

View Article Online






	Acknowledgements
	Attributions
	Abstract / Resum / Resumen
	Glossary
	Preface. Context and objectives of the PhD thesis
	Regenerative medicine
	Biomaterials
	Polymeric biomaterials 
	Emerging trends in biomaterials 
	Cellulosic biomaterials
	Bacterial nanocellulose 
	Objectives of the thesis 
	Chapter references

	Chapter 1. Identifying opportunities for BNC in healthcare 
	Chapter introduction
	Publication 1:  Opportunities of Bacterial Cellulose to   Treat Epithelial Tissues
	On-site interviews with experts 
	Contributions to the field and critical comment 
	Chapter references

	Chapter 2. Evaluating BNC and BNC/TiO2 nanocomposites as cell carriers with sunscreen capacity
	Chapter introduction
	Publication 2:  Bacterial Nanocellulose and Titania Hybrids:   Cytocompatible and Cryopreservable  C
	Additional functionality tests of BNC and BNC/TiO2 as photo-protectant and antimicrobial agents  
	Contributions to the field and critical comment 
	Chapter references

	Chapter 3. Bacterial nanocellulose carriers for limbal stem cells 
	Chapter introduction
	Publication 3:  Limbal Stem Cells on Bacterial Nanocellulose   Carriers for Ocular Surface Regenerat
	Preliminary trials on the cryobanking of BNC/LSC constructs
	Contributions to the field and critical comment 
	Chapter references

	Chapter 4.Bacterial nanocellulose as a corneal bandage: technical feasibility and business proposal 
	Chapter introduction
	Publication 4:  Bacterial Nanocellulose as a Corneal   Bandage Material: a Comparison with   Amnioti
	Business proposal for the Corneal-BNC project
	Contributions to the field and critical comment 
	Chapter references

	Chapter 5. In vivo evaluation of bacterial nanocellulose for hernia repair
	Chapter introduction
	Publication 5:  In vivo Soft Tissue Reinforcement with   Bacterial Nanocellulose
	Contributions to the field and critical comment 
	Chapter references

	Summary. Conclusions and outlook 
	Conclusions 
	Outlook 

	Annex. Curriculum Vitae and publications 

	Títol de la tesi: Opportunities for bacterial nanocellulose in healthcare.
Uses as a cell carrier, corneal bandage and tissue reinforcement
	Nom autor/a: Irene Anton-Sales


