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Foreword & Scope of the Thesis 

 Conjugated polymers are versatile materials with a wide range of unique and 

valuable properties for biomedical applications. The application of conjugated polymers in 

biosensing and drug delivery is well-known. Recently, the application of these polymers in 

modern therapeutic strategies such as tissue engineering has also been gaining rapid and 

steady attention. Among these, polypyrrole is one of the most studied conjugated polymers. 

The inherent conductivity of polypyrrole nanoparticles (Ppy NPs) is especially exploited 

in tissue engineering applications of conducting organs, such as the nerve and skin. In this 

thesis, we leverage the inherent conductivity of cardiac tissues and focus our attention on 

the potential of Ppy NPs in cardiac therapies. 

Cardiovascular diseases stand as the leading cause of death worldwide. Among the patients 

with underlying heart disease, 90% report some form of cardiac arrhythmia. However, 

existing treatments for cardiac arrhythmia are sub-par, lacking heavily in efficiency and 

safety. Current therapies and practices have been widely reported to cause severe side 

effects affecting the lungs, liver, and heart. Thus, the investigation of Ppy NPs for cardiac 

therapies contributes to the development of safe, efficient, and multifunctional 

nanomedicine for the effective treatment of cardiac arrhythmia. Although some 

preliminary studies on different composites of Ppy NPs for cardiac therapy application 

exist, substantial animal studies are lacking, which is crucial for the progress of novel 

candidates to clinical trials. 

In this thesis, we first evaluated Ppy NPs’ biocompatibility and effects on cardiac rhythm 

using a small animal model, the Caenorhabditis elegans (C. elegans). The continuous 

pumping of C. elegans´ pharynx resembles the human heart at the molecular and genetic 

levels. After thoroughly evaluating the nanoparticles in worms, we produced a composite 

scaffold of polypyrrole nanoparticles with bacterial cellulose as a potential cardiac patch 

and performed in-vitro evaluations in cardiac cells. 

1. We begin this thesis with an introductory chapter that provides the scientific 

background and state-of-the-art research on the relevant topics. Briefly, Chapter 1 

discusses the prevalence, pathology, and current treatment options for cardiac 

arrhythmia and the efforts of nanotechnology to improve existing treatments and 

bring novel therapies. The various in-vitro, in-vivo, and small animal platforms 
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available to assess the efficacy of innovative nanomedicines are also discussed, 

with a particular focus on the opportunity of C. elegans to evaluate the effect of 

nanomaterials on cardiac rhythm. 

2. The synthesis and characterization of Ppy NPs are discussed in Chapter 2. In this 

chapter, we assessed and reported the size, surface charge, morphology, 

conductivity, chemical structure, thermal and optical properties, and stability in 

various conditions. 

3. The systemic toxicity endpoints in C. elegans were meticulously studied for Ppy 

NPs ranging from survival to intracellular lipid levels to estimate the NPs´ safety in 

the organism and elaborated in Chapter 3. 

4. Chapter 4 discusses the application of the C. elegans pharynx as a model organ to 

study cardiac rhythms. We first established the animal model for such evaluations 

using two substances with known arrhythmic effects as control drugs and achieved 

the expected impact of those drugs. Following this, we evaluated the pharyngeal 

effects of Ppy NPs in wild-type and specific mutant strains. Finally, the influence 

of Ppy NP treatment in the intracellular Ca2+ signaling in the pharynx was also 

investigated to elucidate a possible mechanistic action of Ppy NPs.  

5. The evaluation of cardiac-like effects of Ppy NPs in C. elegans led us to design a 

composite material with Ppy NPs and bacterial cellulose (BC-Ppy) with improved 

functionalities imparted by the BC. This material design will be closer to the 

practical application of cardiac patches for myocardial infarction and arrhythmias. 

Optimization of the scaffolds with varying Ppy content and in-vitro evaluation in 

cardiac cells are discussed in detail in Chapter 5. 

6. The Annex opens the avenue for creating specific arrhythmic mutations in 

C. elegans through genome editing for future evaluation of anti-arrhythmic drugs 

and nanomaterials in custom-designed mutant strains. 

7. Finally, the Conclusions and Future perspectives summarize the significant 

findings of this work, the main takeaways, and the future opportunities. 

8. CV and Publications. The publications of the author during the time of the PhD. 
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Prólogo y alcance de la tesis 
 Los polímeros conjugados son materiales versátiles con una amplia gama de 
propiedades únicas y valiosas para aplicaciones biomédicas. La aplicación de polímeros 
conjugados en biosensores y administración de fármacos es bien conocida. Recientemente, 
la aplicación de estos polímeros en estrategias terapéuticas modernas, como la ingeniería 
de tejidos, también ha ido ganando atención de forma rápida y constante. Entre ellos, el 
polipirrol es uno de los polímeros conjugados más estudiados. La conductividad inherente 
de las nanopartículas de polipirrol (NPs de Ppy) se aprovecha especialmente en 
aplicaciones de ingeniería tisular de órganos conductores, como el nervio y la piel. En esta 
tesis, aprovechamos la conductividad inherente de los tejidos cardíacos y centramos nuestra 
atención en el potencial de las NPs de Ppy en terapias cardíacas. 

Las enfermedades cardiovasculares son la principal causa de muerte en todo el mundo. 
Entre los pacientes con cardiopatías subyacentes, el 90% presenta algún tipo de arritmia 
cardíaca. Sin embargo, los tratamientos existentes para la arritmia cardíaca son deficientes, 
con grandes carencias en cuanto a eficacia y seguridad. Se ha informado ampliamente de 
que las terapias y prácticas actuales causan graves efectos secundarios que afectan a los 
pulmones, el hígado y el corazón. Así pues, la investigación de las NPs de Ppy para terapias 
cardíacas contribuye al desarrollo de una nanomedicina segura, eficiente y multifuncional 
para el tratamiento eficaz de la arritmia cardíaca. Aunque existen algunos estudios 
preliminares sobre diferentes compuestos de NPs de Ppy para su aplicación en terapias 
cardíacas, faltan estudios sustanciales en animales, lo cual es crucial para el progreso de 
nuevos candidatos a ensayos clínicos. 

En esta tesis, evaluamos en primer lugar la biocompatibilidad de las NPs de Ppy y sus 
efectos sobre el ritmo cardíaco utilizando un pequeño modelo animal, el 
Caenorhabditis elegans (C. elegans). El bombeo continuo de la faringe de C. elegans se 
asemeja al corazón humano a nivel molecular y genético. Tras evaluar a fondo las 
nanopartículas en gusanos, produjimos un andamio compuesto de nanopartículas de 
polipirrol con celulosa bacteriana como posible parche cardíaco y realizamos evaluaciones 
in vitro en células cardíacas. 

1. Comenzamos esta tesis con un capítulo introductorio que proporciona los 
antecedentes científicos y el estado del arte de la investigación sobre los temas 
relevantes. Brevemente, el Capítulo 1 analiza la prevalencia, la patología y las 
opciones de tratamiento actuales de la arritmia cardíaca, así como los esfuerzos de 
la nanotecnología para mejorar los tratamientos existentes y aportar nuevas 
terapias. También se discuten las diversas plataformas in vitro, in vivo y de 
pequeños animales disponibles para evaluar la eficacia de las nanomedicinas 
innovadoras, con especial atención a la oportunidad de C. elegans para evaluar el 
efecto de los nanomateriales sobre el ritmo cardíaco. 

2. La síntesis y caracterización de las NPs de Ppy se discuten en el Capítulo 2. En 
este capítulo, evaluamos y reportamos el tamaño, la carga superficial, la morfología, 
la conductividad, la estructura química, las propiedades térmicas y ópticas, y la 
estabilidad en diversas condiciones. 
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3. Los puntos finales de toxicidad sistémica en C. elegans se estudiaron 
meticulosamente para las NPs de Ppy, desde la supervivencia hasta los niveles de 
lípidos intracelulares, para estimar la seguridad de las NPs en el organismo, y se 
detallan en el Capítulo 3. 

4. En el Capítulo 4 se analiza la aplicación de la faringe de C. elegans como órgano 
modelo para estudiar los ritmos cardíacos. En primer lugar, establecimos el modelo 
animal para dichas evaluaciones utilizando dos sustancias con efectos arrítmicos 
conocidos como fármacos de control y logramos el impacto esperado de dichos 
fármacos. A continuación, evaluamos los efectos faríngeos de las NP de Ppy en 
cepas silvestres y mutantes específicas. Por último, también se investigó la 
influencia del tratamiento con NP de Ppy en la señalización intracelular de Ca2+ 
en la faringe para dilucidar una posible acción mecanicista de las NP de Ppy.  

5. La evaluación de los efectos cardíacos de las NPs de Ppy en C. elegans nos llevó 
a diseñar un material compuesto con NPs de Ppy y celulosa bacteriana (BC-Ppy) 
con funcionalidades mejoradas impartidas por la BC. El diseño de este material 
estará más cerca de la aplicación práctica de parches cardíacos para el infarto de 
miocardio y las arritmias. La optimización de los andamios con contenido variable 
de Ppy y la evaluación in vitro en células cardíacas se discuten en detalle en el 
Capítulo 5. 

6. El anexo abre la vía a la creación de mutaciones arrítmicas específicas en 
C. elegans mediante la edición del genoma para la futura evaluación de fármacos 
antiarrítmicos y nanomateriales en cepas mutantes diseñadas a medida. 

7. Por último, las Conclusiones y Perspectivas de futuro resumen los hallazgos 
significativos de este trabajo, las principales conclusiones y las oportunidades 
futuras. 

8. CV y Publicaciones. Todas las publicaciones del autor de su periodo doctoral.  
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Pròleg i abast de la tesi 
Els polímers conjugats són materials versàtils amb una àmplia gamma de propietats 

úniques i valuoses per a aplicacions biomèdiques. L'aplicació de polímers conjugats en 
biodetecció i lliurament de fàrmacs és ben coneguda. Recentment, l'aplicació d'aquests 
polímers en estratègies terapèutiques modernes com l'enginyeria de teixits també ha 
guanyat una atenció ràpida i constant. Entre aquests, el polipirrol és un dels polímers 
conjugats més estudiats. La conductivitat inherent de les nanopartícules de polipirrol (Ppy 
NPs) s'aprofita especialment en aplicacions d'enginyeria de teixits d'òrgans conductors, 
com ara el nervi i la pell. En aquesta tesi, aprofitem la conductivitat inherent dels teixits 
cardíacs i centrem la nostra atenció en el potencial dels Ppy NPs en teràpies cardíaques. 

Les malalties cardiovasculars són la principal causa de mort a tot el món. Entre els pacients 
amb malaltia cardíaca subjacent, el 90% denuncien alguna forma d’arrítmia cardíaca. No 
obstant això, els tractaments existents per a l’arrítmia cardíaca són insuficients, mancant 
molt d'eficiència i seguretat. S'ha informat àmpliament que les teràpies i pràctiques actuals 
causen efectes secundaris greus que afecten els pulmons, el fetge i el cor. Així, la 
investigació de Ppy NP per a teràpies cardíaques contribueix al desenvolupament d'una 
nanomedicina segura, eficient i multifuncional per al tractament eficaç de l’arrítmia 
cardíaca. Tot i que existeixen alguns estudis preliminars sobre diferents compostos de Ppy 
NP per a l'aplicació de teràpia cardíaca, falten estudis substancials en animals, la qual cosa 
és crucial per al progrés de nous candidats als assaigs clínics. 

En aquesta tesi, primer hem avaluat la biocompatibilitat i els efectes dels Ppy NPs sobre el 
ritme cardíac mitjançant un model animal petit, el Caenorhabditis elegans (C. elegans). El 
bombeig continu de la faringe de C. elegans s'assembla al cor humà a nivell molecular i 
genètic. Després d'avaluar a fons les nanopartícules dels cucs, vam produir una bastida 
composta de nanopartícules de polipirrol amb cel·lulosa bacteriana com a potencial pegat 
cardíac i vam realitzar avaluacions in vitro en cèl·lules cardíaques. 

1. Comencem aquesta tesi amb un capítol introductori que ofereix el bagatge 
científic i la recerca d'última generació sobre els temes rellevants. Breument, el 
capítol 1 analitza la prevalença, la patologia i les opcions de tractament actuals per 
a l'arítmia cardíaca i els esforços de la nanotecnologia per millorar els tractaments 
existents i aportar noves teràpies. També es discuteixen les diferents plataformes 
in vitro, in vivo i d'animals petits disponibles per avaluar l'eficàcia de 
nanomedicines innovadores, amb especial atenció a l'oportunitat de C. elegans 
d'avaluar l'efecte dels nanomaterials sobre el ritme cardíac. 

2. La síntesi i la caracterització dels Ppy NP es discuteixen al capítol 2. En aquest 
capítol, hem avaluat i informat la mida, la càrrega superficial, la morfologia, la 
conductivitat, l'estructura química, les propietats tèrmiques i òptiques i l'estabilitat 
en diverses condicions. 

3. Els punts finals de toxicitat sistèmica a C. elegans es van estudiar meticulosament 
per a les NP Ppy que van des de la supervivència fins als nivells de lípids 
intracel·lulars per estimar la seguretat de les NP a l'organisme i es detallen al 
capítol 3. 
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4. El capítol 4 tracta l'aplicació de la faringe de C. elegans com a òrgan model per 
estudiar els ritmes cardíacs. Primer vam establir el model animal per a aquestes 
avaluacions utilitzant dues substàncies amb efectes arrítmics coneguts com a 
fàrmacs de control i vam aconseguir l'impacte esperat d'aquests fàrmacs. Després 
d'això, es van avaluar els efectes faringis dels Ppy NPs en soques mutants de tipus 
salvatge i específiques. Finalment, també es va investigar la influència del 
tractament amb Ppy NP en la senyalització intracel·lular de Ca2+ a la faringe per 
dilucidar una possible acció mecanicista dels Ppy NP. 

5. L'avaluació dels efectes cardíacs dels Ppy NPs a C. elegans ens va portar a 
dissenyar un material compost amb Ppy NPs i cel·lulosa bacteriana (BC-Ppy) amb 
funcionalitats millorades impartides pel BC. Aquest disseny de material s'acostarà 
més a l'aplicació pràctica dels pegats cardíacs per a l'infart de miocardi i les 
arrítmies. L'optimització de les bastides amb contingut variable de Ppy i 
l'avaluació in vitro en cèl·lules cardíaques es discuteixen amb detall al capítol 5. 

6. L'annex obre la via per crear mutacions arrítmiques específiques en C. elegans 
mitjançant l'edició del genoma per a l'avaluació futura de fàrmacs i nanomaterials 
antiarítmics en soques mutants dissenyades a mida. 

7. Finalment, les Conclusions i les perspectives de futur resumeixen les 
conclusions significatives d'aquest treball, les principals conclusions i les 
oportunitats de futur. 

8. El currículum i les publicacions. Totes les publicacions del autor del seu 
període doctoral. 
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Chapter 1 
Introduction to cardiac arrhytmia, therapies 

and bioevaluation strategies 
 

 
 

PREFACE 
 

This chapter lays out the background and rationale of this thesis. Here, we discuss the 

prevalence and pathophysiology of cardiac arrhythmia, the available treatment options in 

practice, and those currently under research with the help of nanotechnology. The most 

recent research trend for arrhythmia treatment is the use of conducting polymeric 

nanoparticles. We focus on polypyrrole nanoparticles and their properties, applications, 

and composites for cardiac therapies. Lastly, among other cell culture and animal models, 

we present Caenorhabditis elegans (C. elegans) as a small animal platform for evaluating 

anti-arrhythmic drugs and nanomaterials. 
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1.1.  Cardiac Arrhythmias 

The disorders affecting the heart and the circulatory system are collectively referred 

to as cardiovascular diseases (CVDs). CVDs are the leading cause of mortality, 

representing 32% of deaths worldwide and 45% of all deaths in Europe1,2. The major types 

of CVDs include coronary artery disease, valve abnormalities, aneurysms, cardiac 

arrhythmias, cardiomyopathies, pericarditis, and heart failure. Among all types of CVDs, 

cardiac arrhythmias (CA) is a highly prevalent disorder, with 90% of heart patients reported 

to show signs of arrhythmia which amounts to 18% of cardiac deaths3,4.    

CA is characterized by irregular beating of the heart due to an improper propagation of the 

electrical impulse across the cardiac cells5. The abnormal heart rhythm can be either faster 

than normal, above 100 beats/min, known as tachycardia, or slower than normal, below 60 

beats/min, known as bradycardia. The tachyarrhythmia can be further classified according 

to its origin in the conduction pathway as supraventricular arrhythmias, arising in the atria 

or atrioventricular node (AVN), and ventricular arrhythmias, originating in the ventricles6. 

CA arises as a result of two primary conditions: myocardial infarction (MI) and 

dysregulation in the ion channel subunits. MI occurs when a region of the cardiac muscle 

is dead due to a lack of blood and oxygen supply obstructing the flow of electrical signals 

across the healthy regions, resulting in arrhythmia7. On the other hand, ion channels 

connecting the cardiomyocytes maintain the cardiac conduction system regulating the 

cardiac beating. Therefore, dysfunctions in the ion channels also lead to CA8.  

1.1.1. Pathophysiology of cardiac arrhythmia 

The heart is made of conducting myocardial tissues that generate and propagate 

electrical impulses through a specialized cardiac conduction system (CCS) (Figure 1). The 

CCS coordinates the muscle contractions leading to a regulated rhythmic cardiac beating 

of the atria and ventricles to pump blood across the body9,10.  

The conducting pathway begins at the sinoatrial node (SAN) (Figure 1, I), which initiates 

an electrical signal that propagates to the left and right atria (Figure 1, II), then through the 

AVN (Figure 1, III). The AVN is responsible for delaying impulse propagation, ensuring 

prolonged contraction of the atria for complete blood transport before ventricular 

contraction can begin. The impulse travels through AVN and reaches the atrioventricular 

bundle (His bundles) (Figure 1, IV). The atrial and ventricular cardiomyocytes are 

separated by a layer of connective tissue consisting of His bundles and Purkinje fibers that 



 14 

carry the electrical impulse to ventricles, causing ventricular depolarization 

(Figure 1, V)10,11.  

 

Figure 1. The cardiac conduction system of the heart: the stages of action potential 
propagation from the sinoatrial node (SAN) to the ventricles with the corresponding 
regions in the heart highlighted -sinoatrial node (grey), atria (light green), His bundles (dark 
green), and ventricles (teal green). The electrocardiogram at the center shows the different 
stages of cardiac conductions as P wave, QRS complex, and T wave with the equivalent 
color code.  

The events of cardiac conduction and impulse propagation leading to pumping can be 

understood by the electrocardiogram (ECG) (Figure 1). When propagated to the atrial 

muscles, the action potential causes depolarization of the atrial cardiomyocytes, which is 

perceived as the P wave. Likewise, when the impulse travels to the ventricles, ventricular 

depolarization forms the QRS complex. Finally, the repolarization of ventricular myocytes 

induces the formation of T waves and completes the cycle of action potential and muscle 

contractions12.  
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Figure 2. The interaction between the pacemaker cells and cardiomyocytes at the sinoatrial 
node via gap junctions propagates the electrical impulse and causes depolarization and 
repolarization with their respective action potentials. 

The generation and conduction of electrical signals in the CCS are mediated via specific 

intercellular interactions10. The sinoatrial node consists of a specialized myocardial cell 

called pacemaker cells, and the atrial and ventricular muscles are composed of cardiac-

specific contractile muscle cells called cardiomyocytes. The cardiomyocytes are connected 

to each other and to the pacemaker cell via gap junctions (Figure 2), consisting of ion 

channels for transporting cations such as Na+, Ca2+, and K+. Voltage-gated calcium 

channels sense the electrical impulse generated by SAN, resulting in Ca2+ ion influx, 

leading to a series of influx and efflux of cations. The transport of cations in and out of 

cells changes membrane potential, leading to a regulated cycle of depolarization and 

repolarization. Therefore, these ion channels are responsible for the electrical coupling of 

cells and action potential propagation, which is crucial for a synchronous contraction of the 

heart10. Consequently, any dysregulation of the cardiac conduction system due to 

congenital abnormalities, myocardial infarction, impaired development, or dysfunction 

results in cardiac arrhythmias.  

1.2.  Treatments for Cardiac arrhythmia 

Existing treatments and management of cardiac arrhythmia are categorized as 

pharmacological therapy and external/surgical interventions. Pharmacological therapies 

use anti-arrhythmic drugs to target molecular pathways affecting the cardiac rhythm, and 
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external therapies include pacemaker implants, direct current (DC) cardioversion, or RF 

ablation13. 

Pharmacological therapy 

The ion channels are over-activated in tachyarrhythmias, making them the most 

common targets for anti-arrhythmic drugs14. The anti-arrhythmic drug therapies are 

grouped according to the Vaughan Williams classification, depending on the specific ion 

channels and the stage of action potential that the drugs act upon (Figure 3)6.  

The different types of anti-arrhythmic drugs are sodium channel blockers (class I), beta-

blockers (class II), potassium channel blockers (class III), and calcium channel blockers 

(class IV). Drugs with primary targets other than the ion channels and those with unknown 

mechanisms do not fall into the Vaughan Williams classification and are grouped as class 

V drugs. Existing drugs for arrhythmia treatment have been widely reported to cause 

serious complications such as heart failure, stroke, obstructive lung disease, and headaches 

and cause undesirable pro-arrhythmic effects leading to bradycardia14–16.  

 

Figure 3. Types of anti-arrhythmic drugs, according to the Vaughan Williams 
classification, and their mechanism of action at the different stages of the action potential 
(top) and ECG (bottom) of humans. Reprinted from www.solutionpharmacy.in. 

 

  

http://www.solutionpharmacy.in/
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Pacemaker implants 

Another leading therapeutic strategy is using pacemakers for managing 

bradycardias, certain types of tachycardias, syncope, and heart failure17. A pacemaker is an 

implantable electrical device that sends small electrical signals initiating depolarization and 

contraction through leads that connect the device with the heart18. The pacemakers are 

prescribed for patients with sinus bradycardia, SAN dysfunction, and AV block19. The 

devices are usually implanted on the left side under the collar bone, with the leads inserted 

into the atria and ventricles (Figure 4a). The pacemakers are programmed to generate an 

action potential and stimulate contractions by delivering small electrical impulses. 

Sometimes, the devices are used to sense the intrinsic heart rate and rhythm and 

resynchronize when needed19. Even though pacemaker implantations are a common 

procedure and account for 900,000 implants worldwide each year, they are invasive and 

require continuous follow-up and monitoring. They also cause serious complications such 

as hematoma, pneumothorax (air in the pleural space), myocardial perforation, immune 

rejection, thrombosis, etc20,21.  

Direct current cardioversion  

In the case of direct current (DC) cardioversion, an external electric shock is applied 

to the heart through electrode patches to reset the disordered conduction and facilitate the 

SAN to regulate the heart rate (Figure 4b). A long-term co-administration of anti-

arrhythmic drugs is necessary to maintain the restored functions, and patients are more 

susceptible to reverting to atrial flutter or atrial fibrillation. DC cardioversion therapy also 

poses the risk of embolus and thrombus formations and increases the risk of stroke13. 
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Figure 4. Therapeutic modalities for the treatment of cardiac arrhythmia a) Pacemaker 
therapy showing the implanted pacemaker device (Adapted from ©Healthwise, 
Incorporated), b) DC cardioversion therapy with the electrode patches to deliver the electric 
shock current and stimulate the heart (Adapted from ©Cleveland Clinic), c) RF ablation 
therapy displaying the catheter inserted into the atria (Adapted from 
www.divinehearthospital.com). 

Radiofrequency ablation  

Radiofrequency (RF) ablation is a recent advance in treating and managing 

arrhythmias. An electrode is inserted into the heart through a catheter, and the electrical 

activity within the heart is precisely mapped through electrophysiology to identify the 

region causing arrhythmia. Then, an incident RF energy is applied to ablate the affected 

tissue and disrupt the improper conduction (Figure 4c). Since the affected tissue is 

destroyed, pro-arrhythmic effects in the future or the supportive use of anti-arrhythmic 

drugs are avoided. Although RF ablation exhibits lesser side effects than the previously 
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discussed treatment options, it could still cause complications such as bruising or bleeding 

at the catheter insertion site, arrhythmias, infection, and blood clots22. 

1.3.  Nanotechnology in arrhythmia treatments 

 Nanotechnology refers to the science of designing, producing, and applying 

materials at the nanoscale, i.e., materials having at least one dimension measuring between 

1-100 nm (nanomaterials). The advent of nanotechnology revolutionized biomedical 

science and biotechnological research tremendously. Since the 2000s, the application of 

nanomaterials in the diagnosis, treatment, and management of cardiovascular diseases has 

been steadily increasing and rapid growth is seen especially in the last decade 23 (Figure 5).  

 

Figure 5. a) Annual publications and citations growth of literature regarding 
nanotechnology for cardiovascular disease applications. Histogram prepared with data 
obtained from the Web of Science database, excluding review articles and book chapters. 
Search Criteria: (TS (topic search) = (nanoparticle* or nano* or nanotechnology* or 
nanomedicine* or nanosheet* or nanofiber* nanorod* or nanotube* or nanowire* or 
nanovesicle*)) AND TS = (cardiovascular disease* or arrhythmia* or infarction* or heart 
failure* or heart* or valve disease* or coronary artery disease* or valve aneurysm* or 
atherosclerosis* or cardiomyopathy* or pericaditis*) (day of access: May 31, 2023) 

Particularly for arrhythmia treatments, using nanomaterials as drug delivery vehicles, 

bioimaging agents, and tissue engineering scaffolds enables early diagnosis and prevention 

of heart failure, minimizes off-target toxicity, and facilitates cardiac regeneration and 

healing24,25. Nanotechnology is also combined with conventional strategies like 

pharmaceutical therapy and RF ablation, improving the efficacy and specificity of these 
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arrhythmia treatments. Especially in the last five years, research interest in these areas have 

been showing a rapid and consistent rise in the trend. 

 

Figure 6. The number of publications in nano- and biomaterials for cardiac arrhythmia and 
myocardial infarction applications between 2004-2023. Histogram prepared with data 
obtained from the Web of Science database with combinations of the keywords: 
“arrhythmia”, “myocardial infarction”, “nanoparticles”, “nanomedicine”, “cardiac tissue 
engineering”, and “biomaterials” (day of access: May, 26, 2023). 

1.3.1. Nano-pharmacotherapy 

Nanoparticles (NPs) are beneficial as drug carriers since they can precisely reach 

and penetrate intricate locations within the heart due to their small size25. Additionally, at 

the nanoscale, the surface area of NPs increases tremendously, providing an opportunity 

for tailored surface modifications that enhances cell-nanoparticle interactions enhancing 

cell uptake24. Various types of nanoparticles, such as polymeric, micellar, mesoporous, 

lipid NPs, and nanotubes, are reported as effective carrier materials for cardiac drugs 26 

(Figure 6). The surface of these NPs is modified or conjugated with targeting moieties such 

as cardiac targeting peptides, proteins, and receptors which can facilitate targeted delivery, 

enhancing their efficiency and preventing off-target side effects. NPs with unique 

properties such as optical absorption, magnetism, electrical conductivity, pH sensitivity, 

etc., can be used to design drug delivery carriers with stimuli-responsive properties. Upon 

application of the appropriate external stimuli, the carrier releases the drug at the target site, 

improving target specificity. The unique properties of materials at the nanoscale have been 
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scrutinized by different researchers for the delivery of anti-arrhythmic drugs, 

cardiomyocytes or stem cells for regeneration, and miRNA for gene therapy 26.   

 

Figure 6. Illustration of nanoparticle-based drug delivery for treating myocardial injuries26, 
depicting some common NPs employed, their surface modification strategies, and the 
different cargo materials that can be delivered intracardially through the NP carriers. 

The widely used class III anti-arrhythmic drug amiodarone was loaded in cyclodextrin NPs 

and targeted to cardiac tissue-resident macrophages through an L-lysine surface 

modification. The accumulation of amiodarone, specifically in cardiac macrophages, can 

improve the drug’s effectiveness since the macrophages play an essential role in cardiac 

conduction and contractions. Bare amiodarone has a prolonged circulation time and 

significant off-target accumulation in the thyroid, liver, and lungs. Thus, encapsulation of 

the drug in cyclodextrin nanocarriers led to a 250% increased uptake by the heart over the 

lungs compared to bare amiodarone. 27 

In another recent research28, the authors produced collagen hydrogel loaded with 

polyethylene imine (PEI)-coated gold NPs, to impart a positive charge to the NP’s surface 

that can effectively conjugate with negatively charged anti-arrhythmic drugs. 

Phenylephrine, known for terminating supraventricular tachycardias and preventing 

ventricular arrhythmias, was loaded into the NPs through electrostatic forces. They 

reported that ≈78% of the drug could be effectively released from the NPs within 96h, and 

in-vitro analysis with rat ventricular cardiomyocytes revealed that the drug-nanocarrier 
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complex promoted the earlier onset of synchronous contractions among the 

cardiomyocytes. In the absence of Au NPs, collagen-phenylephrine showed signs of the 

arrhythmic beating of cardiomyocytes; a shorter contraction duration and relaxation time 

combined with higher contraction amplitude were observed for the PEI-Au NPs-collagen-

phenylephrine complex compared with drug-loaded onto only collagen hydrogels without 

PEI-Au NPs, emphasizing the role of NPs in efficient drug release and reduced side effects.  

1.3.2. Nano-ablation therapy 

A recent nanotechnology approach in arrhythmia treatment research uses NPs to 

facilitate focused RF ablation at the regions of interest. In the conventional RF ablation 

strategy, when the RF energy is applied to cardiomyocytes, the surrounding cells are also 

affected, causing cell damage. To circumvent this, photodynamic therapy (PDT) uses NPs 

as photosensitizers (PS) to achieve myocyte-specific ablation.  

The study conducted by Avula et al. 29 is a clear example of such an approach; the 

chlorophyll-based PS chlorin e6 (Ce6) is attached to polyethylene glycol (PEG), which was 

conjugated with cardiac targeting peptide (CTP) molecules. The CTP on the surface 

enabled myocyte-specific targeting of the PS-NP complex. In-vivo evaluation in rat and 

sheep hearts resulted in a complete electrical blockage at the ablated region, terminating 

the abnormal electrical activity and restoring the cardiac rhythm. Conventional RF ablation 

methods do not leave the surrounding tissues completely unharmed. Nevertheless, with the 

help of nanotechnology, the authors achieved cell-specific ablation of cardiomyocytes 

while providing complete protection to the bystander cells. 

Another class of NPs that are useful in nano-ablation therapies is metallic NPs such as 

Copper (Cu), Iron oxide (FeO), and Titanium (Ti). These NPs have been reported to 

improve the size of ablation lesions in ex-vivo bovine myocardium30. The RF energy 

applied by the catheter tip is received by the metallic NPs, known to possess electrical and 

thermal conductivity. Thus, the NPs propagated the incoming RF energy enabling a deeper 

penetration and causing a more intense thermal injury than ablation treatment without NPs. 

1.3.3. Nanomaterial scaffolds for tissue engineering 

A significant bottleneck in MI is the poor regenerative capacity of cardiomyocytes. 

Cardiac tissue is among the least regenerative tissue in the human body, making it nearly 

impossible to recover to new functional tissue. Nano-biomaterials with structural and 
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mechanical properties mimicking the extracellular matrix (ECM) are prevalent in cardiac 

tissue engineering (CTE) to treat MI. Features such as a porous surface, nanofibril mesh-

like structures, reactive groups, and functional motifs promote interaction with the 

biomolecules within the tissues eliciting tissue regeneration.  

 

Figure 7. Scheme of the principal properties of scaffolds necessary for cardiac tissue 
engineering31. 

The physicochemical properties of nanomaterial matrices like surface energy, 

surface area to volume ratio, surface roughness, wettability, and reactivity are favorable to 

promote cell adhesion, migration, differentiation, etc32,33. An ideal scaffold material for 

CTE should be biocompatible with all cell types of cardiac tissue like fibroblasts, 

cardiomyocytes, endothelial cells, etc., possess 50-90% porosity to support nutrient and 

oxygen diffusion, mechanically strong and flexible to withstand the shear force caused by 

blood flow and the repetitive contractile motions31 (Figure 7). 

Polymers are the most extensively studied materials as tissue engineering matrices, either 

synthetic polymers such as Poly (lactic-co-glycolic acid) (PLGA), poly (caprolactone) 

(PCL), poly (glycerol sebacate), poly (urethane), etc. or natural biopolymers like cellulose, 

chitosan, alginate, albumin, hyaluronic acid and collagen34,35. Synthetic polymers possess 

enhanced mechanical properties, can be manufactured with reproducible physical 

properties and mechanical strength, and are biodegradable. On the other hand, biopolymers 

have some advantages: they are highly biocompatible and do not induce immune rejection. 

The natural environment provided by biopolymers also facilitates better attachment, 

proliferation, differentiation by the cells, and overall behavior of the cells32. 
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The polymer matrices are often impregnated with therapeutic molecules, targeting 

components, stem cells, and multifunctional NPs to promote healing and regeneration of 

the injured area. Electrically conducting NPs are particularly interesting as additives in 

CTE scaffolds, as they can impart electrical conductivity necessary for cardiac electrical 

impulse propagation by the scaffolds.  

1.4. Conducting Nanomaterials 

  The inherent electrical propagation within the heart makes cardiac muscles 

electrically conducting, while the infarcted region in MI becomes non-conducting 

(Figure 8a). Using conducting nanomaterials around the affected tissue could improve the 

conduction flow of cardiac impulses and thus improve the cardiac function of an infarcted 

heart36.  

 

Figure 8. a) The impaired electric conduction among oxygen deprived cardiomyocytes in 
myocardial infarction, b) Examples of some conducting nanomaterials and the TE 
strategies for cardiac tissue regeneration and improved cardiac function, c) Polymeric 
materials – as reinforcements in the form of scaffold matrices and hydrogels, d) Suturable 
cardiac patches or e) injectable hydrogels, that can repair the injured area and restore the 
electric conduction. 



  

 25 

Chapter 1: Introduction  

Nanomaterials with electrical conductivity, such as conjugated polymers, gold NPs, and 

carbon nanotubes, are commonly researched to impart conductivity to the scaffolds used in 

CTE (Figure 8b)37. Conjugated polymers (CPs) are especially popular because, in addition 

to electrical conductivity, they also possess the advantages of polymeric materials, such as 

the chemical reactivity to functionalize with other materials, stability, and biocompatibility.  

The materials are usually combined with other reinforcements (Figure 8c), such as 

polymeric matrices or hydrogels, to produce cardiac patches (Figure 8d) or injectable 

conducting hydrogels (Figure 8e), respectively. The composites are also loaded with 

cardiomyocytes or stem cells to facilitate cardiac regeneration and healing of the infarct. 

Exploring this direction is a relatively new subject, with studies emerging worldwide 

during the last few years36.  

Conjugated Polymers 

CPs are intrinsically conducting polymers with characteristic conjugated aromatic 

or alkyl chain bonds. The alternating single and double bonds result in delocalized 

π-electrons, which imparts these polymers with electrical conductivity. CP NPs possess 

other properties particularly beneficial for biomedical applications, such as ease of 

synthesis, surface functionality, aqueous stability, etc38. Furthermore, the unique structure 

of the materials also renders them with NIR-absorption capacity39. This distinctive 

combination of properties has been utilized by several scientists across the world, 

especially in the last decade, to produce functional nanomaterials for biomedical 

applications such as smart stimuli-responsive drug delivery, photothermal therapy, 

photodynamic therapy, biosensors, tissue engineering, bioimaging, etc38.  

NPs of polypyrrole (Ppy), Polyaniline (PANI), Polythiophene (PT), Poly (3,4-ethylene 

dioxythiophene) (PEDOT), Poly (acetylene) are some examples of CPs used for biological 

applications38,40. Figure 9 shows a list of common CPs with their chemical structure, all 

possessing conjugated bonds in their polymeric backbone. Among all the different CPs, 

Polypyrrole (Ppy) is the most common CP (Figure 9, green) for biomedical applications 

owing to its ease of synthesis and processing, dispersibility in water, and 

biocompatibility41,42. 
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Figure 9. Some commonly used conjugated polymers with their chemical structures40. As 
shown, we can observe the aromatic pentose ring with a secondary amine in the Ppy (green) 
structure. 

1.5. Properties & Applications of Polypyrrole  

Ppy is the polymer of pyrrole, which upon oxidation and doping with an anion, 

gains electrical conducting capability. Pyrrole is a heterocyclic, aromatic pentose ring with 

a secondary amine functional group. Interestingly, polypyrrole is an insulator but can 

become conducting upon oxidation by dopants. Ppy NPs are not soluble but dispersible and 

stable in water. The conjugated structure renders conductivity and strong and broad 

absorption in the entire NIR region43. The electrical conductivity can be fine-tuned in a 

wide range by modifying the doping and oxidation levels of Ppy NPs. The NPs are yellow, 

becoming progressively darker to black upon oxidation, with intermediate colors 

depending on the dopant type.  
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Figure 10: a) The distribution of research articles focusing on Ppy NPs in biomedical 
applications such as biosensors, drug delivery, photothermal therapy, and tissue 
engineering in the past 30 years, number of research articles published in b) 30 years on 
biosensors, c) 10 years on photothermal therapy, d) 30 years on drug delivery, and e) 25 
years on tissue engineering applications of Ppy NPs. Data were obtained from the web of 
science database, using keywords: “polypyrrole”, “nanoparticles”, “biosensors”, “drug 
delivery”, “photothermal therapy”, and “tissue engineering”. 

The oxidation state and conductivity of Ppy NPs can be reverted through reversible 

electrochemical redox switching44. Ppy NPs are also environmentally and thermally stable 

up to 350 °C45, in addition to maintaining physicochemical properties such as size and 

morphology in aqueous conditions, rendering ideal properties for biosensors. The 

remarkable stability also facilitates robust storage and transport conditions for Ppy 

materials, an influencing aspect for commercial nanomedicine. Thus, Ppy NPs possess a 

plethora of favorable properties rendering them a leading position in several biomedical 

applications, including drug delivery, biosensing, photothermal therapy, and tissue 

engineering (Figure 10a). The most popular and earlier utility of Ppy NPs has been in 

fabricating biosensors (Figure 10a, b), followed by their use as drug delivery carriers 
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(Figure 10d); however, lately, other applications such as in photothermal therapy and tissue 

engineering are also rising in popularity since the last 10 years (Figure 10c, e). 

Drug delivery systems 

Ppy NPs are explored as stimuli-responsive drug delivery systems46 since they 

possess electrically controlled drug release behaviour47 and photo-responsive and 

photothermal behaviors48. Good biocompatibility, thermal and aqueous stability of Ppy 

have also been advantageous for intra-venous drug delivery applications. Likewise, several 

reports show surface modifications with specific antibodies or targeting agents to provide 

targeted delivery 49, and nanocomposites with other materials such as polymers, magnetic 

NPs, and metallic NPs can impart interesting properties to the drug delivery system 

achieving an innovative stimuli-responsive therapeutic platform 46,47,50.  

Photothermal cancer therapy (PTT) 

Photothermal therapy (PTT) is a therapeutic strategy for cancer treatment that uses 

a photo-absorbent in the Near infra-red (NIR) region to convert light into heat leading to 

heat-induced killing of cancer cells. It is crucial to have a strong NIR absorbance since this 

radiation can penetrate deep tissues within the human body, which renders Ppy NPs as a 

promising PTT agent39,51. Frequently, Ppy NPs are used as a delivery platform for anti-

cancer drugs to offer chemotherapy and also stimulated using a NIR source to promote the 

PTT effect, thus enabling a combinatorial effect48. Studies showing a further complex 

design, including a magnetic NP for magnetic resonance imaging (MRI) guided delivery52, 

magnetic hyperthermia53, or a photosensitizer to impart photodynamic therapy in addition 

to chemotherapy and PTT have also been reported54, showing the infinite possibilities of 

using Ppy for PTT along with other therapeutic modalities to eliminate cancer cells. 

Biosensors 

PPy NPs have also been applied in electrochemical biosensors55,56 because their 

conductivity is tunable in a wide range from insulating to metallic conductivities by 

modifying the doping levels and the ability of redox switching of electrical conductivity by 

doping/de-doping44. The NPs can be easily synthesized through chemical polymerization. 

The low electropolymerization potential also makes them a promising material for 

biosensing, in addition to their stability under environmental conditions such as varying 

pHs and temperature. Immobilization of enzymes (oxidases, peroxidases, and 
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dehydrogenases) on the Ppy electrode surface for sensing analytes like glucose57, 

cholesterol, and bilirubin58
,  are examples of using Ppy in electrochemical biosensing. 

Polypyrrole composites for cardiac therapies 

Ppy is mechanically rigid with poor flexibility and ductility; therefore, it is often 

combined with hydrogel polymers to make an injectable formulation for intra-cardiac 

administration59,60 or with polymeric scaffold membranes for CTE41,61–63 (Figure 10). The 

polymeric support can be synthetic polymers such as polylactic-co-glycolic acid, 

polycaprolactone, polyurethane, polycarbonate, etc. Recently, Aziz et al.64 produced 

electrospun scaffolds made of Polycarbonate-Polyurethane fibers (PCNU) and 

incorporated Ppy NPs on the scaffolds. The conductive Ppy-PCNU scaffolds promoted cell 

alignment in isolated neonatal rat cardiomyocytes, synchronized the contractions of 

physically separated cardiomyocytes, and resolved atrial fibrillation in rat hearts. However, 

the long-term toxicity of such synthetic polymers is a concern since the slow degradation 

of PCNU results in the release of CO2 and other toxins, such as glycols and diamines.  

 

Figure 11: Schematic representation of an injectable gelatin-xanthan gum hydrogel grafted 
with Ppy NPs. The hydrogel is injected intracardially into rat hearts in the infarcted 
myocardium to restore cardiac function. Reprinted from Zhang et al. 65. 
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On the other hand, combining Ppy with biopolymeric matrices from natural sources is a 

recent research attraction for cardiac therapies since they are highly biocompatible, and the 

composites can provide excellent electrical, mechanical, and structural properties. 

Examples of such materials reported in combination with CPs, especially Ppy, include 

alginate66, decellularized ECM (dECM)61,67, cellulose68,69, collagen70,71, etc. Recent work 

on this aspect conducted by Zhang et al. 65 reported Ppy NPs grafted gelatin-xanthan gum 

hydrogels that were injectable and conducive for myocardial repair (Figure 11), preventing 

the induction of arrhythmias in rat hearts. The conduction velocity of impulse across the 

heart also increased with a concomitant reduction in scar size, increased vessel density, and 

a reduced inflammatory response surrounding the infarcted region. Although the hydrogels 

possessed porous morphologies, the microstructure did not resemble the interconnected 

mesh-like fibrous structure of native ECM. Thus, biopolymers that can exhibit such 

microstructures in their naturally produced forms, like bacterial cellulose (BC), can be 

beneficial in promoting better cell behavior, such as adhesion, migration, and maturation. 

1.6. Bacterial cellulose  

Among the polymers investigated for tissue engineering, cellulose is the most 

abundant biopolymer on earth, possessing excellent biocompatibility. They are naturally 

produced by plants from sources like wood and cotton, marine animals such as tunicate, 

and bacteria72. Besides natural sources, cellulose can be produced chemically using 

cellulose acetate as a precursor. However, cellulose from natural sources is primarily 

preferred for biomedical applications owing to its outstanding biocompatibility over 

synthetic cellulose. In addition to biocompatibility, cellulose also displays other notable 

properties such as high mechanical strength, hydrophilicity, surface functionality, etc., that 

are highly significant for biomedical applications such as substrates for structural support, 

drug delivery patches, hydrogels, and transdermal patches for wound healing73,74. Two 

major forms of nanocellulose are nanofibers (CNFs) and nanocrystals (CNCs). While both 

share chemical structures and properties, their physical and mechanical properties can be 

varied vastly. CNCs possess needle-like morphologies of less than 50 nm width, length in 

the range of 100 nm, and crystalline nature. CNFs exhibit flexible continuous and 

interconnected fibrous morphology with a wide range of diameter and length running up to 

several µms, which can be controlled by modifying the growth conditions. CNFs are 

generally reported to have much higher flexibility and mechanical strength and are 
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amorphous. The thinner and longer fibrous structures provide better structural integrity and 

reinforcement capability to CNFs, making them preferred scaffold materials over CNCs75. 

Among the different natural sources to produce nanocellulose, bacterial cellulose (BC) is 

particularly interesting since BC possesses remarkably higher purity than plant cellulose, 

which shows traces of hemicellulose, lignin, pectin, or even ash76. BC also displays no 

immunogenicity because of this inherent purity and is highly crystalline (84-89%) 

compared to plant cellulose (40-60%). BC is produced by acetic-acid Gram-negative 

bacterial cultures of Aerobacter, Agrobacterium, Komagataeibacter, Pseudomonas, 

Achromobacter, Azobacter, Rhizobium, Salmonella, and Alcaligenes and Gram-positive 

bacterium Sarcina ventriculi. BC has a much higher porosity than plant cellulose, which is 

valuable for transporting biomolecules and their signals and results in higher water 

retention capacity. The naturally produced BC possesses a random interconnected network 

of nanofibers, mimicking the cardiac ECM in terms of morphology, fiber diameter, and 

pore sizes77. To summarize, BC holds a strong position in biomedical applications because 

of the higher flexibility, porosity, hydrophilicity, purity, and malleability of BC over plant 

cellulose 76. 

1.7. Bacterial Cellulose-Polypyrrole composites for cardiac tissue engineering  

 BC has properties that are favorable for the cardiac tissue. Adding Ppy NPs can 

provide the electrical conductivity essential for cardiac tissue scaffolds to promote cell-cell 

impulse propagation and regeneration.  

He et al. 69 obtained cellulose hydrogels from the tunicate sea squirts and functionalized 

them with Ppy NPs (Figure 12) through in-situ polymerization resulting in a conductivity 

of ≈ 0.2 S/m. Evaluation of cardiac-specific protein expressions, synchronous contractions, 

and calcium transients in primary cardiomyocytes showed that the composite tunicate 

cellulose-Ppy scaffolds rendered ≈2-fold higher cardiac protein expressions, beating 

frequency, and amplitude. Further evaluation in MI-induced rat models showed that the 

scaffolds could reduce the infarct size and volume by almost 50% compared to untreated 

groups, along with enhanced cardiac protein expression and myocardial tissues. 
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Figure 12. The sea squirts-derived cellulose patch functionalized with Ppy NPs for 
myocardial infarction from the waste of marine culture69.  

Owing to the remarkable purity, biocompatibility, flexibility, porosity, hydrophilicity, and 

mechanical strength of bacterial cellulose over cellulose derived from other sources, we 

chose BC as our scaffold material. We investigated various concentrations of Ppy NPs 

resulting in BC: Ppy materials with different material properties to fine-tune and select the 

ideal candidate for CTE. The design of BC: Ppy composites, optimization of Ppy 

concentration to achieve desirable scaffold properties, and their evaluation in cardiac cell 

types are elaborated in Chapter 5.  

Any nano-biomaterial must be carefully designed considering the suitable material 

properties for the application, in this case, to be used for arrhythmia treatments. A thorough 

investigation of its biocompatibility, therapeutic efficiency, biodegradation or elimination, 

and pharmacokinetics/pharmacodynamics, must be carried out with the help of bio-

evaluation platforms. 

1.8. Bio-evaluation Methodologies 

 Novel nanotherapeutic strategies for treating cardiac arrhythmia and myocardial 

infarction must be rigorously evaluated in-vitro and in-vivo to establish their safety and 

efficacy. A crucial setback in applying nanomaterials for cardiac therapy is the difficulty 

of producing cardiac disease-specific animal models78. Unlike cancer or other disorders, 

developing animal models of cardiovascular diseases is more complicated and expensive. 
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3D cell cultures and stem cells are more prevalent in cardiac evaluations but have resulted 

in multiple proof-of-concept studies using nanomaterials for cardiac therapeutic 

applications until the in-vitro testing stage; only a handful have proceeded until animal 

studies. 

1.8.1. in-vitro models 

 Traditional 2D cell culture models are always the go-to platforms for initial toxicity 

evaluation and the efficiency of novel therapies. Nanomaterials for cardiac applications are 

often evaluated in isolated rat primary cardiomyocytes, embryonic rat cardiomyocytes 

H9c279, immortalized mouse cardiomyocyte cell lines HL-180,81 and AC1682, and human 

induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CM). The heart has a 

complex tissue organization consisting of various cell types and microstructures. 

Consequently, evaluating the materials in the different cell types in a more realistic 

environment is important. While 2D cell cultures using such cell lines are helpful for the 

primary evaluation of the materials, they do not provide a platform for co-culturing 

multiple cell types nor reflect the complex tissue structure and microenvironment. 

3D cell culture models 

Recent advances in in-vitro evaluation focus on using 3D cell culture organoids and 

organ-on-a-chip platforms. The 3D cell culture model systems are mainly categorized into 

two83 (Figure 13): 1. Those containing a scaffold matrix, typically a hydrogel loaded with 

cardiac cells forming a contractile engineered heart tissue (EHT), and 2. Free-standing 

spheroids formed by self-assembly without scaffold matrices. Recently, the use of scaffold-

free spheroids with a mixed population of cell types, such as cardiomyocytes, fibroblasts, 

stem cells, and endothelial cells, is on the rise84. The 3D system is also often designed with 

micropatterns, microfluidics, pumps, perfusions, and sensors for a system as realistic as 

possible83.  
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Figure 13. Overview of the design of scaffold-free options like spheroids and sheets and 
scaffold-based human-engineered heart tissue (EHT) models such as rings, microfibers, 
patches, and wires85. 
The heart-on-a-chip is a microfluidic device that can resemble the mechanisms of the heart, 

reproducing contractility, conduction velocity, and vasculature86,87. Specific mechanisms 

of an organ can be precisely designed and studied through this system, especially to 

understand cardiopathology and cardiotoxicity. However, the main drawback with such a 

platform is that only certain aspects of an organ can be built, and the entire functions of an 

organ cannot be replicated in a single device. Nevertheless, a vascularized organ with 

chambers, a pumping function, and a conduction system are not yet achievable in 3D cell 

cultures. 

1.8.2. in-vivo models 

 Almost all of the traditional animal models starting from mice and rats88 to larger 

animals like rabbits, pigs, and dogs, are currently explored animal models for studying 

cardiac arrhythmia88,89. However, the choice of animal depends mainly on the cause and 

type of arrhythmia being investigated. An ideal animal model should possess cardiac 

structural, genetic, and functional resemblance to the human heart, the practical feasibility 

of housing and breeding at reasonable costs, and the possibility to induce precise genetic 

modifications to generate tailored animal models90. Unfortunately, a perfect animal model 

meeting all the above needs for arrhythmia research does not exist. Nevertheless, different 

animals can be employed based on various aspects/mechanisms of the cardiac rhythm 
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under scrutiny, among other factors such as cost and ethical committee approvals. For 

instance, the most popular animals, mice and rats, vastly differ in their cardiac 

electrophysiology from humans. They are not the most preferred models, but they are 

suitable for genetic studies90.  

Arrhythmias induced by myocardial ischemia, such as ventricular and atrial fibrillation and 

ventricular tachycardia, can be studied on mice and rats91,92. Even though a rabbit model 

MI was developed, no arrhythmias have been reported to date93. Previously, dogs have 

been used as a common ischemia model, but not in recent years because a pacemaker must 

be used to induce pacing along with ischemia to observe a significant phenotype in dogs. 

On the other hand, changes in ventricular ion channel functions induced by myocardial 

ischemia can be studied using pig models since the phenotypical changes observed were 

similar to those observed in humans. Pigs are a primary choice of evaluation for 

arrhythmias caused by ischemia owing to the similarity in anatomy and the ability to induce 

reproducible infarct sizes94.  

Exciting findings about atrial fibrillation were achieved using goats as the animal model: 

artificial induction of atrial tachycardia (tachypacing) causes electrical changes resulting 

in persistent atrial fibrillation, which induces morphological changes in cardiomyocytes 

and leads to myocardial dedifferentiation95. Other animals such as dogs, sheep, rabbits, and 

pigs are also suitable animal models for studying atrial fibrillation induced by atrial 

tachypacing90 among which pigs and dogs share a closer electrophysiology with humans 

than goats, and pigs being the cheapest option of all. Thus, even though goats have been 

more widely studied to date, pigs might become a viable option soon. Heart failure caused 

by ventricular tachycardia is studied in dogs, pigs, and rats. Pigs have been reported to be 

a reliable model for studying alcohol-induced atrial fibrillation and rats for pulmonary 

hypertension-induced arrhythmias96,97. 

Genetically modified mutant strains of animals, like mice, rabbits, and pigs, are used to 

study the electrophysiology and molecular pathways involved in arrhythmias. Especially, 

potassium channel mutations (KCNQ1 and KCNH2) of rabbits are an ideal model to study 

repolarization, TGF-β1 mutated goats for atrial fibrillation, and SCN-5A mutated pigs as 

Brugada syndrome models98–101.  
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Figure 14. Advantages and disadvantages of different animal species for research. Mice, 
rabbits, and pigs are the most appropriate models for most studies on arrhythmias90. 
 
Although rats and mice provide far more reliability and information for other diseases such 

as cancer and organ systems like the digestive and nervous systems, they are not the best 

models for cardiovascular studies owing to their differences compared with the human 

heart, necessitating an amplified use of higher animals like dogs, rabbits, pigs, and goats 

(Figure 14). However, each type of arrhythmia requires a different animal model, and 

creating transgenic mutations in large animals are complicated, expensive, and not 

encouraged until later developmental stages. They also have a lesser reproduction rate and 

longer gestational periods than smaller animals, resulting in a low yield of mutant strains.  

1.8.3. Alternative small animal models 

 The use of small animals like zebrafish, drosophila melanogaster, and 

Caenorhabditis elegans has seen a surge as model animals for toxicity and efficacy 

evaluation of drugs at early developmental stages, especially in the assessment of 

nanomaterials. These models provide the opportunity to implement the 3Rs (reduce, reuse, 

and recycle), offer valuable information on large scales, and accelerate the animal testing 

of novel candidates.  
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Zebrafish 

Zebrafish (Danio rerio) is an optically transparent freshwater fish with a high 

reproductive rate. The zebrafish heart comprises only one atrium and one ventricle. 

Nevertheless, similarities between the human CCS and zebrafish conduction system have 

been identified. Zebrafish also possess pacemaker cells in the junction sinus venosus and 

atrium (the equivalent of SAN), and slow-conducting atrioventricular cardiomyocytes in 

the AVN region are also present, drawing similarities to human heart102,103 (Figure 15a). 

The average heart rate of zebrafish is 120-180 beats per minute (bpm), one of the few 

animals with a heart rate closest to the human heart (60-90 bpm). The components of ECG 

and the corresponding phases of the action potential are also similar to humans, with a 

P wave, QRS complex, and a T wave (Figure 15b, c). Genes encoding some cardiac ion 

channels are orthologous between zebrafish and humans. Several zebrafish strains with 

mutated ion channels have been produced and studied as arrhythmia models104,105. 

However, due to a lower ryanodine receptor expression and a lack of T-tubules, the 

sarcoplasmic reticulum does not contribute to the Ca2+ transients in zebrafish as much as 

humans. Thus, intracellular Ca2+ signaling, an important mechanism influencing 

arrhythmias, is not shared by zebrafish and humans and therefore cannot be used for 

studying the Ca2+ transient levels105. 

 

Figure 15. A) Anatomy of zebrafish adult heart showing the atrium and ventricle, B) ECG 
patterns in zebrafish heart under normal, bradycardia, and tachycardia conditions, C) 
Action potential pattern with the corresponding ion transfer events. 
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In this context, zebrafish larvae have been used as an effective small animal model for 

studying cardiac effects102,106. Cornet et al. evaluated the effect of 25 compounds on the 

heart rate frequencies in zebrafish larvae. They found that the drugs cause similar impacts 

in zebrafish larvae as in humans and obtained 68% true positive rate (cardiotoxic drugs 

affecting the heart rate) and 89% true negative rate (non-toxic drugs not affecting the heart 

rate), higher than hiPSC-CMs and rodents107. Further, to scale up this process, the same 

group has developed Zecardio, a combined hardware and software screening system that 

facilitated high-resolution imaging and high throughput analysis108. Using this platform, 92 

compounds with known clinical cardiotoxicity profiles were analyzed and compared with 

the data obtained from tests using human induced pluripotent stem cells (hiPSC-CMs). 

They found that zebrafish show higher sensitivity and an overall 30% higher true positives 

than hiPSC-CMs. They cite that the complexity of metabolism influencing the ADME, 

adrenergic signaling, and ion-channel mechanisms of the zebrafish model show a closer 

resemblance with humans over hiPSC-CMs. However, although not a major risk for initial 

stage testing, a severe disadvantage of zebrafish models is the lower specificity leading to 

unwanted rejection of safe drugs, necessitating the research on other small animal 

models107,108. 

Drosophila melanogaster 

Drosophila melanogaster (or the common fruit fly) is an invertebrate model 

exhibiting functional and developmental homology, especially the components and 

structure of the sarcomere to the human heart109–111. The analysis of ECG patterns has also 

benefited the use of Drosophila for studying cardiac dysfunctions such as channelopathies 

and cardio-myopathies. Specifically, a key player in influencing cardiac pumping and 

muscle contractions, calcium signaling, is tightly regulated by several proteins such as 

voltage-gated Ca2+ channels (VGCC), ryanodine receptors (RyR), and sarcoendoplasmic 

reticulum calcium ATPase (SERCA) pump. Interestingly, mutations in RyR and SERCA 

channels have also induced arrhythmic effects in Drosophila models111,112. The voltage-

gated K+ channels of Drosophila (e.g. KCNQ) have been identified to show orthology to 

human channels, facilitating the development of channelopathy disease models through 

genetic mutations of potassium channels113. Therefore, Drosophila is a promising candidate 

for studying the arrhythmic effects of drugs with potassium channels as their targets. 

Celecoxib, a non-steroidal anti-inflammatory drug with cyclooxygenase-2 as its primary 
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target, showed inhibition of voltage-gated K+ channels inducing arrhythmia when studied 

on Drosophila larval heart and isolated rat ventricular myocytes114. 

Caenorhabditis elegans 

Among the small animal models, Caenorhabditis elegans (C. elegans) is a recent 

alternative for cardiac arrhythmia studies. C. elegans are free-living nematode worms, 

commonly found in the soil, with bacteria as their primary food source. The anatomy of C. 

elegans comprises mainly five organ systems: the skin, digestive, nervous, muscular, and 

reproduction systems (Figure 16). The genome of C. elegans contains ≈20,000 genes, and 

it was the first animal model to have its entire genome sequenced in 1998. They also have 

a finite number of neurons (302) and were the first model to have a completed connectome 

in 2019115.  

 

Figure 16. C. elegans and its major anatomical features: pharynx, body wall muscle, 

reproductive tract, alimentary tract, and nerve endings shown in a hermaphrodite worm. 

Owing to these physiological, behavioral, and experimental advantages, C. elegans are a 

popular small animal model for research in developmental biology, aging-related studies, 

and the nervous system. In the past decade, the use of C. elegans for testing nanomaterials 

has been gaining attention, concurrent with the rise of novel nanomaterials for biomedical 

applications and the inevitable need for small animal models for their rigorous 

evaluation116,117. C. elegans are a promising tool to study toxicology on a large scale, to 

identify their molecular targets, the pharmacokinetics of nanomaterials such as their 

dissolution or accumulation, biodistribution, and pharmacodynamics such as absorption, 

distribution, metabolism, and excretion (ADME). 

1.8. The pharynx of Caenorhabditis elegans 

 The worms possess pharynx, a continuously pumping filter-feeder responsible for 

grinding the ingested substances and their progression toward the intestine118. The pharynx 

comprises a buccal cavity, procorpus, metacorpus (anterior bulb), isthmus, terminal bulb, 
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and pharyngeal-intestinal valve119 (Figure 17). The pharyngeal muscle cells in the isthmus 

undergo repetitive contractions resulting in isthmus peristalsis, facilitating the food 

movement120. The pharynx grinder comprises three pair of muscle cells which contracts 

and rotates upon contraction, enabling the grinding of the ingested substance and 

movement to the intestine through the pharyngeal-intestinal valve119,121. 

 

Figure 17. The C. elegans’ pharynx – the filter-feeding organ. Anatomical features and 
structural organization of the pharynx, red - muscles, purple - neurons, orange - epithelia, 
pink - marginal cells, and brown - glands122. 

Pharynx pumping 

The corpus, isthmus, and terminal bulb are made of muscle cells that are electrically 

coupled to each other, contracting and relaxing throughout the life of the worms, similar to 

the human heart119,123. The contractions are initiated at the corpus by excitation of the 

cholinergic motor (MC) neurons (Figure 18a), progressing through the isthmus and 

reaching the terminal bulb. The coupling between the muscle cells is mediated through gap 

junctions that propagate the action potential from one cell to the next via voltage-gated 

cation channels, resulting in muscle contractions. Thus, the corpus, anterior isthmus, and 

terminal bulb undergo an almost simultaneous contraction (Figure 18b). Whereas the 

posterior isthmus exhibits a delayed contraction resulting in a traveling wave of contraction 

called peristalsis (Figure 18d).  
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Figure 18. Suggested mechanisms for the contraction dynamics of the various pharyngeal 
areas. A) excitation of cholinergic motor (MC) neurons (lightning) at the corpus-isthmus 
border and pharyngeal muscle depolarization, B-C) Ca2+ influx and a near-simultaneous 
contraction of the corpus, anterior isthmus, and terminal bulb (C) Schematic Ca2+ dynamics 
at the anterior and posterior isthmus muscles during a pump. [Ca2+] reach lower maximal 
values at the posterior than at the anterior isthmus resulting in shorter contractions at the 
posterior than anterior isthmus, causing peristalsis at the posterior and pumping at the 
anterior isthmus. (D-E) The suggested mechanism for corpus and TB dynamics and 
different [Ca2+] thresholds of contraction. (E) Schematic Ca2+ dynamics at the corpus (left) 
and terminal bulb (right) muscles during a pump. 123  

1.9. The opportunity of Caenorhabditis elegans for arrhythmia evaluation 

The action potential follows a series of Calcium (Ca2+) mediated membrane 

depolarization and contraction, followed by repolarization before returning to its resting 

state, analogous to the human cardiac action potential122 (Figure 19). The depolarization-

repolarization cycle is controlled by a tightly regulated transport of Potassium (K+) and 

Ca2+ ions through the potassium channels and L-type and T-type voltage-gated calcium 

channels. Mutations in the ion channels can thus lead to a dysregulation in the muscle 

contraction perceived as altered pharyngeal pumping, the same way ion channelopathies in 

the heart lead to cardiac arrhythmia124,125. Notably, the sodium, potassium, and calcium 

channels of C. elegans, such as nca-1, nca-2 (sodium), exp-2 (potassium), egl-19, cca-1 
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(calcium), unc-68, etc., are genetically homologous to NALCN (sodium), KCNQ1 

(potassium) and CACN1 (calcium), and RyR2 of humans, respectively126 (Table 1). 

 

Figure 19. Similarities between the action potential propagation in a) humans and b) C. 
elegans generated by the cation transfers across cardiomyocytes and pharyngeal muscle 
cells, respectively. 

Owing to the genetic and structural similarities between the C. elegans pharynx and the 

human heart, genetic modifications are carried out in C. elegans to produce disease models 

with arrhythmia-specific phenotypes. The Cav1.2 channel is an L-type voltage-gated 

calcium channel encoded by CACNA1A genes homologous to egl-19 genes in the pharynx. 

Mutations in Cav1.2 channels result in long QT syndrome in humans. Homologous 

mutations in egl-19 of C. elegans also induced long QT-like phenotypes such as a 

prolonged pump duration and impaired ability to pump at high frequency127. Similarly, the 

same group also created mutations, csq1 and unc-68, which are orthologous to the human 

Ca2+ channels. These mutations resulted in altered pharyngeal pumping, such as missed 

pumps, pumping at half frequency, or no pumping. Interestingly, when the worms were 

treated with an anti-arrhythmic agent, benzothiazepine, the impaired pumping caused by 

the mutations reverted to regular pharyngeal pumping in the worms128. The characteristic 
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arrhythmia causing mutations of the heart resulting in a corresponding arrhythmia-like 

phenotype in C. elegans is solid evidence that encourages the application of C. elegans as 

an animal model for cardiotoxicity and anti-arrhythmic efficacy assessment of 

nanomaterials. 

Table 1. Orthologous cation channels such as sodium, potassium, and calcium channels in 

C. elegans and humans126. 

Ion Channels C. elegans genes Human orthologs 

Sodium channels nca-1, nca-2 NALCN 

Potassium channels exp-2 KCN genes (B1-2, F1, G1, S1-3, V1-2) 

Calcium channels 

egl-19 

cca-1 

unc-68 

CACNA1 genes (A-F, S) 

CACNA1 (G-I) 

RyR (1-3) 

 

1.10. Thesis Rationale 

 Cardiovascular diseases (CVDs) are still the number one cause of death worldwide, 

and the existing treatments in practice only focus on managing the arrhythmias without 

treating the underlying cause and pose serious contraindications, poor efficiency, and 

specificity. Therefore, to effectively treat and manage arrhythmias, a multifunctional 

therapy with high efficiency, biocompatibility, and minimal side effects is crucial in today's 

healthcare landscape.  

After carefully exploring the current research trends through existing literature on novel 

treatment options for cardiac arrhythmia, we embarked on the applications of Ppy NPs in 

cardiac therapies. Although intrinsically conducting polymers, especially Ppy NPs, are a 

trend in cardiovascular therapeutic research, there is an evident lack of animal studies. The 

more commonly studied form is Ppy composite scaffolds as potential cardiac patches. 

However, a thorough investigation of the cardiac effects of bare Ppy NPs and their possible 

molecular mechanism must be understood before developing more complex composite 

materials with practical applications. 

The lack of in-vivo studies of Ppy NPs for arrhythmia could be because of the difficulty in 

producing animal models with specific mutations of interest. Since arrhythmia models are 

often higher animals like dogs and pigs, lack of expertise, housing facilities, funding, and 
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ethical approval hinders the progress of novel treatment options like nanomedicines, in this 

case, the Ppy NPs.  

Small animals such as zebrafish and fruit flies provide valuable information when used for 

arrhythmia research, concomitantly enabling facile, rapid, and large-scale evaluation. 

However, zebrafish is not ideal for Ca2+ signaling, a key mechanism of action for anti-

arrhythmic treatments. Also, the assessment of the arrhythmic effects of drugs on zebrafish 

models showed that the zebrafish displayed a low specificity for these drugs. Drosophila is 

a suitable animal model for assessing specific aspects of arrhythmia, such as the Ca2+ 

activity and channelopathies of K+ ion channels, but not other types and characteristics of 

arrhythmias. Thus, a need for a versatile, extensive, and robust small animal model gave 

rise to the potential use of C. elegans for anti-arrhythmic NPs and drug screenings at the 

initial stage. 

C. elegans enable fast, facile, and high throughput toxicity evaluation of NPs. Additionally, 

the analogy drawn between the worms´ pharynx and a human heart and their structural and 

genetic homology shows tremendous promise to exploit these models to evaluate the 

arrhythmic effects of NPs. C. elegans also boasts a set of distinctive advantages: the 

creation of mutant strains is straightforward through feeding of the worms to mutagens or 

the use of genome editing tools for site-specific mutations, the mutant strains can be 

maintained frozen for several years, and each worm can produce up to 300 offspring in 72 

hours, giving rise to a massive population of mutant strains in a short period. Consequently, 

we chose C. elegans as a novel testing platform for assessing the toxicity and pharyngeal 

effects of Ppy NPs.  

The feasibility of extensively evaluating Ppy NPs in C. elegans encouraged us to design a 

composite material of Ppy NPs and bacterial cellulose (BC-Ppy) with improved 

functionalities imparted by the BC, which will be much closer to a practical application, 

such as the use of cardiac patches for MI and arrhythmias. In-vitro evaluation of the 

scaffolds in cardiac fibroblasts and the cardiomyocyte cell line H9c2 were performed 

individually. The behavior of cardiac cells in the presence of scaffolds sheds light on the 

role of Ppy NPs and the benefits of BC in influencing these cell behaviors. It opens up 

avenues for further investigation of BC-Ppy composites as cardiac patches. 
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Chapter 2 

Synthesis and Characterization of Polypyrrole 
nanoparticles 

 

 

PREFACE 

Chapter 2 elucidates the production of Polypyrrole nanoparticles (Ppy NPs) in solution, and 

provides a detailed characterization of the NPs. Size, morphology, chemical structure and 

composition, thermal degradation, optical absorption, and electrical conductivity of the NPs 

were characterized. Lastly, the stability of the NPs was thoroughly scrutinized in different 

aqueous conditions and pH. 
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2.1. Synthesis of Polypyrrole Nanoparticles 

2.1.1. Methods of Synthesis 

 Ppy possesses electrical conductivity and infrared absorption only in its oxidized and 

doped form. Therefore, most Ppy synthesis involves doping with anions; the dopant ions are 

introduced during or after oxidation within the polymeric backbone (Figure 1). The 

combination of a conjugated chemical structure and the doping imparts unique properties to 

Ppy, such as its tunable electrical conductivity, NIR absorption, and reversible doping/de-

doping redox ability. Although several synthesis techniques, such as photochemical1, 

emulsion2, and plasma polymerization3, are explored, electrochemical and chemical oxidative 

polymerization are the most common. 

 
Figure 1. Structure of Ppy and the doping and oxidation resulting in doped Ppy. 

Electrochemical synthesis 

In the electrochemical synthesis of Ppy, the electrolyte solution comprises the 

monomer (pyrrole), a solvent, and an acid which acts as the source of the dopant ion (Figure 

2a). Electrochemical synthesis has three major types: galvanostatic, potentiostatic, and 

potentiodynamic methods4, where a current or potential is applied to initiate the oxidation 

reaction eliminating the need for an additional oxidant. The monomer oxidation leads to the 

formation of cation radicals. The monomer molecules with cation radicals react with each 

other, forming dimers, followed by further polymer growth4–6. The resulting polymer films are 

deposited on the anode surface, which is lifted off at the end of the reaction4. Several 

parameters play a role in the properties of the resulting polymer, such as the electrode 

material4,7, dopant ion, electrolyte concentration, pH8–10, temperature, electrodeposition 

method, duration, and the number of cycles11. 

Moreover, the polymerization rate depends on the surface charge, the hydrophilicity of 

the electrode surface, etc. One of the main limitations of the electrochemical synthesis of Ppy 

is the requirement of high potential for monomer oxidation. The electrolyte must be stable at 
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such high potentials, capable of dissolving the monomer, and devoid of impurities. Also, the 

electrode material must not dissolve at high oxidation potentials4,6. Even during the synthesis 

process, the solvent can affect the solubility of the polymer. The reaction temperature also 

influences the polymerization rate, induces undesired reactions, and affects the reaction 

efficiency. Synthesis of Ppy through electrochemical methods is also limited by the complexity 

of removing Ppy from the substrate, the cost of production, the time-consuming process, the 

inability to produce Ppy in varied forms other than films, and the low production yield4,6,12. For 

further information and an in-depth review of the electrochemical synthesis of Ppy, readers are 

directed to previously published articles on the same topic4,5,8,11–13.  

 

Figure 2. Schematic representation of the two most common synthesis methods of Ppy NPs: 
a) electrochemical polymerization and b) Chemical oxidative polymerization. 

Chemical Oxidative polymerization 

Ppy Nps utilized in this work were produced by chemical oxidative polymerization 

(COP). In this polymerization method, the monomer is mixed with an oxidant and surfactant 

in the solution14,15 (Figure 2b). The oxidant often acts as the donor of the dopant ion as well as 

the initiator of the polymerization reaction16. The most commonly used oxidant initiators 

include FeCl3, (NH4)2S2O8, K2Cr2O7, K2S2O8, H2O2, H2SO4, Fe[(CN)6]317–22. A surfactant is 

also added along with the oxidant and monomer to improve the stability of the resulting 

polymer. The properties of the polymer depend primarily on the monomer concentration, 

oxidant: monomer ratio, surfactant: monomer ratio, reaction temperature, duration, and 

frequency of agitation. Therefore, the COP method exerts better control over defining the 

properties of the polymer as needed by precisely modifying the reaction parameters. Chemical 
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oxidation provides several advantages over other methods, such as ease-of-synthesis, high 

yields, ability to co-polymerize with other polymers, produce composites with different 

nanomaterials, and versatility to produce different morphologies such as nanoparticles, fibers, 

wires, sheets, and tubes6,12. Diverse morphologies of the polymer can be obtained through a 

soft or hard template-mediated synthesis or surfactant-assisted polymerization15,23.  

Due to all the above advantages of COP over electrochemical polymerization, as well 

as our expertise and experimental simplicity, we used COP to produce Ppy NPs from pyrrole 

monomer. 

2.1.2 Parameters influencing chemical oxidative polymerization  

As mentioned in the previous section, the properties of Ppy can be precisely controlled 

by manipulating the different reaction parameters to obtain the required size, morphology, 

solubility, and conductivity. In this section, we will present an overview of all the parameters 

that need to be taken under consideration to produce Ppy NPs through COP with defined 

properties. 

Oxidizing agent and dopant 

Generally, in COP, the oxidizing agent used to oxidize pyrrole monomer acts as the 

dopant and initiator of the polymerization reaction. The type of oxidant used and the 

subsequent dopant anion are among the most influencing parameters in deciding the properties 

of Ppy NPs. Although Ferric chloride (FeCl3) and ammonium persulfate ((NH4)2S2O8) are the 

two most commonly used oxidants with chloride and sulfide as the dopant anion17,18,36, 

respectively, other oxidants such as H2O2, K₃ [Fe (CN)₆], H2SO4, HCl are also studied20–22. The 

oxidation potential of the oxidants determines the extent of oxidation and rate of reaction. A 

potent oxidizing agent with high oxidation potential (H2O2, FeCl3 ≈ 0.7 V) results in a fast 

polymerization reaction, leading to larger particle sizes. At the same time, oxidants such as K₃ 

[Fe (CN)₆] have a relatively lower oxidation potential (≈ 0.4 V), facilitating a slower reaction 

and more controlled NP sizes21. Therefore, the major rate-limiting factor in Ppy synthesis is 

the type of oxidant and its molar ratio with the monomer. The molar ratio of oxidant: monomer 

also affects the size, distribution, and conductivity of Ppy NPs since it is directly correlated 

with the anion doping levels. Several studies have reported that if the oxidant concentration 
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and the oxidant: monomer ratio is higher, the reaction rate is faster, promoting the growth of 

NPs rather than the seeding of new particles 37–39. Exploring the literature showed us that 2.4 

times the molar concentration of monomer would be the best ratio to produce controlled NPs 

with uniform size distribution and good conductivity17,18,40,41. 

Consequently, we used 0.24 M FeCl3.6H2O as the oxidant-dopant for 0.1 M pyrrole 

monomer to balance the conductivity, size, and distribution.  

Monomer concentration 

The initial concentration of pyrrole monomer in the chemical oxidation reaction affects 

the size of Ppy NPs. An increase in monomer concentration increases Ppy NPs size since a 

higher number of monomer molecules in the reaction solution causes the growing polymer 

chain to interact with more molecules, enhancing the polymerization rate. A higher rate of 

reaction naturally promotes the growth of NPs rather than the seeding of new NPs. A previous 

study has established that using 0.1M pyrrole monomer results in Ppy NPs of ≈ 80-120 nm 

diameter.  

Therefore, we chose 0.1 M pyrrole for the preparation of the NPs. 

Surfactants and Templates 

Template-mediated COP facilitates the synthesis of Ppy in tightly controlled nanoscale 

sizes. Templates used during the synthesis process can be classified into hard physical 

templates and soft micellar templates23,24. Hard templates include the most famous MCM-41 

porous aluminosilicate25, electrospun scaffolds, polymeric membranes26, and carbon 

nanotubes27,28. However, hard-template-assisted polymerization is a complex two-step process; 

involving the preparation of the template beforehand and the removal of polymer from the 

templates, resulting in a loss of yield23,29.  

Whereas in soft-template synthesis, surfactants or polymers are added to the reaction 

solution resulting in the formation of micellar mesophase structures. These micellar structures 

act as templates that allow the polymerization of Py monomers within the self-assembled 

channels in defined shapes and sizes, resulting in uniform nanoscale particles24,30–32. The type 

of surfactant used regulates the shape and size of the Ppy. For instance, Zhang et al. reported 
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that using cetyltrimethylammonium bromide (CTAB) as the surfactant in neutral aqueous 

conditions promotes the formation of Ppy in nanowire/ribbon-like structures23. Similarly, 

Aimei et al. also reported the addition of 1.0 M HCl along with CTAB and pyrrole monomer, 

resulting in a non-woven, mesh-like nano fibrillar morphology of Ppy15. The chain length of 

the template molecule plays a vital role in determining the size and shape of Ppy 

nanostructures23,33. For example, using a long-chain cationic surfactant such as CTAB/DTAB 

(Dodecyltrimethylammonium Bromide) produces fibrillar, wire-like, or ribbon structures of 

Ppy. In contrast, short-chain cationic surfactants such as Octadecyldimethylammonium 

bromide (OTAB) or non-ionic surfactants such as PEG promote spherical Ppy nanoparticles. 

Among other surfactants that act as soft templates, PVA is a popular choice for Ppy 

synthesis as it is a water-soluble, biocompatible polymeric surfactant. Hong et al. investigated 

the formation of Ppy NPs with uniform size and stability using PVA as the surfactant and 

FeCl3 as the oxidant to oxidize the pyrrole monomer. The iron cations and lone electron pairs 

of PVA form a chelate complex; this PVA-iron cation complex acts as a self-assembled 

precursor for Ppy NPs formation34. Molecular weight and concentration of the surfactant also 

play an essential role in the properties of Ppy because higher molecular weight PVA leads to 

more stable complexes, and increasing concentration of PVA results in a change in the 

complex structure from rods to globules34,35. Different molecular weights of PVA (9k, 13k, 

31k) and concentrations ranging from 1.25 to 7.5 wt% of monomer were studied. They found 

that with higher molecular weight and concentration of PVA, the diameter of Ppy NPs reduces.  

Therefore, in this work, we used PVA (30,000-70,000) at 7.5 wt% of monomer to yield 

spherical and stable Ppy NPs of uniform size distribution. 

Reaction conditions 

The rate of polymerization, the extent of polymer chain growth, and subsequently size 

and structure of Ppy are also governed by the reaction conditions such as temperature, duration, 

and mode of agitation. At high reaction temperatures, the reaction enthalpy increases, leading 

to increased mobility of pyrrole molecules and dimers within the reaction solution, causing 

more collisions and faster polymerization41. Therefore, low temperatures (5-15 °C) are 

preferred for a controlled reaction rate and uniform size distribution. Likewise, with long 
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reaction durations, precursors are consumed, resulting in individual polymer chains interacting 

and forming large polymeric aggregates 39,40. Therefore, it is crucial to precisely control the 

duration so that the polymerization reaction is complete, but further aggregation is also 

prevented. Next, the mode and speed of agitation of the reaction solution should be selected to 

promote more individual particles and avoid aggregation. While high-speed stirring has been 

reported to help produce individual NPs, ultrasonication is comparatively more effective in 

forming a stable dispersion of Ppy NPs40,42.  

Considering the role of duration, temperature, and mode of agitation, we decided to 

employ ice-bath ultrasonication at 5 °C for 4 hours of polymerization to form stable, well-

dispersed Ppy NPs. 

2.1.3. Polypyrrole nanoparticle synthesis protocol 

Based on the literature study and previous experience, we designed all the parameters 

that govern the properties of Ppy carefully to suit our study requirement40. The critical material 

properties are that the Ppy NPs should be stable in water, exhibit uniform size distribution, and 

conductivity in the semi-conducting range suitable for biomedical applications. The oxidant 

used for initiating polymerization of the pyrrole monomer, doping Cl- ions, and Ppy oxidation 

was FeCl3.6H2O, along with PVA as the surfactant to stabilize and mediate Ppy NPs formation. 

First, 0.24 M FeCl3.6H2O and 7.5% PVA (w/w of monomer) were added to Milli-Q water and 

heated to 60 °C to ensure complete dissolution of PVA (Figure 3a). Following this, the solution 

is cooled down to 5 °C in an ice-bath sonicator. Fresh ice was added to the sonicator bath every 

30 minutes to maintain a constant temperature. Next, 0.1 M pyrrole monomer is added slowly 

to the reaction solution using a pipette under constant sonication to ensure better incorporation 

and mixing (Figure 3b). The polymerization is allowed to continue for 4 hours under 

sonication. The solution turns black when the polymerization is complete (Figure 3c).  
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Figure 3. Synthesis of Ppy NPs carried out in our laboratory and the resulting final product. 

After 4 hours, the resulting NPs solution is washed by centrifugation at 12,000 rpm for 20 

mins, and the supernatant is discarded. The washing is repeated until all the precursors are 

removed and a clear supernatant is obtained. The final NPs pellet is redispersed in Milli-Q 

water and stored in the refrigerator at 4-5 °C (Figure 3d).   

2.2. Characterization of Ppy NPs 

We characterized the synthesized Ppy NPs using several techniques, such as dynamic 

light scattering (DLS), scanning electron microscopy (SEM), and transmission electron 

microscopy (TEM), to understand their size, distribution, morphology, and microstructure. 

Fourier transform infrared (FTIR) spectroscopy and elemental analysis were utilized to 

elucidate the chemical composition and interactions. Further, four-probe measurements, 

thermogravimetry analysis, and UV-Vis-NIR absorption were employed to investigate the 

electrical, thermal, and optical properties, respectively. We also assessed the stability of Ppy 

NPs in different solutions and conditions for the further assays with C. elegans. 

2.2.1. Size and surface charge of Ppy NPs 

The hydrodynamic diameter is measured by a dynamic light scattering (DLS) 

technique. The NPs are colloidally suspended in the chosen solvent. Briefly, an incoming light 

is passed through a transparent cuvette, which gets scattered upon hitting the surface of 

particles. The diffusion movement of the particles within the solvent influences the scattered 
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light intensity and causes fluctuations. The particle size is then computed by comparing the 

diffusion coefficient of NP with a sphere of known size that diffuses at the same rate. Larger 

particles have a slower diffusion giving rise to slower fluctuations in light intensity than 

smaller particles43. In a nutshell, the particle size is calculated by measuring the diffusion speed 

through the intensity of the scattered light. However, the hydrodynamic diameter does not 

depend only on the particle size. The particle surface's structure, polarity, and the solvent's 

ionic strength influence hydrodynamic diameter44,45. The hydrodynamic diameter of Ppy would 

be much higher than the exact diameter that can be measured from electron microscopy, where 

the particles are not suspended in liquid but are dried on a platform. 

Zetasizer Nano ZS (Malvern) with a He/Ne 633 nm laser at 25 °C was used for DLS size and 

zeta potential measurements. Ppy NPs were dispersed at 100 µg/mL concentration in 1 mL 

Milli-Q water and sonicated for 30 minutes before measurement. Three measurements were 

made for each sample consisting of 10 runs per measurement. Ppy samples from three batches 

were measured, and the average was computed. The size was plotted using the Zetasizer® 

software as a function of particle number, volume, and intensity distributions and found 

identical size in all three particle size distributions. The intensity-weighted mean 

hydrodynamic size (Z-average) was found to be 196±62 nm with a polydispersity index of 

0.17 (Figure 4a).  

 

Figure 4. Hydrodynamic size and surface charge of Ppy NPs dispersed in Milli-Q water, as 
measured by Zetasizer Nano ZS. 
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The surface charge of the NPs in a solution can also be determined by zeta potential 

measurements using the same instrument. The surface charge of a particle in an aqueous 

condition elucidates inter-particle electrostatic interactions. The higher the magnitude of the 

surface charge, the higher the inter-particle electrostatic repulsion, preventing aggregation. 

Generally, a zeta potential value outside the range of -25 mV to +25 mV results in stable 

nanoparticles in the solution. For zeta potential measurements, 12 runs were performed at 25 

℃ with a particle count rate of 163 kcps. The zeta potential of Ppy NPs dispersed in Milli-Q 

water was +30.3±6 mV (Figure 4b), owing to the positively charged nitrogen atoms of the 

amine groups in the polymeric chain. The zeta potential is in accordance with the 

polydispersity index, indicating good colloidal stability of Ppy NPs in Milli-Q water. 

2.2.2. Size & Morphology by Electron Microscopy 

We employed SEM and TEM to analyze the size, morphology, and microstructure of 

Ppy NPs. Unlike DLS, SEM provides information on the size of the nanostructures in the dry 

state, therefore, not strongly dependent on the type of solvent, viscosity, and the particle's 

surface charge. On the other hand, the NPs can be visualized at a much higher resolution using 

TEM; therefore, TEM offers a better understanding of the morphology, microstructures, and 

size distribution. We used ImageJ software to measure the particle diameter and plotted the 

frequency distribution using GraphPad Prism.  

Images of Ppy NPs from 10 µg/mL and 1 µg/mL concentrations revealed similar information 

on the size, morphology, and distribution. Therefore, we did not observe an effect of the 

concentration on the degree of aggregation and hence, the size distribution of the population. 

We found the particles were of spherical morphology and uniform size, with a mean diameter 

of 132±31 nm as measured from a population of 131 NPs (Figure 5). The size of NPs produced 

is found to be in agreement with the previously published reports using this protocol46. 
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Figure 5. a,b) SEM images and size distribution c,d) TEM images and size distribution of Ppy 
NPs. 

2.2.3. Chemical Structure and Composition  

Ppy is composed of a long conjugated polymeric backbone made of pyrrole (C4H5N) 

as the repeating units - a heterocyclic aromatic organic compound with secondary amines. 

Pyrrole monomer undergoes oxidation in the presence of FeCl3.6H2O to form doped Ppy 

chains. Therefore, the basic elemental composition of Ppy comprises carbon, hydrogen, and 

Nitrogen, along with the dopant ion, Cl-. The chemical structure of Ppy (Figure 6a, c) and the 

elemental composition and distribution (Figure 6b) are studied through FTIR spectroscopy and 

elemental analysis, respectively.  

For the elemental analysis, ≈2 mg dried powder of Ppy NPs composites was used from three 

different synthesis batches. The percentage of distribution of three elements, namely: Carbon 

(C), Hydrogen (H), and Nitrogen (N), was computed, and the mean was plotted (Figure 6b). 

The empirical formula of Ppy is H (C4H2NH)n H; therefore, the relative proportion of each 

element should be such that for every N atom, 4 C and 5 H atoms should be present. We found 

reproducible distribution from the three batches, amounting to ≈56% Carbon, ≈15% Nitrogen, 

and ≈5% Hydrogen, with the remaining attributed to Cl- ions and Oxygen, confirming the key 

elemental composition of Ppy NPs. The atomic ratios of the elements with respect to Nitrogen 

atoms agree with the theoretical value, giving rise to the molecular formula C4.51N1.05H4.64.  
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𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =
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𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒ℎ 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
 

 

The FTIR spectra help to elucidate the materials' molecular structure and chemical 

interactions. Each chemical bond absorbs radiation at different wavelengths, causing 

characteristic modes of vibration and vibrational energy. Consequently, each compound 

constitutes unique spectra with peaks at distinct positions, intensities, and shapes47. Therefore, 

FTIR is highly useful in studying chemical modifications, interactions between components in 

a composite material, functionalization, etc. Ppy NPs were analyzed in dry powder form, and 

the scan was performed in Attenuated Total Reflectance-Fourier Transform Infrared (ATR-

FTIR) mode in a Spectrophotometer Jasco 4700 instrument at a spectral range of 400-4000 

cm-1 with 32 scans and a resolution of 4 cm-1.  

 

Figure 6. a) Formation of Ppy from pyrrole monomer, b) Carbon (C), Hydrogen (H), and 
Nitrogen (N) elemental composition, and c) FT-IR spectra of Ppy NPs with specific functional 
groups. 
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The most significant characteristic peaks are highlighted in green (Figure 6c). The broad, 

intense peak at ≈3311 cm-1 for Ppy is due to the N-H stretching of secondary aromatic amines. 

The peak at 1631 cm-1 occurs from the C=C stretching of conjugated alkenes. The small peaks 

at 1324, 1184, and 1048 cm-1 correspond to C-N stretching from aromatic amines, and 889 cm-

1 is due to C H bending of the alkane chains. These peaks together confirm the formation of 

Ppy NPs with their characteristic functional groups18,48. 

2.2.4. Thermal and Optical properties  

Thermogravimetric analysis (TGA) helps in understanding the behavior of materials in 

a wide range of temperatures. Thermal behavior is fundamental in bio-applications to 

investigate a biomaterial´s stability and behavior at physiological temperatures, storage, and 

sterilization. For this, ≈ 1mg of dried powder was heated at a temperature range of 25-800 ℃ 

at a rate of 10 ℃/min in a liquid Nitrogen atmosphere. The thermal degradation occurs in three 

stages (Figure 7a): the first 50% of weight loss occurs between 150-400 ℃, the second phase 

of weight loss of about 35% occurs around 400-500 ℃, followed by the residual polymer chain 

degradation (15%) around 650-750 ℃49. The maximum degradation occurs between 200-400 

°C with 50% weight loss occurring at 410 ℃; the decomposition rate is rather gradual, as we 

can observe the broad peak in the DSC curve. The residual polymer chain degradation (final 

15%) happens at around 650-750 ℃. Overall, TGA spectra showed that Ppy has good thermal 

stability up to temperatures as high as 400 °C. 

 

Figure 7. a) Thermal degradation of Ppy NPs between 200 and 800 °C, b) UV-Vis-NIR 
absorbance spectra of Ppy NPs. 
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Ppy NPs also possess absorption in the entire near-infrared (NIR) region. The NIR has a higher 

diffusion compared to UV and visible rays owing to its longer wavelength than the other two 

rays, allowing deep penetration into the tissues within the body that are difficult to reach 

otherwise. NIR absorption imparts photothermal conversion property to Ppy NPs. Several 

scientists have used the NIR absorption of Ppy NPs for applications such as theranostics, 

bioimaging, and photothermal therapy50. We examined this property of Ppy NPs using a Cary 

5000 UV-Vis-NIR spectrophotometer in the 200-1200 nm wavelength range. Ppy NPs were 

dispersed in water by sonication and analyzed in a quartz cuvette. The Ppy NPs solution 

exhibited a strong and broad absorption in the NIR region between 700-1200 nm (Figure 7b), 

implying a photothermal property51.  

2.2.5. Electrical conductivity  

Another material property imparted in Ppy due to its conjugated structure is its 

electrical conductivity. We measured the resistivity of Ppy NPs using a four-probe instrument 

and calculated the electrical conductivity using the van der Pauw method52. Films of Ppy NPs 

were prepared by pressing the NP powder in a pelletizer, and thickness was measured using a 

micrometer. The film was placed on a glass slide, and contacts were made using silver paint. 

Then, the glass slide was placed on an in-house built Keithley instrument, and probes were 

secured at the four ends of the film, forming a square. An incoming current (200 nA) was 

passed, and the voltage was recorded to plot the I-V, from which resistance was estimated. The 

sheet resistance (i.e., the resistance without taking the thickness into account) was measured 

in 6 directions; namely: the four sides of the square and the two diagonals, and averaged 

(Rsheet). From this, conductivity (σ) is calculated using the formula,  

𝛔𝛔 (𝐒𝐒/𝐜𝐜𝐜𝐜) =  
𝟏𝟏

𝑹𝑹𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 (𝒐𝒐𝒐𝒐𝒐𝒐) 𝐱𝐱 𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻𝑻 (𝒄𝒄𝒄𝒄)
 

Here, the thickness of the film = 140 µm (0.014 cm) and Rsheet = 90.472 Ω; therefore, the 

conductivity of Ppy NPs was calculated to be 0.8 S/cm. 
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2.2.6. Stability of Ppy NPs 

In order to evaluate Ppy NPs using C. elegans as the in-vivo small animal model for 

cardiac arrhythmia, it is indispensable to test the stability and behavior of Ppy NPs in the 

solutions and conditions used in the C. elegans experiments. Ppy NPs remained colloidally 

stable for at least 6 months without any visible precipitation or aggregation, which we further 

confirmed through DLS analysis. Upon DLS analysis of NPs prepared and stored in Milli-Q 

water 12 months before, we found the particles maintained their size (164 nm) and remained 

dispersed in Milli-Q water (Figure 8a). Further, we tested the stability of Ppy NPs in M9 buffer, 

which contains salts such as disodium phosphate, potassium monophosphate, magnesium 

sulfate, and sodium chloride, used for maintenance and aqueous treatment of C. elegans with 

nanoparticles and drugs, before exposing the worms to Ppy NPs. The M9 buffer promotes 

slight aggregation of Ppy NPs with an increase in the size ≈ 311 nm and PDI of 1 (Figure 8a); 

however, not to the extent that could hinder the ingestion of NPs by the worms, as C. elegans 

can ingest NPs at sizes as large as 1 µm53–55.  

 

Figure 8. Stability of Ppy NPs a) after storage in Milli-Q water (MQ) for 6 months, M9 buffer, 
and equal volume M9:MQ solution, b) in pH range between 2 and 13 at 0 and 20 minutes. 
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Nonetheless, in a solution of equal volume M9 buffer and MilliQ water (M9:MQ), the 

particle size did not increase and was maintained (220 nm) (Figure 8a). Therefore, we 

performed aqueous exposure of worms to Ppy NPs in a solution of M9:MQ (1:1) to provide 

an optimum condition for C. elegans’ growth and the dispersion of NPs. Much like humans, 

the intestine of C. elegans also exhibits a wide range of pH from 6 to 3 (anterior to posterior 

end). Since C. elegans would ingest the NPs and process them at the intestine, we tested the 

behavior of the NPs in the intestinal PHs. Notably, C. elegans feeding and excretion rate are 

very fast compared to humans leading to short resident times of ingested food within the 

intestine (less than 2 minutes)56–58. Hence, we tested the stability of Ppy NPs in the pH range 

of 2-13 using HCl (acidic pH), Milli-Q (neutral pH), and NaOH (basic pH) solutions by 

measuring the size in DLS at 0 minutes and after 20 minutes. The size measurements at both 

time points correlated well with no aggregation or dissolution, indicating Ppy NPs were stable 

in all the pHs (Figure 8b). In conclusion, exposing the worms to Ppy NPs in an aqueous 50% 

M9 environment is feasible without affecting the NPs stability or dispersion. 

 
2.3. Conclusions 

In this thesis, we have chosen Ppy as the CP of interest for two reasons: first, because 

Ppy possesses outstanding biocompatibility and physicochemical stability exceeding other 

CPs, and second, based on my previous experience in the synthesis of Ppy NPs and Ppy 

nanocomposites. The synthesis method of Ppy NPs is straightforward and designed carefully 

with extensive bibliographic study, considering all the influencing parameters and our planned 

application. Properties such as size, stability, morphology, thickness, etc., were reproducible 

among different synthesis batches, as each characterization was performed with samples from 

at least three separate batches. The Ppy NPs solution utilized for in-vivo evaluation in C. 

elegans was appropriately evaluated for stability in the worms´ physiologic conditions. They 

exhibit favorable properties in size, morphology, conductivity, and behavior, making the NPs 

suitable for evaluation in C. elegans. 
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Chapter 3 
Evaluation of systemic effects of Ppy NPs in 
Caenorhabditis elegans 
 
 
 
 

 
 

PREFACE 

The synthesized Ppy NPs are evaluated for their systemic effects in a small animal model, the 

Caenorhabditis elegans (C. elegans). Toxicity endpoints, such as survival, growth and 

development, gastrointestinal fate, reproductive rate, and effect of the treatment on the growth 

of the next generation, were measured in worms with and without Ppy treatment. The total lipid 

accumulation, lipid peroxidation, and metabolism to assess whether treatment with Ppy NPs 

induces any oxidative stress or metabolic impact.  
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3.1. Caenorhabditis elegans 

 The fully-grown adult wild-type Caenorhabditis elegans (C. elegans) are ≈ 1 mm in 

length, with a three-day growth cycle from hatching (250 µm) to egg-bearing adults (1 mm) 

(Figure 1). C. elegans are mainly self-fertilizing hermaphrodites with a rare occurrence (<0.2 

%) of males in the population. The worms are transparent and exhibit a life span of ≈ 2 to 

3 weeks. The transparency offers facile visualization of the worms´ organs and internal 

structures through an optical microscope, and the short life-cycle enables the evaluation of 

materials at different developmental stages. Additionally, the worms display a prolific 

reproduction rate, producing around ≈ 300 offspring within 72 hours, facilitating large-scale 

evaluation1–3. 

 
Figure 1. Developmental stages of the worms at 20 °C, detailing their body length and time 
taken for the growth from eggs to egg-bearing adults. Scale bar: 100 µm. 
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Our group has used C. elegans to test nanomaterials and evaluate several toxicity endpoints, 

like survival, growth and development, reprotoxicity, transgenerational toxicity, lifespan, and 

oxidative stress, to name some. The group has previously evaluated inorganic nanoparticles 

(NPs) such as gold (Au NPs), super-paramagnetic iron oxide NPs (SPIONs) coated with bovine 

serum albumin (BSA-SPIONs) and citrate (C-SPIONS) to understand the influence of size, 

surface coatings, and food availability on the toxicity in C. elegans during the Ph.D. thesis of 

Laura Gonzalez and Zhongrui Luo4,5. They optimized protocols for C. elegans maintenance 

and exposure to NPs, and evaluation of different NPs in C. elegans through various assays. 

They found that the SPIONS were more compatible in C. elegans than Au NPs, and the BSA 

coating improved the biocompatibility of SPIONS over citrate coating. Upon evaluating food 

availability during nanoparticle treatment to C. elegans, they found that co-administration of 

NPs and food alleviates the toxic effects of NPs observed and improves the NPs uptake.  

 
Figure 2. Experimental workflow of analysis of systemic effects upon Ppy NPs treatment. 

 

Taking advantage of the group´s expertise, we utilized C. elegans as a small animal model to 

evaluate the efficacy and safety of Ppy NPs, which were synthesized and the size, morphology, 
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surface charge, stability, and other properties were characterized (elaborated in Chapter 2). 

Then the toxicity profile of Ppy NPs was assessed in C. elegans through various assays, such 

as survival rate, development, gastrointestinal fate, reproduction, transgenerational effect, lipid 

accumulation, and oxidative impact (Figure 2).  

 

3.2. Maintenance of C. elegans 

The C. elegans and their food source E. coli bacterial strain (OP50), were obtained from 

Caenorhabditis genetics center (CGC), University of Minnesota, in nematode growth media 

(NGM) agar plates.  

Nematode Growth Media agar plates 

The NGM is the standard media for the culture and maintenance of C. elegans. The 

components of NGM media, agar, peptone, tryptone, and yeast are mixed in the required 

volume and autoclaved at 120 °C for 30 mins. The K3PO4, CaCl2, and MgSO4 salts were added 

as solutions in Milli-Q water to avoid salt deposits in the media. When the autoclaved mixture 

is cooled to ≈ 60 °C, a cholesterol solution is added since cholesterol could degrade at high 

temperatures. The complete media is mixed well and added to Petri-dishes (30 or 90 mm ⌀) at 

15-30 mL volume/plate inside the bio-hood. The plates were left to solidify, sealed with 

parafilm and stored at room temperature until use (Figure 3). 

 
Figure 3. NGM agar plates for growth and maintenance of C. elegans. 

Bacterial food source 

The Escherichia coli (E. coli) bacterial strain OP50 was used as the food source for the 

worms6. The bacteria obtained from CGC are transferred to fresh Luria-Bertani (LB) broth agar 

plates by streaking (Figure 4a), incubated at 37 °C until confluency is achieved, and stored at 

4 °C for further use. An isolated colony is picked using a sterile loop, transferred to liquid LB, 

grown at 37 °C for 24 hours, and used as the food source for the worms (Figure 4b). ≈ 600 µL 

OP50 (O.D.600 = 1.0) is added to NGM agar plates, spread using an L-shaped cell spreader, and 

allowed to dry at room temperature in the bio-hood. The OP50-seeded NGM plates (Figure 4c) 

are incubated at 37 °C a day before use. The liquid OP50 culture was heat killed at 80 °C for 
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30 minutes and re-dispersed in M9 buffer (Figure 4d) to be used as a food source for the 

exposure. 

 
Figure 4. OP50 bacterial culture in solid media, growth in liquid broth media, and the two 
ways of using OP50 for C. elegans. 

Storage and Temperature 

The best-recommended temperature for maintenance of C. elegans is between 15 °C to 

25 °C1. In our laboratory, the worms are stored in an incubator maintained at 20 °C, and the 

experiments were performed inside a sterile laminar flow cabinet (bio-hood) at room 

temperature. The worms obtained from CGC are transferred to fresh NGM agar plates 

containing bacteria and stored in the incubator.  

 

3.3. Preparation for exposure  

We used synchronized young adult stage worms for treatments to ensure the 

reproducibility of the treatment effects. The synchronization is achieved by a bleaching 

protocol involving a series of steps from chunk to transfer. 

Chunk 

Chunking is the process of cutting a piece of agar from an old plate containing worms using 

sterile pipette tips and placing it upside down on a fresh plate. The chunk allows worms to 

consume more OP50 food and develop further so that most of the worm population in the plate 

reaches the gravid stage after 48 hours, with plenty of eggs. 

  

a) b) 
c) 

d) 
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Cleaning 

The M9 buffer is added to plates containing gravid worms and washed well to detach worms 

from the agar. The worms are collected from the NGM plates using sterile Pasteur pipettes and 

transferred to sterile Eppendorf tubes. Then, the worms are washed at least thrice with M9 

buffer by centrifugation to ensure the complete removal of bacteria. 

Bleaching 

After the washes using M9 buffer, the supernatant is discarded, and 100 µL worm pellet is 

obtained. To this, 50 µL of each, household bleach Sodium Hypochlorite (NaClO) and 5 M 

sodium hydroxide (NaOH), the remaining M9 buffer to bring the total volume to 1 mL are 

added and mixed well. 

The mixture containing worms, bleach, NaOH, and M9 buffer, is vortexed for ≈ 8-10 minutes 

until all the worms are digested, leaving the eggs intact. The eggs are washed immediately with 

M9 buffer thrice to remove the bleach and NaOH completely, which can hinder with egg 

hatching if left for a long time. Then, we incubate the eggs dispersed in M9 buffer at room 

temperature under shaking for 24 hours for the eggs to hatch and reach L1 stage. The worms 

are arrested at L1 stage until transfer to solid media with food. The L1 worms in M9 buffer can 

be stored up to a week at 20 °C or in the refrigerator. 

Transfer 

After all the worms are synchronized to L1 stage, the excess M9 buffer is removed using a 

sterile pipette, and the worms are transferred to OP50-seeded NGM plates. ≈ 38-45 hours post 

transfer, all the worms are developed to a uniform L4-young adult stage and ready for exposure. 

 

3.4. Exposure  

The worms are collected from the NGM plates using a Pasteur pipette and washed with 

M9 buffer by centrifugation until excess OP50 and debris are removed. The volume is adjusted 

such that the count is ≈ 10 worms/µL. The standard exposure duration was 24 hours, unless 

otherwise mentioned, at 20 °C. We treated the worms with three concentrations of Ppy NPs: 

20, 100, and 500 µg/mL to estimate the survival rate and development. The 500 µg/mL was 

difficult for cleaning and visualizing the worms. Therefore, for the remaining assays, we 

worked with only 100 µg/mL concentration. The exposures are carried out in sterile 96-well 

plates in a 50:50 (M9 buffer:MQ water) liquid exposure system, at 100 µL/well volume (Figure 

5). The colloidal stability of Ppy NPs in M9 buffer was estimated previously through DLS 
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(refer to Chapter 2), and we found some aggregation. Therefore, 50 µL of Ppy NPs dispersed 

in Milli-Q water was added to 50 µL M9 buffer with OP50 and C. elegans (Table 1). 

 
Figure 5: Common experimental setup used for C. elegans exposure in a 96-well plate.  

After exposure, the worms are collected using sterile Pasteur pipettes and washed by 

centrifugation to remove excess NPs or drugs, bacteria, and other debris, until a clear 

suspension with worms is obtained. 

3.5. Pyrrole toxicity 

We treated the worms with pyrrole monomer to investigate whether the monomer 

exhibited any inherent toxicity to the worms due to its chemical composition (Figure 6a, b). 

The worms were exposed to 100 µg/mL of pyrrole monomer for 24 hours, and the survival rate 

and body length of the treated worms were compared to the untreated worms. After exposure, 

the well plate is visualized under a stereomicroscope, where alive and dead worms in each well 

are counted, and the survival rate is estimated by the following formula, 

  𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 (%) = 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤

𝑥𝑥 100 

The body length was computed from the microscopic images using ImageJ software. We found 

that the pyrrole monomer (Py) treatment did not induce any adverse toxic response in the 

worms, as both the survival percentage, as well as the body length was unaffected after 24 

hours of treatment (Figure 6c). 

 

 

Table 1. Components of each well and 
their volume/well in 96-well plates for 
exposure. 
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Figure 6. Optical microscopic images of C. elegans untreated (a) Pyrrole monomer (100 
µg/mL) treated (b), and Survival rate and body length after Pyrrole treatment for 24 hours (c). 
Scale bar: 100 µm. 
 

3.6. Gastrointestinal fate of Polypyrrole nanoparticles 

The fate of nanoparticles within the gastrointestinal tract such as its dissolution kinetics, 

accumulation, or digestion within the organism are crucial factors to understand the safety and 

mechanistic action of nanoparticles7,8. Only limited studies exist on how nanoparticles respond 

to the varying environment of gastrointestinal tract, and the fate of Ppy NPs within the intestine 

has not been reported before. C. elegans offer the possibility to recover and investigate the 

ingested NPs. Bleaching the treated worms has been employed previously4,5 to dissolve the 

worms, leaving the ingested NPs.   

 

3.6.1. Stability of Ppy NPs in recovery procedure 

We performed a preliminary test to ensure that the NPs do not dissolve during the 

process of bleaching. We visually observed the stability of Ppy NPs (200 µg/mL) in the 

household bleach solution without dilution, at 1 M concentration (Figure 7a). The NPs 

completely dissolved after 60 mins incubation as we can observe a clear colour change, 

resulting in a transparent bleach solution after 60 mins (Figure 7a). Therefore, diluted 

concentrations of bleach were examined to identify a stable working concentration. We 

measured the hydrodynamic diameter of Ppy NPs dispersed in bleach (0.1 – 1.0 M) for 5 and 

20 minutes and found that the size can be maintained up to 0.4 M bleach concentration for 5 

minutes (Figure 7b, highlighted). Hence, we used only using bleach concentration under 0.4 M 

and duration of less than 5 minutes. The NPs were added to a mixture containing 0.3 M bleach 

and 5 M NaOH and vortexed for 4 minutes. Upon visualization of the NPs in TEM, we found 

the diameter of the NPs to be 128 ± 10 nm similar to the TEM sizes of as-synthesized Ppy NPs 

(132±31 nm) confirming that the bleaching procedure does not dissolve the NPs (Figure 7c).  
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Figure 7. a) Aqueous stability of Ppy NPs in undiluted bleach solution (1.0 M), by visual 
observation, b) Hydrodynamic diameter of Ppy NPs in Bleach solutions (0.1-1.0 M) after 5- 
and 20-minutes incubation, c) TEM image of Ppy NPs vortexed (4 minutes) with NaOH (5 M) 
and bleach (0.3 M). 
 

3.6.2. Recovery of ingested NPs from C. elegans 

The worms were exposed to 100 µg/mL Ppy NPs in 96-well plates, as explained earlier. 

After 24 hours, the worms are cleaned thoroughly and imaged. The bacterial food is colourless; 

therefore, we did not visualize anything within the intestine of the untreated worms (control) 

(Figure 8a). Whereas we could clearly observe accumulation of Ppy NPs in the intestinal tract 

of Ppy NP treated worms, owing to their black colour (Figure 8b). 

Following the stability evaluation of Ppy NPs in bleach+NaOH mixture, we used the same 

process (0.3 M bleach + 5 M NaOH + 4 minutes vortexing) to dissolve the treated worms 

(Figure 8b) and recover the ingested NPs. The solution was immediately visualized in optical 

microscopy to ensure the worms were completely digested, whereas the ingested NPs were still 

present (Figure 8c). Following this, the recovered NPs were also visualized by TEM and DLS. 

TEM images revealed that the intestinal environment and the digestion process resulted in the 

aggregation of Ppy NPs as well as dissolution to some extent since the aggregates were made 

of smaller particles of 12±3 nm diameter with clear circular boundaries (Figure 8d). Similarly, 
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the hydrodynamic diameter of the NPs was 311±75 nm with a PDI of 0.3, corroborating the 

aggregation (Figure 8e). 

 

 
Figure 8. a) Untreated control worms, b) Ppy NP treated worms with NPs observed in the 
intestine, c) Optical microscopic image and d) TEM image of recovered ingested NPs, e) 
Hydrodynamic diameter of recovered ingested NPs. Scale bar: 100 µm. 
 

3.7. Systemic toxicity 

3.7.1. Survival rate 

The overall toxic effects of Ppy NPs were scrutinized by computing the survival rate of 

C. elegans after 24 hours exposure to three different concentrations of Ppy NPs: 20, 100, and 

500 µg/mL (Figure 9a-c). None of the concentrations showed any adverse toxicity to the 

survival of the worms. The worms exhibited a remarkable 99.6 % survival (Figure 9d) even at 

the highest NP concentration of 500 µg/ml, establishing that the Ppy NPs do not induce any 

lethal effects in C. elegans at these concentrations.  
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Figure 9. Optical microscopic images of C. elegans treated with Ppy NPs at concentrations a) 
20 µg/mL, b) 100 µg/mL and c)500 µg/mL, d) Survival rate and e) Body length of worms after 
NP treatment. Scale bar: 100 µm. 
 

3.7.2. Growth and Development 

The worms are exposed to Ppy NPs at L4-Young adult stage, when their body length is 

≈ 800 µm. Therefore, at the end of exposure after 24 hours, according to the usual 

developmental rate, the worms should have reached the egg-bearing adult stage with a body 

length of ≈1000-1100 µm. Consequently, after exposure and cleaning, the body length of 

untreated and Ppy NP-treated worms was computed (Figure 9e). The worms from all the 

treatment groups showed similar body length at their fully developed, egg-bearing adult stage 

(≈1050 µm), substantiating that Ppy NPs does not affect the growth and development of the 

worms at any concentration. 

 

3.8. Reproductive effect 

Two toxicity endpoints, namely: reproductive rate and transgenerational toxicity, were 

evaluated in Ppy NPs treated worms to investigate the impact of the NPs on the reproductive 

system of C. elegans. C. elegans can produce up to 300 progenies within a span of 72 hours, 

referred to as the reproductive rate of the worms. The impact of parental exposure to 
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nanoparticles on the development and health of unexposed offspring is called transgenerational 

effect9,10. 

 

3.8.1. Reproductive rate 

Treating C. elegans with nanoparticles or drugs can sometimes affect the reproductive 

rate. In order to estimate this, we counted the number of progenies produced by the worms for 

72 hours after treatment. The treated and cleaned worms are singled out and placed in 12-well 

plates containing NGM and OP50, and the number of eggs and larvae produced are counted 

(Figure 10a). The worm is moved to a fresh well every 24 hours to facilitate ease of counting, 

and the progenies are counted for 72 hours in total. Both the untreated and treated worms 

produced ≈390 eggs and larvae in 72 hours after exposure and cleaning, showing no significant 

difference in the reproductive rate (Figure 10b). 

 
Figure 10. a) Reproductive toxicity assay of treated and cleaned worms in OP50-NGM well 
plates. b) Reproductive rate of untreated (control) and Ppy NP treated C. elegans after 
exposure, c) Body length of offspring (2nd generation worms). 
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3.8.2. Transgenerational toxicity 

The eggs laid by the treated worms (1st
 generation worms) are allowed to grow in 

normal conditions (NGM with OP50 at 20 °C) for 72 hours, and we measured the body length 

of the 2nd generation worms. The offspring grew at the usual expected rate, reaching the fully-

grown adult stage (≈ 1200 µm) 72 hours after hatching (Figure 10c). Therefore, the NPs do not 

cause any negative impact on the reproductive system of C. elegans, nor on the development 

of unexposed progenies.  

 

3.9. Lipid accumulation 

Lipid accumulation and lipid metabolism represent the fat composition of an organism, 

which are known to be affected by several factors such as age, diet, environmental changes, 

genetic modifications, and manipulations with chemicals or drugs11–14. Thus, the impact of a 

NP treatment on the lipid profiles is a key parameter to assess. C. elegans possess ≈ 400 genes 

(over 70%) associated with lipid storage; most of them are homologous to mammals. Several 

processes such as food intake, lipid biosynthesis, transport, and storage are conserved in 

C. elegans, making them an excellent animal model for studying lipid accumulation and 

quantitative profiling of lipid storage12.  

The lipids are stored as fat droplets within the intestinal cells of C. elegans, and can be clearly 

visualized when fluorescently stained, thanks to the optical transparency of the worms. 

BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) is a widely used lipophilic fluorescent 

dye for visualization of lipid droplets within the worms. Compared to other lipid staining dyes 

like Nile Red, BODIPY has a high fluorescence quantum yield, narrow emission spectrum, and 

high extinction coefficient. BODIPY conjugates with fatty acid moieties, thus rendering higher 

specificity to stain lipid droplets without exhibiting cytoplasmic and nuclear fluorescence14,15.  

The worms were stained with BODIPY dye after exposure and cleaning to estimate whether 

Ppy NPs could affect lipid levels in worms. To a small volume (≈ 100 µL) of worm pellet, 

1 mL BODIPY (35 µM) is added and incubated under shaking for 30 min. The incubation 

allows ingestion of the dye by the worms. The stained worms are washed thoroughly with M9 

buffer to remove the excess dye and paralyzed by adding 3 µL 10 mM tetramisole to an equal 

volume of worms in M9 buffer. Fluorescent images of the stained worms were obtained using 

a GFP filter (Figure 11a, b), and the intensity was quantified to estimate the total lipid content 
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in worms. We found no difference in the fluorescent intensity between untreated and Ppy NP-

treated groups, suggesting that the total lipid levels were not affected (Figure 11c). 

 
Figure 11. Fluorescent images of BODIPY stained a) control (untreated) worms, b) Ppy NP 
treated worms, c) Quantification of the total lipid content in control and treated worms. 
 

3.10. Oxidative effect 

 Elevation or mitigation of oxidative stress experienced by cells is a common effect 

observed in NP treatments and are involved in wide range of disease pathologies. Oxidative 

stress increases lipid peroxidation due to free radical generation. We used synchrotron radiation 

sourced FTIR microspectroscopy (SR-µFTIR) is used to obtain FTIR spectra of biological 

samples with characteristics peaks of biomolecules such as lipids and proteins, to extract 

information on protein aggregation, lipid peroxidation, etc16. SR-µFTIR is non-destructible to 

samples, with an incident beam <10 µm in diameter (compared to conventional IR with 75-100 

µm beam diameter), providing incident lights with 100-fold brightness compared to 

conventional FTIR instruments. Hence, for small and heterogenous biological samples such as 

the case of C. elegans, it is beneficial to use SR-µFTIR in order to produce data with a 1000 

times better signal-noise ratio over the conventional IR spectroscopy17.  

 

3.10.1. Sample preparation and analysis 

L3 worms were used for the SR-µFTIR analysis since adult worms have thick cuticles 

making it hard for the incident rays to penetrate and produce signals with strong intensity. 

Briefly, L1 synchronized worms are transferred to NGM plates and allowed to grow for 8 

hours. The worms are thoroughly cleaned to remove bacteria and exposed to Ppy NPs at 100 

µg/mL concentrations for 12 hours, where the worms have reached L3. After exposure, the 

worms must be cleaned thoroughly with Milli-Q water by centrifugation; debris, bacteria, or 

salt crystals must be removed completely since they can hamper worm visualization to select 

regions of interest (ROI). The cleaned worms are mounted on 10 or 25 mm CaF2 windows, 
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with each drop containing ≈ 3-5 worms and ≈9 drops /window. The windows are dried under 

vacuum and stored in an N2 atmosphere until analysis. Briefly, we visualize the worms through 

the microscope at 36x magnification objective and choose several regions of interest (ROIs) 

within the alimentary tract of the worms. The scanning is performed in transmission mode 

through an MCT detector, producing FTIR spectra in the spectral range 900-400 cm-1, and the 

spectra were extracted using OPUS 7.5 (Brucker). We also did post-processing of the spectral 

data like noise removal, baseline correction, and application of Savitsky−Golay second 

derivative using Unscrambler and Origin 2019b. 

 

3.10.2. Quantification through relative absorbance ratios 

The change in the biochemical composition of an organism with and without treatment 

can be assessed by comparing the FTIR spectral data between the two groups. The spectra 

exhibits distinctive peaks of biomolecules at specific regions. Peaks between 2800-3000 cm-1 

represents the bonds and interactions among hydroxyl groups of lipid molecules. Whereas, the 

peaks in 1400-1800 cm-1 are characteristic of amide bonds from protein molecules, and the 

peaks between 1000-1200 cm-1 typical for the phosphate and carbonyl bonds from nucleic acids 

and carbohydrates. The FTIR spectra of untreated and Ppy NP treated worms are shown 

(Figure 12); no significant difference in peak positions and intensities were noted, showing that 

the NP treatment did not induce any drastic change in biochemical composition.  
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Figure 12. SR-µFTIR spectra of control and Ppy Np treated worms showing the distinct 
spectral regions of the four biomolecules: Nucleic acids, carbohydrates (glycogen), Proteins, 
and lipids. 
 

Relative absorbance ratios were calculated from the second derivatives obtained from the FTIR 

spectral data at specific regions corresponding to the biomolecules. Especially due to lipid 

oxidation, the amount of carbonyl groups increases, which can be calculated from the FTIR 

peak of carbonyl ester bonds at 1740 cm-118. The ratio of lipid oxidation was computed as the 

ratio of absorbance at 1740 and at 2920 cm-1 (A1740/A2920). Another important parameter that 

could be affected due to NP treatment and plays an essential role in cellular mechanisms is the 

protein-to-lipid ratio. Interestingly, an increase in the absorbance ratio A2920/A2960 could either 

correspond to increased lipid saturation or an enhanced protein-to-lipid ratio. Consequently, 

we also evaluated the protein-to-lipid content by measuring another absorbance ratio: 

A1650/A1740.  

The treatment of worms with NPs can influence lipid metabolism because of a change in energy 

consumption or energy depletion. Lipid metabolism can be studied through two parameters: 
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the amount of saturated fatty acids and unsaturated fatty acids. The unsaturated lipids 

contribute more to the presence of double bonds (C=C-H), which can be quantified from the 

absorbance at 3012 cm-1. Similarly, the absorbance at 2920 cm-1 (C-CH2) represents the number 

of single bonds (C-H), that is, the saturated lipids. The lipid unsaturation and saturation were 

normalized with the peaks at 2920 cm-1 (A3012/A2920) and 2960 cm-1 (A2920/A2960), 

respectively18.  

 
Figure 13. a) Lipid oxidation ratio (A1740/A2920), b) Amide oxidation ratio (A1650/A1740) c) Lipid 
saturation ratio (A2920/A2960) and d) lipid unsaturation ratio (A3012/A2920) of untreated (control) 
and treated worms (Ppy NP treated). 
 

Notably, Ppy NPs treatment did not show a significant effect on the lipid oxidation levels 

(A1740/A2920) (Figure 13a). On the other hand, the A1650/A1740 ratio is lower for the treated 

groups compared with the untreated control worms indicating possible reduced protein-to-lipid 

content in the worms (Figure 13c). The reduced protein content could be attributed to the co-

administration of Ppy and OP50, leading to an overall reduced consumption of the protein-rich 

bacterial food. When lipid metabolism is enhanced, the lipid saturation increases with a 

concomitant decrease in unsaturation levels13. The SR-µFTIR results showed that Ppy 
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increases the saturated lipid content (Figure 13d), indicating a rise in lipid metabolism, 

probably because Ppy increases the energy and fuel required for lipid metabolism. As expected, 

the amount of unsaturated fatty acids shows a contrasting effect (Figure 13e) as opposed to the 

saturated fatty acid content. In a nutshell, Ppy NPs do not seem to cause oxidative stress, further 

substantiating their safety. However, Ppy treatment indeed reduces the protein content and 

increases lipid metabolism, possibly caused by increased energy consumption.  

 

3.11. Conclusions 

 We employed C. elegans as a powerful tool to rigorously evaluate various systemic 

effects of Ppy NPs. Firstly, we assessed the general toxic effects of pyrrole by measuring the 

survival rate and body length to eliminate the possibility of monomer toxicity. Following this, 

we exposed C. elegans to Ppy NPs and measured its impact at different levels of biological 

organization,  

(i) Organism level - through survival rate, growth, and development (body length). 

(ii) Organ level - impact on the reproductive system (reproductive rate and 

transgenerational development), gastrointestinal fate. 

(iii) Molecular-level - lipid accumulation, oxidation, lipid metabolism, and protein 

content. 

Remarkably, C. elegans did not show any undesirable toxic response to treatment with Ppy 

NPs in any of the assays tested, showing the exceptional biocompatibility of Ppy NPs and their 

promising potential as well as open up opportunities of Ppy nanocomposites for biomedical 

applications. Following the encouraging compatibility of Ppy NPs in C. elegans, we proceeded 

to evaluate the specific effects of the NPs on the pharyngeal behavior of the worms. 
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Chapter 4 

Caenorhabditis elegans’ pharynx to evaluate 
cardiac rhythm 

 
 

PREFACE 

Exploiting the structural and molecular similarity of C. elegans’ pharynx with the human heart, 

we used the pharynx as a platform to evaluate arrhythmic effects. We first assessed two 

commercial drugs: Propranolol and racepinephrine, in wild-type worms to test whether they 

produce similar impact in pharyngeal pumping rate as observed in human cardiac pumping 

rate. Then, we employed two pharynx specific mutant strains, JD21 and DA464, to investigate 

the pharyngeal effects of the two drugs, and the strain specific impact of Ppy NPs. The strain 

with maximum impact, JD21 was chosen to scrutinize the specific molecular effects, by 

studying the intracellular calcium signalling in the pharynx through calcium imaging 

technique.  
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4.1. Commercial anti-arrhythmic substances  

 We evaluated two commercially available substances with known effects on heart rate 

for their general and pharyngeal effects in C. elegans, to assess the potential of using the worms 

as a model to study cardiac rhythm.  

Propranolol (PL) belongs to the class of beta-blockers, acting as a non-selective β-adrenergic 

receptor antagonist1 (Figure 1). PL also has sodium channel blocking effects2 and acts as a 

weak antagonist with 5-HT1A, 5-HT1B, and 5-HT2B serotonin receptors as its secondary 

targets3,4. PL relaxes cardiac muscle cells, reducing the contractility, thereby decreasing the 

heart rate5. On the other hand, Racepinephrine (RE) is a racemic mixture of d-epinephrine and 

l-epinephrine, an over-the-counter α- and β-adrenergic receptor agonist (Figure 1), which is 

reported to induce tachycardia, i.e., increased heart rate6,7.  

 

Figure1: Mechanistic action of β-adrenergic receptor agonist (Epinephrine) and antagonists 
(β-blockers) at the neuro-muscular junction, acting through the β-adrenergic rceptors. 

The mechanism of action of PL and RE in C. elegans could be mediated through the 5-HT 

serotonin receptors. It is well known that serotonin stimulates pharyngeal pumping in 

C. elegans; naturally, the serotonin receptor agonist RE could also produce a similar effect, 

resulting in an increase in pumping rate. In contrary, the serotonin receptor antagonist PL, could 

reduce the pharyngeal pumping rate.  

4.1.1. General toxicity 

Both PL and RE were assessed for their general toxicity in C. elegans, to ensure the 

safety of using these drugs in C. elegans. The worms were exposed to PL and RE for 24 hours 

at 20 °C, in 96-well plates, in the same manner as Ppy NPs exposure (Chapter 3). The worms 
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displayed 99.6% survival after 24 hours treatment with both PL and RE (Figure 2b). Likewise, 

they also exhibited similar growth rate to untreated worms, reaching ≈ 1100 µm length after 

24 hours exposure (Figure 2c) and reproductive rate, producing ≈ 390-400 progenies in 72 

hours (Figure 2d). The second-generation worms also grew at a uniform expected rate, 

implying PL and RE treatment did not induce any transgenerational toxicity (Figure 2e). The 

survival, growth, and reproduction together prove that PL and RE are safe to be assessed in 

C. elegans for their pharyngeal effects. 

 

Figure 2. a) Representative images from optical microscope of untreated (control), PL and RE 
treated worms after exposure and cleaning, Systemic effects of PL and RE compared with 
untreated worms, b) Percentage of Survival (N=60), c) Development of the worms (body 
length) (N=40), d) Reproduction rate (progenies = eggs+larvae) (N=12), e) Progeny body 
length (N=30). Scale bars: 100 µm. 
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4.1.2. Pharynx pumping rate 

 The worms were treated with PL/RE (100 µM) or Ppy NPs (100 µg/mL) for 24 hours 

unless stated otherwise. After exposure and cleaning, ≈15 worms were placed on 2% agarose 

pads with OP50, on a glass slide and secured with a cover glass on top to restrict movement. 

The worms were visualized through optical microscopy and the pharynx pumping videos were 

recorded using 48 MP mobile camera. We counted the pharynx pumping rate manually for 30 

seconds for each worm to calculate the pumps/minute.  

Exposure to PL has been shown to reduce cardiac pumping in humans and the worms treated 

with PL for 24 hours also exhibited a reduced pharynx pumping rate (Figure 3). Likewise, RE, 

treatment to worms increased the pharynx pumping rate of C. elegans (Figure 3). The effect of 

both the drugs on C. elegans’s pharynx pumping rate correlated well with the cardiac pumping 

effects observed in humans5–7,10.  

 

Figure 3. Pharynx pumping rate of PL and RE treated C. elegans in comparison with untreated 
(control) C. elegans. 

4.1.3. Lipid Accumulation 

The pharynx is a filter-feeder for the worms that controls the food movement towards 

the intestine8; any change in the pharynx pumping rate might affect the food ingestion by the 

worms. Thus, RE or PL that affect the pharynx pumping rate could also modulate the food 

ingestion, thereby the total lipid accumulation. The total lipid droplets were quantified by 

BODIPY staining assay (Figure 4a-c). The untreated (control) and PL/RE treated worms were 

cleaned after exposure and the staining is carried out through the same protocol used for Ppy 

NP treated worms (Chapter 3).  
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Figure 4. Fluorescent microscopic images of BODIPY stained worms under GFP filter (5X 
magnification): a) untreated (control), b) PL treated, c) RE treated worms, d) Quantification of 
total lipids by fluorescence intensity (N=30). Scale bars: 100 µm. 

Interestingly, we found that PL treatment reduced the amount of lipid droplets in worms (Figure 

3d), which is a contrasting behaviour from that observed in humans9. This is probably because 

in humans PL does not affect the food ingestion in the alimentary tract, however in C. elegans, 

they exert effects in the pharynx that directly influences food ingestion and digestion, 

influencing the lipid accumulation in C. elegans. On the other hand, RE treatment did not show 

any impact on lipid accumulation, similar to Ppy treatment. 

4.1.4. Lipid oxidation and metabolism 

We employed the SR-µFTIR technique to PL and RE treated worms in the same way 

as Ppy NP treated worms (Chapter 3) to evaluate the oxidative impact of PL and RE in 

C. elegans by measuring the lipid oxidation and lipid metabolism through the relative 

absorbance ratios. The lipid oxidation level in the worms increased with RE treatment, 

indicating that RE ingestion could potentially cause an oxidative stress (Figure 5a). Our results 

also corroborate with previous reports on role of RE in increasing oxidative stress 11–13. 

However, like Ppy NPs (Chapter 3), PL did not show a significant change in lipid oxidation 

(Figure 5a).  
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Figure 5. Relative absorbance ratios of a) Lipid oxidation (A1740/A2920), c) Protein to lipid 
(A1650/A1740) d) Lipid saturation (A2920/A2960) and e) lipid unsaturation (A3012/A2920) of 
untreated (control), PL and RE treated worms. 

The ratio of protein to lipids is reduced in the PL and RE treated groups, akin to the effect 

caused by Ppy NPs (Figure 5b). A low protein content is also related to low lipid metabolism14–

16. The lipid metabolism can be understood by assessing the lipid saturation and unsaturation 

levels, since an enhance metabolism results in high saturated lipids and low unsaturated 

lipids17. The SR-µFTIR results showed that PL treatment decreases lipid saturation in worms, 

whereas RE increases the saturated lipid content indicating an increase in lipid metabolism 

(Figure 5c). The RE’s impact on lipid saturation also concurs with the Ppy NP’s effect, further 

confirming the role of high pumping rate in increasing the amount of ingested food, rising 

energy and fuel consumption. The increase in saturated lipids content is substantiated by a 

corresponding increase in lipid oxidation (Figure 5a), together indicating an increase in 

oxidative stress upon RE treatment. In contrary, PL treatment decreases lipid saturation in 

worms and not a significant effect in lipid oxidation suggesting an alleviation of oxidative 

stress in the worms. Several researchers have reported the anti-oxidant role of PL in iron 

overloaded rats18, cirrhotic patients19, and resistive hypertension patients20. The PL’s decrease 
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in lipid metabolism, could also be attributed to the fact that the worms pump slowly after PL 

treatment, leading to reduced food intake, causing a decrease in lipid levels. This effect of PL 

treatment in lipid levels also agrees with the reduced lipid levels observed from BODIPY 

staining (Figure 4d). As expected, the amount of unsaturated fatty acids shows a contrasting 

effect as opposed to the saturated fatty acid content for both PL and RE treated worms 

(Figure 5d). 

To summarize, we observed that RE appears to cause some oxidative stress. While PL do not 

seem to cause a significant oxidative stress, it indeed reduces the protein content and the lipid 

metabolism. In terms of protein content and lipid metabolism, RE follows a similar pattern to 

Ppy, possibly due to both the substance increasing the pharynx pumping rate of worms leading 

to an increased food intake, that affects metabolism. 

4.2. Pharynx pumping impaired strains 

 Following the encouraging results of PL and RE in affecting the pharyngeal pumping 

rate, we employed two specific strains with mutations in the pharynx in addition to the wild-

type N2 strain, to evaluate the effects of Ppy, PL, and RE. The two mutant strains were chosen 

based on the orthology of the mutations causing cardiac arrhythmia in humans. The JD21 strain 

has a deletion mutation in cca-1, a voltage-gated calcium channel homologous to human low-

voltage T-type calcium channels CACNA1G, CACNA1H, and CACNA1I (Cav3 genes)21, with 

mutations implicated in long QT syndrome (LQT9)22,23. On the other hand, the additional strain 

used, DA464, has a mutation in the eat-5 innexin gap junction, which shares structural and 

functional similarities with human connexin gap junctions, mutations of which are associated 

with atrial fibrillation24. 

4.2.1. Systemic effects of drugs and nanoparticles  

Prior to the evaluation of pharyngeal effects, we assessed the general toxicity of the 

three substances (Ppy, PL, and RE) in the JD21 and DA464 worms to measure survival rate, 

body length, and reproductive toxicity. Similar to the wild-type worms, the commercial drugs 

as well as the Ppy NPs did not show any adverse toxicity to the mutant strains, displaying 

survival rates of ≈ 98.5% in JD21 worms and ≈96% in DA464 worms (Figure 6a), growth rate 

resulting in the worms reaching ≈ 1100 µm body length (Figure 6b), and healthy reproduction 

with ≈ 400 eggs laid by the worms from both the strains in all treatment groups (Figure 6c), 

exhibiting comparable behaviour with untreated worms. 
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Figure 6. Systemic effects of PL, RE, and Ppy NP treatments in JD21 and DA464 worms, a) 
Survival rate (N=60), b) Growth rate (N=30), c) Reproductive rate (N=12). No statistical 
significance observed. 

4.3. Pharyngeal effects 

4.3.1. Pharyngeal pumping rate of mutant strains 

 We measured the pharynx pumping rate of the two mutant strains JD21 and DA464 

worms, after 24 hours treatment with PL, Ppy NPs, and RE. PL reduced the pharynx pumping 

rate ≈ 3-fold (65 pumps/min) in all the three strains (Figure 7a), showing that the effect of PL 

might not be dependent on the mutant genes of either JD21 or DA464, and causes reduction of 

pumping rate in healthy worms (N2) as well. On the other hand, RE did not significantly 

increase the pumping rate in wild-type but induced the maximum increase in DA464 strain (1.5 

times compared to untreated worms) and an intermediate effect (1.2 times) in JD21 worms 

(Figure 7b).  
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Figure 7. a) Pharynx pumping rate of PL treated and b) RE treated N2, JD21, and DA464 
worms (N≈30), compared with the respective untreated worms. 

Ppy NPs treatment increased the mean pharynx pumping rate of JD21 to ≈ 243 pumps/min 

compared to ≈ 190 pumps/min for the untreated worms, and DA464 worms to ≈ 200 pumps/min 

over ≈ 170 pumps/min for the control group. The NPs caused a more significant impact on the 

mutant strains than N2 worms (Figure 8), with the maximum change seen in JD21 worms (≈ 1.3 

times), which has a deletion mutation in cca-1 T-type voltage-gated calcium channel. Studies 

on the role of Ppy NPs in regulating intracellular calcium signalling in cardiac cells has been 

reported before25,26. The higher impact in JD21 strain also suggests that Ppy NPs might possibly 

reverse the impaired calcium transport in JD21 strain, increasing the pumping rate comparable 

to untreated N2 worms. 

 

Figure 8. Pharynx pumping rate upon treatment with Ppy NPs compared with untreated N2, 
JD21, and DA464 worms (N≈30). 
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4.3.2. Exposure Duration 

We treated the N2 worms with PL or RE and measured the pharynx pumping rate for four 

different durations: 4, 6, 8, and 24 hours of exposure. The pumping rate as a function of 

exposure duration were also computed for JD21 and DA464 strains, to understand effect on 

different mutant strains (Figure 9, Table1). The change in pumping rate in treated worms 

compared to untreated worms is computed by normalising each value to the mean pumping 

rate of untreated worms. In the case of PL treatment, the change in pharynx pumping rate 

occurred earlier at 4 hours for N2 and DA464 worms, whereas for the JD21 strain, the change 

was rather gradual. The maximum decrease for all the strains was observed after 24 hours of 

treatment.  

 

 

 

 

Figure 9. The effect of treatment duration of PL in all the three strains: N2, JD21, and DA464, 
measured at 4, 6, 8, and 24 hours of exposure (N≈30). 

The overall change in pumping rate after RE treatment was more for DA464 strain than the N2 

and JD21 worms. The impact of RE was time-dependent in DA464 with the maximum increase 

between 4 hours and 6 hours, which was maintained nearly constant upto 24 hours. On the 

other hand, the wild-type worms also showed a time-dependent behaviour similar to DA464, 

but the maximum was attained at 24 hours unlike the 6 hours in DA464. For the JD21 strain, 

the increase occurred earlier at 4 hours of treatment and was maintained throughout at all the 

four exposure durations (Figure 10, Table 2).  
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Table 1. Mean pumping rate of PL treated 
N2, JD21, and DA464 worms at different 
exposure durations. 

 

PL  4h 6h 8h 24h 

N2 93±34 87±40 75±36 63±24 
JD21 100±46 109±22 74±19 64±30 

DA464 68±40 57±37 62±30 64±30 
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Figure 10. The effect of treatment duration of RE in all the three strains: N2, JD21, and DA464, 

measured at 4, 6, 8, and 24 hours of exposure (N≈30). 

The differential effect of Ppy NPs in pharynx pumping rate of JD21 and DA464 worms was 

more evident when we computed the pumping rate at different durations. The increase 

happened earlier for JD21 worms, at 4 hours, as well as much higher than the DA464 and N2 

worms. The change in pumping rate was gradual and duration-dependent for JD21 strain, 

whereas for DA464, the change was maintained nearly the same between 6 and 24 hours 

(Figure 11, Table 3). The faster and higher increase of pumping rate in JD21 worms further 

suggests the possible role of Ppy NPs action could be mediated through calcium signalling. 

    
Figure 11. The effect of treatment duration of Ppy NPs in all the three strains: N2, JD21, and 
DA464, measured at 4, 6, 8, and 24 hours of exposure (N≈30). 

4.3.3. Excretion Duration 

 The optical transparency of C. elegans not only allows facile visualisation of the 

intestines and the ingested substances within, but also provides opportunity to follow the 

excretion of the ingested substances. The worms are beneficial for rapid and large-scale 

assessment of post-excretion effect since the resident time of ingested substances within the 
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Table 2. Mean pumping rate of RE treated N2, 
JD21, and DA464 worms at different exposure 
durations. 

Table 3. Mean pumping rate of Ppy NP 
treated N2, JD21, and DA464 worms at 
different exposure durations. 

 

RE 4h 6h 8h 24h 

N2 225±45 233±34 229±24 269±51 
JD21 199±31 162±54 186±38 205±32 

DA464 209±62 263±50 259±60 278±40 

 

Ppy NP 4h 6h 8h 24h 

N2 199±38 223±29 238±31 255±48 
JD21 174±26 175±31 190±30 203±29 

DA464 142±21 187±21 190±21 203±29 
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worms is <10 minutes, accompanied with a fast metabolism. C. elegans, when fed with 

exclusive bacterial diet after stopping the exposure would excrete the ingested substance upon 

feeding. We exploited this tendency of the worms to study the effect of the drugs after 

terminating the exposure to understand the sustaining capacity of the drugs. While a small 

reduction in pharynx pumping rate could be still observed after excretion of PL for upto 24 

hours, the worms returned to the basal rate at 72 hours (Figure 12a, Table 4).  

 

Figure 12. Change in pharynx pumping rate after excretion of ingested a) PL and b) RE, 
measured at 16, 24, and 72 hours of excretion in all the three strains (N≈30). 
 

 

PL  0h 16h 24h 72h 
N2 88±33 105±57 127±27 160±30 

JD21 76±23 78±31 71±19 156±18 

DA464 103±26 117±33 128±18 163±21 
 

In the case of RE treatment, the pumping reached the basal rate at 16 hours post-excretion for 

both JD21 and DA464 worms, similar to the wild-type worms, suggesting the effect of RE on 

pharynx pumping rate might not be as strong as the effect of PL (Figure 12b, Table 4). The 

difference in the extent of impact between PL and RE also corroborates with the change in 

pumping rate at 24 hours of exposure, where we can observe that PL induces a more significant 

decrease than the increase caused by RE (Figure 7).  

RE 0h 16h 24h 72h 
N2 202±42 145±18 169±45 147±35 

JD21 191±25 156±21 120±44 155±21 

DA464 217±50 157±54 153±59 187±52 

Table 4. Mean pumping rate of PL and RE treated N2, JD21, and DA464 worms at different 
exposure durations. 
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Figure 13. Change in pharynx pumping rate after excretion of ingested Ppy NPs measured at 
16, 24, and 72 hours of excretion in all the three strains (N≈30). 

Ppy NPs increased the pharynx pumping rate of worms upon exposure and maintained this 

increase up to 24 hours post-excretion in JD21 and DA464 worms (Figure 13, Table 5). The 

effect caused by Ppy NPs, similar to PL, showed recovery 72 hours post-excretion. We did not 

observe any differential behaviour between the two strains in terms of post-excretion pharynx 

pumping rate. However, we found that the effects lasted longer in the mutant strains compared 

to wild-type, where the pumping rate started to decrease at 24 hours. The post-excretion results 

suggest a moderate lasting impact of Ppy NPs, indicating there could be some molecular 

interplay due to Ppy NPs treatment, that sustains the effect to some extent even after excretion.  

4.4. Molecular effects 

4.4.1. Calcium Signalling 

The pharynx consists of corpus, isthmus, and terminal bulb, comprising muscle cells 

that are electrically coupled to each other, contracting and relaxing throughout the life of the 

worms27. The contractions are initiated by excitation of the MC neurons which activates the 

acetylcholine receptors at the corpus, progressing through the isthmus and reaching the 

terminal bulb28. Calcium (Ca2+) plays a crucial role in the signal transductions between the 

contractile muscle cells regulating the pharyngeal pumping. The cells at resting state has a low 

cytosolic [Ca2+] and mitochondrial [Ca2+]. The muscle cell depolarization causes activation of 

two types of voltage-gated calcium channels, the L-type and T-type Ca2+ channels which results 

in an influx of Ca2+ into the cytosol. The elevated cytosolic [Ca2+] further activates the 

ryanodine receptors (unc-68) at the sarcoplasmic reticulum within the posterior isthmus and 

terminal bulb through a calcium-induced calcium release mechanism, which prolongs the Ca2+ 

Ppy NP 0h 16h 24h 72h 
N2 189±42 200±46 198±38 157±30 

JD21 209±41 197±23 195±27 127±21 
DA464 216±39 213±28 219±27 179±31 
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Table 5. Mean pumping rate of Ppy NP 
treated N2, JD21, and DA464 worms at 
different exposure durations. 
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rising phase. Upon repolarization, the voltage-gate potassium channels are activated, inducing 

closing of Ca2+ channels, returning the [Ca2+] levels to the resting state27. Interestingly, several 

studies have reported that Ppy does influence the calcium transients within cardiac cells, 

imparting their effect on cardiac pumping25,26. Bearing this in mind, we measured the Ca2+ 

transient levels in the pharynx, upon treatment with PL, Ppy and RE, to investigate whether 

these treatments affects pharyngeal pumping by influencing the calcium signalling.  

4.4.2. Calcium Imaging 

We employed fluorescent calcium imaging technique to quantify the calcium transients. 

Wild-type worms expressing the fluorescent Ca2+ sensor yellow cameleon protein YC2.1 in the 

pharynx, called as the AQ2038 strain are used for this experiment29–31. The YC2.1 cDNA is 

integrated under the myo-2 promoter expressed in the pharyngeal cytosol, with the sequence 

pmyo-2::YC2.1. The protein exhibits spectral changes upon calcium binding allowing 

monitoring of cytosolic [Ca2+] dynamics during pharyngeal pumping in the worms. We also 

crossed the JD21 strain with AQ2038 to produce JD21 expressing YC2.1 in pharyngeal cells 

(denoted as JD21-Ca2+). Briefly, we crossed ten AQ2038 males with five JD21 hermaphrodites 

and maintained at 20ºC for four to six days. The first cross, that is F1 generation adult worms 

(males) are picked from day 3 and crossed again with JD21 hermaphrodites, producing second 

cross. The process is repeated until fifth cross, and fluorescent hermaphrodites were genotyped 

to verify the JD21 mutation (cca-1 deletion) and whether the fluorescent probe is incorporated. 

The AQ2038 and the obtained JD21-Ca2+ worms were treated with PL and RE (100 µM), and 

Ppy NPs (100 µg/mL) concentrations at 20 °C, for 24 hours. After the exposure, the worms 

were cleaned with M9 and immobilized on 1% agar pads containing bacteria, using glue 

(Dermabond Topical Skin Adhesive, Johnson & Johnson, New Brunswick, NJ, USA). The agar 

pad is mounted in a chamber (Warner Instrument RC-25) (Figure 14a, sample chamber), 10 

µL of PL or RE or Ppy NPs is added prior to measurement to stimulate pharynx pumping. The 

probes were excited at 430 nm and the emitted fluorescence images were obtained at two 

emission wavelengths, 480 and 535 nm (Figure 14b).  
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Figure 14. a) The sample chamber with C. elegans glued on agar pads, mounted on the 
fluorescence microscope sample stage, b) Snapshot of the pumping of the fluorescent pharynx 
and the calcium transient recordings. 

The fluorescence emission patterns were recorded for 10 minutes for each worm and analyzed 

using the Metafluor program (Universal Imaging). The traces shown (Figure 14b, 15) were 

obtained as the ratio of the simultaneous images acquired at 535nm emission and 480nm 

emission (F535/F480). The emission spectra were then analyzed with a specific algorithm 

designed to calculate the width, intensity, and frequency of the Ca2+ peaks of each 

experiment32. The fluorescent peaks can be classified into two types: fast Ca2+ oscillations with 

sharp and narrow peaks called as “spikes” (Figure 15a, b, d), and prolonged peaks maintaining 

high Ca2+ for an extended period up to a few mins, resulting in “square-waves” (Figure 15c). 

b)
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Figure 15. Calcium transient spikes recorded in a) untreated (control), b) PL treated, c) Ppy 
NPs treated, and d) RE treated worms. 

Each peak represents an event of Ca2+ transport, therefore, higher frequency of spikes could 

signify a higher pumping rate. However, when the worms have been pumping at high rate for 

long time, they reach a fatigue state due to an energy depletion. During this state of energy 

depletion, a higher number of square waves are observed rather than sharp, narrow spikes, 

eventually resulting in lower frequency of spikes despite higher pumping rate. Four features of 

the calcium patterns were computed namely, the frequency of peaks, peak width at the baseline, 

peak width at half maximum, and peak height. Samples with more square peaks would exhibit 

a combination of lower frequency, equal or higher width at baseline and width at half 

maximum, and an equal or reduced peak height, compared to patterns with sharp and narrow 

spikes.  
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Figure 16. Quantification of the b) frequency of calcium transients, c) width at baseline, d) 
width at half maximum, and e) peak height of untreated (control), PL treated, RE treated, and 
Ppy NP treated worms in N2 and JD21 strains (N=20 worms). 
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The frequency of calcium transient peaks was higher for Ppy and RE treated worms and lower 

for PL treated worms when compared with untreated wild-type worms (Figure 16a), directly 

correlating with the increase or decrease in pharynx pumping rate observed. On the other hand, 

for the JD21 strain, the peak frequency decreased for Ppy and RE treated worms, suggesting a 

high number of square waves (Figure 16b). The peak width shows a corresponding increase in 

RE treated JD21 worms (Figure 16d), further confirming the presence of more square waves 

than untreated groups. Interestingly, the width at half maximum increased in Ppy treated wild-

type worms (Figure 16e) also indicating the square waves, while it remained unchanged in the 

JD21 worms (Figure 16f). The peak height is not necessarily a direct indicator of square waves, 

but the square peaks could generally exhibit a lower height than sharp spikes, which when 

combined with the other parameters, could signify the presence of square waves. We observed 

a reduced peak height in Ppy and RE treated worms and increased peak height in PL treated 

worms of both the strains (Figure 16f, g), also pointing to the square waves.  

To summarize, the peak parameters such as frequency, width, and height indicated that Ppy 

and RE treatments increase the calcium transients, whereas PL treatment reduces it, agreeing 

with the effect of the treatments on pharynx pumping rate. After Ppy treatment, the width at 

baseline and half maximum did not increase for the JD21 worms, which has a deletion mutation 

at the T-type Ca2+ channel cca-1 (Figure 16d, f), as much as the wild-type worms 

(Figure 16c, e). The different response to Ppy NPs on wild-type and cca-1 deleted strain 

suggests that the T-type Ca2+ channel cca-1 plays a central role in the effect of Ppy NPs 

treatment.  

4.5. Conclusions 

PL and RE are commonly used drugs well known to induce a decrease and an increase 

in cardiac pumping rate in humans, respectively. We tested the effect of these two drugs in 

C. elegans to evaluate whether they could reproduce the same in effects in the pharynx 

pumping rate of the worms. Preliminary toxicity evaluations such as survival, development, 

and reproduction at 100 µM concentration proved that both the drugs are safe to be examined 

in C. elegans. We found that PL decreases while RE increases the pharynx pumping rate of the 

worms, validating that C. elegans can be utilised to measure the pumping rates of novel drugs 

and nanomaterials, to infer their possible anti-arrhythmic effects in humans. We also 

incorporated two mutant strains, JD21 and DA464, with orthologous mutations implicated in 

cardiac arrhythmia and exhibiting slow pharynx pumping rate. We found that PL, RE, and Ppy 
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NPs induces the expected effect in the pharynx pumping rate of mutant strains: PL decreases 

whereas RE and Ppy NPs increases the pumping rate. The change in pharynx pumping rate 

induced by Ppy NPs treatment in JD21 strain was fast as well as strong compared to N2 and 

DA464. Since JD21 possesses a deletion mutation in the L-Type voltage gated calcium channel 

cca-1, we postulated that the treatment of Ppy NPs could somehow normalize the impaired 

calcium signalling, thus regulating the pumping rate. To scrutinize this, we quantified the 

pharyngeal calcium transient levels of untreated and treated worms and found that the elevation 

in calcium transients were more obvious in wild-type compared to the JD21 strain, which has 

a loss-of-function mutation in cca-1 channel. Therefore, we conclude that the molecular 

mechanistic action of Ppy NPs in affecting the pumping rate depends on intracellular calcium 

signalling, mediated through voltage-gated calcium channels. 
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Chapter 5 
Development and in-vitro evaluation of 

Polypyrrole-Bacterial Cellulose biomaterial 

scaffolds  

 
 

PREFACE 
 
The promising results of polypyrrole nanoparticles  (Ppy NPs) tested in C. elegans inspired us 

to investigate the effect of Ppy NPs in cardiac cells by designing a composite with bacterial 

cellulose films (BC-Ppy). This chapter will discuss the synthesis, complete characterization, 

and evaluation of BC-Ppy films as potential cardiac tissue engineering scaffolds. BC-Ppy 

composites were characterized for size, morphology, surface roughness, chemical structure, 

and thermal and optical properties. Likewise, properties such as chemical composition, 

mechanical strength, and electrical conductivity of the films were evaluated as a function of 

Ppy concentration. Lastly, examination of BC-Ppy in human cardiac fibroblasts and mouse 

H9c2 cardiomyoblast cells for viability, attachment, and initiation of cell maturation provides 

further insight into their effective design and function for applications in human cardiac 

therapies.  
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5.1. Bacterial cellulose as scaffold materials  

  
The design of cardiac tissue engineering scaffolds with Ppy NPs requires a reinforcing 

component. Bacterial cellulose (BC) is the most abundant naturally producing biopolymer on 

earth1. BC is a highly biocompatible material with excellent flexibility, mechanical strength, 

surface wettability, and the ability to conjugate with various other biomaterials to yield multi-

functional composites2.  

The most extensively studied biomedical application of BC is as a scaffold material for tissue 

engineering and regeneration74,75, because in addition to biocompatibility, flexibity, and 

favourable mechanical properties, the fibrous morphology of thin and long fibers 

interconnecting with each other in random alignment mimics the native extracellular matrix 

(ECM)76. Especially, the dimensions of BC fibers are closely similar to that of collagen fibrils 

present in the ECM. The high elastic modulus, ability to form any shape and size giving rise to 

3-D scaffolds77, functionality to produce innumerable composite structures with other 

nanomaterials that can yield specific properties such as fluorescence, conductivity, absorption, 

magnetism etc. has made BC as one of the most popular materials for tissue engineering on par 

with materials like alginate, collagen and decellularized ECM74,75.  

In addition to the properties listed above that are useful for TE, BC has shown inherent 

capability to favor adhesion and propagation of certain cell types. Additionally, BC 

functionalized with progenitor cells are investigated for its potential in promoting tissue 

regeneration and repair78. BC membranes are employed as tissue engineering scaffolds for hard 

tissues like bones and cartilage as well as soft tissues including skin, lungs, heart, nerves to 

name some74 (Figure 1). 
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Figure 1. The application of BC and BC composites with NPs, hydrogels, and other polymers 
in hard tissue and soft tissue engineering74. 
 
Skin tissue engineering 

The crucial properties of a scaffold material to be used for skin tissue engineering are 

flexibility, wound healing ability, moisturizing, anti-bacterial, and environmental 

protection73,74,79,80. BC is intrinsically highly flexible imparting the ability to be used as 

effective dressing material for any region of the body. The water intake and water retention 

capacity of BC ensures that the skin is provided with enough moisture for wound healing. The 

porosity of BC surfaces and surface wettability is beneficial in extracting maximum efficacy 

of the additives and the high tensile strength (upto 260 MPa) and ductility (≈ 32% stretching 

strain) results in durability and stability of the material for wound dressings. Other properties 

like moisturizing, anti-microbial, anti-inflammatory, cell regeneration, etc. can be imparted by 
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functionalizing BC with drugs, chemicals or NPs. For example, BC functionalized with 

nanomaterials such as gold, silver NPs etc., imparts antimicrobial property to the material with 

prominent effect against popular pathogenic bacterial strains such as Escherichia coli, 

Saccharomyces serviseae and Pseudomonas aeruginosa81–83, whereas crosslinking hyaluronic 

acid and BC matrix enhances its moisturizing and healing properties84.  

 
Bone tissue engineering 

A biomaterial for bone tissue engineering must provide structural support for cell 

attachment, diffusion, migration, proliferation and differentiation85. Therefore, 

biocompatibility, slow degradation, and high mechanical strength and stability of BC are seen 

as attractive properties that make them suitable for bone tissues86. Additionally, three main 

properties are essential in a material: osteoinduction, osteoconduction, and osteointegration87.  

1. Osteoconduction: The material must be feasible for growth of new tissues on the 

surfaces and pores of the material and must be porous enough (pores>100 µm) to 

allow transport of nutrients, gases and neovascularization to promote new bone 

formation (osteoconduction).  

2. Osteoinduction refers to the ability of a material to recruit progenitor cells at the 

site of injury and promote new bone formation. The material must also be malleable 

to be applicable at sites of any sizes and shapes.  

3. Osteointegration determines the implant stability, that is integration of the implant 

within the tissue, through a bone-to-implant surface contact and their interaction. 

Addition of hydroxyapatite, bone marrow stem cells, proteins, and growth factors, has been 

reported to improve the efficacy of BC in bone repair by enhancing these osteo-specific 

properties88–90.  

 
Cardiac tissue engineering 

A scaffold material for CTE should be biocompatible to all cell types of the cardiac 

tissue like fibroblasts, cardiomyocytes, endothelial cells, etc, porous to support cell adhesion 

and nutrient exchange, and possess suitable mechanical properties to withstand the shear force 

caused by blood flow and the repetitive contractile motions91. While BC exhibit all the above 

desirable properties, naked BC surfaces are not electrically conducting and does not provide a 

favourable environment for intercellular communication and electrical signal propogation. 

Consequently, composites of BC with other materials are employed as scaffolds for the 

treatment of MI.  
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Hydrogels consisting of decellularized ECM (dECM) and cellulose are biologically active, 

since they contain growth factors that can influence cell behaviors such as attachment, 

migration, proliferation and differentiation. The dECM hydrogel is injectable and polymerizes 

at physiological temperature conforming to the shape of the site of injury92. Furthermore, 

addition of progenitor cells is a promising approach to promote cardiomyocyte regeneration. 

In a recent preclinical study of BC patches for cell therapy of MI, BC co-cultured with bone 

marrow mesenchymal stem cells and skeletal muscle cells was implanted onto infarction 

induced wistar rats. The authors found that the cells adhered well onto the BC membrane, attain 

skeletal morphology, remarkable proliferation, and angiogenesis, suggesting an enhanced 

cardiac regeneration78. Nevertheless, BC lacks inherent electrical conductivity necessary to 

coordinate intercellular communication among cardiomyocytes and regulate the cell beating. 

Incorporating Ppy NPs onto the BC films imparts conductivity to the scaffolds necessary for 

improved cardiomyocyte function. 

 
5.2. BC and BC-Ppy materials used for in-vitro evaluation 
 

We examined the possibility of producing Bacterial cellulose-Polypyrrole (BC-Ppy) 

composites with controllable material properties suitable for cardiac tissue engineering through 

in-situ polymerization of Ppy NPs in the presence of pre-synthesized BC films. 

  
5.2.1. BC synthesis protocol 

 
Our group has several years of expertise in producing BC under different experimental 

conditions with various structures and diverse properties3–5 and primarily utilizes them for 

biomedical applications, especially tissue engineering6,7. In this thesis, we followed the 

production protocol previously optimized in the group by Soledad Roig4. Komagataeibacter 

xylinus strain (NCIMB 5346) purchased from CECT, Valencia, Spain, naturally produce BC 

films between media and air as a protective layer. The bacterial strain was cultured and 

maintained in Hestrin-Schramm (HS) agar plates at 4 °C in the refrigerator (Passage 2). Serial 

passages (Px) were made in liquid HS media culture until P4; BC was cultivated and harvested 

from P5. Briefly, 0.5 mL media containing P3 K. xylinus was inoculated in 4.5 mL fresh media 

and allowed to grow at 30 °C for 7 days (Figure 2a); this resulted in P4 bacteria (Figure 2b). 

Then, the bacterial solution was diluted with fresh media in a 1:14 ratio and cultured in a 24-

well plate with 200 µL in each well and allowed to grow for 3 days or until an evident growth 



 

 133 

 Chapter 5: BC-Ppy in-vitro evaluation 

of BC films on top of each well with nearly uniform thickness was observed after 3-5 days 

(Figure 2c).  

 
Figure 2. Schematic representation of the protocol for bacterial cellulose (BC) production from 
P3 to P5 and cleaning. 
 

The resulting BC films undergo extensive cleaning to ensure the removal of all the bacteria and 

debris. The films were separated from bacteria using sterile tweezers and boiled in 1:1 water: 

ethanol mixture with continuous stirring for 40 mins. The films are rinsed, the solvent is 

changed, and the process is repeated until the supernatant becomes colorless (mostly 2 times). 

Next, BC films were washed twice in 0.1 M NaOH solution for 20 mins each, and in boiling 

water for 20 mins, twice with a change of water each time. If the pH is not neutral, the films 

are rinsed several times in surplus Milli-Q water at room temperature with continuous stirring 

and solvent change until a neutral pH is achieved (Figure 2d). The BC films are then 

redispersed in fresh Milli-Q water, autoclaved at 120 °C for 30 mins, and stored at room 

temperature for future use. 

 
5.2.2. BC-Ppy Synthesis protocol 

The as-synthesized BC films were utilized after complete washing and sterilization. 

The oxidant (Ferric chloride (FeCl3.6H2O)) and surfactant (Polyvinyl alcohol (PVA)) 

concentrations, and the reaction conditions were same as described in Chapter 2 i.e., 

oxidant:monomer was 2.4:1, and 7.5 % (w/w of monomer) PVA was used, with a 

polymerization duration of 4 hours.  
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Figure 3. In-situ oxidative polymerization synthesis of Ppy NPs in presence of pre-synthesized 
BC films, to produce BC-Ppy films. 
 

BC-Ppy films of varying amounts of Ppy were prepared by modifying the initial 

concentration of monomer added. Six concentrations of monomer: 1, 3, 5, 10, 50, and 100 mM, 

were used to produce BC-Ppy with a range of Ppy content and hereafter will be referred to as 

BP1, BP3, BP5, BP10, BP50, and BP100, respectively. For instance, for preparing BP100, 0.1 

M pyrrole monomer should be employed. Therefore, in a 50 mL falcon tube, 0.24 M 

FeCl3.6H2O and 7.5% PVA were dissolved in 10 mL Milli-Q water. Five BC films were added 

and incubated for an hour in an orbital shaker at 50 rpm at room temperature to allow the 

precursors to penetrate the BC structures. Then, the pyrrole monomer was added slowly into 

the tubes under shaking to ensure uniform mixing of the monomer with the reaction solution. 

The oxidant and surfactant concentrations were adjusted according to the monomer 

concentration. The polymerization was continued for 4 hours, after which the films were 

washed 3-4 times by solvent exchange and shaking until a clear supernatant was obtained 

(Figure 3). After 4 hours, we obtained black coloured films (BP100), which indicated the 

effective incorporation of Ppy NPs on to the BC matrix. The in-situ oxidative polymerization 

of Ppy nanoparticles in the presence of pre-synthesized BC films was successful and 

reproducible. The BC-Ppy films are dried between Teflon plates with a 1 kg weight on top at 

room temperature for 1-2 days. 

 

5.3. Characterization of BC and BC-Ppy films 

5.3.1. Physicochemical characteristics  
 
 The synthesis method yielded BC-Ppy films with uniform distribution of Ppy NPs 

throughout the BC films. After washing and drying, the synthesized BC and BC-Ppy films 
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were circular with a diameter of ≈ 1.5 cm, varying thickness (10-160 µm), and an average 

weight of 1.46 mg (BC) and 1.62 mg (BP100). The films are transparent at lower Ppy content 

with shades of greenish brown. Even at the lowest concentration of 1 mM, Ppy NPs are 

uniformly distributed through the entire film without leaving blotches of Ppy accumulation 

(Table 1).  

Table 1. Physicochemical properties: Thickness, transparency, and flexibility of BC and BC-
Ppy composite films.   

 
The flexibility of the films was reduced while increasing the amount of Ppy NPs. In contrast, 

the thickness of films increases with increasing Ppy content, clearly due to more Ppy NPs 

attaching to the fibers and filling up the pores of BC. Therefore, merely with visual observation, 

we could infer that adding Ppy NPs changes the properties of the films, such as transparency, 

thickness, color, and flexibility (Table 1).  

 
5.3.2. Microstructure, size, and morphology 
 

The morphology of BC-Ppy composites, the diameter of BC fibers, and the Ppy NPs 

attached to the fibers was studied from the SEM and TEM images. The dried films are densely 

packed with fibers and particles, making it difficult for the incident electron beam to pass 

through and produce informative images. Therefore, the films were sonicated obtaining BC 

fibers, dried and redispersed them in water to improve the microstructure visualization. SEM 

images (Figure 4a, b) show that the Ppy NPs were spherical, decorating the BC and well 

attached to the fibers. For TEM imaging, the sonicated suspension was dropped on copper grids 

and air-dried for 10 minutes before imaging. Higher resolution and magnification of TEM 

images show better the attachment of particles to the fibers and confirm the shape and structure 

of BC fibers and Ppy NPs (Figure 4d, e). Notably, despite severe sample processing, the 
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attachment of Ppy NPs to fibers was still intact. Tthe Ppy NPs do not seem aggregated in one 

region of the film but rather spread uniformly throughout the fiber length. Individual Ppy NPs 

possibly dissociated from the films could not be found in the entire SEM and TEM sample 

holders, nor in the solution, indicating that Ppy NPs anchor to BC fibers through a strong 

chemical interaction. The diameter of BC fibers and that of Ppy NPs were found to be 

65±11 nm (BC fibers) and 83±8 nm (NPs) (Figure 4c, f). We infer that the presence of BC fiber 

meshes controls the growth of Ppy NPs, resulting in smaller particles than Ppy NPs prepared 

solely in water which displayed a mean size of ≈131 nm (Chapter 2). 

 
Figure 4. Size and morphology of Ppy decorated BC. a and b) SEM images at 20,000 X and 
100,000 X, respectively; d and e) TEM images at 3000 X and 10000 X, respectively; and c and 
f) Size distribution of BC fibers (N=97) and Ppy NPs (N=99) plotted from TEM images. 
 
5.3.3. Surface topography 

 
The presence of nanoparticles on the surface of the films would influence the surface 

topography and, therefore, the roughness, an important material property that dictates cell 

attachment behavior7. As-synthesized BC and BC-Ppy composite films were left to dry on top 

of a glass slide at room temperature without any weight or teflon plates, ensuring that the films 

were well-adhered onto the glass slide and not detached or moved while the AFM probe 

scanned the samples. About 3 areas of 30x30 µm size from 3 different samples were scanned 

in tapping mode, and the mean surface roughness was calculated from the obtained images 

using Gwydion® software (Figure 5a, b). Indeed, the NP-containing BC-Ppy composites 

displayed higher roughness of ≈ 334 nm than BC films. Whereas the surface roughness of plain 
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BC films was only ≈130 nm (Figure 5c), validating that the NPs play a crucial role in the 

surface topography of the films. The spherical NPs bound onto the surface of the films were 

evident in the AFM image of the BC-Ppy composite (Figure 5b, grey arrows). 

 
Figure 5. Topographical AFM images of a) BC and b) BC-Ppy surfaces, showing the 
decoration of Ppy NPs on BC surface (grey arrow) c) surface roughness of BC and BC-Ppy 
(N=9). 
 
5.3.4. Chemical Structure and Composition  

 
The chemical composition was assessed through CHN quantification, whereas the 

chemical structure and interaction between BC and Ppy were elucidated from FTIR 

spectroscopy. CHN analysis was performed with BC-Ppy films prepared from two different 

monomer concentrations, 10 mM and 100 mM, to investigate if changing the monomer 

concentration would impact the amount of Ppy yielded in the final material. Especially the 

estimation of nitrogen level directly indicates the amount of Ppy present since the BC 

component of the composite contains only trace Nitrogen. The films were blended and dried to 

obtain powders for the CHN analysis. We found a noticeable increase in the percentage of 

Nitrogen from ≈ 7% at 10 mM to ≈ 12.7% at 100 mM, similar to the bare Ppy NPs prepared 

with 100 mM pyrrole (Figure 6b). 

Bacterial cellulose (BC) is present during the formation of Ppy, resulting in hydrogen 

bonding between the hydroxyl groups of BC and the amine groups of Ppy8 (Figure 6a). The 

plain BC and BC-Ppy composites were analyzed as dried stand-alone films. The scan was 

performed in Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) mode in 

a Spectrophotometer Jasco 4700 instrument at a spectral range of 400-4000 cm-1 with 32 scans 

and a resolution of 4 cm-1.  
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Figure 6. a) Formation of Ppy from pyrrole monomer, b) Carbon (C),  Hydrogen (H), and 
Nitrogen (N) elemental composition, and c) FT-IR spectra of Ppy NPs with specific functional 
groups. 
 

The most significant characteristic peaks are highlighted in blue (BC), orange (Ppy), and green 

(BC-Ppy) (Figure 6c). The -NH stretching from aromatic amines of Ppy (3311 cm-1) and -OH 

stretching from hydroxyl groups of BC (3335 cm-1) contribute to the intense and broad peaks 

in this region. The peak is shifted to 3393 cm-1 with a shoulder at 3245 cm-1 (marked with an 

arrow) for the BC-Ppy composites, pointing to hydrogen bonding between -OH of BC and -NH 
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of Ppy. The low-intensity peak at ≈ 2920 cm-1 in BC spectra occurs from the -CH stretching, 

also present in the BC-Ppy composites. The second prominent peak appears at ≈ 1635 cm-1 of 

Ppy spectra, owing to the -C=C alkene and -N-H bending. A weak band at ≈ 1611 cm-1 in the 

BC spectra can be noticed, attributed to -OH bending. Again, this peak is shifted to ≈ 1590 cm-1 

in the BC-Ppy spectra due to hydrogen bonding. The series of small peaks in the region ≈ 1470 

– 1200 cm-1 and ≈ 893 cm-1 is caused by C-H stretching of -CH2 and -CH3 groups in BC. These 

FT-IR spectra confirm the formation of Ppy NPs and BC films with specific functional groups 

as expected9,10. The blue/red shift, change in peak shape, and appearance of shoulders in 

composites' -N-H and -OH region further validate the formation of hydrogen bond interaction 

between BC and Ppy and its chemical structure8,11–14. 

 
5.3.5. Thermal and Optical properties  
 
The thermal stability of BC-Ppy was studied using thermogravimetric analysis (TGA) 

(Figure 7a). We found that Ppy NPs exhibit a more gradual thermal degradation than plain BC 

films. The degradation temperature at 50% weight loss (T50%) for BC was 330 °C16, whereas 

T50% for Ppy NPs was 410 °C15. In the case of BC-Ppy composites, adding Ppy NPs to the 

BC films increased the thermal stability resulting in an intermediate T50% of 360 °C. The 

thermal degradation of BC-Ppy occurs in two stages: the first significant weight loss around 

360 °C (T50%) due to the degradation of amorphous BC by depolymerization via glycosidic 

bond cleavage and the second degradation around 450 °C, attributed to the remnant polymeric 

chains8. To summarize, BC-Ppy materials showed good thermal stability up to temperatures as 

high as 250 °C, rendering suitability for sterilization by autoclave, storage at room temperature, 

and application in physiological temperatures. 
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Figure 7. a) Thermal degradation of Ppy NPs between 200 and 800 °C, b) UV-Vis-NIR 
absorbance spectra of Ppy NPs. 
 

We examined the absorption property of BC-Ppy using a Cary 5000 UV-Vis-NIR 

spectrophotometer in the wavelength range of 200-1200 nm (Figure 7b). The BC-Ppy films 

were analyzed as dried films. While the Ppy NPs solution exhibited a strong and broad 

absorption in the NIR region between 700-1200 nm, BC shows a typical absorption peak 

between 270 nm. Therefore, the composite material BC-Ppy shows collective absorption with 

peaks at 400 nm and the NIR region. 

 
5.3.6. Electrical conductivity  
 

A qualitative confirmation of the electrical conductance of BC-Ppy films was carried 

out using a simple LED setup. Two probes were connected to an external power supply, and 

the LED bulb was attached to one of the probes. While the BC-Ppy film was clamped to the 

other probe, the LED bulb was brought to contact with the film's surface. Upon contact, the 

LED lights up, confirming that the film can conduct electricity. The cell culture experiments 

are performed in an aqueous condition; therefore, we also did a test by placing the films in 

water. In both dry and wet conditions, the films conducted electricity to the LED bulbs 

(Figure 8a, b). Following this, quantitative analysis was performed by the four-probe 

instrument and computed using the van der Pauw method, as previously elaborated in 

chapter 219.  
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Figure 8. Conductivity of BC-Ppy demonstrated with an LED setup a) BC-Ppy in the dry state, 
b) dispersed in water, c) Conductivity and Thickness as a function of monomer concentration, 
d) Conductivity as a function of temperature. 
 

Composites prepared from six different monomer concentrations (1,3,5,10,50,100 mM) were 

measured: BP1, BP3, BP5, BP10, BP50, and BP100. The composites with higher 

concentrations (from BP10) were measured directly as individual films. However, the 

conductivities of films BP1 to BP5 were lower than the measurable range of instruments. 

Therefore, we stacked five never-dried BC-Ppy films of each concentration and dried them 

together. The five films were well-adhered with each other and did not get separated easily, a 

feature previously investigated and reported5. This way, the overall conductivity and thickness 

of the stacked films are higher, making it feasible to measure them. The conductivity of the 

stacked film is then averaged to obtain individual conductivities. 
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Table 2: Thickness and electrical conductivity of BC-Ppy films at varying monomer 
concentrations 

Py concentration 

[mM] 

Sample name Thickness 

(µm) 

Conductivity (S/cm) 

1 BP1 13 1.7 x 10-8 
3 BP3 18 3.2 x 10-5 
5 BP5 26 7.0 x 10-3 
10 BP10 45 0.02 ± 0.01 
50 BP50 113 1.7 ± 1.3 
100 BP100 140 2.4 ± 1.4 

 

As expected, the conductivity varied as a function of monomer concentration (Table 2, 

Figure 8c). The thickness of the films also increased with increasing monomer concentrations, 

further substantiating the increase in Ppy content. The high Ppy content resulted in increased 

conductivity of the composite films, starting from ≈1.7 x 10-8 S/cm for the composite with the 

lowest concentration (BP1) reaching as high as ≈4 S/cm for BP100 (Table 2) (Figure 8c). 

Therefore, the conductivity of BC-Ppy films can be precisely tuned by simply modifying the 

monomer concentration according to the application. For instance, for tissue engineering 

applications, biomaterials must possess conductivities concurrent with the targeted native 

tissue. We evaluated the dependence of the conductivity of BC-Ppy on temperature and found 

that temperature increases the electrical conductivity to ≈5 S/m for a change of 5 °C 

(Figure 8d). This phenomenon can be attributed to the thermally activated transport of charge 

carriers across the domains20. 

 
5.3.7. Mechanical behavior  
 

Another critical property to study in biomaterials for tissue engineering applications is 

the behavior of materials under mechanical wear and tear. To employ BC-Ppy composites as 

scaffolds for cardiac applications, they should be capable of withstanding repetitive cyclic force 

and exhibit good elasticity and tensile strength to endure the sheer blood flow and beating of 

the heart21. Tensile strength is the maximum stress a sample can withstand before failure. The 

strain at which fracture occurs is referred to as breaking strain, and the slope of the stress-strain 

curve represents Young's modulus of a material.  

We employed Instron MicroTester 5548 with a 5 N and 10 N load cell for cyclic uniaxial and 

biaxial tensile testing at a 5 mm/min test speed. The experiments were performed in submerged 

conditions to simulate in-vitro and in-vivo conditions. The uniaxial test was conducted in the 
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standard dog-bone-shaped samples, and the biaxial test was performed in square-shaped 

samples. Growing BC in the required shape was necessary for two reasons: 1. Preparing a 

larger size and cutting it to the required dimensions and shapes can induce micro-cracks within 

the fibrous network, disrupting the actual mechanical strength, and 2. The scaffolds utilized for 

cell culture experiments are not cut to shape; instead, they are grown to the required shape and 

employed as such. Therefore, to measure the actual mechanical properties of the materials that 

the cells experience, BC was produced using 3-D printed molds (Figure 9). The samples were 

clamped and pulled from two edges with a 60 mm starting distance between the two holding 

clamps. For the biaxial tensile test, the material was pulled uniformly from four directions, with 

a distance of 9.5 mm between the clamps. Upon pulling, the sample stretches, and the increase 

in length is measured (Figure 9). Using the formula below, the instrument produces load vs. 

deformation data converted to stress vs. strain. Two load-deformation curves are obtained from 

the two axes for the biaxial tests.  

𝑆𝑆𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕𝒕 (𝑴𝑴𝑴𝑴𝑴𝑴) =  
𝑳𝑳𝑳𝑳𝑳𝑳𝑳𝑳 (𝑵𝑵)

𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 − 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔 𝒂𝒂𝒂𝒂𝒂𝒂𝒂𝒂 (𝒎𝒎𝒎𝒎𝟐𝟐) 

𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺𝑺 (%) =  
𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫𝑫 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 (𝒎𝒎𝒎𝒎)
𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶𝑶 𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 (𝒎𝒎𝒎𝒎) ∗ 𝟏𝟏𝟏𝟏𝟏𝟏 

 
Figure 9. Dimensions of the 3-D printed mold used for growing BC and schematic 
representation of the uniaxial and biaxial tensile test experimental setup. 
 

The tensile properties of BC and BC-Ppy films indicated that higher Ppy levels reduce the 

materials' tensile strength, Young´s modulus, and breaking strain. Plain BC and four BC-Ppy 

films were measured: BP1, BP3, BP5, and BP10. While the average uniaxial tensile strength 

was ≈0.7 MPa for the remaining samples (BC to BP5), it reduced drastically to 0.3 MPa for 
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BP10 (Figure 10a, b). The breaking strain also showed a consistent pattern, an average of ≈ 11 

% for the remaining samples and only 3.5 % for BP10 (Figure 10a, b). Similarly, the average 

young´s modulus for the materials were around 10 MPa, except for the BP10 material which 

showed a decrease to ≈ 5 MPa. Although the initial samples up to BP5 do not show a drastic 

change in the strength and modulus from each other or in comparison with plain BC, the BP10 

material showed a marked decrease of all the three parameters: Young´s modulus, tensile 

strength and breaking strain in both the tensile tests (Figure 10). This was observed even while 

working with the samples, as the composites above BP10 were more brittle and delicate to 

handle. 

 
Figure 10. Uniaxial (top) and Biaxial (bottom) tensile properties of BC and BC-Ppy 
composites a,c) stress-strain curve, and b,d) tensile strength and breaking strain. 
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5.3.8. Surface wettability 
 
 The contact angle represents the wettability of scaffolds in specific solvents. We 

measured the contact angle in water and Dulbecco's Modified Eagle Medium (DMEM) - media 

used for cell culture, to comprehend the hydrophilicity of BC and BC-Ppy scaffolds, which in 

turn influences the cell behavior of these materials. The contact angle of nanocomposite 

scaffolds is highly dependent on the surface topography and the presence of nanoparticles on 

the surface. We measured the contact angle of BC, BP1, BP3, BP5, and BP10 composite 

materials (Figure 11).  

 
Figure 11. a) DMEM and water contact angle measurements of BC and BC-Ppy composites. 
b) Sample pictures of water and DMEM droplets on the scaffold surfaces. 
 
We found that the contact angle increases with Ppy content, up to a particular concentration 

(BP5 in water, BP3 in DMEM). However, beyond this concentration, the contact angle starts 

to decrease. The differential behaviour of the scaffolds in the two solvents is probably due to 
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the differential ion content in the media compared to water. The aberrant behavior at higher 

concentrations could be due to the high doping amount, leading to high hydrophilic Cl- ion 

levels. An increase in contact angle indicates a decrease in the hydrophilicity of the materials. 

Therefore, Ppy NPs on BC materials increase the hydrophobicity of the scaffolds, which is also 

substantiated by the increased surface roughness and amount of NPs in the materials. 

 
5.3.9. Stability of BC-Ppy 
 

We have assessed BC-Ppy films in solutions and sterilization conditions necessary for 

cell culture experiments. These studies ensure that the materials do not exhibit undesirable 

behaviors during in-vitro experiments or release any by-products that can hinder the overall 

effectiveness and application of the material. Two properties of the films were measured, i.e., 

the change in electrical conductivity and the possible leaching of Ppy NPs from the films into 

the solution upon storage, sterilization, and cell culture. Four critical conditions were tested: 

water storage, two sterilization modes (UV and autoclave), and incubation in the cell-culture 

media (DMEM) on 100 mM monomer concentration (BP100) samples. The films were 

suspended in Milli-Q water in falcon tubes and stored for a month to analyze their stability 

upon storage in water. Whereas for the cell-culture media, the films were placed in 24-well 

plates in 2mL complete DMEM medium for 24h at 37 °C. UV sterilization was performed in 

a laminar flow cabinet equipped with UV light for 30 minutes on each side, and autoclaving at 

121 °C was carried out for 20 mins, with the films dispersed in Milli-Q water.  

 
Figure 12. a) Leaching of Ppy NPs measured by UV-Vis-NIR absorption spectra of BC-Ppy 
composites b) Conductivity of BC-Ppy composites after treatment conditions  



 

 147 

 Chapter 5: BC-Ppy in-vitro evaluation 

 
The UV-Vis-NIR scan revealed that the NPs do not leach from the films under these 

processing conditions, further confirming the strong interaction between BC fibers and Ppy 

NPs (Figure 12a). Even though storage in water, UV sterilization, and incubation in DMEM 

medium did not affect the electrical conductivity, sterilization by autoclave did show a 

reduction in the conductivity of the films (Figure 12b). Nonetheless, the decline was 

statistically non-significant and it has been reported that high temperatures can lead to 

over-oxidation of Ppy22–25. Particularly in aqueous conditions, promote the diffusion of Cl- ions 

into the solution, resulting in loss of electrical conductance26. The stability of BC-Ppy 

composites during storage, sterilization by UV, and cell culture establish their suitability as 

scaffold materials for in-vitro evaluation. 

 

5.4 Cardiac cell types used for in-vitro evaluation 

All the cell culture experiments were carried out by Marina Martínez Hernández with 

the supervision of Soledad Pérez Amodio from the Biomaterials for Regenerative Therapies 

group in the Institute for Bioengineering of Catalonia (IBEC), Barcelona.  

Preliminary investigation of biomaterial scaffolds for application as cardiac patches was 

performed using two major cardiac cell types, cardiac fibroblasts (CFs) and immortalized 

cardiomyocyte (CM) cell models or precursor cells. 

 
5.4.1. Cardiac Fibroblasts 

 
Cardiac fibroblasts (CFs) are spindle-shaped, elongated cells with a substantial 

endoplasmic reticulum responsible for constituting the extracellular matrix (ECM) and the 

fibrous tissue27,28 (Figure 13a). CFs play a vital role in maintaining the tissue's structural and 

mechanical integrity, regulating cell-cell signaling, communicating electrical signals, ECM 

deposition and maintenance, remodeling, and regeneration, etc28–30. The interplay between 

CMs and CFs is still unclear due to the diverse and complex role of CFs in the cardiovascular 

system31. The number of cardiac fibroblasts increases, especially in diseased hearts, to repair 

and rebuild the tissue. When the heart is damaged due to myocardial infarction, the fibroblasts 

are activated and mature into their pathological phenotype, myofibroblasts32 (Figure 13b). 

Myofibroblasts exhibit a stellate morphology with increased expression of proteins such as 

collagen, and TGF-β, leading to higher cell proliferation, ECM production, cell adhesion and 
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migration, and resistance to cell death30. Consequently, CFs are significant in a healthy heart 

and play an even more vital role in disease.  

 
Figure 13. The organization of fibroblasts between cardiomyocytes, maintaining the fibrous 
tissue and ECM composition. Activaiton of fibroblasts upon injury, forming myofibroblasts 
and inducing fibrosis around the cardiomyocytes. 
 
Since tissue engineering scaffolds provide the extracellular environment for cell-cell 

communication, evaluating scaffolds in the cell type closely involved with ECM is crucial. In 

addition to the changing phenotypes upon the damage, fibroblasts exhibit diverse phenotypes 

in various body tissues. Therefore, it is imperative to evaluate the behavior of fibroblasts in 

biomaterials for application in any tissue type. CFs are a less sensitive, more robust cell type 

to evaluate a biomaterial scaffold's initial toxicity and function before proceeding to more 

sensitive cell types like cardiomyocytes.  

In this work, we employed Adult human Cardiac Fibroblasts (hCFs) (p5-p6, PromoCell®) to 

evaluate cell viability, attachment, proliferation, and morphology. 

 
5.4.2 Immortalized cardiomyocyte models  
 

Cardiomyocytes (CMs) are the largest cell types of the heart, covering ≈70-85% of 

tissue volume. However, they account for only ≈30% of cell number28,33. Their cytoplasm 

consists of sarcomeres, the contractile unit of cardiomyocytes and extensive mitochondria, to 

take care of the high energy needs of the cells since they undergo continuous contractions34,35. 

The cell wall contains intercalated discs with structures like desmosomes and gap junctions for 

inter-cellular and cell-cell electromechanical communication. These gap junctions consist of 

connexin proteins (CX40, CX43, CX45) responsible for the electrical coupling of CMs with 

cardiac fibroblasts (CFs)36. Mutations and aberrant function of these gap junctions are 

associated with several cardiovascular diseases and arrhythmogenesis37. Although CMs are the 
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ideal cell type for investigating cardiac tissue functions, isolated CMs result in inadequate cell 

yield and inconsistent quality. CMs are also very difficult to be isolated, maintained in cell 

culture, and produced in a large scale38,39.  

Therefore, in-vitro experiments, especially for evaluating biomaterial scaffolds, often employ 

alternative cell models for CM, such as H9c2 and HL-1 cell lines. HL-1 is an adult 

immortalized cardiomyocyte cell line derived from AT-1 mouse atrial cardiomyocyte tumor 

lineage. They can spontaneously contract and maintain a differentiated cardiac-specific 

phenotype40,41. On the other hand, H9c2 is a cardiomyoblast cell line derived from embryonic 

rat ventricular heart tissue. H9c2 cells possess more resemblance to primary cardiomyocytes 

than HL-1 and have been extensively used in cardiovascular research as an alternative to 

primary cardiomyocytes42–44. Additionally, H9c2 can also mature into cardiomyocyte-like cells 

under differentiation media containing retinoic acid45,46.  

In this thesis, H9c2 rat cardiac myoblasts procured from ATCC (p2-p9) were utilized for 

in-vitro evaluation of BC-Ppy composite films. 

 
5.5.  Material selection and pre-conditioning 
 
 The plain BC and BC-Ppy composites were evaluated in cardiac fibroblasts (CFs) for 

material biocompatibility through assays such as cell viability, cell proliferation, and 

attachment. Three materials were used for this purpose: BC, BP2, and BP10, i.e., BC-Ppy 

composites prepared with 2 mM and 10 mM pyrrole monomer. Subsequently, various assays 

were performed to investigate the behavior of BC and BC-Ppy materials in H9c2 cells. The 

cell viability, attachment, and morphological investigation upon culturing H9c2 on the 

materials were investigated for BC, and four concentrations of BC-Ppy composites: BP1, BP3, 

BP5, and BP10, derived from pyrrole concentrations of 1, 3, 5, and 10 mM, respectively. The 

total protein content of cells, cell-scaffold interaction, and ability of the scaffolds to 

differentiate H9c2 cardiomyoblasts to CM-like cells, with respect to the amount of Ppy in the 

scaffold, were scrutinized on BC and two BC-Ppy materials: BP3 and BP5.  

The as-synthesized materials were dried at 60 °C in between Teflon plates with a 1 Kg weight 

on top. The dried scaffolds were then sterilized with UV light for 15 minutes on each side. The 

scaffolds were placed on low-adherent cell culture plates with poly(2-hydroxyethyl 

methacrylate) (PHEMA) coating and secured to the bottom of the well using 

Polytetrafluoroethylene (PTFE) rings. Following this, the scaffolds were incubated in culture 

media for 24 hours to promote solvent exchange and diffusion of the nutrients. The scaffolds 

were again sterilized by UV for 15-30 minutes on each side before cell seeding. In parallel, all 
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the cell culture experiments were carried out in plastic cell culture plates without BC or BC-

Ppy materials as controls for comparative evaluation. 

 
5.6  In-vitro cell culture assays 

5.6.1 Cardiac Fibroblasts viability, attachment, and morphology 

 
The CF cells were cultured in low-serum Fibroblast Growth Medium (FGM) at ≈ 

15,000 cells/cm2 and maintained in a humidified atmosphere with 5% CO2 at 37 °C for 72 

hours. The culture media was changed every two days. The cell viability was estimated using 

LIVE/DEAD® assay, and cell attachment and proliferation were computed through the 

percentage of scaffold area coverage. All three parameters were measured at two-time points, 

24 and 72 hours, to explore whether culture duration impacts material toxicity  

 
Figure 14. Cell viability of BC and BC-Ppy composites assessed by a) Live/Dead assay after 
24 hours (i) and 48 hours (ii), b) Cell viability in the BC and BC-Ppy scaffolds compared with 
control (n=3), c) immunofluorescent images after 72 hours, and d) Scaffold area coverage by 
the cells (n=3). Scale bars: 100 µm. 
 
The cells showed good viability of ≈ 95% in both BC and BC-Ppy after 24 hours (Figure 

14a i, c). Even after 48 hours, the composite with the highest Ppy content, BP10, showed 

excellent cell viability similar to control and plain BC (Figure 14a ii). The immunofluorescent 

images (Figure 14c) revealed that BC and BC-Ppy scaffolds showed similar cell attachment, 

cell number, and morphology, with ≈10% area coverage equivalent to cell culture plates 
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(Figure 14d). The behavior of hCFs on BC and BC-Ppy materials proved the biocompatibility 

and favorable material properties, encouraging further evaluation in H9c2 cardiomyoblasts. 

 
5.6.2 By-product toxicity of scaffolds in H9c2 cell media 

Two types of media were primarily used in this work for the culturing of H9c2 cells: 

growth medium (GM) (DMEM complete media) and differentiation medium (DM) (DMEM 

complete media with low serum (1% FBS) and Retinoic acid (RA)). We used GM to assess the 

viability, attachment, morphology, and DM to study the H9c2 maturation. The BC and Ppy 

might interact with the GM components or retinoic acid in the DM, releasing unwanted 

by-products that could potentially harm the cells47. For this reason, we evaluated the by-product 

toxicity in GM and DM. The BC, BP3, and BP5 materials were incubated in both media 

overnight, and the supernatant was collected.  

 
Figure 15. Cell viability analysis of BC and BC-Ppy materials´ by-products incubated in 
growth medium (GM) and differentiation medium (DM). 
 
The H9c2 cells were seeded on well plates in the presence of supernatant media, and viability 

was computed through MTT assay after 24 hours. None of the treatment groups showed any 

significant toxicity to the growth of H9c2 cells (Figure 15). Therefore, the incubation of 

materials in cell culture media does not lead to undesirable by-product release or cell-scaffold 

interactions, warranting the safety of our cell culture protocol. 

 
5.6.3 H9c2 cell viability and attachment 

 
The H9c2 cells were cultured at a cell count of ≈ 30,000 cells/cm2 onto the BC and 

BC-Ppy materials in the low-adherent 24-well cell culture plates in complete DMEM media. 

The viability of H9c2 cells was evaluated using LIVE/DEAD assay and MTT assay. The 
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LIVE/DEAD assay was performed using the stains calcein-AM for alive cells and propidium 

iodide for dead cells. The percentage of cell viability was computed from the fluorescent 

images using ImageJ software by counting the number of cells. 

 
Figure 16. a) LIVE/DEAD images of H9c2 cells after 24 hours of culturing on the scaffolds, 
b) Cell viability computed from live/dead assay, c) Area of scaffolds covered by the cells after 
24 hours. (n=4; scale bars = 100 µm). 
 
All five materials showed exceptional biocompatibility with H9c2 cells (Figure 16a). While 

the plain BC scaffolds presented ≈ 86% cell viability, the presence of Ppy enhanced the 

percentage of alive cells considerably, with the highest cell viability of 96% exhibited by BP5 

scaffolds. However, for the material BP10 with higher Ppy content, cell viability starts to 
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decrease and reach ≈92% (Figure 16b). The cell attachment was also quantified by measuring 

the percentage of scaffold area covered by the cells. Similar to cell viability, cell attachment 

was also the highest for BP5 scaffolds, with ≈40% area coverage, compared to BC scaffolds 

which showed only ≈7% coverage (Figure 16c). In a nutshell, the healthy behavior of H9c2 

cells on the BC-Ppy scaffold enhanced up to BP5. However, from BP10, the material exhibited 

a less favorable environment for the cells. Nevertheless, H9c2 cells still presented better 

viability and higher coverage on BP10 scaffolds over BC scaffolds. Previous reports on Ppy-

containing scaffolds for tissue engineering also substantiate that Ppy NPs at very high 

concentrations are detrimental to biocompatibility, cell attachment, or their physiological 

behavior48.  

The cell viability and attachment were also evaluated by MTT assay on days 2, 3, and 6. The 

percentage of viable cells followed a bell-shaped pattern similar to the LIVE/DEAD assay, 

with cell attachment on materials up to BP5 surpassing the cell attachment in BC scaffolds 

(Figure 17). In contrast, the cell attachment in BP10 scaffolds was even lower than in BC 

scaffolds at all the time points. The materials until BP5 showed good cell viability even at day 

6 of cell culture (BP5 ≈ 120%) (Figure 17a), indicating that the composites are highly 

biocompatible.  

 

 
Figure 17. Cytotoxicity of H9c2 cells analyzed by MTT assay under two hydrating conditions 
of the scaffolds: a) Dried and rehydrated in the growth medium, b) never-dried and incubated 
in growth medium for solvent exchange. 
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In addition to dried and rehydrated scaffolds, the MTT assay was performed in never-dried 

scaffolds incubated in DMEM media. Both the never-dried and the rehydrated scaffolds 

showed similar behavior (Figure 17b), substantiating that the hydrating conditions of the 

material do not affect cell behavior. However, further experiments were only performed on 

dried and rehydrated scaffolds since these scaffolds are generally preferred at the 

commercialization level to facilitate packaging, maintaining sterility, and transport. 

The live/dead assay of hCFs and H9c2 cells and the MTT assay of H9c2 cells on BC and 

BC-Ppy scaffolds led us to two main conclusions: 1) Presence of Ppy does not impact the 

viability, morphology, or attachment of fibroblasts (hCFs) to the scaffold surface irrespective 

of the Ppy content, and 2) While the BP10 scaffolds were safe for culturing hCFs and did not 

affect their cell viability, they were detrimental to the culturing of H9c2 cells, showing a 

significant reduction in cell viability and attachment. 

The difference in behavior between the two cell types further endorses the need for evaluating 

different tissue cell types in biomaterials while designing tissue engineering scaffolds. 

 
5.6.4 H9c2 cell Morphology 
 

The morphology of H9c2 cells on BC and BC-Ppy composites was mainly studied 

through SEM imaging and immunostaining. The cells cultured on BC, BP1, BP3, BP5, and 

BP10 were visualized by phase contrast imaging through fluorescent microscopy on day 3 and 

day 7 of cell culture after immunostaining the cells with DAPI (for nucleus) and phalloidin (for 

actin filaments) stains. After 3 days of cell culture, cells on BC scaffolds rounded up and 

exhibited a reduced cell density, suggesting a lack of cell adhesion onto the surface. The cells 

on BC-Ppy composites showed better behavior, with BP5 presenting the best cell density, 

adhesion, and alignment on days 3 and 7 (Figure 18). The cells on BC-Ppy scaffolds displayed 

a characteristic elongated morphology as expected49 (Figure 18, white arrow marks). However, 

cells on BP10 started to show signs of reduced adhesion, once again substantiating that while 

Ppy enhances cell viability and adhesion, suggesting higher concentrations of Ppy on materials 

can be counter-effective for cardiac cell culture. 
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Figure 18. Immunofluorescent images of H9c2 cells attached to BC and BC-Ppy (BP1, BP3, 
BP5, and BP10) scaffolds at days 3 and 7 of cell culture. Scale bars: 100 µm. 
 
The cells cultured on BC, BP3, and BP5 scaffolds for 7 days were observed through SEM after 

fixation by glutaraldehyde, alcohol dehydration, and critical point drying. Upon encountering 

biomaterial scaffolds, adherent cells like H9c2 attach to the surfaces through interactions 

between the cell membrane and scaffold surfaces. This interaction is mediated by physical, 

chemical, electrical, and mechanical cues. The cells interact with scaffold surfaces through 

focal adhesion complexes consisting of membrane proteins, such as integrins, ligands, and 

receptors, present at membrane protrusions, called filopodia, which mediate the attachment of 

cells to ECM50. 
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Figure 19. SEM images of H9c2 cells on BC and BC-Ppy scaffolds showing cell attachment 
and morphology through cell-scaffold interactions. 
 
Filopodial structures (Figure 19d-i) protrude from the cell membrane attaching to the material 

surface, suggesting physical and mechanical interaction between the cell and the scaffold that 

promotes cell attachment, maturation, and spreading. However, cells cultured on the BC 

surface displayed spherical morphology, characteristic of immature/dead H9c2 cells. The BC 

cultured cells lack filopodial protrusions and association with the scaffold surface, 

corroborating with LIVE/DEAD and MTT assay results. The improvement in cell adhesion 

and morphology in BC-Ppy composites over plain BC scaffolds demonstrates that Ppy is 

essential for cell-scaffold interaction leading to cell migration and the characteristic H9c2 

spindle-like cell morphology. 

 
5.6.5 H9c2 maturation 

The H9c2 cell line can be induced by retinoic acid (RA) to differentiate into a more 

mature cardiomyocyte-like phenotype45,46. Evaluation of the scaffold material on the 

maturation of H9c2 is crucial for the future design of cell-laden BC-Ppy scaffolds and for 

comprehending the behavior of native cardiac tissue with cardiomyocytes towards the material. 
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Bearing this in mind, we first confirmed that the H9c2 cells could mature when cultured in a 

specific differentiation medium. Following this, we evaluated H9c2 cell maturation on the 

scaffold materials with and without adding differentiation media.  

 
Maturation without scaffolds 

Differentiation media (DM) containing 1% FBS with two concentrations of RA (0.01 

µM and 1 µM) were utilized to assess the differentiation efficiency of the cells. The H9c2 

cardiomyoblasts are proliferative and were cultured in growth media (GM) overnight at a cell 

density of 30000 cells/cm2. GM was then exchanged with DM and cultured in the dark for 10 

days, with new media change every 24 hours. The differentiation capacity of H9c2 cells was 

investigated through phase contrast microscopy to visualize cell morphology and proliferation. 

Immunostaining helped to understand morphology, adhesion, and bioactivity. Then we utilized 

western blotting to quantify the expression of cardiac marker Cardiac Troponin T (cTnT).  

Phase contrast images after 6 days revealed that the cells grown in DM (Figure 8a, bottom) 

demonstrated higher cell spreading and fusion, with larger cell size than cells grown in GM 

(Figure 20a, top). Upon computing the proliferation rate, we also found a marked decrease in 

proliferation for the cells cultured on DM (Figure 20b). The decreased proliferation, larger 

cells, and increased cell spreading indicate H9c2 maturation to a more cardiomyocyte-like 

phenotype.  

 
Figure 20. a) Phase contrast images of H9c2 cells cultured in growth medium (GM) (top) and 
differentiation medium (DM) for 6 days, b) Quantification of cell proliferation in GM and DM. 
(n=4; scale bars =100 µm). 
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For immunofluorescent imaging and quantitative estimation of protein markers, the cells were 

immunolabelled with primary antibodies against Ki67 (proliferative marker) and cTnT (cardiac 

marker) and stained with DAPI (nucleus) and phalloidin (actin filaments). We achieved 

successful H9c2 maturation with both the RA concentrations (Figure 21a, top). The 

immunofluorescence images reveal that the proliferative marker Ki67 is less expressed in the 

cells cultured on DM (Figure 21a, pink).  

 
Figure 21. a) Immunofluorescent images of H9c2 cells in growth medium (GM) and 
differentiation medium (DM) at days 6 and 10, Quantification of b) cTnT expression, c) Ki67 
expression (n=4), and d) Western blotting quantification of cTnT expression after 6 days (n=3).  
 
On the other hand, the cardiac marker cTnT is higher in DM-cultured cells, indicating that the 

cells have attained a more cardiomyocyte-like phenotype (Figure 21a, green). The expression 
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of both the markers was also quantified, and we found that the expression is significantly 

different (higher for cTnT (Figure 21b) and lower for Ki67 (Figure 21c)) from the GM cultured 

cells at both day 6 and day 10 of cell culture. 

Furthermore, western blotting to evaluate the relative expression level of cTnT with vinculin 

as the loading control also substantiates that the DM cultured cells expressed significantly 

higher cTnT protein (≈ 0.3) than GM cultured cells (≈ 0.07) after 6 days (Figure 21d). 

Therefore, we conclude that DM containing either concentration of RA can differentiate H9c2 

cells to cardiomyocyte-like phenotype after just 6 days of cell culture. Next, we examined 

whether the presence of scaffold materials would promote further or attenuate the maturation 

of H9c2 cells. 

 
Maturation of H9c2 cells on scaffolds 

 
After confirming the ability of H9c2 cells to mature in the laboratory using DM 

containing lower RA concentration (0.01 µM), we utilized only this concentration and cell 

culture of 6 days for the subsequent experiments. The same experiments performed on H9c2 

cells maturation without scaffolds were repeated with scaffolds. Additionally, we also carried 

out quantification of total protein content and other cardiac proteins through western blotting. 

The microscopic images revealed that H9c2 cells on the BC scaffold cultured in GM displayed 

rounded, detached morphology. However, the morphology of cells improved on BC scaffolds 

cultured in DM with a more elongated shape. 

Interestingly, H9c2 cells seeded on top of the composite materials displayed an elongated 

morphology, with increased cell fusion and spreading typical of maturation in both GM and 

DM (Figure 22a). This suggests that the presence of Ppy could influence the maturation of 

H9c2 cells, even without any chemical stimulation using DM containing chemicals such as 

RA. Total protein content was estimated using a BCA assay to scrutinize cell growth and 

proliferation. Since decreased cell proliferation is a sign of cells progressing towards 

maturation, a reduced protein content would imply a more differentiated state of the cells. As 

expected, the total protein content of DM-cultured cells was lower than GM-cultured cells on 

the respective materials confirming the initiation of maturation (Figure 22b). Also, the total 

protein was higher in Ppy containing BP3 and BP5 than BC, indicating that Ppy promotes cell 

growth of mature cardiomyocyte-like H9c2 cells consistent with the previous results obtained 

in undifferentiated cardiomyoblast cells.  
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Figure 22. a) H9c2 cells grown on the scaffolds in the with and without differentiation medium, 
b) Total protein content of H9c2 cells grown on BC, BP3, and BP5 in GM and DM after 7 days 
estimated by BCA assay. Scale bars: 100 µm. 
 
Subsequently, we quantified the expression levels of specific cardiac protein markers cTnT, 

Heavy chain cardiac myosin (α-MHC), and Connexin-43 (Cx43)) through western blotting 

with specific antibodies, and GAPDH was used as the loading control. The DM considerably 

influenced the cardiac marker expression, especially cTnT and α-MHC. The supplementation 

of DM caused an increase in cTnT expression ≈ threefold in the BP3 scaffolds and ≈ twofold 

in the BP5 scaffolds (Figure 23a). Likewise, a two-fold rise in α-MHC expression was observed 

in cells from both BP3 and BP10 scaffolds in the presence of DM (Figure 23b).  

 
Figure 23. Quantification of cardiac-specific protein expression from western blot a) cTnT, b) 
α-MHC, and c) Cx43 expressions. N=3. 
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The presence of Ppy also played a crucial role in inducing maturation, as can be appreciated 

by comparing BC scaffolds with BP scaffolds, both in the presence and absence of DM. The 

cells cultured in GM on BP3 and BP5 displayed increased cTnT expression almost five times 

compared to BC scaffolds, even without any chemical stimulation of differentiation 

(Figure 23a). On the contrary, Ppy did not solely influence the α-MHC expression without 

differentiation-inducing media. But the combination of Ppy and DM showed almost three times 

increased α-MHC expression compared to BC scaffolds (BC-DM vs. BP3-DM and BP5-DM) 

(Figure 23b). Furthermore, the combined effect of Ppy and differentiation media resulted in a 

striking fifteen times increase of cTnT expression in BP3 and a ten times increase in the case 

of BP5 (BC-GM vs. BP3-DM and BP5-DM) (Figure 23a). While the use of DM did not impact 

the expression levels of Cx43, Ppy did show some influence. In both DM and GM cultured 

cells, the Cx43 expression was higher (although not significantly) with increasing Ppy 

concentration in the scaffold. In conclusion, Ppy and a chemical differentiation medium 

synergistically enhance the H9c2 maturation. Remarkably, Ppy alone has a strong positive 

influence in guiding the H9c2 cardiomyoblast cells toward cardiomyocyte-like maturation, 

even without external stimulation. 

 
5.7  Conclusions 

We successfully produced and characterized BC and BC-Ppy composite scaffolds. The 

final properties of BC-Ppy scaffolds were fine-tuned by modifying the initial monomer 

concentration to obtain a material with favorable material properties for cardiac cell culture. 

After carefully considering electrical conductivity, mechanical strength, surface wettability, 

and roughness, four BC-Ppy materials (BP1, BP3, BP5, BP10) were chosen for in-vitro 

evaluation. The plain BC scaffolds without any Ppy NPs were also examined to understand the 

influence of BC and Ppy NPs on cell behavior individually. 

The BC-PPy composite scaffolds proved biocompatible to hCFs and H9c2 cells since cell 

viability was not affected as measured by the LIVE/DEAD assay and MTT assay. The presence 

of Ppy in the scaffold promoted cell attachment, migration, spreading, and morphology. The 

cells exhibited better attachment on scaffolds with higher Ppy content, with BP5 rendering the 

best results. However, each cell type behaves differently with biomaterial scaffolds. 

Consequently, while BP10 seems conducive to the adhesion and proliferation of hCFs, the 

same is not valid in the case of H9c2 cells. 

The differential behavior of H9c2 cells on BP10 materials could be attributed to a change in 

material properties due to Ppy concentration. For instance, the tensile strength of BC-Ppy 
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scaffolds showed a marked decrease at BP10 (Chapter 2), suggesting that the BP10 scaffolds 

might not have provided enough material strength for the cells to anchor onto them. Similarly, 

other material properties of BP10, such as surface roughness and electrical conductivity, could 

have been hostile to H9c2 cells' attachment and growth.  

Evaluation of specific cardiac phenotypes of H9c2 cells showed an interesting phenomenon. 

The BC-Ppy composites promoted maturation of H9c2 towards cardiomyocyte-like 

phenotypes such as an elongated morphology, increased cell spreading, reduced proliferation, 

and higher cardiac protein expressions, even without any addition of differentiation media. 

Both Ppy and media produce a synergistic effect in the presence of media, and H9c2 maturation 

is further enhanced. 

The encouraging results of BC-Ppy composites as scaffold materials for culturing cardiac cells 

hCFs and H9c2 cells inspire further investigation of the material with other cardiac cell types. 

The role of Ppy in affecting cardiomyocyte beating is also an essential factor to be investigated. 

The potential of BC-Ppy NPs in promoting the maturation of H9c2 cells without any external 

intervention, such as an external electrical stimulus or chemical differentiation, has not been 

reported before and holds great value in designing multi-functional cardiac patches for 

myocardial infarction and cardiac arrhythmia.  
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Annex 
Arrythmogenic mutations in C. elegans using 

CRISPR-Cas9 editing 

 

 

 

SUMMARY 

 A wide number of genes are reported to be involved in the pathophysiology of cardiac 

arrhythmias. This study aimed to assess whether reproducing the same arrhythmic mutations 

in humans can result in rhythmic modifications of the C. elegans pharynx to employ the worms 

as models for specific types of arrhythmias. Following the results of calcium imaging in chapter 

4 which suggested a strong role between the calcium signalling, pharynx pumping, and Ppy 

NPs, we chose to model three mutations of the calcium channel encoding gene egl-19 in 

C. elegans. The CRISPR-Cas9 editing of C. elegans were performed during a research stay for 

a month with the guidance of Dr. Julián Cerón and Dr. Dmytro Kukhtar in the "Modelling 

Human Diseases in C. elegans" group at Instituto de Investigación Biomédica de Bellvitge 

(IDIBELL), Hospital Duran i Reynals, in Barcelona. 
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6.1. Gene mutations and Arrhythmias 
 
 Cardiac arrhythmias (CA) can be manifested by mutations in various genes within the 

heart. Based on whether the mutations occur in the developmental or functional components of 

the heart, the disorders are classified into "inherited arrhythmogenic disorders" or "ion 

channelopathies", respectively. The former group of disorders are characterized by structural 

abnormalities in the heart leading to conditions such as hypertrophic cardiomyopathy, 

arrhythmogenic right ventricular dysplasia (cardiomyopathy), and dilated cardiomyopathy. On 

the other hand, ion channelopathies involve mutations in the ion channels and transporter-

associated proteins, causing conditions like congenital long QT syndrome (LQTS), short-QT 

syndrome, Brugada syndrome (BrS), and catecholaminergic polymorphic ventricular 

tachycardia (CPVT)21.  

Loss-of-function mutations in genes encoding ion channels such as voltage-gated potassium 

channels KCNQ1 and KCNH2 have been associated with LQT1 and LQT2 syndromes, 

respectively21. On the other hand, mutations in voltage-gated calcium channels or mutations 

that affect Ca2+ homeostasis are found to be linked to arrhythmogenesis. Mutations in channels 

and receptors involved in calcium handling are also investigated for their influence in 

arrhythmias. CACNA1 genes responsible for encoding L-type Ca2+ channels, ryanodine 

receptors (Ryr2) which mediate calcium-induced calcium release at the sarcoplasmic reticulum, 

and calsequestrins, have also been associated with arrhythmia, establishing the vital role of 

calcium signaling in regulating the cardiac rhythm24.     

Genome editing tools are useful in CA for 1) identifying the genes involved in CA pathology 

through knock-out studies, 2) designing mutation specific animal model for in-vivo evaluation 

of potential therapies, and 3) repairing the disease-causing mutations21,22. Transgenic animal 

models of specific mutations are produced, and the molecular and electrophysiological 

functions of the mutants are compared with the wild-type animals to understand the impact of 
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those mutations in disease pathology. For example, mutations in hERG gene that encode 

voltage-gated potassium channels lead to LQT syndrome and can cause fatal ventricular 

arrhythmia23. Repairing hERG gene mutations in cardiomyocytes using CRISPR technology 

can be an effective strategy to treat such LQTS. 

6.2. CRISPR-Cas9  

CRISPR-Cas9 is a natural immune defence system that protects bacteria against viral 

infections. When viruses infect bacteria, short segments of the viral DNA are integrated with 

the bacterial DNA, producing CRISPR sequences. Upon future virus attack, the bacteria 

produce RNA segments from the CRISPR sequences and attach them to the virus's DNA. The 

bacteria then use CRISPR-associated protein 9 (Cas9) endonuclease enzyme to cut the DNA, 

thus disabling the virus9.  

In 2012, the CRISPR-Cas9 immune defense system was adapted by researchers to design the 

gene editing tool that has revolutionized genetic engineering10. In this technique, a guide RNA 

similar to the CRISPR sequence produced by bacteria is designed, that binds to the target 

sequence in the DNA of interest and to an enzyme called Cas9. When the Cas9-guide-RNA 

ribonocleoparticles identify complementary DNA to the spacer region of guide RNA, the 

enzyme cuts the sequence at the target site, leading to DSBs11.  

The CRISPR-Cas9 editing is more robust and versatile than other genome editing tools such 

as zinc finger nucleases and transcription activator-like (TAL) effector nucleases, because the 

endonucleases of the other two techniques need to be custom designed each time to 

complement the target sequence. Whereas the Cas9 protein is ubiquitous, with only the 

single-guide RNA (sgRNA) sequence being designed specifically for each target sequence in 

the DNA, making it a versatile DNA cutting tool13. CRISPR-Cas9 has also displayed higher 
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editing efficiency and is less expensive, making it the most popular genome editing technique 

to date1,12.  

The most commonly used CRISPR subtype is the type II CRISPR-Cas9 system, consisting of 

a single Cas9 protein from Streptococcus pyogenes. The CRISPR-Cas9 system comprises two 

components, a single-stranded guide RNA (sgRNA) and a Cas9 protein (Figure 1)14. The 

sgRNA is a duplex of a sequence of 17-20 base pairs (crRNA) and trans-activating crRNA 

(tracrRNA). The crRNA contains a spacer region complementary to the DNA target sequence 

and a region that allows pairing with tracrRNA which is needed for the activation of the Cas9. 

A "protospacer adjacent motif" (PAM) with "NGG" (any nucleotide-guanine-guanine) 

sequence upstream of the target site is essential for the recognition by the Cas9 protein. Upon 

binding the sgRNA with the target DNA, Cas9 cleaves the DNA at the target site to generate a 

DSB (Figure 2). As aforementioned, once DSBs are introduced in the DNA, the cell's repair 

mechanisms are activated, leading to insertion, deletion, or replacement with a customized 

sequence14. 

 

Figure 1. The components of a CRISPR-Cas9 system made of the guide RNA (sgRNA) 
containing the crRNA and tracrRNA, the adjacent protospacer motif (PAM) sequence, the Cas9 
enzyme, and the target genomic DNA. The tracrRNA recognizes and binds Cas9 protein with 
the CRISPR system, crRNA interacts with the target DNA through base pairing, and the Cas9 
enzyme cuts the DNA at the desired site. 
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Repair mechanisms 

 The DSBs induced by CRISPR-Cas9 are repaired through non-homologous end joining 

(NHEJ) or homology directed repair (HDR) (Figure 2)15. The NHEJ mechanism is activated 

without a repair template, where the machinery ligates the two nonhomologous ends, resulting 

in insertion and/or deletion mutations (indels). NHEJ is useful to produce gene knock-out 

models as the occurrence of indels through this error-prone mechanism does not hinder the 

outcome and even desirable when producing null mutants. On the other hand, HDR is a high-

fidelity mechanism occurring less frequently than NHEJ, only when repair templates are 

available, and it helps create precise mutations at specific locations. The repair templates are 

usually double-stranded DNA sequences or single-stranded oligonucleotides (ssODNs). Point 

mutations, missense mutations, insertions/deletions, at a single nucleotide level can be 

achieved by using ssODNs as the repair template16. 

 
Figure 2. The two repair mechanisms to anneal the double stranded breaks introduced by 
CRISPR-Cas9. a) Non-homologous end joining (NHEJ) anneals the two open ends of the 
break, resulting in insertion and/or deletion mutations (mutant), b) Homology-directed repair 
(HDR) in the presence of a repair template with the desired sequence for replacement at the 
break site. 
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6.3. CRISPR-Cas9 in Caenorhabditis elegans 

 Mutated strains of Caenorhabditis elegans (C. elegans) are produced widely through 

CRISPR-Cas9 editing17 (Figure 3). The mixture of reagents is injected into C. elegans' germ 

line via microinjection. Mutation of the germ line cells allows the transfer of the mutation to 

the offspring, resulting in hundreds of mutant individuals at a time18. C. elegans are 

predominantly hermaphrodites, combined with the short life cycle facilitating the isolation of 

homozygous individuals in a short time (≈ 2 weeks)19. Methodologies such as co-CRISPR are 

employed to enhance the efficiency of screening and isolating homozygotes. co-CRISPR 

involves injecting the worms with another mutation that exhibits a visible phenotype such as 

dumpy/roller phenotypes, enabling rapid screening of the successfully mutated worms20.  

 

Figure 3. Schematic representation of CRISPR-Cas9 editing in C. elegans and isolation of 
homozygotes. After injection of P0, heterozygous hermaphrodites are identified in F1. By self-
fertilization in the F2, a quarter of the progeny segregates the mutation in homozygosis. The 
whole process can be achieved in less than a couple of weeks. 
 
6.4. Arrhythmia specific mutations in C. elegans 

 Owing to the genetic homology between the voltage-gated ion channels of C. elegans 

pharynx and human heart, we focused ion channelopathies and their corresponding arrhythmic 

phenotypes25. Significantly, the results of calcium imaging (Chapter 4) further emphasized the 

importance of voltage-gated calcium channels and the role of Ca2+ signalling on pharynx 

pumping, akin to human cardiac pumping. Therefore, we endeavoured to create mutations in 
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the calcium channels of C. elegans that are homologous to genes causing high-severity 

bradycardia mutations. 

We employed the ClinVar database to identify arrhythmia causing mutations in humans and 

short-listed those mutations that affect Ca2+ homeostasis26. Among those, missense mutations 

were prioritised since they are easier to model in C. elegans using CRISPR-Cas9. The main 

criteria for selecting a mutation to model is that it must be present in a highly conserved region 

in the C. elegans genome since genes from conserved regions show high functional relevance.   

Among the different genes listed in Table 1, RYR2 and CASQ2, which are involved in calcium-

induced calcium release from sarcoplasmic reticulum are identified in CPVT arrhythmias27,28. 

The unc-68 and csq-1 genes of C. elegans are orthologous to human RYR2 and CASQ2. 

Fischer et. al. exploited this orthology to reproduce the missense mutations in unc-68 and 

csq-1, causing CPVT-like phenotypes in C. elegans29. 

Table1: The different arrhythmia types and associated genes and the channels the genes 
encode. The corresponding ortholog in C. elegans for each gene are also shown. Mutants of 
unc-68 and csq-1 genes in C. elegans (blue) have been reported to display arrhythmic 
phenotypes. The egl-19 gene (maroon) is our gene of interest to create arrhythmogenic 
mutations. 

Type of Arrhythmia Human gene 
Encoding channels & 

 receptors 
C. elegans ortholog 

LQT4 / CPVT4 ANK2 Ankyrin-b unc-44 

LQT8/ Timothy and Brugada 
Syndromes/ SQT4 

CACNA1C Cav1.2 egl-19 

LQT9 CAV3 Caveolin cav-1 

LQT12 SNTA1 α-1 Syntrophin stn-1 

CPVT RyR2 RyR2 unc-6829,30 

CPVT CASQ2 Casequestrin csq-129,30 

BrS4/SQT5 CACNB2b Cavβ2b ccb-1 

Brs9/SQT6 CACNA2D1 Cavα2δ1 tag-180, unc-36 

Sinus bradycardia CACNA1D Cav1.3 egl-1931 

CPVT CALM1 Calmodulin cmd-1 
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Based on the required criteria and the existing literature, we chose the egl-19 gene which is 

highly homologous to human CACNA1C/D genes, as our target gene to model arrhythmogenic 

mutations in C. elegans. In addition to genetic orthology, the two genes also share functional 

similarity; while CACNA1 genes play an essential role in regulating cardiac pumping through 

Ca2+signalling, egl-19 gene also regulates pharyngeal pumping in C. elegans by mediating the 

Ca2+ dynamics. The mutations in egl-19 genes were selected according to the homologous 

mutations for arrhythmia found in the human genome in the identical residues (Table2). 

Table 2: Three missense mutations in CACNA1 genes associated with long QT, timothy, and 
Brugada syndromes are listed: Glycine to Arginine at residue 406, Glycine to Serine at 402, 
and Isoleucine to threonine at 1186, along with the mutations in conserved regions of 
C. elegans. 

Human CACNA1 mutations Associated arrhythmia C. elegans egl-19 mutations 

Glycine406Arginine 
Long QT, Timothy, Brugada 

syndrome32 
Glycine369Arginine 

Glycine402Serine Long QT, Timothy syndrome33,34 Glycine365Serine 

Isoleucine1186Threonine Timothy syndrome35 Isoleucine1064Threonine 

 

6.5. CRISPR-Cas9 editing to produce mutant strains 

 In this work, we utilized co-CRISPR technology to produce mutant strains of 

C. elegans, with dumpy (dpy-10(cn64)) allele as a co-CRISPR marker. The repair template 

ssODNs and the crRNA sequence were custom designed (Table 3) such that they contain the 

desired modification, silent mutations to avoid re-cutting by Cas9 and for genotyping, and 

homology arms of 35 bp to allow repair by recombination 36. The designed repair template 

sequence, crRNA sequence and other components of the injection mix were purchased from 

Integrated DNA technologies. The injection mix containing the Cas9 enzyme, tracrRNA 

sequence, crRNA for the target mutation, crRNA for dpy-10 mutation and repair templates for 

both mutations (ssODN) was prepared in previously optimized ratios36,37 (Table 4). 
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Table 3: Summary of crRNAs and repair templates for missense mutations in the egl-19 gene. Red: 
desired mutations, green: silent mutations. 
 

Desired 
mutation 

crRNA sequence Repair template sequence 

Gly369Arg 
CTTGTCTTGGGAGTCT

TGTC 

GATCATTTTTCGTACTCAATCTTG
TCTTGGGAGTCCTTTCAAGAGAA
TTCTCAAAAGAACGAGAAAAGG

CAAGAGCG 

Gly365Ser 
CTTGTCTTGGGAGTCT

TGTC 

ACTCTTGTCATTCTTGGATCATTT
TTCGTACTCAATCTTGTCTTGTCA
GTGCTTTCTGGAGAATTCTCAAA

AGAACGA 

Ile1064Thr 
TTCATGATGAACATCT

TCGT 

ATCGCATTCTTCATGATGAACAT
CTTTGTAGGCTTTGTG 

ACCGTTACATTCCAAAATGAAGG
AGAACGTGAATACG 

 

Table 4: The composition and corresponding volumes of each component in the injection mix 
with the total volume = 10 µL.  

 Volume (µL) Concentration 
(µM) 

Cas9 IDT 0.25 1.53 
tracrRNA 0.50 1.60 

crRNA dpy-10 0.40 0.40 
crRNA edit 1.20 1.20 

ssODN dpy-10 0.28 0.92 
ssODN edit 0.22 2.20 

RNAse free water 7.15  
Total volume 10.00  

 

The prepared injection mix is stored in ice while preparing the microinjector setup. Briefly, ≈ 3 

worms are placed on 2% agar pads containing halocarbane oil and gently immobilized using a 

thin filament. The microinjector is set up, the slide is placed on the platform, and the injection 

needle is aligned such that the needle is inclined at 45 ℃ to the worms' germline. The 

magnifications and x, y, and z-axes are adjusted to ensure that both the germline and the needle 

are visualized clearly in the same plane. The mix is injected while ensuring that the liquid has 

entered the nucleus of the germline cells, and the worms were placed individually on NGM 

plates.  
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The following day, worms with dumpy phenotypes were isolated from the pool of injected P0 

worms (F1), to single out the successfully mutated worms and were genotyped by PCR using 

specific primers to confirm the mutation. ≈ 7 out of 28 injected worms showed the desired edit, 

yielding ≈ 25% editing efficiency. After 48 hours, at least 10 progenies (F2) of the successfully 

mutated worms were screened to identify and single out wild-type like worms and genotyped 

by PCR to select probable homozygotes containing the mutation and confirmed by Sangers 

sequencing. The homozygous mutated worms were verified whether the mutation resulted in 

lethal effects, and we found that out of the three mutations attempted, Gly369Arg mutated 

homozygous worms were not viable (Table 5). 

Table 5: The three missense mutations produced using CRISPR-Cas9 in C. elegans and their 
homozygous viability. +/- = heterozygotes and -/- homozogous mutants. 

Strain name Viability Phenotypes 

Gly369Arg Only +/- Lethal 

Gly365Ser -/- viable Pumping & other phenotypes 

Ile1064Thr -/- viable Pumping & other phenotypes 

 

6.6. Functional impact of the mutations 

 The Gly369Arg mutant was only viable in its heterozygous form, which did not exhibit 

any phenotypes suggesting that when both alleles of the gene are mutated, it causes lethality in 

worms. While in heterozygotes the wild-type allele is sufficient to compensate the phenotype. 

Therefore, only the mutations that resulted in viable homozygotes were considered for the 

evaluation of functional and physiological impacts in the worms. The Gly365Ser and 

Ile1064Thr mutant strains are denoted as CER696 and CER701, respectively. The worms from 

both the strains and wild-type were synchronized and grown to egg-bearing adult stage and 

imaged at adult day-1 age (AD1). The CER696 and CER701 strains attained adulthood with 
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eggs and other phenotypical identifications at 48 hours from L1 stage, similar to the wild-type 

worms (Figure 6).  

 

Figure 6: Representative optical microscopic images of CER696 and CER701 strain worms, 
compared with the wild-type N2 strain worms. Scale bar: 100 µm. 

We computed the body lengths of all the three strains from the microscopic images of AD1 

worms. The CER696 and CER701 worms displayed a shortened body length of an average of 

≈ 950 µm and ≈ 870 µm respectively, compared to the wild-type worms which were of ≈ 1130 

µm in length (Figure 7a). Notably, we found that the same mutations that cause bradycardiac 

effects in humans also reduced the basal pumping rate in C. elegans' pharynx. The CER696 

and CER701 strains pump at a rate of ≈ 190 and 180 pumps/min respectively, whereas the 

average pumping rate of wild-type worms are ≈ 250 pumps/min (Figure 7b).  

 

Figure 7: a) The body length of CER696 and CER701 strain worms at day-1 adult stage, in 
comparison with N2 strains (N ≈ 20), b) The pharyngeal pumping rate of N2, CER696, and 
CER701 strain day-1 adult worms (N ≈ 30). 



 

 181 

Annex 
 

 

The modification in pharyngeal function corroborates with the modification in cardiac 

function, showing us the versatility and functionality of C. elegans in using as arrhythmia 

models. Specific mutations of targets can be easily designed and utilised for evaluation of each 

drug, providing much more valuable information and deeper insights in to the physiological 

effects and mechanism of action of drugs, that is otherwise not possible with other animal 

models. 

6.7. Conclusions 

 The opportunity of using C. elegans as arrhythmia models is emerging, with a handful 

of studies reporting successful incorporation of orthologous arrhythmogenic mutations in 

C. elegans resulting in arrhythmia-like phenotypes such as an impaired pumping rate29–31. In 

this work, we showed the robustness and versatility of CRISPR-Cas9 technology and its use in 

C. elegans to produce any mutation of choice in C. elegans with ease. We shortlisted our 

mutations of interest through a literature study based on different parameters,  

 

1. The mutations must be implicated to cause arrhythmia in humans,  

2. Orthologous genes exist in C. elegans playing a similar functional role in the pharynx, 

and 

3. The region containing the residue in the genome must be conserved with high functional 

relevance. 

 

The three mutations we selected based on these criteria were successfully incorporated into the 

worms. However, the Gly369Arg mutation had critical effects on the worms, causing 100% 

lethality in homozygotes. Whereas for the other two mutations, we found that the worms 

exhibited reduced body length and a slower growth rate compared to the wild-type worms.  

The reduced pumping rate was the most highlighted impact in the mutant worms. The same 

mutations that induce bradycardia in humans caused a reduced pumping rate in C. elegans. 

This marks the remarkable potential of exploiting C. elegans in arrhythmia genetics to identify 

genes and understand their mechanistic roles in regulating cardiac rhythm and to produce 

disease models for initial screening of drugs and nanoparticles. Bearing this in mind, our group 

is actively continuing our work in the mutant models, further evaluating other phenotypes such 

as life span, growth rate, aging, etc., and plan to employ these animal models to effectively 

assess anti-arrhythmic drugs and nanoparticles.  
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7. Conclusions & Future propects  

7.1.  Conclusions 

 The research work presented in this thesis aimed to explore and expand the existing 

scientific knowledge on multiple aspects. The goal was achieved through a series of 

experiments that brings us to the main conclusions: 

1. The synthesized polypyrrole nanoparticles (Ppy NPs) were spherical with a mean 

diameter of ≈ 130 nm. The polymeric NPs were made of repeating units of pyrrole, 

a conjugated pentose ring with aromatic secondary amines. The NPs possessed a 

strong and broad absorption in the entire near-infrared region, between 700-

1200 nm. We also found that the nanoparticles were thermally stable, upto 

temperatures as high as 410 °C and conductivity of ≈ 0.8 S/cm, when synthesized 

from 0.1 M pyrrole monomer. 

 

2. Ppy NPs were biocompatible in C. elegans, not inducing any lethal effects up to a 

concentration of 500 µg/mL. The growth and development were not affected by 

ingestion of Ppy NPs for 24 hours, as we found similar rate of development between 

untreated and treated worms from larval stage L4 to egg-bearing adult stage. 

Likewise, the NPs did not affect the reproductive system either, since the rate of 

reproduction and the growth and development of those progenies were also 

following same patterns as untreated worms.  

 
3. At the molecular level, the NPs did not affect significantly on the lipid accumulation 

or oxidation, a reduction in lipid-to-protein content and enhanced lipid saturation 

compared to untreated worms were observed for Ppy NPs treated worms. We 

conclude that Ppy NPs increases the lipid metabolism due to a high energy and fuel 

consumption requirement; nevertheless, they do not cause oxidative stress. 

 
4. In addition to employing C. elegans for toxicity evaluation of nanomaterials, we 

present the platform for using the worms to study cardiac rhythms with the help of 

pharynx, their muscular pumping organ. Two anti-arrhythmic drugs with 

established effects on heart rate were assessed in C. elegans. Propranalol (PL) 

reduced while Racepinephrine (RE) increased the pharynx pumping rate, similar to 

their effects observed in humans´ cardiac pumping rate. Thus, C. elegans can be a 
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reliable and effective model to study cardiac-like effects of drugs and 

nanomaterials. 

 
5. Ppy NPs increases the pharynx pumping rate of C. elegans. Worms with pumping 

impaired mutations, especially mutation in calcium channel showed more 

pronounced effect than wild-type worms. The simplicity and robustness of 

C. elegans allowed us to perform various experiments, such as the impact of 

treatment duration and post-excretion effects. We found that Ppy NPs affects the 

pumping rate in a time-dependent manner, and imparts a moderate lasting impact 

in worms, with the change in pumping rate sustaining upto 24 hours post excretion 

but reverting to basal rate by 72 hours.  

 
6. Intracellular calcium levels in the pharynx were measured through calcium 

imaging, which suggested a strong interplay between calcium signaling, pharyngeal 

pumping, and the role of Ppy NPs in regulating these mechanisms. Ppy NPs caused 

an increase in calcium transient levels in wild-type worms, but not as much in a 

mutant strain with deletion mutation at the pharyngeal calcium channel. Therefore, 

we conclude that the action of Ppy NPs is medicated through voltage-gated 

calcium channels in the pharynx, that regulates calcium signaling and the 

concurring pharyngeal movements. 

 
7. Scaffolds of Polypyrrole incorporated bacterial cellulose (BC-Ppy) were produced 

with tunable properties including mechanical strength, surface wettability, 

conductivity, and transparency, by modifying the monomer and precursor 

concentrations. The composites were made of continuous interconnected network 

of cellulose fibers of ≈ 65 nm, decorated throughout with Ppy NPs of ≈ 89 nm. We 

confirmed the hydrogen bonding interaction between BC and Ppy through FT-IR 

spectroscopy. Flexibility, transparency ductility, and surface wettability of the 

composite materials decreases while the surface roughness and conductivity 

increases with Ppy content. 

 
8.  Cell adhesion and behavior depends on all these parameters, therefore the Ppy 

content plays a major role. BC-Ppy produced with 3- and 5-mM monomer 

concentrations (BP3 and BP5, respectively) possessed ideal characteristics for 

cardiac cell culturing, with conductivities matching to native cardiac tissues, in the 
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order of 10-3 S/cm, in addition to acceptable surface wettability and tensile strength 

to facilitate cell viability and anchorage. 

 
9. The immortalized cardiomyoblast cell type H9c2, displayed the best adhesion and 

viability on BP5 scaffolds with ≈ 96% cell viability and 40% area coverage 

compared to only ≈ 85% viability and 7% coverage on only BC scaffolds. The cell 

morphology was also strikingly different, elongated and well spread on BP5 

whereas rounded up and detached on BC surfaces. This shows the indispensable 

role of Ppy NPs to promote cell adhesion.  

 
10. The presence of Ppy NPs also highly influenced the differentiation of H9c2 towards 

cardiomyocyte-like phenotypes. The differentiation media containing retinoic acid 

facilitated maturation of the cells on both BC and BC-Ppy scaffolds. However, the 

BC-Ppy scaffolds were able to promote the differentiation even without the 

chemical stimulation using retinoic acid. Additionally, cells grown on the 

composite scaffolds expressed elevated cardiac protein markers compared to cells 

on BC scaffolds, further establishing the beneficial environment of BC-Ppy 

composite scaffolds for cardiac tissue engineering. 

7.2.  Future Prospects 

 The research work presented here opened up avenues that can be taken forward in two 

ways to accelerate the commercialization of an effective treatment for cardiac arrhythmia.  

1. We tapped on the tremendous potential of the small yet powerful animal model 

C. elegans for cardiac rhythm assessments. As we can appreciate from the existing 

literature and the CRISPR-Cas9 editing, animals with specific types of arrhythmia 

can be created and drug candidates with those specific gene targets can be 

effectively tested. In addition to the drugs and nanoparticles reported here, other 

drugs in the market or nanoparticles under research can be investigated to identify 

unknown targets and mechanisms, and to provide extensive valuable information 

on parameters such as dosage, lethality, metabolic effects, genetic and molecular 

effects that has not been so straightforward with other animal models till date. 

In our group, we are continuing this work and currently evaluating other phenotypical 

changes in the arrhythmia mutants, with plans to assess relevant drugs and 

nanomaterials in those specific strains. 
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2. Another possibility that this thesis has provided is the use of BC-Ppy scaffolds as 

effective cardiac patches. Careful designing of the material, cytocompatibility, and 

efficiency to promote cardiomyocyte-like behavior have been proven in this study. 

Having these results as foundation, evaluation of beating frequency on contractile 

cells such as primary cardiomyocytes, could be performed. The role of an external 

electrical stimulation in combination with Ppy NPs can be exploited as well. 

C. elegans are simple, small animals without a heart. They are highly useful in rapid 

and large-scale screening, and initial evaluations. However, the material must be 

subjected to further evaluation for the end application as cardiac patches.  

The ideal way to take this work forward would be the evaluation of this material in 

multi-cellular environments, and animal models such as rodents. 
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Keywords: Bacterial nanocellulose, Polypyrrole, Conducting polymers, Tissue Engineering, 
Cardiac patches
Abstract

The low endogenous regenerative capacity of the heart, added to the prevalence of 
cardiovascular diseases, triggered the advent of cardiac tissue engineering in the last decades. 
The myocardial niche plays a critical role in directing the function and fate of cardiomyocytes; 
therefore, engineering a biomimetic scaffold holds excellent promise. We produced an 
electroconductive cardiac patch of bacterial nanocellulose (BC) with polypyrrole nanoparticles 
(Ppy NPs) to mimic the natural myocardial microenvironment. BC offers a 3D interconnected 
fiber structure with high flexibility, which is ideal for hosting Ppy nanoparticles. BC-Ppy 
composites were produced by decorating the network of BC fibers (65±12 nm) with conductive 
Ppy nanoparticles (83±8 nm). Ppy NPs effectively augment the conductivity, surface 
roughness, and thickness of BC composites despite reducing scaffolds’ transparency. BC-Ppy 
composites were flexible (up to 10mM Ppy), maintained their intricate 3D ECM-like mesh 
structure in all Ppy concentrations tested, and displayed electrical conductivities in the range of 
native cardiac tissue. Furthermore, these novel materials exhibit tensile strength, surface 
roughness, and wettability values appropriate for their final use as cardiac patches. In-vitro 
experiments with cardiac fibroblasts and H9c2 cells confirmed the exceptional biocompatibility 
of BC-Ppy composites. BC-Ppy scaffolds improved cell viability and attachment, promoting a 
desirable cardiomyoblast morphology. Biochemical analyses revealed that H9c2 cells showed 
different cardiomyocyte phenotypes and distinct levels of maturity depending on the amount of 
Ppy in the substrate used. Specifically, the employment of BC-Ppy composites drives partial 
H9c2 differentiation towards a cardiomyocyte-like phenotype. The scaffolds increase the 
expression of functional cardiac markers in H9c2 cells, indicative of a higher differentiation 
efficiency, which is not observed with plain BC. Our results highlight the remarkable potential 
use of BC-Ppy scaffolds as a cardiac patch in tissue regenerative therapies.
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Introduction
Cardiovascular diseases (CVD) are the leading cause of death globally, accounting for nearly 
45% of all deaths in Europe1,2. Cardiac arrhythmia (CA) is a prevalent condition occurring in as 
much as 90% of primary heart patients3. One of the primary causes of CA is myocardial 
infarction (MI), where a region of the cardiac muscle is damaged4. The heart has a limited 
regenerative ability5; consequently, cardiomyocytes lost due to MI cannot be replaced. Heart 
transplantation is currently the best available long-lasting treatment for severely damaged hearts. 
However, the lack of donor organs, compatibility requirements, the need for life-long immune 
suppression, and host immune rejection are still serious hurdles6,7, which promoted the rise of 
cardiac tissue engineering (TE). 

To regenerate damaged myocardial tissue, TE employs cells, scaffolds, and growth factors (or a 
combination of these)8. Researchers have investigated the possibility of injecting viable cells, 
such as stem or progenitor cells, into the infarcted myocardium to induce myocyte 
regeneration9,10. However, this approach is limited by poor cell viability, low cell retention at the 
affected area, cell aggregation, and the inability to generate new functional cardiac tissues11–14. 
The employment of scaffolds that can serve as delivery platforms have improved cell behavior 
in-vivo and in-vitro and enhanced the therapeutic effect of cell-based therapies10,15. Inferred 
outcomes are directly dependent on the intrinsic properties of the engineered biomaterials; 
therefore, a proper design considering the requirements for its final application to the native 
tissue is crucial.

Topographical, biochemical, and electrical cues at the micro- and nanoscale are essential 
determinants of cardiac organization, morphology, and electrical and mechanical function. The 
heart is an electrically conducting organ, mediated by ionic diffusion at the neuromuscular 
junction and within the cardiomyocytes that generate action potentials and propagate electrical 
signals, leading to muscle contraction. Therefore, a scaffold for cardiac TE should mimic the 
native cardiac microenvironment, be cytocompatible, and possess appropriate mechanical and 
electrical properties to promote cell organization, survival, and function in the damaged host 
cardiac tissue16,17. Chitosan, collagen, alginate, and extracellular matrix (ECM) from 
decellularized cardiac tissue are biomaterials explored in cardiac TE15–19. However, none of these 
materials possess electrical conductivity and thus do not adequately mimic the intrinsic 
characteristics of the natural myocardial microenvironment. To tackle this, current approaches 
employing engineered cardiac scaffolds with electroconductive biomaterials, such as 
intrinsically conducting conjugated polymers (CPs), are being actively researched 16,20–26.

Among CPs, polypyrrole (Ppy) is a popular candidate since it can be synthesized using a simple 
oxidative polymerization method, it is dispersible in water with good aqueous stability, is 
biocompatible, possess tunable electrical conductivity, and can be combined with a large variety 
of biomaterials to form bio-nanocomposites22,27–29. However, like most other CPs, PPy is 
insoluble and mechanically rigid on its own, which can affect its interaction with the elastic 
tissues of the heart. This work proposes a strategy combining Ppy with bacterial cellulose to 
produce cytocompatible, conductive, and flexible scaffolds for cardiac TE. Bacterial cellulose 
(BC) is a natural polymer with high purity compared to plant-derived cellulose, high porosity, 
and water retention capacity. BC is biocompatible30, produced with low endotoxin levels (0.04 
± 0.01 endotoxin units (EU)/mL)31, non-immunogenic32–34, and not bio-degradable, thus offering 
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longer residence time on the heart surface compared to natural hydrogel systems. BC films are 
highly flexible with excellent mechanical strength (up to 250 MPa) to withstand chronic shear 
stress and repeated contractile force. The fibrous mesh-like microstructure of BC highly 
resembles the extracellular matrix30, mimicking the natural myocardial microenvironment, and 
incorporating Ppy in the BC films imparts electrical properties35–38. Scaffolds combining plant-
derived cellulose and Ppy have been reported for neuronal tissue engineering37,39 and cardiac 
applications40,41; however, the use of bacterial cellulose, BC-Ppy, has not been evaluated for 
cardiac TE purposes.

BC-Ppy composites produced in this work are assessed using primary cardiac fibroblasts and 
H9c2 cells. We have highlighted the ability of BC-Ppy scaffolds to promote H9c2 differentiation 
to evaluate the materials in realistic environments resembling the adult cardiac tissue, which we 
believe is cardinal to ensure a high translational value of the cardiac patches.
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Materials & Methods

BC films 

A commercial Komagataeibacter xylinus strain (NCIMB 5346, CECT, Valencia, Spain) 
was used for BC production. The bacterial strain was maintained in agar plates with Hestrin-
Schramm (HS) medium as the growth media containing peptone, agar, yeast, glucose 
(Condalab), citric acid, and Na2HPO4.12H2O (Sigma-Aldrich). Bacterial solutions were diluted 
with fresh media (1:14 ratio) and were maintained for 5-7 days in culture well plates, as 
previously described42. BC films were carefully harvested and washed once in 50% ethanol 
(Panreac), twice in boiling 0.1 M NaOH (Sigma-Aldrich), and then rinsed with water to obtain 
neutral pH. BC films were stored at room temperature in water until use. For material 
characterization, BC films were dried at 60 °C for 2-3 days by placing them between Teflon 
plates under a 1Kg-weight.

BC-Ppy films

Ppy nanoparticles (NPs) were synthesized using in-situ oxidative polymerization in the 
presence of pre-synthesized BC films, as previously described43. For the BC-Ppy synthesis, 
pyrrole (Sigma-Aldrich), polyvinyl alcohol (PVA) (average Mw: 30,000 – 70,000, 87-90% 
hydrolyzed, Sigma-Aldrich), and FeCl3.6H2O (Merck) were used. Wet BC films were added to 
an aqueous solution containing 7.5% PVA (wt/wt of monomer) as the surfactant and ferric 
chloride hexahydrate as the oxidant (2.4 times Py monomer concentration) and stirred slowly for 
1 hour to allow absorption of the reactants into the BC films. Then, pyrrole monomer (1-100 
mM) was added dropwise to it under slow stirring, and the polymerization was carried out for 
4h at room temperature. The resulting BC-Ppy films were washed in distilled water until the 
supernatant was clear. The BC-Ppy films were dried at 60 °C for 2-3 days by placing them in 
between Teflon plates with a 1 Kg weight on top. In-vitro experiments were performed in dried 
BC composites to facilitate sterilization procedures before cell culture. Nevertheless, some cell 
culture experiments were conducted as well with BC composites prior to the drying process 
(referred to as “wet” materials). This was done to confirm akin behavior of the composites before 
and after drying treatment.

Scanning Electron Microscopy
BC-Ppy films were blended for 30 min and centrifuged at 9000 rpm for 15 min. The 

pellet was then dried at 60 °C and crushed using a pestle and mortar to yield powder. The powder 
was dispersed in water and sonicated for 5-10 min before sample preparation. The liquid was 
dropped on carbon tape mounted over an aluminum sample holder for SEM characterization and 
imaged in a Scanning Electron Microscope (QUANTA FEI 200 FEG-ESEM, voltage of 20kV, 
working distance of 8 mm, magnification levels of 10, 20, 40, and 100 kX). 

Transmission Electron Microscopy
TEM samples were prepared in the same manner as SEM samples. A single drop of BC-

Ppy aqueous dispersion was placed on top of a copper grid and dried at room temperature prior 
to imaging. Samples were imaged with a Transmission Electron Microscope (JEOL JEM-1210, 
voltage of 120 kV, magnification levels of 3, 6, 8, 10, and 20 kX). The size of BC fibers and Ppy 
NPs from TEM images were analyzed using ImageJ software. 
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Surface Roughness

The effect of Ppy on the surface roughness of the composites was studied using Atomic 
Force Microscopy (AFM). BC and BC-Ppy (1 mM) composites were prepared as usual and dried 
directly on top of a cover glass at room temperature. The films adhered strongly to the glass 
cover enabling scanning by the AFM probe on the surface. The scanning was performed in 
tapping mode, for a 30x30 µm area, and at least 3 regions per sample and 3 samples per 
concentration were scanned.

FTIR and UV-Vis-NIR Spectroscopy
The chemical structure and composition of the as-synthesized Ppy and BC-Ppy were 

characterized by Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) 
spectroscopy (Spectrophotometer Jasco 4700) at a spectral range of 400-4000 cm-1. The 
absorbance spectra of Ppy NPs and BC-Ppy were measured using a Cary 5000 UV-Vis-NIR 
spectrophotometer at a wavelength range of 200-1600 nm. Ppy NPs were dispersed in water by 
sonication and analyzed in liquid form, whereas BC-Ppy films were prepared at a 5 mM 
concentration to yield semi-translucent BC-Ppy films to allow light transmission.

Electrical Conductivity 
The sheet resistance of dried BC-Ppy films was measured using an in-house 4-probe 

resistance measuring system using the Van der Pauw method44. Film thickness was measured 
using a digital micrometer by choosing 5 points of contact on each film and taking the average. 
The electrical conductivity σ can then be calculated as follows: 

σ = 1/ (R-sheet*t),

where, Rsheet is the sheet resistance of each film and t is its average thickness. The electrical 
conductivity of high-concentration materials (10, 50, and 100 mM) was measured as individual 
films. However, lower concentrations possessed conductivities below the range of our 
instruments. Consequently, at lower concentrations (1, 3, and 5 mM), five BC-Ppy films were 
stacked and dried together, forming a single thicker film with conductivity in the detectable 
range. Then, we computed the conductivity of the stacked films and extrapolated it to obtain the 
values of the individual films. 

Stability of BC-Ppy

The stability of BC-Ppy materials was evaluated by visual observation, UV-Vis-NIR, and 
conductivity at different conditions. 0.1 M BC-Ppy nanocomposites, which had the highest 
concentration of Ppy tested, were employed for this analysis. First, the materials were evaluated 
over time: BC-Ppy was stored for six months at room temperature in sterile milli-Q water. The 
supernatant was collected, and UV-Vis-NIR scan was performed to analyze whether any Ppy- 
NPs had leached out from the composites into the supernatant. Further, the leaching of Ppy NPs 
into the supernatant was also assessed after 30 minutes of UV sterilization on each side of the 
films and after autoclaving at 121 °C for 20 minutes. The stability was also evaluated after 
incubation in the cell culture medium. BC-Ppy materials were incubated in Dulbecco’s modified 
Eagle’s medium (DMEM, GibcoTM, Invitrogen) medium for 24h at 37 °C. Then, culture media 
was collected, and the presence of Ppy NPs in the supernatant was investigated. BC-Ppy 
scaffolds were then dried for 24h after being subjected to these four processes (water storage, 
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UV sterilization, autoclaving, and immersion in cell culture media). Following this, conductivity 
was measured and compared to the initial samples.

Mechanical Properties

The tensile strength and breaking strain of the materials were measured by cyclic uniaxial 
tensile and biaxial tensile tests. For both, Instron MicroTester 5548 (University of Zaragoza) at 
a test speed of 5 mm/min was used with a 5N and 10 N load cell for the uniaxial and biaxial tests, 
respectively. For uniaxial tests, BC and BC-Ppy at different concentrations were grown to dog 
-bone shapes using 3D-printed molds and were clamped at the two ends. Under submerged 
conditions, the material was pulled from both ends with a 60 mm distance between the clamps 
until the samples experienced a fracture and failed (Figure S1A). We measured the increase in 
the sample´s length after elongation. Here, the measured length was the distance between two 
holding clamps and not the total length of the sample. Load vs. deformation data was obtained 
and then converted to stress vs. strain according to the formulae: 

𝑆𝒕𝒓𝒆𝒔𝒔 (𝑴𝑷𝒂) =  
𝑳𝒐𝒂𝒅 (𝑵)

𝑪𝒓𝒐𝒔𝒔 ― 𝒔𝒆𝒄𝒕𝒊𝒐𝒏𝒂𝒍 𝒂𝒓𝒆𝒂 (𝒎𝒎𝟐)

𝑺𝒕𝒓𝒂𝒊𝒏 =  
𝑫𝒆𝒇𝒐𝒓𝒎𝒆𝒅 𝒍𝒆𝒏𝒈𝒕𝒉 (𝒎𝒎)
𝑶𝒓𝒊𝒈𝒊𝒏𝒂𝒍 𝒍𝒆𝒏𝒈𝒕𝒉 (𝒎𝒎)

From the stress-strain curve, the maximum stress that a sample can withstand before failure is 
defined as its tensile strength. The strain at which sample fracture occurs is referred to as breaking 
strain, and the initial slope of the curve represents Young´s modulus of a material. These 
properties together define the stiffness of a given material.

For the biaxial tensile test, the material was pulled at a uniform rate from all four directions. 
Therefore, two load-deformation curves were obtained from the two axes. The load-deformation 
was converted to stress vs. strain using the above formula, where the initial distance between the 
clamps was 9.5 mm (Figure S1B). 

Surface wettability

The surface wettability was assessed through contact angle measurements for BC, and BP1, BP3, 
BP5, and BP10 composite materials. The films were dried and rewet in Milli-Q water for 24 
hours. The rehydrated films were placed on top of a glass slide to facilitate adhesion of the films 
on the glass and provide a flat surface for a precise angle measurement. The adhered films were 
placed on the platform and a drop (4 µL) of either DMEM or water is deposited at a rate of 
1185 µL/min on top to measure the DMEM/water contact angle, respectively. The solvent drop 
on the surface is captured and angles were measured, using a Drop Shape Analyzer DSA 100 
(KRÜSS).

Cell culture

Low-adherent well plates were prepared by coating them with 5 mg/ml Poly 
(2-hydroxyethyl methacrylate) solution (Sigma) and stored sealed at 4°C until use. BC and BC-
Ppy materials were sterilized with UV irradiation for 15 minutes on each side and secured by 
polytetrafluoroethylene rings at the bottom of each well. The scaffolds were immersed in DMEM 
containing 4.5 g/l glucose, 50% FBS (GibcoTM, Invitrogen), and incubated overnight inside a 
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cell culture incubator at 37 °C with 5% CO2. Scaffolds were coated with collagen (100 mg/ml, 
VitroCol®, Advanced Biomatrix) prior to myoblast seeding.

Thirty thousand cardiomyoblasts/cm2 or fifteen thousand cardiac fibroblasts/cm2 were 
seeded on top of each scaffold. Culture plastic wells (without scaffolds) were used as controls. 
Adult human cardiac fibroblasts (p5-p6, PromoCell®) were cultured in low-serum Fibroblast 
Growth Medium (PromoCell®), whereas H9c2 rat cardiac myoblasts (p2-p9, ATCC) were 
cultured with DMEM containing 4.5 g/l glucose, 10% FBS, 1% L-Glutamine (GibcoTM, Thermo 
Fisher) and 1% penicillin/streptomycin (GibcoTM, Invitrogen). Cultures were maintained in a 
humidified atmosphere with 5% CO2 at 37 °C, and culture media was changed every two days. 

Cell viability

The cytocompatibility of BC composites was examined through a LIFE/DEAD Assay. 
After culturing the cells onto the materials, these were washed in DPBS (GibcoTM, Thermo 
Fisher) and incubated in a solution of 2 μM calcein-AM (Sigma) and 4 μM propidium iodide 
(Fluka) in DPBS for 20 minutes at 37 °C. Cells were then washed in DPBS and immediately 
imaged using a motorized wide-field microscope Leica Thunder 3D Live Cell. The number of 
alive and dead cells was quantified using ImageJ software. For analysis, a minimum of four 
pictures were quantified and averaged per sample.

Cellular viability was further validated by using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium Bromide (MTT) assay (ROCHE, Sigma Aldrich) according to the 
manufacturer’s instructions. Briefly, MTT labeling reagent (final concentration 0.5 mg/ml) was 
added to each well and incubated for 4 hours in a humidified atmosphere (37 °C, 5% CO2). Then, 
the solubilization buffer was added to the reaction and incubated overnight. After total 
solubilization of the purple formazan crystals, samples were collected in three replicates in a 96-
well plate. The absorbance signal (wavelength: 580 nm, reference wavelength: 650nm) was 
measured in a TECAN Infinite M200 Pro microplate reader.

Cell adhesion and morphology

Cellular morphology and attachment were further monitored throughout the culture 
period, and phase contrast images were taken using a Leica DM IL LED Fluorescence 
microscope. Similarly, immunostaining images of cellular actin (Phalloidin-TRITC, Sigma 
Aldrich) were taken at different time points to observe cellular morphology using a wide-field 
microscope (Leica Thunder 3D Live Cell).

After 7 days of culture, cells were fixed with 2.5% glutaraldehyde in phosphate buffer. Fixed 
samples were then washed four times and dehydrated by immersion in increasing alcohol 
concentrations. Next, the specimens were dried by critical point drying and mounted on a metal 
stub using a sticky carbon disc tape to increase conductivity. Samples were then coated with an 
ultra-thin gold layer and observed in a Field Emission Scanning Electron Microscope (NOVA 
NanoSEM 230, FEI Company, IBEC).

H9c2 differentiation

H9c2 cells were seeded at a density of 30000 cells/cm2 and maintained in a proliferative 
state overnight by culturing in growth media (high-glucose DMEM supplemented with 10% 
FBS, 1% L-Glutamine, and 1% penicillin/streptomycin) at 37 °C in a humidified atmosphere of 
5% CO2. Differentiation was performed by adapting previously described protocols45,46. Briefly, 
cell growth media was changed to differentiation media (high-glucose DMEM (same 
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9

supplementation) using 1% FBS and 10 nM retinoic acid (Sigma) supplementation to improve 
cardiomyocyte yield). Culture in this media was continued for at least 6 days with daily media 
changes in the dark. All-trans-RA was prepared in DMSO and stored at -20°C in the dark to 
avoid degradation.

Western Blot

Protein expression of cardiomyocyte markers was studied by Western Blot. Protein 
samples were prepared by lysing cells with Pierce® RIPA Buffer (Thermo Fisher) supplemented 
with a protease inhibitor cocktail (Abcam) for 10 minutes shaking on ice. Then, samples were 
centrifuged for 10 minutes at 4 °C at 10,000G, and the supernatant was collected and stored at -
80 °C until analysis. Total protein content was measured with a PierceTM BCA Protein Assay Kit 
(Thermo Scientific) following the manufacturer’s instructions. Equal protein amounts were 
mixed with Laemmli Sample Buffer (Bio-Rad) and denatured at 95 °C for 5 minutes. Samples 
were loaded in 10% Mini-PROTEAN® TGX™ Precast Protein Gels (Bio-Rad) and run at 
constant amperage (20mA/gel) for 1-2 hours. Protein samples were transferred onto a 
nitrocellulose membrane (Bio-Rad) by wet transfer at 100V for 1 hour at 4°C. Ponceau staining 
was used to assess a correct protein transfer. Membranes were blocked in Tris-buffered saline 
containing 0.1% Tween® 20 (TTBS) with 5% skim milk for 1 hour at room temperature and 
incubated overnight with primary antibodies at 4°C. Antibodies against Cardiac Troponin T (sc-
20025 mouse monoclonal antibody, Santa Cruz, 1:1000), Connexin-43 (ab11370 rabbit 
polyclonal antibody, Abcam, 1:2000), and Heavy Chain Cardiac Myosin (ab50967 mouse 
monoclonal antibody, Abcam, 1:1000) were employed. GAPDH (PA1-987 rabbit polyclonal, 
Thermo Fisher, 1:2000) and Vinculin (V9131, Merck, 1:200) were used as loading controls to 
normalize the data. Horseradish peroxidase-conjugated antibodies against rabbit (ab97051, 
Abcam, 1:10000) or mouse (ab97023, Abcam, 1:5000) were used in TTBS-5% skim milk 
solution and incubated for 1 hour at room temperature. Membranes were developed using 
ClarityTM Western ECL Substrate (Bio-Rad), and the chemiluminescence was detected in a 
densitograph (AS4000 Imaging System, GE Healthcare Life Sciences). Quantitative analysis 
was performed using ImageJ software.

Immunostaining

Following culture, cells were washed in PBS and fixed in 4% formaldehyde solution 
(Electron Microscopy Sciences) for 10 min at room temperature. Fixed cells were then washed 
in cold PBS with 0.15% glycine (Sigma) three times, permeabilized in 0.05% Triton X-100 
(Sigma) in PBS-0.15% Gly, and blocked in PBS-0.15% Gly-5% BSA solution for 45 minutes at 
room temperature. Cells were incubated with the corresponding primary antibody (Cardiac 
Troponin T (sc-20025 mouse monoclonal antibody, Santa Cruz, 1:100), Ki67 (ab16667 rabbit 
monoclonal antibody, Abcam, 1:250), Ryanodine R Receptor (ab219798 rabbit monoclonal 
antibody, Abcam, 1:100)) in PBS-0.15% Gly-1% BSA at 4°C overnight. Then, cells were 
washed three times for 5 minutes in PBS-0.15% Gly. Samples were then incubated with the 
corresponding secondary antibody in PBS-0.15% Gly-1% BSA for 1 hour at room temperature 
in the darkness (goat anti-mouse Alexa Fluor® 488 ab150113, 1:500 and donkey anti-rabbit 
Alexa Fluor® 647 ab150075, 1:500). Cells were then washed three times, counterstained with 
4′,6-diamidino-2-phenylindole (DAPI, Sigma, 1:500) and actin (Phalloidin-TRITC, Sigma 
Aldrich P1951, 3.5:500) for 30 min, washed three times again and stored in PBS at 4 °C until 
imaged. Immunolabelled samples were imaged using a wide-field microscope (Leica Thunder 
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10

3D Live Cell). At least four images per sample were analyzed. Quantitative image analysis was 
performed using ImageJ software.

Statistical Analysis

Data are presented as mean and error bars representing standard deviation (SD) from 
biological replicates. GraphPad Prism 9.4 was used as analysis and graphical software. Student’s 
T-test (two-tailed distribution) was generally used to compare two samples, one-way ANOVA 
followed by post-hoc Tukey’s test was used for multiple samples, and two-way ANOVA was 
used when two different categorical independent variables were tested for multiple samples. A 
p-value < 0.05 was considered statistically significant. Significance was represented as follows: 
* = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.
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Results and Discussion 

BC-Ppy synthesis

Bacterial cellulose (BC) films were naturally produced by K. xylinus bacteria, extracellularly, at 
the medium-air interface. In brief, the monomer (pyrrole) was added to a solution of PVA + 
FeCl3·6H2O in the presence of BC films. Here, the FeCl3·6H2O was used as an oxidant-cum-
dopant providing the dopant anion Cl-, whereas PVA acts as a biocompatible surfactant 
controlling the size of Ppy NPs and preventing their aggregation (Figure S2A). 

The composition and properties of BC-Ppy composites can be easily tuned by modifying the 
precursor concentration. Hence, we prepared BC-Ppy using different starting Py monomer 
concentrations from 1 mM to 100 mM. BC films changed color from white (transparent) to 
yellow – dark-green – black (opaque) color, reducing the transparency with increasing monomer 
concentrations (Figure 1). The thickness of the scaffolds also increased after Ppy 
functionalization, reaching up to ≈140 µm at the highest concentration (100 mM Py) in the dry 
state, whereas the initial dried BC films were ≈11 µm in thickness (Figure 1). BC-Ppy composites 
maintained the inherent flexibility of BC up to 50mM Py concentration. High Ppy content 
fragilized the composite and some breaks were observed upon bending (see Figure 1 and red 
arrows). 

The BC-Ppy composites synthesis is simple and  highly versatile. We used a commercial BC 
scaffold, cube of 1 cm, to incorporate Ppy and create a thick 3D structure. Ppy NPs were 
incorporated homogeneously within the 3D structure as the same color was observed in the 
exterior and the cross-section of the cube (Figure S2B), confirming the capability of extending 
to different BC structures.

Figure 1 – Effect of Py concentration on scaffolds’ properties. Bacterial nanocellulose (BC) and 
Bacterial nanocellulose-Polypyrrole nanocomposites (BC-Ppy) at different concentrations of pyrrole (Py) 
and their change of properties. Scale bars: 1 cm.
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Size and Morphology

At the micron scale, scanning electron microscopy (SEM) of BC-Ppy revealed that Ppy NPs had 
a spherical shape and were homogeneously distributed along the BC fibers (Figure 2A). The 
diameters of Ppy NPs and BC fibers were computed from TEM images and found to be 83±8 
and 65±12 nm, respectively (Figure S3). Decoration of BC fibers with Ppy NPs does not affect 
the fiber diameter compared to plain BC. The composites exhibited fibers of uniform diameter 
throughout the films, possessing branches displaying a random mesh-like structure, similar to 
the ECM30 (Figure 2A). It is also worth noting that, despite severe sample processing of the 
composites (involving blending, drying, and grinding), the NPs are still bound to the fibers, 
suggesting a strong interaction between the two components (Figure 2B). 

Chemical Properties

The FTIR spectra of BC, Ppy NPs, and BC-Ppy composites are shown in Figure 2C. Spectra 
presented a peak around 3326 cm-1 corresponding to the -OH vibrations of BC, whereas the peak 
at -3249 cm-1 is assigned to the Ppy aromatic secondary amine (N-H) stretching. This latter peak 
shifted to 3345 cm-1 for the BC-Ppy composites, indicating a plausible hydrogen bonding 
between the -NH group of Ppy and the -OH group of cellulose35 (Figure 2B). The peak at 2956 
cm-1 corresponds to the aliphatic glycosidic CH bonds of cellulose BC-Ppy composites. PVA 
peaks at ≈ 1409 cm-1 assigned to C-H bending were not identified in the FTIR, indicating that 
the PVA amount is low and if any excess, was removed by the cleaning of the samples47.On the 
other hand, the strong peak at 1635 cm-1 found in the composites confirmed the existence of N-H 
bending. The N-H bending peak also shifted to 1592 cm-1 in the composites, again pointing to 
hydrogen bond interactions. These observations are consistent with previously published reports 
on BC and Ppy composites35,48–51. It is well known that BC has an abundant hydroxyl (-OH) group 
and Ppy has a secondary amine group in its repeating unit52,53 (Figure 2B). Therefore, based on 
the literature, we suggest that these groups form strong hydrogen bonds. The uniform distribution 
of -OH groups within BC and -NH groups within Ppy facilitated the homogenous synthesis of 
the NPs along the fibers as observed in the SEM and TEM images. 

Atomic force microscopy (AFM) also confirms the presence of Ppy NPs and indicates that the 
surface roughness increased with the presence of Ppy NPs from 130±31 nm for plain BC to 
334±257 nm for the BC-Ppy composites (Figure 2D). This effect is clearly related to the Ppy 
NPs attached to the fibers, which could also act as an anchoring point of cells as reported 
previously with BC-TiO2 NPs31.
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Figure 2 – Characterization of BC and BC-Ppy composites. A) SEM & TEM (inset) of BC-Ppy 
powders showing size, morphology, and distribution. B) Polypyrrole formation reaction and interaction 
between BC and Ppy. C) FTIR spectra. D) AFM images of BC and BC-Ppy showing surface roughness. 
Scale bar: 1 µm.

Electrical Properties

BC-Ppy scaffolds were conductive, and we proved it using a simple LED setup, with the two 
probes placed on two ends of a dried BC-Ppy film. The LED bulb lights up upon contact with 
the surface (Figure 3A). Ppy exhibits a wide range of conductivity (from 10-10 to 104 S/cm) 
depending on its doping level, type of dopant, the extent of polymerization, etc.29. Consequently, 
the electrical conductivity and thickness of BC-Ppy films as a function of Py monomer 
concentration were assessed. The thickness of BC-Ppy composites increased with pyrrole 
monomer concentration (Figure 3B), which can be attributed to the increased number of Ppy NPs 
attached to BC fibers improving the connectivity between Ppy domains. We prepared BC-Ppy 
with 1, 5, 10, 50, and 100 mM Py concentrations, and the average conductivity of BC–Ppy 
materials were 1.7x10-8, 3.2x10-5, 7 x10-3, 0.02±0.01, 1.7±1.3 and 2.4±1.5 S/cm respectively 
(Figure 3B, Figure 1). We evaluated the conductivity of BC-Ppy as a function of temperature 
and found that temperature increased the conductivity. For instance, at 100 mM monomer 
concentration, BC-Ppy showed 0.1 S/cm higher conductivity at 37 °C than at room temperature 
(Figure 3C), since in organic semiconductors, charge carrier transport occurs through hopping, 
which is a thermally activated mechanism54. Therefore, when the scaffolds are employed for cell 
culture at 37 °C, they are expected to exhibit a slightly higher conductivity than what was 
measured at room temperature. Previous works reported Ppy materials reaching conductivities 
larger than 380 S/cm and applying them in purely electronic applications such as sensors, 
microelectronic devices, supercapacitors, etc.29,55,56. The conductivity obtained in our BC-Ppy 
films, using FeCl3.6H2O as the oxidant and Cl- anion doping, was higher than published reports 
of BC-Ppy composites (10-4 S/cm for 0.05M Py) using ammonium persulfate as the oxidant with 
sulfate ions as anionic dopant37. Interestingly, the type of oxidant used for the dopant ion also 
plays a significant role in influencing conductivity. Another study of BC-Ppy composites with 
the same dopant anion (Cl-) for neural tissue engineering by Thunberg et al. reported lower 
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conductivities (10-4 S/cm for 0.1M Py) than us for the same monomer concentrations39. For the 
following evaluation of mechanical properties and cell experiments, we chose BC materials 
prepared with 1-10 mM Py concentrations {hereafter referred to as BP1 (1mM), BP3 (3mM), 
BP5 (5 mM), and BP10 (10 mM)} which exhibited conductivity between 10-8 to 10-2 S/cm since 
cardiac TE applications do not call for high conductivities38,57 given that the electrical 
conductivity of myocardial tissue is 10‑5‑10‑3 S/cm58,59.

Figure 3 – Conductivity of BC-Ppy films. A) Conductivity of BC-Ppy films shown by a simple LED 
setup, B) Effect of initial monomer concentration in conductivity and thickness, C) Effect of temperature 
on conductivity.

Stability of BC-Ppy

Material’s conductivity was not affected by UV sterilization, storage in water, nor incubation in 
cell culture media (Figure S4A). However, although non-significant, a decrease in conductivity 
could be observed after autoclaving (Figure S4A). This is possibly due to the over-oxidation of 
Ppy at higher temperatures and diffusion of the dopant Cl- ions into the solution57. Therefore, in 
this study, the composites were always sterilized by UV exposure prior to cell-culture 
experiments. We also evaluated any possible leaching of Ppy NPs into the solution upon storage 
in water, sterilization, and incubation in the cell-culture media by UV-Vis-NIR spectroscopy. No 
leaching of Ppy NPs was observed, indicating that the experimental conditions of the cell-culture 
studies do not cause any leaching from the scaffold (Figure S4B), and they are safe to be 
employed.

Mechanical Properties

Cardiac tissue withstands repetitive cyclic loading due to cardiac beating. Native myocardial 
tissue exhibits tensile strengths ranging from 0.4 (pulmonary artery) to 2.6 MPa (native 
circumferential heart valve) at 22% tensile strain under uniaxial cyclic tensile loading60. We 
performed cyclic uniaxial tensile tests to reproduce the repetitive beating of the heart. The tensile 
strength of BC-Ppy materials increased slightly with the Ppy content, with a concomitant 
decrease in breaking strain. However, BP10 (with the highest Ppy content) possessed a tensile 
strength as low as ≈ 31 MPa and failed at ≈ 4% strain (Figure 4A-C). This indicates that adding 
Ppy decreases the tensile strain of the composites, making them more brittle, especially 
pronounced at concentrations above 5 mM.

We also performed multi-axial tensile tests to get a deeper insight into the mechanical properties 
of our scaffolds (Figure 4D-F), BC, and BP5, and BP10 since myocardium is a tissue with 
anisotropic mechanical behavior61,62. Tensile strength and breaking strain decreased with 
increasing polypyrrole concentration, similar to the uniaxial results (Figure 4F). Interestingly, 
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materials exhibited a more elastic behavior and higher tensile strength (108 MPa for BP5) and 
strain at failure (20% for BP5) under biaxial stress compared to uniaxial. This is possibly due to 
the material experience uniform strain from all directions, creating symmetrical force, and 
making it more difficult to reach a breaking strain in a particular direction, which is probably 
conferred by the BC scaffold. In both uniaxial and biaxial stress, BP10 has the lowest tensile 
strength, and ductility (Figure 4). Overall, the mechanical strength of BC-Ppy composites 
decreased compared to plain BC, substantiating the strong interaction via H-bonding which could 
influence the interaction with cells.

Figure 4 – Mechanical properties of BC and BC-Ppy scaffolds. A) uniaxial tensile test stress-strain 
curve, B & C) Breaking strain % and tensile strength from uniaxial tensile test, D) biaxial stress-strain 
curve (solid lines – force along x-axis; dashed lines – force along y-axis), and E & F) Breaking strain % 
and tensile strength from biaxial tensile test.
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Surface Wettability

The surface wettability of materials influences cell adhesion and in turn biocompatibility. We 
measured the contact angle in water and the cell culture media DMEM for all scaffolds (BC, 
BP1-BP10). All the BC and BC-Ppy materials displayed hydrophilic behaviour, a contact angle< 
90°, which increases at higher Ppy content, indicating a higher hydrophobicity (Figure 5). 
Beyond the BP5 in water and BP3 in DMEM, the contact angle starts to decrease. The lower 
contact angle with increased Ppy content can be attributed to a high doping level of hydrophilic 
Cl- ions, and also to higher coverage of the BC-Ppy. In a nutshell, Ppy NPs on BC materials 
increase the hydrophobicity of the scaffolds, which is also substantiated by the increased surface 
roughness and amount of NPs in the materials.

Figure 5 – Surface wettability of BC and BC-Ppy. A) DMEM and water contact angle measurements 
of BC and BC-Ppy composites. B) Sample pictures of water and DMEM droplets on the scaffold surfaces.

Viability of cardiac cells on BC-Ppy Scaffolds

Based on our characterization, we selected BC-Ppy scaffolds with low Ppy content (0,1,3,5, and 
10 mM) for the subsequent cellular studies since these concentrations have conductivities in the 
range of cardiac native tissue58,59. The cytocompatibility of BC-Ppy composites was examined 
considering the most important cardiac cell types: cardiomyocytes, which generate contractile 
forces and regulate rhythmic heart beating63, and cardiac fibroblasts, the largest cell population 
of the heart and key in the remodeling process occurring after heart injury64. Consequently, the 
viability of H9c2 cardiomyoblasts and human adult cardiac fibroblasts (HCFs) on BC-Ppy 
scaffolds has been investigated.

The cytocompatibility of BC–Ppy composites was characterized by culturing H9c2 cells and 
evaluated by LIFE/DEAD staining. The number of live cells was quantified after 24 hours of 
culture, and all the scaffolds exhibited excellent cytocompatibility for H9c2 cells. Adding Ppy 
further increased the percentage of alive cells (Figure 6A-6B), suggesting that the electro-
conductive properties of BC-Ppy composites improve the cytocompatibility of BC scaffolds. In 
fact, Ppy has been previously blended with a wide variety of inert biomaterials, and the resulting 
Ppy-based constructs showed exceptional biocompatibility with cardiac cells65–70. The presence 
of Ppy enhanced the adhesion of H9c2 cells onto the composites compared to plain BC scaffolds 
(≈ 7% cell area coverage), reinforcing the beneficial effect of Ppy (Figure 6A-6C). Among all 
tested BC-Ppy materials, BP5 rendered the best results in terms of cell attachment, reaching a 
cell coverage of ≈ 40%. BC-Ppy composites with higher Py concentrations (BP10) exhibited a 
decrease in the number of adhered cardiomyoblasts, even though they still outperformed plain 
BC scaffolds. The reduced H9c2 cells' density in BP10 can be attributed to the higher 
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concentration of Ppy in BP10 composites, which could be deleterious to H9c2 cells. Indeed, Ppy 
has been previously shown to be cytotoxic when used at elevated concentrations68.

The bioactivity of H9c2 cells on BC and BC-Ppy scaffolds was further examined post-seeding 
at days 2, 3, and 6 by MTT assay. We found improved cell growth in the presence of Ppy (Figure 
6D). BP1, BP3, and BP5 scaffolds outperformed BC with increased proliferation of H9c2 cells 
at all time points. The bioactivity of BC and BC-Ppy scaffolds was also evaluated when used in 
their “wet” form and rendered akin results (Figure S5). We confirmed this increase in H9c2 
proliferation by quantifying total protein by Bicinchoninic Acid (BCA) assay after 7 days of 
culture (Figure 6E). The significant increment of total protein in BC-Ppy scaffolds suggests an 
increase in the total number of cells, which further confirms our previous findings: Ppy addition 
enhances cell adhesion to BC scaffolds.

Similarly, the cytocompatibility of our composites was tested with HCFs. Excellent viability and 
adhesion of HCFs onto both BC and BC-Ppy substrates were reported, even at higher 
concentrations of Ppy (see detailed information in Figure S6). All in all, BC-Ppy composites are 
cytocompatible with cardiac cells. Adding Ppy (up to 5 mM) to BC significantly enhances cell 
viability, growth, and adhesion of H9c2 cardiomyoblasts to the materials. On the other hand, 
HCFs grow and adhere better to plain BC substrates and can withstand higher concentrations of 
conductive Ppy in comparison to H9c2 cells, showing a less sensitive behavior than 
cardiomyoblasts. Previous work of Gelmi et al.70 also described distinct sensitivities among 
different cardiac cell types. They tested endothelial progenitor cells (EPCs) and cardiac 
progenitor cells (CPCs) onto different Ppy-containing substrates. While all Ppy (dopant) 
materials were biocompatible for EPCs, CPCs showed sensitivity towards some of the 
biomaterials and displayed significantly decreased cell viability and density70.

It has been reported that nanocellulose-Ppy composites need preconditioning (extensive rinsing 
and preincubation in a biological buffer for 48h) to obtain a noncytotoxic biomaterial71. 
Therefore, we lastly evaluated the potential cytotoxicity of non-preconditioned BC and BC-Ppy 
scaffolds. For this, BC / BC-Ppy composites were incubated overnight with cell media to allow 
leakage – if any – of materials’ components into the medium. Then, media was collected and 
added to H9c2 cells. No toxic effect was reported by any of our as-synthesized scaffolds (Figure 
S7), indicative of a superior methodology to obtain non-toxic nanocellulose-Ppy composites in 
comparison with previously described methods71 in which additional steps are needed to ensure 
good cell cytocompatibility.

H9c2 Cardiomyoblasts Attachment and Morphology on BC-Ppy Scaffolds

Cell morphology of H9c2 was examined on days 3 and 7 of culture. Cardiomyoblasts did not 
properly attach to plain BC. Indeed, a few cells adhered to BC materials displaying an atypical 
round shape and gathering in small clusters (Figure 7A i, vi). The addition of polypyrrole to BC 
scaffolds promoted the attachment of a higher number of cells, and adhered cells retained the 
characteristic H9c2 spread-out morphology45 (Figure 7A ii-v, vii-x). In line with previous 
findings (Figure 6A-C), BP5 scaffolds were the best-performing ones. Cardiomyoblasts seeded 
on BP5 scaffolds showed similar cell density and morphology to controls (Figure S8). Other time 
points were imaged using phase contrast and showed the same trend (data not shown). Similarly, 
H9c2 cells grown onto “wet” BC-Ppy materials exhibited an identical behavior (Figure S9).
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Figure 6 – Viability of H9c2 onto BC and BC-Ppy scaffolds. A) LIFE/DEAD Staining of H9c2 cells 
cultured for 24 hours onto BC and BC-Ppy scaffolds. B) Quantification of LIFE/DEAD images (n=4). C) 
Area coverage of cells adhered to BC and BC-Ppy scaffolds after 24h of culture (n=4). D) Cytotoxicity 
of H9c2 cardiomyoblasts after 2, 3, and 6 days of culture analyzed by MTT (n=3 at day 2 and n=4 at days 
3 and 6; data normalized to the absorbance values obtained in plain BC materials at each time point). E) 
Quantification of the total protein content of H9c2 cells grown onto BC, BP3, and BP5 after 7 days of 
culture (n=4). Scale bars: 100 μm.

Cell−scaffold interactions were also examined after 7 days of culture by scanning electron 
microscopy (SEM). For this, only BP3 and BP5 were investigated as guided by previous 
experiments. SEM images showed that cells on BC-Ppy produce long filopodia that extend to 
the scaffolds, while cells on BC scaffolds exhibited limited filopodia. The lower H9c2 density 
and the uncharacteristic round cell shape of cardiomyoblasts on plain BC materials – which we 
reported previously by other methods – were confirmed. Cell bodies did not fuse well to BC 
scaffolds (Figure 7B i). Nevertheless, H9c2 cells elongated and attached to BC-Ppy materials 
with higher extension, adhesion, and cell density. The addition of Ppy to the BC scaffold allowed 
H9c2 cells to interact with the BC-Ppy nanofibers and cardiomyoblasts amalgamated with the 
BC-Ppy materials (Figure 7B ii-iii).

Cellular morphology serves as an indicator of cellular state and functionality72. In brief, H9c2 
exhibited an abnormal cell shape when grown onto BC scaffolds, and the addition of Ppy allowed 
cells to retain their characteristic cell morphology. These results suggest that Ppy may promote 
a cardiac phenotype given its biomimetic conducting properties. Indeed, existing evidence shows 
a positive influence of electroconductive biomaterials in-vitro, including improved cytoskeletal 
organization, myocardial tissue maturation, or synchronization of cell beating, among others23,73.
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Figure 7 – H9c2 attachment to BC and BC-Ppy scaffolds. A) Fluorescence microscopy images of 
H9c2 cell populations seeded on nanocellulose composites after 3 and 7 days of culture. Scale bars: 100 
μm. B) SEM images depicting H9c2 attachment and morphology after 7 days of culture onto BC, BP3, 
and BP5 materials.

Effects of conductive BC-Ppy scaffolds on H9c2 differentiation in-vitro
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H9c2 is a myoblast cell line derived from embryonic rat ventricular heart tissue74. H9c2 cells 
have been extensively used in cardiovascular research as an alternative for adult primary 
cardiomyocytes (PCMs)45,46,75. PCMs are ideally the supreme cellular model for cardiovascular 
basic research76,77, however, their use is extremely limited by the technical intricacies in their 
isolation, culture, and scale production78. Despite the latest attempts to optimize PCM isolation, 
unstable quality and low cell yield are major hurdles that preclude the use of PCMs in non-acute 
in-vitro experiments78,79. In this scenario, H9c2 surpasses other existing cardiac cell lines (e.g., 
HL-1, AC16)76,80 and can be further matured towards a cardiomyocyte-like phenotype when 
treated with retinoic acid (RA)45,46. However, it was brought to our attention that recent studies 
using H9c2 cells to test distinct biomaterials for cardiac applications did not induce such a 
cardiomyocyte differentiation40,81–84, suggesting plausible difficulties to mature H9c2 cells when 
grown onto engineered substrates. Additionally, other labs reported discrepancies when 
reproducing H9c2 maturation to cardiomyocytes76,85, indicating some degree of resistance to 
differentiation. Nevertheless, H9c2 differentiation is imperative to achieve a better resemblance 
to adult cardiac tissue and perform investigations with higher translational value. Consequently, 
in the present study, we aim to characterize the behavior and differentiation capabilities of H9c2 
cardiomyoblasts grown onto BC-Ppy composites.

We first confirmed the capabilities of H9c2 maturation to cardiomyocytes upon differentiation 
treatment. Two differentiation media were tested (containing 10 nM and 1 µM RA) and 
efficiency was assessed after two treatment durations (6 and 10 days). H9c2 differentiation was 
confirmed at both time points by using any of the differentiation media (see detailed information 
in Figure S10). Six days of treatment and differentiation media containing 10 nM RA were 
employed henceforth.

Differentiation media contains RA; consequently, the possible combined toxicity of RA with the 
BC / BC-Ppy by-products was evaluated. Growth medium with and without 10nM RA was 
incubated with the BC / BC-Ppy composites. After overnight incubation, media was collected 
and added to H9c2 cells for 24h before checking cell viability by MTT. The combination of BC 
/ BC-Ppy by-products with RA did not affect H9c2 cells viability (Figure 8A).

We then proceeded to chemically differentiate H9c2 cells onto BC-Ppy composites. H9c2 
morphologic alterations were observed by phase contrast microscopy after differentiation 
treatment. H9c2 cells cultured in a growth medium retained their characteristic shape when 
grown onto BC-Ppy substrates, whereas they showed an atypical, rounded morphology when 
grown onto BC scaffolds, as previously described (Figure 8B, top panel). After culture with 
differentiation media, H9c2 myoblasts fused and showed an elongated shape in all conditions 
(Figure 8B, bottom panel). The acquisition of such a morphological signature evidences the 
successful chemical differentiation of H9c2 cells when grown onto bacterial cellulose composite 
substrates, which, to the best of our knowledge, was not reported until now.

As expected, inducing H9c2 differentiation onto the composites reduced cell proliferation 
(Figure 8C, left). Nevertheless, even under differentiation treatment, the presence of Ppy 
significantly increased cell growth as evidenced by the increment in total protein (Figure 8C, 
right). This is in line with our previous results (Figure 8) and suggests that the reported beneficial 
effects of Ppy in H9c2 cardiomyoblasts are preserved as well in differentiated cardiomyocyte-
like H9c2 cells.

Given that functional assays are limited in H9c2 due to their inability to beat75, differentiation of 
H9c2 cells onto the different substrates was further confirmed by the increased expression of 
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cardiac-specific markers, indicating a cardiomyocyte-like phenotype. Higher Cardiac Troponin 
T (cTnT) expression was observed when H9c2 were cultured with differentiation media (DM) 
in all conditions. Similarly, alpha Myosin Heavy Chain ( MHC) expression increased upon 𝛼
treatment, although exclusively when BC-Ppy composites were employed. No differences in the 
expression of the gap junction protein Connexin 43 (Cx43) were seen (Figure 8D, top graphs). 
Interestingly, H9c2 differentiation into cardiomyocytes was promoted by solely adding 
polypyrrole to the BC substrates (Figure 8D, bottom graphs). cTnT expression increased when 
H9c2 cells were grown onto BC-Ppy materials by using standard growth medium (GM) (i.e., 
without inducing myoblast differentiation chemically). Additionally, when H9c2 maturation was 
induced with differentiation media (DM), higher expression of cTnT was seen in cells grown 
onto BC-Ppy composites in comparison with plain BC scaffolds. MHC expression only 𝛼
increased when H9c2 cells were cultured with differentiation media and grown onto Ppy-
containing composites, suggesting a combined effect. In fact, MHC content was also 𝛼
characterized in control cultures (material-free well plates) and its expression levels did not 
change by solely inducing differentiation chemically (Figure S11), reinforcing a possible 
synergistic effect of Ppy and the differentiation media. Lastly, Cx43 expression increased with 
Ppy concentration when BC-Ppy materials were used as substrates, regardless of the use of 
differentiation media or not.

In a nutshell, we found that adding the electrically conductive polymer polypyrrole to BC 
biomaterials fosters H9c2 differentiation in-vitro. Similarly, other polypyrrole-based conductive 
constructs have been reported to enhance the functional properties of cardiac cells, reinforcing 
our findings to a greater extent. Spearman et. al reported enhanced Cx43 expression and 
improved Ca2+ transients in cardiomyocytes when Ppy was added to their polycaprolactone 
matrix66. Tsui et. al showed enhanced cellular organization, sarcomere development, and 
improved expression of cardiac markers (Cx43, Myh7, SCN5A, cTnT) when conjugating Ppy to 
acid-modified silk fibroin cardiac scaffolds69. Comparably, Gelmi et. al proposed a novel Ppy-
containing electromechanically active composite to promote differentiation of hiPSCs to 
cardiomyocytes86. Coating their fibrous scaffolds with Ppy increased the expression of 
cardiomyocyte-specific genes (Actinin, Myh6) and regulators of cardiac differentiation 
(NKX2.5, GATA4). Nevertheless, they used pre-conditioned hiPSCs (3-days culture with 
differentiation medium prior to cell seeding onto their materials) and stimulated the cells 
electromechanically (0,05 Hz biphasic stimulation). Furthermore, they continued using this 
specialized differentiation medium with their materials, making it difficult to faithfully attribute 
such a cell maturation to the materials or the external cell stimulation. Au contraire, we can see 
a partial differentiation of H9c2 cells by solely using BC-Ppy composites as cellular substrates, 
undoubtedly highlighting the beneficial effect of these conductive biocomposites on cardiac 
maturation.
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Figure 8 – H9c2 Differentiation onto BC / BC-PPy scaffolds. A) Combined toxicity of RA with 
BC/BC-Ppy by-products on cardiomyoblasts (n=4, data normalized by viability of H9c2 cells incubated 
with growth medium (without RA) from plain BC scaffolds). B) Morphological change of 
cardiomyoblasts grown onto BC / BC-Ppy materials upon differentiation treatment. C) Left: Total protein 
content of H9c2 grown onto different substrates with growth and differentiation media after 7 days of 
culture (n=3). Right: Quantification of total protein content of H9c2 cells grown onto BC, BP3, and BP5 
with differentiation treatment (n=3). D) Protein expression of specific cardiac markers cTnT,  MHC, 𝛼
and Connexin 43; GAPDH was used as the loading control (n=3, protein expression data normalized to 
intensity values of cells grown onto plain BC materials with growth medium). GM= Growth Medium; 
DM= Differentiation Medium. Scale bars: 100 μm.

Conclusions

Cardiac tissue engineering quests for biocompatible, mechanically robust, and flexible scaffolds 
that allow cell attachment and proliferation with adequate conductivity for the transmission of 
electrical signals to the entire myocardium. In this study, we created electroconductive 
nanofibrous scaffolds by incorporating Ppy NPs through in-situ synthesis into the 3D 
interconnected bacterial cellulose fiber network. We investigated their use as cardiac tissue 
scaffolds. Polypyrrole NPs efficiently impart conductive properties to BC, increase surface 
roughness and thickness, and decrease transparency. BC-Ppy composites maintained flexibility 
up to 10mM concentration and the 3D mesh- like structure in the entire range of concentrations.

The excellent cytocompatibility of BC-Ppy composites was confirmed with both primary human 
cardiac fibroblasts and H9c2 cardiomyoblasts. We demonstrated that the addition of polypyrrole 
improved the biocompatibility of BC materials since cardiomyoblasts showed enhanced cell 
viability, adhesion, morphology, and proliferation. H9c2 cells seeded on BC-Ppy showed an 
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increased degree of differentiation to cardiomyocytes when combined with current chemical 
differentiation protocols, suggesting a synergistic effect of Ppy with the differentiation medium. 
Moreover, our results indicate that BC-Ppy materials alone (i.e., without chemical induction of 
maturation) may drive partial H9c2 differentiation, as evidenced by an enhanced expression of 
cardiac-specific proteins.

This work suggests that BC-Ppy nanofibrous scaffolds hold exceptional potential to be used as 
an in-vitro platform for the differentiation of immature cardiac cells in-vitro and encourages 
further investigations of the use of electroconductive BC-Ppy substrates in cardiac tissue 
engineering.

Supporting information: Schematic representations of experimental setup of mechanical 
testing and methodology of BC and BC-Ppy synthesis; further characterization of BC-Ppy 
materials (size distribution of BC nanofibers and Ppy NPs and stability of BC-Ppy); cytotoxicity 
of materials in “wet” format (viability and immunolabelled images); biocompatibility of BC-Ppy 
scaffolds with cardiac fibroblasts; toxicity of BC and BC-Ppy by-products; comparison of H9c2 
attachment on BC-Ppy nanocomposites and control culture plates; successful H9c2 maturation 
in-vitro; expression of αMHC after differentiation treatment in control substrates.
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1. Introduction

Nanothermometry is becoming a fun-
damental topic in several technological 
and scientific fields like electronics and 
biology.[1–6] Indeed, the miniaturization 
and the increment in power density in 
micro and optoelectronic devices require 
accurate temperature determination with 
high spatial resolution of the thermal 
effects (self-heating, heat dissipation, 
etc.) to optimize device performance.[1–4] 
In biology, during the last years a rising 
interest in intracellular thermal sensing 
has appeared,[5–7] for instance in diagnosis 
(sensing the heat production in cancer 
and inflammatory processes)[8,9] and in 
hyperthermia therapy, where monitoring 
the temperature during the treatment is 
fundamental to avoid an over-generation 
of heat that can burn the surrounding 
tumor’s tissue.[10–12] Nanothermometry for 
biology is still challenging since bio-sen-
sors should exhibit high sensitivity, accu-
racy, and spatial resolution, together with 

Ratiometric fluorescent nanothermometers with near-infrared emission play an 
important role in in vivo sensing since they can be used as intracellular thermal 
sensing probes with high spatial resolution and high sensitivity, to investigate 
cellular functions of interest in diagnosis and therapy, where current approaches 
are not effective. Herein, the temperature-dependent fluorescence of organic 
nanoparticles is designed, synthesized, and studied based on the dual emission, 
generated by monomer and excimer species, of the tris(2,4,6-trichlorophenyl)
methyl radical (TTM) doping organic nanoparticles (TTMd-ONPs), made of opti-
cally neutral tris(2,4,6-trichlorophenyl)methane (TTM-αH), acting as a matrix. The 
excimer emission intensity of TTMd-ONPs decreases with increasing tempera-
tures whereas the monomer emission is almost independent and can be used as 
an internal reference. TTMd-ONPs show a great temperature sensitivity (3.4% K−1 
at 328 K) and a wide temperature response at ambient conditions with excellent 
reversibility and high colloidal stability. In addition, TTMd-ONPs are not cytotoxic 
and their ratiometric outputs are unaffected by changes in the environment. Indi-
vidual TTMd-ONPs are able to sense temperature changes at the nano-micro-
scale. In vivo thermometry experiments in Caenorhabditis elegans (C. elegans) 
worms show that TTMd-ONPs can locally monitor internal body temperature 
changes with spatio-temporal resolution and high sensitivity, offering multiple 
applications in the biological nanothermometry field.
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no cytotoxicity and optical and colloidal stabilities being such 
properties unaffected by changes in pH, concentration, ionic 
strength, and viscosity typical affecting biological media.[13] Sev-
eral systems have been explored as nanothermometers meeting 
all these requirements, such as organic molecular dyes,[14,15] 
quantum dots (QDs),[16] Ln3+ doped systems,[10,17,18] polymers, 
and hybrid organic-inorganic systems.[19–22] All these lumines-
cent sensors exploit the thermal dependence of a fluorophore 
emission for determining the temperature. These changes can 
be observed as variations in luminescence intensity, emission 
band shape, polarization, lifetime, or broadening of the emis-
sion bandwidth.[23]

Intensity-based sensors offer the possibility to work with a 
simple set-up,[24] reducing costs and time for data analysis.[25] 
Despite its simplicity, an absolute emission intensity measure-
ment can lead to errors due to fluctuations in the active fluoro-
phore concentration inside the cell or tissue due to aggregation 
or photodegradation. To overcome these problems, a ratiometric 
output with a dual emission sensing system is needed, also 
called luminescent intensity ratio (LIR). The simplest strategy, 
in order to have a dual emission, is to bind together two dif-
ferent emitting species with different thermal quenching of the 
emission, or exploit different states of aggregation of the same 
fluorophore, like in the case of excimers.[12,15,24,26,27]

Recently, organic nanoparticles (ONPs)[28] and radical-
based ONPs have been proposed as fluorescence probes for 
in vitro bioimaging.[29] Indeed, polyhalogenated trityl radicals 
can achieve long-wavelength emission without the need of an 
extended conjugated system.[30,31] In addition, it is possible to 
further red-shift radical emission into the biological transpar-
ency window (650 – 950  nm) through the formation of exci-
mers. These excimers, obtained by dispersing radical species 
in rigid hosts (generally the closed-shell radical precursor) 
have been studied during the last years due to the possibility 
to modulate their association/dissociation via the application of 
an external magnetic field at liquid helium temperature.[32,33] 
However, tuning the radical excimer association/dissociation by 
varying the external temperature has never been reported.

In this work, we propose a highly sensitive full-organic 
contactless nanothermometer based on organic radical nano-
particles (TTMd-ONPs) consisting of the optically neutral 
tris(2,4,6-trichlorophenyl)methane (TTM-αH) as a matrix and 
the tris(2,4,6-trichlorophenyl)methyl radical (TTM) as dopant 
(Figure 1). These nanoparticles exhibit a dual emission due to 
the presence of radical monomers and excimers inside the par-

ticle. Increasing temperatures cause a decrease in the excimer 
emission intensity without a significant alteration of the 
monomer emission, which allows to use it as an internal refer-
ence. This system offers a simple and reproducible nanoscopic 
sensor, entirely based on two small metal-free molecules, the 
open-shell TTM radical and its close-shell precursor, the TTM-
αH, which are processed as TTMd-ONPs in a single-step self-
assembly process, using the re-precipitation method. Achieving 
a ratiometric output using excimers instead of two different 
emitting species simplifies and optimizes the preparation of 
the nano-sensor as well as the thermal sensing, since both 
emissions come from the same compound and thus, a single 
wavelength can excite both emitting species. Thus, no correc-
tion for different bleaching rates is needed as in the case of 
hybrid systems. Moreover, excimers of the TTMd-ONPs emit in 
the region of deep-red/near infrared (NIR) (the first transpar-
ency windows of biological tissues), offering the opportunity to 
penetrate in the deep-tissue for in vivo applications.[34] In addi-
tion, TTMd-ONPs, owing to their metal-free formulation, are 
non-cytotoxic and their ratiometric outputs are unaffected by 
changes in pH and ionic strength that may occur under physi-
ological conditions. Moreover, thanks to the magnetic proper-
ties of the TTMd-ONPs, could also be used as dual-mode bio-
imaging, coupling luminescence, and magnetic resonance.[35]

2. Results and Discussion

In previous works, we reported, for the first time, that TTM 
radical was able to form excimers when dispersed in rigid 
matrices (polymers or ONPs), like in TTMd-ONPs.[36,37] Radical 
excimers in ONPs are extremely promising since they are effi-
cient emitters in the NIR, constituting an attractive system for 
optoelectronics.[32,33] These TTMd-ONPs were characterized 
by an average size distribution of ≈100  nm, spherical shape, 
and high colloidal stability in water. In addition, these radical 
doped systems can also play a relevant role in bio-imaging 
and bio-sensing since they are water dispersible and present 
unique optical properties. Indeed, they show a huge Stock’s 
shift and an efficient emission in the first biological transpar-
ency window (650 – 950 nm), which minimizes self-absorption 
effects and shows better tissue penetration compared to UV-
visible wavelengths,[38] together with microsecond lifetimes 
that allow filtering self-fluorescence signals simply applying a  
delay between excitation and detection. Therefore, the optical 
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Figure 1.  Molecular structures of TTM-αH and the TTM radical molecules and idealized representation of TTMd-ONPs made of a blend of TTM-αH, 
acting as a matrix and the optically active TTM radical.
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properties of TTM radical doped ONPs offer outstanding oppor-
tunities as contactless nanothermometer. To accomplish such 
objective, we started investigating the TTMd-ONPs composed 
of 20% w/w of TTM radical dispersed in the TTM-αH matrix. 
These ONPs were prepared by slow dropping of a THF solution 
of the two mixed molecules into MilliQ water as reported.[36,37] 
The resulting water suspension of ONPs (with 5% in vol of 
THF), showed an average hydrodynamic diameter of 100  nm 
with negative Z-potentials close to −45 mV (Figure 2a). Figure 2 
shows the emission spectra of these particles as a function of 
temperature in the 278 –313 K range. The excimer emission at 
665 nm is strongly quenched upon increasing the temperature, 
while the monomer emission at 572 nm is weakly affected by 
the thermal variation. The system exhibits an isostilbic point 
at 594  nm clearly indicating a temperature-controlled equilib-
rium between monomers and excimers (Figure S1a, Supporting 
Information). Moreover, electron paramagnetic resonance 
(EPR) measurements of TTMd-ONPs (Figure 2d) demonstrate 
that the radical magnetic properties are preserved inside the 
nanoparticles.
Figure  3a,b shows the absorption spectra of water suspen-

sion of TTMd-ONPs and the temperature-dependence of 
the excimer (orange) and monomer (blue) maximum emis-
sion intensities. Interestingly, as it can be seen following the 
temperature-dependence of the luminescent intensity ratio, 
LIR = IM/IE, the process is completely reversible (Figure  3c; 
Figure S1b, Supporting Information), so collections of 

TTMd-ONPs can be used to monitor real-time temperature 
variations of their suspensions. We already observed in our 
previous work that changing the TTM doping concentration in 
ONPs, allows tuning both the monomer/excimer fluorescence 
intensity ratio and the maximum wavelength of the excimer 
emission band, which is red-shifted upon increasing the rad-
ical concentration.[25,36,37] For this reason, ONPs with different 
% of doping were prepared (15, 20, 25% w/w of TTM) and the 
resulting suspensions of ONPs in water with a 5% of THF 
showed average sizes and Z-potentials values of 100 nm, with 
narrow size distribution, and −45 mV, respectively.

The thermometric parameter IM/IE at different temperatures 
were fitted with the empirical Equation (1).[25,39,40]

LIR exp
I

I
a b cTM

E

)(= = + � (1)

where IM and IE correspond to the maximum intensity of fluo-
rescence emission of the monomer and excimer respectively, 
and a, b, and c are constants.

To determine the performance of the nanothermometric 
system we evaluated the luminescent intensity ratio (LIR) and 
compare the results with other reported sensors determining 
the absolute sensitivity (Sa), using Equation S1 (Supporting 
Information).

However, to compare LIR of systems, that are different 
in nature, it is preferable to use the relative sensitivity (Sr) 
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Figure 2.  TTMd-ONPs 20% water suspension (with 5% in vol of THF); a) dynamic light scattering (DLS) size distribution at RT and b) representative 
TEM image of one TTMd-ONP; c) fluorescence emission spectra changing the temperature in the range 278 – 313 K (step 5 K). The isostilbic point is 
marked with an asterisk. d) EPR signal at RT.
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parameter and not the absolute sensitivity (Sa) value, given by 
Equation (2).[25,39,40]

/
100%, [%· ]1S

Q T

Q
Kr =

∂ ∂
× −

� (2)

Temperature dependence of ratiometric output Q(T) was 
obtained by fitting the experimental IM/IE ratio with the 
empirical Equation  (1), for the three TTMd-ONPs samples 
(Figure S2, Supporting Information). Afterwards, to evaluate 
the performance of every sample as nanothermometer, it was 
calculated the values of the absolute and relative sensitivity, 
using Equations S1 (Supporting Information) and 2, respec-
tively (Figure S2, Supporting Information). TTMd-ONPs with 
20% of TTM exhibited the best relative sensitivity all along 
the investigated temperature range, showing a thermal rela-
tive sensitivity at RT of Sr  =  3.3%K−1 (T  =  298  K); one of the 
highest values reported for nanothermometers based on small 
fluorescent metal-free organic molecules using an intensity-
based method for the thermal detection.[41] The smallest detect-
able temperature change or minimum temperature resolution 
was estimated, using Equation S2 (Supporting Information), 
as ΔTmin = 0.3 degree, which is very good compared with other 
reported systems.[8,42] Hence, 20% TTMd-ONPs suspension was 
chosen as the optimal suspension for further studies (Figure 3).

To use the TTMd-ONPs as contactless nanothermom-
eters for bio-sensing, the suspension was dialyzed to remove 
the remaining organic solvent (THF), present due to particle 

preparation. Dialysis caused a small reduction of the relative 
sensitivity since ONPs dispersed in pure MilliQ water showed 
a Sr  =  2.3% K−1 (T  =  298  K) (Figure S3, Supporting Informa-
tion). This sensitivity change is attributed to the elimination of 
THF traces that may be trapped into the ONPs during the self-
assembly process. It is remarkable, that above 283 K the sensi-
tivity remains above 2% K−1, which is a very promising result 
considering the generally accepted value of 0.5% K−1 quality 
threshold for useful biosensing nanothermometers,[25] which is 
exceed by our ONPs in the whole temperature range. The effect 
of the dialysis did not affect the ONPs morphology, size, or size 
distribution. Thus, ONPs presented a uniform monomodal 
size distribution, with an average diameter of 106  ±  21  nm 
(Figure S4, Supporting Information), a Z-potential of −42  mV 
and a spherical shape, exactly as observed for samples after 
preparation.[37]

To move on toward biological applications of 20% TTMd-
ONPs as nanothermometers, their spectroscopic and colloidal 
properties were tested in conditions more similar to those of 
intracellular and biological environments. First, we verified 
that the ratiometric output or LIR thermometric parameter 
of TTMd-ONPs suspensions is independent of concentration 
fluctuations because this issue is fundamental in bio-imaging 
since ONPs could accumulate differently in specific areas of 
the analyzed cells or tissues. With this aim, the thermometric 
parameter of 20% TTMd-ONPs in pure MilliQ water was com-
pared with the 1:3 dilution (20% TTMd-ONPs dil). Results in 
Figure S5 (Supporting Information) demonstrate that both 

Small 2023, 2207806

Figure 3.  TTMd-ONPs 20% water suspension (with a 5% of THF); a) absorption spectrum, b) temperature-dependent excimer (orange) and monomer 
(blue) maximum emission intensities, c) luminescent intensity ratio of monomer over excimer in one cycle heating/cooling showing the high revers-
ibility of temperature sensing of the ONPs and d) relative sensitivity of the particles with increasing temperature.
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suspensions exhibit the same ratiometric output and sensitivity. 
The effect of the ionic strength on the optical and colloidal 
properties was also analyzed because it is well known that the 
presence of salts can affect the colloidal stability of the suspen-
sions enhancing aggregation of ONPs with concomitant optical 
changes. The most abundant ion in the cytoplasm is potassium, 
with a concentration of ≈139 mм.[27] Thus, in order to evaluate 
the effect of the K+ ion on the optical properties and the col-
loidal stability of 20% TTMd-ONPs suspensions, KCl was added 
in a fresh-dialyzed sample in three different concentrations: 50, 
100, and 150 mм. The three resulting suspensions and the sus-
pension in pure MilliQ water were analyzed by dynamic light 
scattering (DLS) technique at 1  h, 20  h, and 6 days after the 
addition of the potassium salt, and the results are reported in 
Figure 4. In pure water, the system is extremely stable and no 
appreciable changes occur during six days; a result that can 
be ascribed to the highly negative values of the Z-potential of 
ONPs preventing their aggregation. Adding higher amounts 
of KCl salt slightly destabilizes the suspensions, but small sig-
nals of aggregation can be observed only after six days with the 
largest salt concentration of 150 mм assayed. Nevertheless, no 
changes in the optical response of the ONPs were associated 
with this aggregation since the fluorescence intensity rations of 
the sample in MilliQ water and the one with KCl at 150  mм, 
after six days are not significantly different (Figure  4). This 
result shows that suspensions of a collection of isolated ONPs 
and those with some degree of aggregation exhibit the same 
emissive properties.

Another key parameter to consider for biosensing applica-
tions of ONPs is the pH. The regulation of the pH is a funda-
mental process for cell’s correct growth and function. Indeed, 
cellular metabolic activities, with CO2 and lactic acid produc-
tion, can modify the intracellular pH-inducing complex H3O+ 
transporting processes.[43–45] Consequently, the optical proper-
ties and colloidal stability of 20% TTMd-ONPs suspensions 
were tested in the range of pH 5–8 using phosphate-buffered 
saline (PBS) solutions (Table S1, Supporting Information). Ana-
lyzing the DLS data of suspensions at three different pH values 
during 4 days (Figure S6, Supporting Information), shows that 
the most acidic media (pH 5) promotes a small aggregation of 
the particles after 4 days, while the suspension at pH 8 does not 
show any signal of aggregation. This result is consistent with 

the fact that ONPs present a negative value of Z-potential. Also, 
in this case, the IM/IE luminescent intensity ratios of the three 
suspensions are not significantly different.

As the last physicochemical characterization, we checked the 
colloidal and emission stability of the 20% TTMd-ONPs suspen-
sions after prolonged thermal stress in order to evaluate the pos-
sibility to use such nanoparticles also as nanothermometers in 
hyperthermia therapy. PBS was added to a fresh dialyzed sample 
to buffer the pH at 5.0, 6.5, and 8.0, with an ionic strength of 
150  mм (Table S2, Supporting Information). The resulting 
suspensions together with the nanoparticles in MilliQ water 
were heated for 2 h at 323 K and DLS analysis was performed 
before heating, and after 1  h and 2 h of heating (Figure S7,  
Supporting Information). In MilliQ water the heating process 
does not induce any growth of particles while in the presence of 
PBS there is a slight tendency to increase particle size which is 
almost independent of the pH. Prolonged heating at 323 K did 
not induce any precipitation or drastic aggregation; thus, the 
20% TTMd-ONPs is a robust system to be considered as a fluo-
rescent nanothermometer suitable also for sensing in different 
environmental conditions relevant for in vivo applications, i.e., 
hyperthermia therapy.

To use TTMd-ONPs as nanothermometers for cellular bio-
sensing we performed a viability assay[46] evaluating the meta-
bolic activity of cells in the presence of 20% TTMd-ONPs sus-
pensions using the  3-(4,-5-dimethylthiazo-l-2yl-)2,-5diphenyl-
trtrazolium bromide (MTT) colorimetric assay. The obtained 
cell viability results with COS-7 cells, a kidney fibroblast-like 
cell line (Figure S8, Supporting Information), indicate that such 
cells are viable in all tested concentrations of ONPs. Addition-
ally, tsa201 embryonic adherent cells, a transformed human 
kidney cell line, were incubated with the ONPs suspension. 
Fluorescence microscopy images showed healthy cell mor-
phologies which support the good biocompatibility of the ONPs 
(Figure S9, Supporting Information).

Once we have demonstrated that suspensions of TTMd-
ONPs are not cytotoxic and permit us to sense the temperature 
of their aqueous surrounding media with high sensitivity, we 
addressed if isolated nanoparticles might sense the local tem-
perature at the nanoscale. We incubated 20% TTMd-ONPs 
suspensions at a given concentration on top of a small glass 
coverslip treated with poly-L-Lys for ONP attachment, which 

Small 2023, 2207806

Figure 4.  Effect of the ionic strength on the optical and colloidal properties of 20% TTMd-ONPs water suspensions. KCl was added in three concentra-
tions: 50, 100, and 150 mм. Left) Size stability by DLS; right) stability of fluorescence intensity ratios as a function of temperature.
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was connected to a fluidic system. We placed under the cov-
erslip a system to cool down and warm up the sample with a  
temperature amplitude of +/−20 degrees. To test for revers-
ibility and homogeneity, we performed two cold-hot cycles 
in each measurement, choosing different regions of interest 
(ROIs) whose fluorescence signals were analyzed separately 
(Figure  5). To record the TTMd-ONPs fluorescence signals, 
we employed an inverted fluorescence microscope exciting at 
λexc  =  377  nm (using a monochromatic light source based on 
a xenon lamp) and reading the emissions with two different 
dichroic filters: the first one at 510–560 nm recording the emis-
sion of monomers and the second one at 595–670 nm for the 
excimer’s emission (Figure  5a,b). Interestingly, the monomer 
fluorescence intensities of nanoparticles in two ROIs remained 
almost constant in a temperature interval of ≈20 degrees 
(Figure 5c,e), while the excimer signals were inversely propor-
tional to it (Figure 5d,f). This result demonstrates that TTMd-
ONPs can sense temperature changes locally at the nanoscale, 
and behave as ratiometric temperature nanoprobes. For statis-
tical analysis of fluorescence emission signals, see Figure S10 
(Supporting Information).

After demonstrating the temperature sensing capability of 
20% TTMd-ONPs at the submicron scale, we measured the 
temperature in living Caenorhabditis elegans (C. elegans) worms 
as an in vivo model system. C. elegans is a 1  mm long nema-
todes, with a short life cycle, rapid reproduction, optical trans-
parency, and physiological similarity with humans.[47] There-
fore, C. elegans offer experimental simplicity and valuable infor-

mation as an animal model to test bioimaging probes,[42,48] for 
nanothermometry experiments using nanoparticles.[42,49,50]

Before using our ONPs in C. elegans, we carried out sev-
eral control experiments of the ONPs´ behavior in the envi-
ronment of C. elegans. First, we checked if the M9 buffer, the 
saline medium commonly used to maintain and expose ONPs 
to C. elegans, affected the hydrodynamic sizes and size distribu-
tions of the 20% TTMd-ONPs over time. During the first 24 h 
(time of ONPs exposure to C. elegans) no significant changes in 
the average hydrodynamic size and size distributions of ONPs 
occurred (Figure S11, Supporting Information). So, the nano-
particles preserve their original average diameter of ≈100  nm, 
which is an appropriate size to be ingested by the worms. The 
L4 larval stage worms were treated with 55 µg mL−1 suspension 
of 20% TTMd-ONPs in liquid M9 buffer for 24  h (Figure  6; 
Figure S12, Supporting Information). After 24  h of exposure 
97% of worms were alive with no significant difference from 
the control group, which demonstrates that ONPs are not lethal 
for the worms. Similarly, we also measured body length after 
exposure to examine the growth and development of C. elegans 
from the L4 to the egg-bearing adult stage during the 24 h, and 
found that the ONPs did not affect the rate of development 
significantly. The survival and development assays confirm 
that the TTMd-ONPs do not show any biological toxicity in 
C. elegans. A third control experiment was employed to deter-
mine the survival rate of C. elegans at different temperatures. 
This test helped to identify at which temperature the worms 
died to determine the temperature range to use the worms as 
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Figure 5.  Representative images and fluorescence intensity versus time traces of 20% TTMd-ONPs in response to sequential temperature gradients. 
Images and emissive signals for ROIs #1 and # 2 were recorded with a fluorescence inverted microscope exciting at λexc = 377 nm and detecting the 
emission with a 510–560 nm filter for the monomers (a) and with a 595–670 nm filter for the excimers (b). Scale bar 1 µм. Variation of the fluorescence 
intensity ratio (F/F0) emitted by the monomers (c,e) and by the excimers (d,f) in a temperature interval of ≈20 degrees.
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a model system to test the TTMd-ONPs as nanothermometers. 
C. elegans were heated up with steps of 5 K starting from 293 
until 328 K. For each temperature, after two minutes of stabi-
lization, a few drops of the worms’ suspension were observed 
under the microscope to count the dead and alive worms. The 
survival rate at 293  K was considered as the positive control 
since some worms could have died for other reasons. Table S3 
(Supporting Information) shows survival rates obtained in the 
studied temperature range, showing that, at 308  K, 72% of 
worms were still alive which declined drastically at tempera-
tures higher than 313 K (Figure S13, Supporting Information). 
This result indicates that C. elegans can be used as an in vivo 
model system for validating ONPs as nanothermometers but 
only at temperatures below 313 K.

Then, we proceeded to observe the C. elegans exposed to 
55 µg mL−1 of the 20% TTMd-ONPs with a fluorescence micro-
scope using UV (> 510  nm) and Green (> 590  nm) long pass 
filters at RT to visualize ingested ONPs (Figure 6). The ONPs 
were ingested orally and passed through the pharynx to the 
intestines. Higher accumulation of ONPs can be observed near 
the pharynx since it acts as a filter-grinder and ONPs might 
concentrate there.[51]

After visualizing the nanoparticles within the worms, the 
output emission intensity of the ONPs was measured to check 
the validity of the luminescent ONPs as an in vivo nanother-
mometer. Taking advantage of the transparency of the worms, 
we proceeded in the same way as with the 20% TTMd-ONPs 
aqueous suspensions, measuring the emission of a suspen-
sion of C. elegans exposed to ONPs and control C. elegans in 
a cuvette. We compared the emission spectra of a suspen-
sion of C. elegans with a suspension of C. elegans exposed to 
ONPs at 278 and 298 K (Figure S14, Supporting Information). 

Interestingly, in the untreated C. elegans suspension, an emis-
sion band at 523 nm appears when the worms are alive which 
is attributed to their tissue autofluorescence, that overlaps with 
the monomer band of the ONPs.[52] The intensity of this band 
increases significantly when the sample is heated at 328 K and 
remains intense when the suspension was cooled down to 
278 K. Indeed, the increase of this band has been attributed to 
the death of the worms with the temperature and the denatura-
tion of proteins.[53] In the literature, a model predicts that 1% of 
the C. elegans proteome should be denatured at 320 K and 50% 
of their proteome is denatured at 326 K.[54] These results indi-
cate that C. elegans cannot be used as model systems for evalu-
ating in vivo the performances of ONPs as nanothermometers 
at temperatures higher than 313 K.

Finally, to determine the sensitivity of 20% TTMd-ONPs 
inside the worms as nanothermometers and to compare it 
with the free nanoparticles, further emission spectra were 
performed. For both suspensions, an emission scan was per-
formed at 278  K with an excitation wavelength of 377  nm to 
obtain the maxima of the monomer and excimer emission 
bands of the TTMd-ONPs in the two samples. Then, a thermal 
scan was performed, recording only the maximum intensity 
for the excimer and monomer bands, every 0.5 K, from 278 K 
until 313 K with a heating rate of 0.8 K min−1. Finally, to check 
the reversibility of the system the inverse thermal scan was car-
ried out, from 313 to 278  K. The luminescence intensity ratio 
(Q) between the maximum of the monomer, corrected by sub-
tracting the emission of the worms due to its autofluorescence 
at 523 nm, and the maximum of excimer was plotted and fitted 
using the LIR empirical Equation  (1) through data points at 
different temperatures. Then, deriving the LIR function of Q 
with respect to temperature, the thermal absolute sensitivity 
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Figure 6.  a) Untreated control C. elegans where some anatomical parts of the worm are described; b) C. elegans treated with ONPs. c) Survival rate 
and body length of C. elegans with and without ONPs. Treated worms under d) UV filter (>510 nm), e) GFP filter (>590 nm), where the TTM-ONPs are 
visualized in the intestine; f) comparative fluorescence intensity of ONPs under the two filters.
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values for both samples were obtained using Equation S1, and 
the relative sensitivity was determined using Equation  (2). As 
observed in Figure  7, the sensitivity of the ONPs ingested in 
C. elegans (TTMd-ONP C. elegans) was successfully measured 
and found to be very significant, Sr = 1.7% K−1 (T = 298 K). The 
relative temperature sensitivity is always higher than 1% K−1 
in the whole evaluated temperature range, which is twice the 
threshold quality value of 0.5% K−1 set in the literature for nan-
othermometry applications.[25] In addition we also estimated a 
minimum temperature resolution of ΔTmin = 0.6 degrees, using 
Equation S2 (Supporting Information), which is also a very 
promising result for future applications of TTMd-ONPs as in 
vivo fluorescent nanothermometers.

The possibility to measure changes of temperature 
dependent fluorescence emission, of organic nanoparticles in 
a live organism is very promising, but to use them in prac-
tical applications, it is necessary to show the performance of 
this nanothermometer locally at the submicron scale. Hence, 
we have measured temperature changes inside individual 
C. elegans in a localized area of their intestine, using a con-
focal microscope. For confocal measurements, C. elegans were 
immobilized using NemaGel, and changes in temperature 
were recorded by tracking the fluorescence emission intensity 
at two wavelength ranges, 420–570 and 620–720  nm to record 
the emission associated with the monomer and the excimer, 
respectively. A 3D representation of the C. elegans intestine with 
the ingested TTMd-ONPs is represented in Figure S15 (Sup-
porting Information) with also a zoom of a small area showing 
emission of monomer (green) and excimer (red) of a single 
TTMd-ONPs particle/aggregate.

Three different temperature ranges were studied starting 
from 290–293  K by cooling the microscope cage with dry 
ice, then increasing it to 297–300  K and finally to 307–308  K, 
by using a heater coupled to the confocal. For each tempera-
ture at least 6 measurements were recorded to have statistical 
data. In Figure 8a is represented the ratio between monomer 
and excimer emission in the bottom region of the intestine 

of the C. elegans, the data for the top region is represented in 
Figure S16 (Supporting Information).

As demonstrated above, with increasing temperature, the 
ratio between the monomer and excimer emissions bands 
(Q) increases and the same behavior is shown locally  inside 
an individual C. elegans. These results demonstrate that these 
ONPs can be used to measure the temperature in a small local-
ized area of a single animal.

Even though the deviation for each temperature range is 
broad because every C. elegans is different and can metabolize 
the TTMd-ONPs in different ways, similar ratiomeric behavior 
to that obtained in vitro is observed. When increasing the tem-
perature, the fluorescence emission intensity decreases for the 
red frame (420–570 nm) and keeps constant for the green one 
(620–720 nm). For a better understanding of the data, Figure 8b 
shows the same C. elegans animal at two different temperatures. 
At higher temperature a decrease of fluorescence intensity of 
the nanoparticles at higher wavelengths is observed, supporting 
the reported data.

3. Conclusion

We have developed organic radical TTMd-ONPs, as ratio-
metric nanothermometers based on a radical excimer for in 
vivo sensing with excellent temperature sensitivity 3.4% K−1 
(at 328 K), reversibility and high colloidal stability. One of the 
advantages of the described system is its simplicity since both 
the host and guest molecules forming the nanoparticles are 
small metal-free organic molecules which allow higher con-
trol on the molecular structure, higher reproducibility of the 
synthesis, and easier purification than polymers. Moreover, 
both the host and the guest molecules, the TTM-αH and TTM 
radical, respectively, are processed as nanoparticles by the self-
assembly of the two molecules in a simple single-step process 
using the re-precipitation method. Thanks to the simplicity of 
the synthesis of the two molecules and their self-assembly prop-
erties, TTMd-ONPs constitute an example of a cost-effective 
thermal sensor. In pure water the suspension of TTMd-ONPs 
is colloidally stable offering the possibility to be stored for a 
long time without aggregation or radical-leaking phenomena. 
The colloidal properties are preserved even increasing the ionic 
strength and varying the pH in the range of 5 – 8. Furthermore, 
TTMd-ONPs show two emission bands with a ratiometric 
output or LIR thermometric parameter, that is independent 
of dilution, particle aggregation, ionic strength, and pH, while 
was strongly affected by changes in temperature, showing a 
completely reversible behavior without any hysteresis. The 
second strength of TTMd-ONPs is provided by the open-shell 
electronic configuration of the TTM radical emitter molecule, 
present as a monomer or as an excimer, which ensures better 
optical performances than close-shell fluorophores. Indeed, 
sensors based on organic closed-shell fluorophores show low 
values of Stokes shift and short lifetimes (≈ ns), which make 
these systems subjected to use inner-filter effects and showing 
scattering problems. Thanks to the large Stokes shift and their 
large emission lifetime (for both the monomer and the excimer 
emission) TTMd-ONPs can avoid problems related to the auto-
fluorescence of the biological tissue or the scattering of the 

Figure 7.  Relative sensitivity of TTMd-ONP as nanothermometer at dif-
ferent temperatures in water suspension (green) and inside C. elegans 
(violet).
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excitation light. Since simply applying a delay between the exci-
tation and the detection it is possible to considerably increase 
the signal to noise ratio. Therefore, TTMd-ONPs constitute a 
small-molecule-based luminescence ratiometric sensor able to 
join the strengths of both organic and inorganic sensors but 
being all-organic. TTMd-ONPs emit in the region of deep-red/
NIR (i.e., the first transparency windows of biological tissues), 
offering the opportunity to obtain a deep-tissue penetration for 
in vivo applications. In addition, TTMd-ONPs are not cytotoxic 
and their ratiometric outputs are unaffected by changes of small 
aggregations, pH or ionic strength that may occur under physi-
ological conditions. Finally, in vivo thermometry experiments 
made with Caenorhabditis elegans worms indicated that TTMd-
ONPs could monitor locally in vivo the temperature changes at 
the sub-micron scale from 278 to 313 K, with a high sensitivity 
indicating the considerable potential applications of TTMd-
ONPs in the biological thermometry field. In addition, thanks 
to the chiroptical and magnetic properties of polyhalogenated 
trityl radicals,[55,56] new nanothermometers are being designed, 
enhancing the optical outputs and versatility of these systems 
for biological and clinical research.[57] Moreover, to use these 
systems in a biological environment, both, the excitation and 
the emission wavelength are required to be in the biological 

window. In a work in progress we are studying the use of 
TTMd-ONPs as two-photon microscopy probe to increase the 
excitation wavelength in order to have both the excitation and 
the emission wavelengths in the biological window increasing 
its penetration capacity into tissues and cells without damage.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Summary

� Tomato varieties resistant to the bacterial wilt pathogen Ralstonia solanacearum have the

ability to restrict bacterial movement in the plant. Inducible vascular cell wall reinforcements

seem to play a key role in confining R. solanacearum into the xylem vasculature of resistant

tomato. However, the type of compounds involved in such vascular physico-chemical barriers

remain understudied, while being a key component of resistance.
� Here we use a combination of histological and live-imaging techniques, together with spec-

troscopy and gene expression analysis to understand the nature of R. solanacearum-induced

formation of vascular coatings in resistant tomato.
� We describe that resistant tomato specifically responds to infection by assembling a vascular

structural barrier formed by a ligno-suberin coating and tyramine-derived hydroxycinnamic

acid amides. Further, we show that overexpressing genes of the ligno-suberin pathway in a

commercial susceptible variety of tomato restricts R. solanacearummovement inside the plant

and slows disease progression, enhancing resistance to the pathogen.
� We propose that the induced barrier in resistant plants does not only restrict the movement

of the pathogen, but may also prevent cell wall degradation by the pathogen and confer anti-

microbial properties, effectively contributing to resistance.

Introduction

In natural environments plants are constantly exposed to diverse
microbiota, including pathogenic organisms. In addition to pre-
existing structural cell barriers that act as a first line of defense
(Serrano et al., 2014; Falter et al., 2015), pathogen perception
results in activation of a complex, multi-layered immune system
in plants (Jones & Dangl, 2006). As part of the suite of inducible
defenses, de novo formation of physico-chemical barriers prevents
pathogen colonization and spread inside the plant. Despite their
importance, the exact composition of these barriers, as well as the
mechanisms that lead to their formation in the plant upon
pathogen invasion remain largely unknown.

The interaction between the soil-borne bacterial wilt pathogen
Ralstonia solanacearum and tomato offers a paradigmatic scenario
to study inducible physico-chemical barriers, because of its agro-

economic impact, and the well-developed genetic and molecular
tools available in both organisms. Ralstonia solanacearum enters the
root system through wounds or at the points of emergence of lateral
roots, where the epidermal and endodermal barriers may be com-
promised (Vasse et al., 1995; �Alvarez et al., 2010; Ursache et al.,
2021). After entering the root, the bacterium moves centripetally
towards the vasculature and once it reaches the xylem, it multiplies
and spreads vertically within the vessels and horizontally to other
vessels and the surrounding tissues (Digonnet et al., 2012).

The xylem tissue is a major battleground for the interaction
between vascular wilt pathogens and their hosts, where the out-
come of the infection is at stake (Yadeta & Thomma, 2013). To
prevent the spread of pathogenic propagules, the xylem vascula-
ture of resistant plants undergoes intense structural and metabolic
modifications, such as reinforcing the walls of xylem vessels, pit
membranes and surrounding xylem parenchyma cells in response
to pathogens (Street et al., 1986; Benhamou, 1995). This pre-
vents pathogen colonization of the surrounding parenchyma*These authors contributed equally to this work.
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cells, nearby vessels and inter-cellular spaces through degeneration
of the vessel pit membranes or cell walls by the pathogen (Nakaho
et al., 2000; Liu et al., 2005; P�erez-Donoso et al., 2010; Digonnet
et al., 2012; Lowe-Power et al., 2018). This vascular confinement
is an effective strategy commonly found among plants resistant to
vascular wilt pathogens such as R. solanacearum, which otherwise
spread systemically and eventually kill the plant (McGarvey et al.,
1999; Vasse et al., 2000; Potter et al., 2011; Caldwell et al., 2017;
Scortichini, 2020; Kashyap et al., 2021).

Among the various tomato germplasms, the cultivar Hawaii 7996
(H7996) is the most effective natural source of resistance against R.
solanacearum (Grimault et al., 1994; Nakaho et al., 2004). In this
cultivar, resistance to R. solanacearum is a complex polygenic trait
(2000; Thoquet et al., 1996; Mangin et al., 1999; Wang et al.,
2013). Our previous study identified the bottlenecks through
which H7996 is able to limit R. solanacearum spread in planta
(Planas-Marqu�es et al., 2019), namely: (1) root colonization,
(2) vertical movement from roots to shoots, (3) circular inva-
sion of the vascular bundle and (4) radial apoplastic spread
from the vessels into the cortex. Vascular cell wall reinforce-
ments seem to play a key role in confining R. solanacearum into
the xylem vascular bundles of resistant tomato H7996. Ultra-
microscopic studies in resistant tomato showed that the pit
membranes, as well as xylem vessel walls and parenchyma cells
form a conspicuously thick coating in the form of an electron
dense amorphous layer, as part of the defense response against
R. solanacearum (Nakaho et al., 2000; Kim et al., 2016).

Among the polymers constituting vascular coating struc-
tures, lignin is the most typically found, constituting an inte-
gral part of the secondary cell wall of the xylem vasculature.
Lignin is well documented as a common structural defense
against vascular wilt pathogens (Novo et al., 2017; Zeiss et al.,
2019; Kashyap et al., 2021) and it is also emerging as an
important inducible defense component in other diseases/pests
affecting the vasculature (Jhu et al., 2021; Joo et al., 2021)
Suberin has also been reported to be deposited in vascular
coatings as a defense response (Kashyap et al., 2021), although
the mechanisms regulating its synthesis, spatio-temporal
dynamics and inducibility remain elusive. Interestingly, root
microbiota has been recently shown to shape suberin deposits
in the plant, highlighting its central role in plant–microbe
interactions (Salas-Gonz�alez et al., 2021). Suberin is a polyester
containing long and very long chain fatty acids and derivatives
and also some aromatics, mainly ferulic acid. Cells that accu-
mulate suberin also accumulate lignin, whose deposition has
been described to precede that of suberin in phellem cells
(Lulai & Corsini, 1998). This lignin is also known as a lignin-
like polymer, which consists of hydroxycinnamates and mono-
lignols (Grac�a, 2015). The ligno-suberin heteropolymer
formed by the lignin-like polymer and suberin has been also
referred to as the poly(aromatic) and poly(aliphatic) domains
of suberin, respectively. Commonly, suberized cell walls also
comprise soluble phenolic compounds, which share biosyn-
thetic pathways with suberin and lignin (Bernards, 2002).

Ferulic acid present in the suberin and lignin-like fractions is
proposed to link both polymers (Grac�a, 2010) and its continuous

production has been demonstrated essential for suberin deposi-
tion (Andersen et al., 2021). Ferulic acid amides, such as feruloyl-
tyramine and feruloyloctopamine, have been described as
structural components of the lignin-like polymer and in the phe-
nolic soluble fraction of suberizing wound-healing potato tuber
(Negrel et al., 1996; Razem & Bernards, 2002). Ferulic acid
amides belong to the hydroxycinnamic acid amide (HCAA) fam-
ily, which present antimicrobial activity and are considered
biomarkers during plant–pathogen interactions (Zeiss et al.,
2021). However, the precise role of HCAAs in plant defense
remains to be elucidated (Macoy et al., 2015a,b). Besides their
direct antimicrobial activity as soluble phenols, HCAAs have also
been proposed to crosslink to cell wall structural polymers during
infection, potentially contributing towards the formation of a
phenolic barrier that can make the cell wall resilient to
pathogenic degradation (Zeiss et al., 2021).

In the present study, we conducted a detailed investigation of
the inducibility, structure and composition of the xylem vascular
wall reinforcements that restrict R. solanacerum colonization in
resistant tomato. Using a combination of histological and live-
imaging techniques, together with spectroscopy and gene expres-
sion analysis we provide important new insights into the
pathogen-induced formation of vascular coatings. In particular,
we show that a ligno-suberin vascular coating and tyramine-
derived HCAAs contribute to restriction of R. solanacearum in
resistant tomato. In addition, we demonstrate that genes in the
ligno-suberin-associated pathways can be explored to engineer
resistance against R. solanacearum into commercial susceptible
varieties of tomato.

Materials and Methods

Plant materials and growth conditions

Tomato (Solanum lycopersicum) varieties Marmande, Hawaii
7996 (H7996) and Moneymaker (wild-type and 35S::THT 1-3,
generated by Campos et al. (2014)), were used. Plants were
grown in controlled growth chambers at 60% humidity,
12 h : 12 h, day : night and 27°C (light-emitting diode (LED)
lighting) or 25°C (fluorescent lighting).

Ralstonia solanacearum strains and growth conditions

Ralstonia solanacearum GMI1000 strain (Phylotype I, race 1 bio-
var 3) was used, including luminescent and fluorescent reporter
strains of R. solanacearum GMI1000 described in Cruz et al.
(2014) and Planas-Marqu�es et al. (2019).

Cloning and stable transformation in tomato

For generation of the 35S::FHT-HA construct the FHT (Soly-
c03g097500) coding sequence was amplified from tomato
H7996 complementary DNA (cDNA) using the forward and
reverse primers part7FHTF1 and part7FHTHAR1, respectively
(Supporting Information Table S1). The amplified product was
cloned into the pJET1.2/blunt cloning vector using a CloneJet
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PCR cloning kit (ThermoFisher, Waltham, MA, USA) and then
digested by SmaI and BamHI. The digested products were puri-
fied using NZYGelpure (Nzytech, Lisbon, Portugal) followed by
ligation into the pART7 and later to pART27 vector (Gleave,
1992). pART27 containing 35S::FHT-HA was transformed into
Marmande. For this, the construct was transformed into Agrobac-
terium tumefaciens strain C58C1. Cotyledon explant preparation,
selection, and regeneration followed the methods described by
Mazier et al. (2011). Transformants were selected on kanamycin-
containing medium. Accumulation of FHT-HA protein was
assayed by immunoblot with a monoclonal HA antibody
(GenScript, Piscataway, NJ, USA).

Bacterial inoculation in plants

Four- to five-week-old tomato plants were inoculated through
roots with R. solanacearum using the soil drenching method with
a 19 107 colony-forming unit (CFU) ml�1 suspension of bacte-
ria as described in Planas-Marqu�es et al. (2018). Inoculated
plants were kept in a growth chamber at 27°C. For tomato leaf
infiltration, plants were vacuum-infiltrated by submerging the
whole aerial part in a c. 105 CFUml�1 bacterial suspension as
described in Planas-Marqu�es et al. (2018). For inoculation
directly onto the stem vasculature, 10 µl (5 µl at a time) of
105 CFUml�1 bacterial suspension was placed at the node of the
petiole and pin-inoculated using a sterile needle (30G9½″, BD
Microlance; Becton Dickinson, Franklin Lakes, NJ, USA).

Ralstonia solanacearum pathogenicity assays and
quantification of bacterial growth in planta

Infected plants were scored for wilting symptoms using a scale
from 0 to 4: 0 = healthy plant with no wilt, 1 = 25%, 2 = 50%,
3 = 75%, and 4 = 100% of the canopy wilted as described by
Planas-Marqu�es et al. (2019). The relative light units per second
(RLU s–1) readings were converted to CFU g–1 tissue as described
in Planas-Marqu�es et al. (2019). For bacterial colonization assays
using green fluorescent protein (GFP) reporter strain, transverse
stem cross-sections were made at the inoculation point and at a
distance of 0.5, 1, 2 and 3 cm in both upward and downward
direction, using a sterile razor blade. Quantification of mean
green fluorescence was done using IMAGEJ software (Planas-
Marqu�es et al., 2019). For leaf in planta multiplication assays,
three leaf discs of 0.8 cm2 were homogenized in 200 µl of sterile
distilled water. CFU cm�2 leaf tissue were calculated after dilu-
tion plating of samples with appropriate selection antibiotics and
CFU counting 24 h later.

Histological methods

Thin (c. 150 µm) transverse cross-sections were obtained with a
sterile razor blade from a 1.5 cm area of the taproot-to-hypocotyl
transition zone located immediately below the soil line (Fig. S1a).
Inoculated plants were sectioned when bacterial colonization
level reached 105 CFU g�1 taproot-to-hypocotyl transition zone
tissue. This corresponded to 4 d post-inoculation (dpi) in

Marmande and 9 dpi in H7996, at which stage only H7996 sec-
tions showed a localized browning at one xylem pole indicative
of infection. Sections were kept in 70% ethanol at room tempera-
ture for 5 d and examined using fluorescence microscopy using a
Leica DM6B-Z microscope under ultraviolet (UV) illumination
(340–380 nm excitation and 410–450 nm barrier filters). Aut-
ofluorescence emitted from phenolic deposits was recorded using
a Leica-DFC9000GT-VSC07341 camera and the signal was
pseudo-colored green. Sections were also stained with
phloroglucinol-HCl for the detection of lignin and observed
under bright field (Pomar et al., 2004). Photographs were taken
with a DP71 Olympus digital camera. Cross-sections were also
observed under UV with a Leica-DM6B-Z microscope (340–
380 nm excitation and 410–450 nm barrier filters). To detect the
autofluoresecent blue-to-green pH-dependent color conversion
of wall-bound ferulic acid cross-sections were initially mounted
in 70% ethanol (neutral pH) and then in 1N potassium hydrox-
ide (KOH) (pH above 10) adapting the protocol from Car-
nachan & Harris (2000), Harris & Trethewey (2010) and
Donaldson & Williams (2018). A Leica DM6B-Z microscope
was used to observe autofluorescence (340–380 nm excitation
and 410–450 nm barrier filters). Images were recorded using a
Leica MC190-HD-0518131623 digital camera. To visualize
suberin aliphatics, sections were treated with 5% Sudan IV, dis-
solved in 70% ethanol and illuminated with UV light. These sec-
tions were subsequently treated with 1N KOH to detect ferulic
acid as described earlier. For both ferulic acid and suberin, the
HC PL APO or HC PL FLUOTAR objectives of the Leica
DM6B-Z microscope were used and images were captured using
a Leica MC190-HD-0518131623 color digital camera. The UV
autofluorescence signal from xylem vessel walls and surrounding
layers was measured using the LAS X Leica software and changes
in ferulate accumulation were quantified using IMAGEJ software
by selecting the area of xylem vessel walls showing autoflores-
cence. Quantifications of fluorescence intensity were normalized
per micrometer of region of interest (ROI), which corresponded
to a particular area of the vascular bundles, where main vessels
concentrate (represented in Fig. 1b). Basically, the line is drawn
at each of the four corners in the whole image and then the fluo-
rescence is normalized by the length of the lines.

Two-dimensional nuclear magnetic resonance (2D-NMR)

The samples of a pool of 15 tomato plants (taproot-to-hypocotyl
region), water treated or having a bacterial load of 105 CFU g�1

were milled and extracted sequentially with water, 80% ethanol,
and with acetone, by sonicating in an ultrasonic bath during
30 min each time, centrifuging and eliminating the supernatant.
Then, lignin/suberin fraction was enzymatically isolated by
hydrolyzing the carbohydrates fraction with Cellulysin (Cal-
biochem, San Diego, CA, USA), as previously described (Rico
et al., 2014). Approximately 20 mg of enzymatic lignin/suberin
preparation was dissolved in 0.6 ml of deuterated dimethyl sul-
foxide (DMSO-d6). Heteronuclear single quantum coherence
(HSQC) spectra were acquired on a Bruker Advance III
500MHz spectrometer (Bruker, Karlsruhe, Germany) equipped
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with a 5 mm TCI cryoprobe, using the experimental conditions
previously described (Rico et al., 2014). HSQC cross-signals were
assigned and quantified as described (del R�ıo et al., 2018; Ren-
coret et al., 2018; Mahmoud et al., 2020). In the aromatic region,
the correlation signals of G2 and S2,6 were used to estimate the
content of the respective G- and S-lignin units. The Ca/Ha sig-
nals of the b–O–40 ethers (Aa), phenylcoumarans (Ba), and
resinols (Ca) in the linkages region were used to estimate their
relative abundances, whereas the Cc/Hc signal was used in the
case of cinnamyl alcohol end-units (Ic).

RNA extraction, cDNA synthesis and quantitative RT-PCR
analysis

Taproot-to-hypocotyl transition zone sections of c. 0.5 mm thick-
ness were obtained and the xylem vascular tissues (vascular bundles
and surrounding parenchyma cells) were collected and kept in liquid
nitrogen. Each sample comprised taproot-to-hypocotyl transition

zone xylem tissues of six plants. RNA was extracted using the
Maxwell RSC Plant RNA Kit (Promega, Madison, WI, USA).
Complementary DNA was synthesized from 2 µg RNA using High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems,
Foster City, CA, USA). Complementary DNA amplification and
analysis was performed using the LightCycler 480 System (Roche,
Basel, Switzerland). The Elongation Factor 1 alpha houskeeping
gene (eEF1 a, Solyc06g005060) was used as a reference. All reactions
were run in triplicate for each biological replicates. Melting curves
and relative quantification of target genes were determined using the
software LIGHTCyCLER v.1.5 (Roche). The level of expression relative
to the reference gene was calculated using the formula 2�DCT, where
DCT = (CT RNA target – CT reference RNA).

Statistical analysis

Statistical analyses were performed using STATGRAPHICS software.
All statistical tests are indicated in the respective figure legends.

Fig. 1 Resistant H7996 tomato restricts Ralstonia solanacearum colonization and induces a vascular coating response with wall bound phenolics.
Susceptible (Marmande) and resistant (H7996), 5-wk-old tomato plants were inoculated through roots by soil-soak with c. 19 107 colony-forming unit
(CFU)ml�1 of R. solanacearum GMI1000 and incubated at 28°C. (a) At 12 d post-inoculation (dpi) most Marmande plants showed severe wilting
symptoms, whereas H7996 remained mostly symptomless. (b) Cross-sections of the taproot-to-hypocotyl area containing 105 CFU g�1 of R. solanacearum
were analyzed by ultraviolet (UV) microscopy. To focus on cell wall-deposited phenolic compounds, soluble phenolic compounds were removed with
ethanol prior to observation. A strong autoflorescence signal emitted from the walls of vessels and surrounding parenchyma cells in infected H7996 plants
compared to Marmande or the mock controls can be observed. Fluorescence signal in white was green colored. Images from a representative experiment
out of three with n = 5 plants per cultivar. Bar, 500 µm. (c) The UV autofluorescence signal in (b) was measured using the Leica APPLICATION SUITE X (LAS X)
software. A representative region of interest (ROI) is highlighted in (b) and corresponded to a line traversing the selected vascular bundles. Data are
represented with box and whiskers plots: whiskers indicate variability outside the upper and lower quartiles and boxes indicate second quartile, median and
third quartile. Different letters indicate statistically significant differences (a = 0.05, Fisher’s least significant difference test).
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Results

Resistant H7996 tomato restricts R. solanacearum
colonization and induces a vascular coating response
involving wall-bound phenolics

In order to understand the mechanisms underscoring restriction
of R. solanacearum spread in resistant tomato varieties we used
the resistant variety H7996 and compared it to the susceptible
cultivar Marmande. In our assay conditions, most Marmande
plants were wilted 10 d after inoculation with R. solanacearum
GMI1000, while H7996 plants remained largely asymptomatic
(Figs 1a, S2a; Planas-Marqu�es et al., 2019). Accordingly, bacterial
loads in the taproot-to-hypocotyl region were drastically reduced
in H7996 compared to Marmande, confirming the remarkable
bacterial restriction ability of this cultivar (Fig. S1b; Planas-
Marqu�es et al., 2019).

To identify defense-associated anatomical and physico-
chemical modifications in H7996 after infection with
R. solanacearum compared to Marmande we performed histo-
chemical, spectroscopic and gene expression analysis. For this,
plants were infected with a 107 R. solanacearum solution or mock
through their roots using the soil-drench method and then we
collected tissue containing 105 CFU g�1 tissue of bacteria at the
taproot-to-hypocotyl transition area, located c. 1 cm below-
ground (Fig. S1a). Marmande reached 105 CFU g�1 tissue at
around 4 dpi, while the resistant H7996 took approximately 9 d
to do so (Fig. S2). We have previously observed that the root-to-
hypocotyl area constitutes a key bottleneck for bacterial progres-
sion inside the plant (Zuluaga et al., 2015; Puigvert et al., 2017;
Planas-Marqu�es et al., 2019), being thus an ideal target zone for
analysis of structural defense responses.

We initially analyzed UV autofluorescence of transverse
cross-sections of the taproot-to-hypocotyl region, indicative of
phenolic compounds (Donaldson, 2020). To focus on cell wall-
deposited phenolic compounds, soluble phenolic compounds
were removed with ethanol prior to observation as reported
(Pouzoulet et al., 2013; Araujo et al., 2014). Infection with
R. solanacearum induced a strong UV signal emitted from the
walls of the vessels, and also from surrounding xylem
parenchyma cells and tracheids in resistant H7996 (Fig. 1b,c).
This enhanced autofluorescence was not observed in the suscep-
tible variety Marmande nor in mock-treated samples (Fig. 1b,
c). In tissues outside the vascular area, inoculation resulted in a
decrease of autofluorescence in both susceptible and resistant
tomato lines.

Spectroscopic analysis reveals R. solanacearum-induced
deposition of suberin and accumulation of tyramine-
derived amides in resistant H7996 tomato and lignin
structural modifications in susceptible Marmande tomato

In order to decipher the composition of the cell wall-
deposited compounds we used two-dimensional (2D) HSQC
nuclear magnetic resonance (NMR), one of the most power-
ful tools for plant cell wall structural analysis providing

information on the composition and linkages in
lignin/suberin polymers (Ralph & Landucci, 2010; Correia
et al., 2020). The 2D-HSQC spectra of infected or mock-
treated taproot-to-hypocotyl transition zones of H7996 and
Marmande tomato plants were obtained and the main lignin
and suberin substructures identified are shown in Fig. 2,
while the chemical shifts of the assigned cross-signals are
detailed in Table S2. Importantly, the aliphatic region of the
2D-HSQC spectra revealed that H7996 infected plants were
more enriched in poly-aliphatic structures characteristic of
suberin (magenta-colored signals), compared to its mock
control (Fig. 2a). Related to this, an olefinic cross-signal of
unsaturated fatty acid structures (UF, dC/dH 129.4/5.31),
typical of suberin, was also found to be increased in the
HSQC spectrum of the infected H7996 tomato. A rough
estimate based on the integration of lignin and suberin
HSQC signals, revealed that the suberin/lignin ratio in R.
solanacearum-infected H7996 plants was doubled compared
to mock-treated plants, evidencing an increase in suberin
deposition as a consequence of the bacterial infection. Inter-
estingly, signals compatible with feruloylamides (FAm7; dC/
dH 138.6/7.31) and with tyramine-derived amides (Ty in
orange; dC/dH 129.3/6.92, 114.8/6.64, 40.5/3.29 and 34.2/
2.62) were exclusively found in the spectrum of infected
H7996 plants, suggesting the presence of feruloyltyramine
exclusively in these samples (Fig. 2a). Since tyramines have
been found as structural components co-occurring with
suberin (Bernards et al., 1995; Bernards & Lewis, 1998),
which generates physically and chemically resistant barriers
(He & Ding, 2020), our results substantiate the hypothesis
of suberin as an important defense element against R.
solanacearum infection in resistant tomato plants. On the
contrary, the 2D-HSQC spectra from the Marmande variety
did not display notable variations between mock and
infected plants in the signals corresponding to suberin,
tyramine-related structures nor feruloylamides (Fig. 2a).

Interestingly, 2D-HSQC-NMR spectra also revealed signifi-
cant structural modifications in the composition of lignin and
the distribution of linkages in tomato plants after infection.
Lignins with lower S : G ratios are more branched (condensed)
and recalcitrant towards pathogen attack (Iiyama et al., 2020).
Therefore, lignin in inoculated H7996, with an S : G ratio of 1.0
should be, a priori, more resistant than the lignin in inoculated
Marmande plants (S : G ratio of 1.5). The 2D-HSQC analysis
revealed that the infection of susceptible Marmande plants
resulted in an increase of the S : G ratio and a clear reduction of
all major lignin linkages (b–O–40, b–50 and b–b0; reduction in
roughly 9%, 43% and 46%, respectively), evidencing that a
lignin depolymerization process took place (Fig. 2a). In contrast,
infected H7996 tomato displayed a slight decrease of the S : G
ratio, and only b-O–40 linkages (the easiest to degrade in the
lignin polymer) were significantly reduced, while the b–50 and
b–b0 were not so affected as in the case of Marmande plants. In
this context, the major reduction in lignin linkages observed in
Marmande after infection could explain, at least in part, its
higher susceptibility to the pathogen.
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Fig. 2 Feruloylamides, tyramine-derived amides and suberin-compatible compounds are specifically enriched in resistant H7996 tomato after infection with
Ralstonia solanacearum. (a) Two-dimensional heteronuclear single quantum correlation-nuclear magnetic resonance (2D-HSQC-NMR) spectra of
enzymatically isolated lignin/suberin fractions from mock-treated and R. solanacearum-infected taproots (containing 105 colony-forming unit (CFU) g�1

taproot-to-hypocotyl transition tissue) of H7996 and Marmande tomato plants. The experiment was performed twice with similar results. (b) Main
lignin/suberin structures identified: b–O–40 alkyl aryl ethers (A), b–50 fenylcoumarans (B), b–b0 resinols (C), cinnamyl alcohols end-groups (I),
feruloylamides (FAm), tyramine-derived amides (Ty), guaiacyl lignin units (G), syringyl lignin units (S), as well as unassigned aliphatic signals from suberin.
The structures and contours of the HSQC signals are color coded to aid interpretation. Proton (1H) and carbon-13 (13C) NMR chemical shifts of the
assigned signals are detailed in Supporting Information Table S2. To detect FAm7 signal, the spectrum scaled-up to 2-fold (92) intensity. The abundances
of the main lignin linkages (A, B and C) and cinnamyl alcohol end-groups (I) are referred to as a percentage of the total lignin units (S +G = 100%).
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Histochemical analysis reveals the formation of structural
vascular coatings containing suberin and ferulate/
feruloylamide in resistant H7996 tomato in response to
R. solanacearum infection

To confirm our spectroscopic data, we histochemically analyzed
taproot-to-hypocotyl transition zone samples of mock and infected
H7996 and Marmande tomato plants. Observation of
Phloroglucinol-HCl stained sections under brightfield microscopy
(Wiesner staining) (Pomar et al., 2002; Pradhan Mitra & Loqu�e,
2014), showed that mock and infected H9776 (resistant) as well as
mock Marmande (susceptible) samples showed a red-purple color
characteristic of the reaction of phloroglucinol-HCl in vessels and
fibers, indicative of lignin (Fig. 3a). In contrast, infected Mar-
mande sections exhibited reduced phloroglucinol-HCl staining,
suggesting a change in composition of xylem lignin upon infection
(Fig. 3a). This observation is in agreement with the structural
changes specifically detected in the lignin structure of infected
Marmande plants by 2D-HSQC-NMR (Fig. 2a), which suggest
lignin depolymerization and may partly underscore the high sus-
ceptibility of this tomato variety.

UV illumination of phloroglucinol-HCl-stained samples
allows quenching the autofluorescence from lignin and hence
detect residual cell wall autofluorescence, which has been associ-
ated with suberin deposits (Baayen & Elgersma, 1985; Rioux
et al., 1998; Pouzoulet et al., 2013). Under these conditions, the
increased autofluorescence observed in the vascular coating
regions of infected H7996 tomato plants was not quenched in
phloroglucinol-HCl stained samples (Fig. 3a,b). A more detailed
observation revealed that this nonquenched autofluorescence was
localized in specific regions compatible with (1) intervessel and
vessel-parenchyma pit membranes or pit chamber walls and (2)
parenchyma coatings with fluorescent signals enriched in intracel-
lular spaces (Fig. 3c).

Next, we analyzed whether the pathogen-induced coating of
vessels observed in H7996 correlated also with an increase in fer-
ulates, a major suberin component. We performed KOH treat-
ment of plant tissues, which specifically shifts the UV
fluorescence of ferulate/feruloylamide to green, allowing its
detection (Carnachan & Harris, 2000; Harris & Trethewey,
2010; Donaldson & Williams, 2018). UV autofluorescence of
vascular coatings in response to R. solanacearum infection in resis-
tant H7996 shifted from blue to a strong green color upon treat-
ment with alkali (1N KOH) (Fig. S3a). This indicated that the
R. solanacearum-induced xylem vasculature feruloylation was
specific to resistant H7996, as the fainter blue autofluorescence
observed in mock-treated resistant H7996 or susceptible Mar-
mande tissues did not change to green at high pH in either early
(Fig. S3a,b) or late (Fig. S3c) stages of infection.

To corroborate that the ferulate/feruloylamide accumulation
in infected H7996 tomato was related with vascular suberization,
we combined the ferulate-specific UV-alkali treatment described
earlier with Sudan IV staining, which binds aliphatic components
of suberin to produce a reddish-brown coloration. This revealed
suberization in the taproot-to-hypocotyl area of R. solanacearum-
infected H7996 plants, xylem vessel walls as well as the layers of

vessels, parenchyma cells and tracheids in the immediate vicinity
(Fig. 4). In the periphery of suberized cells, a green signal from
UV-alkali was observed (Fig. 4), which may indicate ferulate/feru-
loylamide deposition indicative of a preceding stage towards suber-
ization in this cell layer. In comparison, no positive Sudan IV or
UV-alkali staining was detected in infected Marmande or mock-
treated tomato plants. Together, suberized and feruloylated layers
of parenchyma cells, vessels and tracheids might form a ‘suberiza-
tion zone’ creating a strong physico-chemical barrier to limit R.
solanacearum spread from the colonized xylem vessel lumen.

Ralstonia solanacearum infection activates the biosynthesis
of aliphatic suberin precursors and feruloylamide, and
aliphatic esterification of ferulic acid in the vasculature of
resistant H7996

Since a differential accumulation of suberin-compatible com-
pounds was specifically observed in infected H7996, we surmised
that genes related to suberin and feruloylamide synthesis, as well
as ferulic acid esterification to aliphatics may be upregulated in
resistant tomato in response to R. solanacearum invasion. To test
this hypothesis, we analyzed: (1) expression of genes in the
phenylpropanoid and suberin biosynthesis pathways, which
provide the necessary precursors for the ligno-suberin heteropoly-
mer; (2) the feruloyl transferase FHT (ASFT/HHT in Arabidop-
sis), which is involved in the formation of ferulate esters of fatty
acyl compounds necessary to form suberin and soluble waxes
(Gou et al., 2009; Molina et al., 2009; Serra et al., 2010); and (3)
N-hydroxycinnamoyl transferases (THT), which are involved in
the synthesis of HCAAs such as feruloyltyramine, which is found
on the lignin-like polymer and in the soluble phenolic fraction of
some suberized tissues (Negrel et al., 1993; Schmidt et al., 1999).

Quantitative reverse transcription polymerase chain reaction
(RT-PCR) from xylem vascular tissue obtained from the taproot-
to-hypocotyl zone in R. solanacearum- or mock-treated H7996
and Marmande plants showed specific upregulation of all genes
analyzed from the suberin biosynthetic pathway in H7996
infected plants compared to the mock controls (Figs 5, S4).
These included essential suberin biosynthesis genes such as
CYP86A1 and CYP86B1 (fatty acid oxidation), FAR (primary
alcohol generation), KCSs (fatty acid elongases) and GPAT5
(acylglycerol formation). In addition, feruloyl transferase FHT
(ASFT/HHT in Arabidopsis), was also strongly upregulated in
infected H7996 plants (Figs 5, S5b). Regarding THT, in tomato
we identified five putative homologs (Fig. S6a), all induced by
infection in the vascular tissue of H7996 (Figs 5, S6b). Among
them, SlTHT1-3 showed the strongest upregulation in H7996
after infection (Figs 5, S6b). In comparison, R. solanacearum
infection had only a modest effect on genes related to phenyl-
propanoid pathway as only upregulation was detected in the first
enzyme of the pathway (PAL) (Figs 5, S7).

Together, these data indicate that upregulation of genes
involved in the formation of aliphatic suberin precursors, ferulic
acid esterification to aliphatics (FHT) and production of
HCAAs, such as feruloyltyramine (THT), constitute a very speci-
fic response of H7996 plants that takes place in the vasculature

� 2022 The Authors

New Phytologist� 2022 New Phytologist Foundation

New Phytologist (2022) 234: 1411–1429
www.newphytologist.com

New
Phytologist Research 1417

 14698137, 2022, 4, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.17982 by C

sic O
rganización C

entral O
m

 (O
ficialia M

ayor) (U
rici), W

iley O
nline L

ibrary on [31/05/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Fig. 3 Resistant H7996 tomato shows vascular autofluorescence not-quenched with phloroglucinol and susceptible Marmande shows a decrease in
phloroglucinol-HCl lignin signal. Susceptible (Marmande) and resistant (H7996) 5-wk-old tomato plants were root-inoculated with a Ralstonia
solanacearum GMI1000 strain at a concentration of c. 19 107 colony-forming unit (CFU)ml�1 or water mock. (a) Cross-sections of the taproot-to-
hypocotyl area containing 105 CFU g�1 of R. solanacearum were stained with phloroglucinol-HCl and observed under ultraviolet (UV) to visualize other
autofluorescent compounds different from lignin (not quenched with phloroglucinol-HCl) (right) and under brightfield to visualize lignin deposition (left).
In infected H7996 strong UV autofluorescence could be observed in the walls of xylem vessels surrounding xylem parenchyma cells and tracheids,
indicating reinforcement of walls of vascular tissue with phenolics formed de novo upon infection. In infected Marmande the red phlorogucinol stain was
reduced especially in the intervessel areas. (b) The UV autofluorescence signal in (a) was measured using the LAS X Leica software after the phloroglucinol-
HCl treatment. Data are represented with box and whiskers plots: whiskers indicate variability outside the upper and lower quartiles and boxes indicate
second quartile, median and third quartile. (c) Detailed observation of infected H7996 xylem after the phloroglucinol-HCl treatment shows the strong UV
fluorescence concentrated in specific areas possibly corresponding to intervessel and vessel-parenchyma bordered pit membranes and/or pit chambers
(yellow and white arrows, respectively). Fluorescence was also observed in parenchyma cells, specially enriched at intercellular cell corners (green arrow).
Panel (b) correspond to a representative experiment out of three each with n = 6 plants per variety. Different letters indicate statistically significant
differences (a = 0.05, Fisher’s least significant difference test). Panels (a) and (c) were representative images. Bars: (a, left), 100 µm; (a, right) 500 µm; (c)
50 µm.
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upon R. solanacearum infection. Further, these data are in agree-
ment with NMR data of infected H7996, which showed a speci-
fic increase in insoluble fatty acid structures typical of suberin as
well as the appearance of signals from structural tyramine-derived
amides and feruloylamides (Fig. 2a).

Overexpression of SlTHT1-3 in a susceptible tomato
cultivar confers resistance to R. solanacearum

Based on our results, we set to determine whether overexpressing
genes involved in ferulic acid esterification to suberin aliphatics
and feruloylamide biosynthesis, such as SlFHT and SlTHT1-3,
respectively, would increase resistance against R. solanacearum in
a susceptible tomato background. Initially, we obtained trans-
genic tomato lines stably overexpressing SlFHT on a susceptible
Marmande background (Fig. S8). Under normal growth condi-
tions these lines are morphologically undistinguishable from
wild-type (Wt), although they display a subtle increase in fresh
weight (Fig. S9). We analyzed symptom progression and bacterial
colonization. SlFHT overexpression lines showed a slight delay in
disease progression (Fig. 6a) and moderately milder symptoms.
The taproot-to-hypocotyl of SlFHT overexpressors displayed a
slight reduction in bacterial loads after soil-soak inoculation in
comparison to Wt tomato (Fig. 6b).

Regarding SlTHT1-3, the corresponding tomato overexpress-
ing line was readily available on a Moneymaker background
(Campos et al., 2014). This line has been shown to overaccumu-
late soluble HCAA such as feruloyltyramine and also the hor-
mone salicylic acid (SA) upon infection with Pseudomonas
syringae pv. tomato (Campos et al., 2014). It is worth noting that
tomato plants overexpressing SlTHT1-3 display a slight decrease
in fresh weight compared to wild-type plants, although with the
naked eye they appear undistinguishable (Fig. S10). As expected,
the Moneymaker tomato cultivar showed similar susceptibility to
R. solanacearum as Marmande (Fig. 7a,b). In contrast, overex-
pression of SlTHT1-3 resulted in a dramatic increase of resistance
against R. solanacearum, with disease progressing remarkably
slower in this line compared to wild-type (Fig. 7a,b). Impor-
tantly, bacterial loads were significantly lower in the taproot-to-
hypocotyl and hypocotyl of the SlTHT1-3 overexpressor after soil
inoculation in comparison to Wt tomato (Fig. 7c). Similarly,
direct leaf inoculation also showed severe bacterial growth restric-
tion in the THT1-3 overexpressing line (Fig. S11a). Further, we
monitored the colonization patterns of a R. solanacearum GFP
reporter strain after stem inoculation of the SlTHT1-3 overex-
pressing line compared to Wt. In transverse stem cross-sections
of 6 dpi plants, bacteria stayed confined near the inoculation
point in the 35S::SlTHT1-3 line whereas they spread unrestrict-
edly in susceptible wild-type stems from the inoculation point
and at least 3 cm up and downwards (Fig. 7d,e, S11b).

Concomitant with the observed restriction of R. solanacearum
colonization, an increase in autofluorescence around the vascula-
ture was observed in the SlTHT1-3 overexpressor (Fig. 8a). At
similar bacterial loads, Wt did not display such enhanced vascular
fluorescence. Phloroglucinol-HCl staining did not quench the
paravascular autofluorescence in SlTHT1-3 (Fig. 8a,d), indicat-
ing that similar to what was previously observed for H7996, the
observed increase in wall-bound phenolic deposits did not only
correspond to lignin. To gain a deeper insight into the composi-
tion of the R. solanacearum-induced vascular deposits in SlTHT1-
3 overexpressing plants we performed combined Sudan IV-alkali
staining (Fig. 8b,c,e). Treatment with alkali resulted in a clear

Fig. 4 Resistant H7996 tomato shows cell wall ferulate/feruloylamide and
suberin deposition in restricted zones of vascular tissue upon Ralstonia

solanacearum infection. Susceptible Marmande or resistant H7996 tomato
plants were soil-inoculated with a c. 19 107 colony-forming unit (CFU)
ml�1 suspension of R. solanacearum GMI1000 or mock-inoculated with
water and incubated at 28°C. Cross-sections were obtained from taproot-
to-hypocotyl transition tissue containing 105 CFU g�1 of R. solanacearum.
Sections were stained with Sudan IV to visualize suberin aliphatics and
subsequently treated with 1N potassium hydroxide (KOH) (pH above 10)
to visualize ferulic acid bound to cell wall. Sudan IV positive staining
(reddish-brown coloration) was observed around xylem vessels specifically
in infected H7996, indicating accumulation of suberin aliphatics.
Accumulation of ferulic acid bound to cell wall (blue-green coloration)
appears also specifically in infected H7996 resistant tomato, surrounding
Sudan IV-stained areas. White arrowheads indicate the sites of
accumulation of ferulates and aliphatic compounds. Representative images
from one experiment out of three with n = 6 plants each were taken. Bar,
100 µm.
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Fig. 5 Genes of the ligno-suberin heteropolymer biosynthesis pathway are specifically induced in the xylem vasculature of resistant H7996 tomato upon
Ralstonia solanacearum infection. The levels of expression of genes belonging to metabolic pathways relevant for suberin, lignin and feruloyltyramine and
related amides biosynthesis were analyzed by quantitative polymerase chain reaction (qPCR) of taproot vascular tissue in infected or mock-treated H7996
or Marmande tomato plants. Plants containing an R. solanacearum inoculum of 105 colony-forming unit (CFU) g�1 were selected and xylem vascular tissue
from the taproot-to-hypocotyl transition zone, comprising of metaxylems and surrounding parenchyma cells was collected for RNA extraction and
complementary DNA (cDNA) synthesis. In parallel, xylem tissue was collected from mock plants. Heatmaps show log2 fold change RTA (relative transcript
abundance) values of infected vs mock for Marmande (left) and Hawaii (right). The tomato gene encoding for the alpha-subunit of the translation
elongation factor 1 (SleEF1 a) was used as endogenous reference. Three biological replicates (n = 3) were used, and taproots of six plants were used in each
replicate. All the original qPCR results can be found in Supporting Information Figs S3–S6. The scheme represents the phenylpropanoid and suberin
biosynthesis pathways providing lignin-like and suberin precursors for the ligno-suberin heteropolymer. Abbreviations: PAL, phenylalanine ammonia-lyase;
C4H, cinnamate-4-hydroxylase; C3H, coumarate 3-hydroxylase; 4CL, 4-coumarate-CoA ligase; HCT, hydroxycinnamoyl-CoA shikimate/quinate
hydroxycinnamoyl transferase; COMT, caffeic acid 3-O-methyltransferase; CCoAOMT, caffeoyl CoA 3-O-methyltransferase; CYP86A1 and CYP86B1,
cytochrome P450 fatty acid x-hydroxylases; KCS1/2, 3-ketoacyl-CoA synthase; FAR 1/3/4, fatty acyl-CoA reductase; GPAT5, glycerol-3-phosphate
acyltransferase 5; THT, tyramine hydroxycinnamoyl transferase; TyDC, tyrosine decarboxylase; FHT, feruloyl transferase. The question mark (?) denotes a
hypothetical reaction.
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blue-to-green shift of UV autofluorescence around xylem vessels
occurring specifically in the SlTHT1-3 overexpressor upon infec-
tion, which reveals the presence of ferulates/feruloylamides as
part of the observed vascular deposits. In contrast, no positive

Sudan IV staining was detected, indicating that a canonical
suberin polyester does not seem to be part of vascular coatings in
SlTHT1-3 overexpressing plants. Since Sudan IV only stains
specific moieties of the complex suberin heteropolymer, we can-
not rule out that the observed vascular deposits in SlTHT1-3 are
formed by a noncanonical ligno-suberin heteropolymer that does
not react with Sudan IV. Further investigation will be needed in
order to ascertain the exact nature of the R. solanacearum-induced
vascular deposits in the SlTHT1-3 overexpressor. In conclusion,
our data clearly show that StTHT1-3 ectopic expression provides
a very effective resistance mechanism against R. solanacearum -
potentially mediated by accumulation of elevated amounts of
HCAAs such as feruloyltyramine, which drastically restricts vas-
cular colonization, preventing bacterial spread and blocking the
onset of disease.

Discussion

Ligno-suberin deposits in vascular cell walls and
feruloyltyramine accumulation acts as a resistance
mechanism restricting R. solanacearum colonization in
resistant tomato

In our study, resistant tomato (H7996) was observed to react
aggressively to R. solanacearum infection by reinforcing the walls
of vessels and the surrounding parenchyma cells with UV aut-
ofluorescent phenolic deposits (Fig. 1). An increase in autofluo-
rescence had been previously reported in another resistant tomato
variety, LS-89, although its composition was not precisely
defined (Ishihara et al., 2012). Histochemical analysis of vascular
coatings in resistant tomato upon R. solanacearum infection
showed that suberin-associated autofluorescence was prominent
in the vasculature, in line with previous reports using transmis-
sion electron microscopy (TEM) that showed thickening of the
pit membranes accumulating electron-dense material in tomato
plants resistant to R. solanacearum (Nakaho et al., 2000, 2004).
The suberin nature of these coatings was further supported by
the positive Sudan IV staining of vessels and surrounding
parenchyma cells of H7996 taproot-to-hypocotyl transition zone
upon infection (Fig. 4). These results are in agreement with coat-
ings detected in tomato plants resistant to Verticillium albo-atrum
(Robb et al., 1991), where suberin and lignin were both
deposited in intercellular spaces between parenchyma cells
adjoining a xylem vessel or infusing and occluding pit mem-
branes coatings (Street et al., 1986; Robb et al., 1991). Besides,
inhibition of the phenylpropanoid pathway inhibited the forma-
tion of both lignin and suberin coatings (Street et al., 1986), in
agreement with the ferulic acid requirement to correctly deposit
suberin (Andersen et al., 2021) and reinforcing our observations
of the presence of a ferulate/feruloylamide-derived polymer
detected in H7996 R. solanacearum (Fig. 4). In line with this,
NMR data of resistant H7996 tomato vascular tissue revealed the
presence of tyramine-derived amides and feruloylamides incorpo-
rated into the cell wall and also an enrichment in poly-aliphatic
structures characteristic of suberin (Fig. 2) (Grac�a, 2015; Legay
et al., 2016; Figueiredo et al., 2020).

Fig. 6 Overexpression of SlFHT-HA in susceptible tomato slightly restricts
colonization by Ralstonia solanacearum. (a, b) A pathogenicity assay was
performed comparing wild-type (Wt) and three independent 35S::SlFHT-
HAMarmande tomato lines (a, c and d) after infection with R.

solanacearum GMI1000 lux reporter strain. Five-wk-old plants were soil-
soak inoculated with c. 19 107 colony-forming unit (CFU)ml�1 or mock
and grown at 28°C. (a) Wilting progress was monitored by rating plants
daily on a 0 to 4 disease index scale where 0 = healthy and 4 = 100%
wilted. Plotted values correspond to means � standard error of 24
independent plants (n = 24) from a representative experiment out of a
total of three. Asterisks indicate statistically significant differences between
Wt and each of the 35S::FHT-HA analyzed using a paired Student’s t-test
(*, P < 0.05). (b) The level of R. solanacearum colonization in the taproot
and hypocotyl was calculated as colony forming units per gram of fresh
taproot tissue (CFU g�1) at 12 d post infection (dpi). Data are represented
with box and whiskers plots: whiskers indicate variability outside the upper
and lower quartiles and boxes indicate second quartile, median and third
quartile. Data presented are of a representative experiment out of a total
of three experiments. In (a) a Kruskall–Wallis test at each dpi was
conducted to examine differences in disease index among different
genotypes. Significant differences among genotypes were confirmed by
applying a pairwise Wilcox test. Asterisks indicate statistically significant
differences between wild-type and 35S::FHT-HA tomato lines in (a)
(*, P < 0.05).
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Fig. 7 Overexpression of SlTHT1-3 in susceptible tomato confers resistance to Ralstonia solanacearum. (a, b) A pathogenicity assay was performed
comparing wild-type (Wt) and 35S::SlTHT1-3 tomato lines (Moneymaker background) after infection with R. solanacearum lux reporter GMI1000 strain.
Five-wk-old plants were soil-soak inoculated with c. 19 107 colony-forming units (CFU)ml�1 and grown at 28°C. (a) Wilting progress was monitored by
rating plants daily on a 0 to 4 disease index scale where 0 = healthy and 4 = 100%wilted. Plotted values correspond to means � standard error of 24
independent plants (n = 24) from a representative experiment out of a total of three. Asterisks indicate statistically significant differences betweenWt and
35S::SlTHT1-3 using a Kruskall–Wallis test at each day post infection (dpi) was conducted to examine differences in disease index among different
genotypes. Significant differences among genotypes were confirmed by applying a pairwise Wilcox test (*, P < 0.05; ***, P < 0.0001). (b) Pictures were
taken 12 dpi. Wt plants were arranged according to the degree of symptom severity (from 4 to 0). (c) Transgenic 35S::SlTHT1-3 tomato significantly
restricted R. solanacearum colonization in both the taproot-to-hypocotyl transition zone and hypocotyl compared to Wt. Five-wk-old tomato plants were
root-inoculated with a R. solanacearum GMI1000 luciferase reporter strain at a concentration of c. 19 107 CFUml�1 or water mock. The level of in planta
colonization by R. solanacearum was calculated as colony forming units per gram of fresh taproot tissue (CFU g�1) at 12 dpi. Data are represented with
box and whiskers plots: whiskers indicate variability outside the upper and lower quartiles and boxes indicate second quartile, median and third quartile.
Box-and-whisker plots show data from a representative experiment out of three (n = 14–16) (***, P < 0.0001). (d) Transverse stem cross-sections of Wt
and transgenic 35S::SlTHT1-3 tomato lines were imaged under a confocal microscope 6 d after infection with a R. solanacearum GMI1000 green
fluorescent protein (GFP) reporter strain. Ralstonia solanacearum at a concentration of 105 CFUml�1 was injected directly into the xylem vasculature of
the first internode thorough the petiole. Orange arrow points the site of inoculation. Representative images of R. solanacearum colonization progress at
the point of inoculation are shown. Bar, 2 mm. (e) Mean green fluorescence of the GFP signal emitted from R. solanacearum at cross-sections obtained as
described in (d) at the point of inoculation (0), below the point of inoculation (�0.5 cm) and above the point of inoculation (+0.5 cm) was measured using
IMAGEJ. Data are represented with box and whiskers plots: whiskers indicate variability outside the upper and lower quartiles and boxes indicate second
quartile, median and third quartile. Data from a representative experiment out of a total of three, with n = 5 plants per condition. In (a) a Kruskall–Wallis
test at each dpi was conducted to examine differences in disease index among different genotypes. Significant differences among genotypes were
confirmed by applying a pairwise Wilcox test. Asterisks indicate statistically significant differences between wild-type and 35S::SlTHT1-3 tomato lines in (a)
(*, P < 0.05; **, P < 0.001).
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Beyond histochemistry and spectroscopic signature detections,
further evidence supporting the nature of these ligno-suberin
coatings as responsible of the resistance observed in H7796 to
R. solanacearum was unequivocally provided transcriptionally
using gene markers. Tissues undergoing suberization have to go

through a complex reprogramming involving a network of
metabolic pathways, in order to produce the precursors of the
polymer and their polymerization into the matrix (Lashbrooke
et al., 2016). Transcriptional reprogramming associated to
suberin biosynthesis was clearly observed in the taproot-to-

Fig. 8 Overexpression of SlTHT1-3 in susceptible tomato results in vascular autofluorescence not-quenched with phloroglucinol and cell wall ferulate/
feruloylamide deposition in restricted zones of vascular tissue upon Ralstonia solanacearum infection. Susceptible wild-type Moneymaker (Wt) or resistant
35S::SlTHT1-3 overxpressing tomato plants were soil-inoculated with a c. 19 107 colony-forming unit (CFU)ml�1 suspension of R. solanacearum
GMI1000 lux reporter strain. Cross-sections were obtained from taproot-to-hypocotyl of both genotypes tissue containing 105 CFU g�1 of R.
solanacearum. (a) Cross-sections were stained with phloroglucinol-HCl and observed under brightfield to visualize lignin deposition (left) and under
ultraviolet (UV) to visualize other autofluorescent compounds different from lignin (not quenched with phloroglucionol-HCl) (right). (b) Combined Sudan
IV+KOH treatment showed no positive suberin aliphatic signal in SlTHT1-3, but a significant increase in ferulate/feruloylamide accumulation upon
infection. (c) Close-ups (109) of the vascular bundles of Wt and 35S::SlTHT1-3 infected plants pointed with a white arrow in (b) are also shown. Images
from a representative experiment out of three with n = 6 plants per cultivar. (d) Quantification of UV fluorescence after phloroglucinol-HCl staining as
shown in (a, right) were performed with LAS X software by selecting the vascular areas surrounding main vessels with strong localized fluorescence or green
signal. (e) Quantification of UV green fluorescence from ferulate deposits after Sudan IV+KOH staining as shown in (a, right) were performed with LAS X
software by selecting the vascular areas surrounding main vessels with strong localized fluorescence or green signal. Data in (d, e) are represented with box
and whiskers plots: whiskers indicate variability outside the upper and lower quartiles and boxes indicate second quartile, median and third quartile.
Different letters indicate statistically significant differences (a = 0.05, Fisher’s least significant difference test). Bar, 500 µm.
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hypocotyl transition zone vascular tissue of resistant H7996
tomato upon infection with R. solanacearum (Fig. 5). Interest-
ingly, PAL, which showed modest upregulation in resistant
H7996, had been previously defined as a rate-limiting enzyme of
phenylpropanoid pathway (Faragher & Brohier, 1984; Howles
et al., 1996). Considering this, the observed upregulation could
provide more tyramine and feruloyl-CoA, which together with
the upregulation of THT would be in agreement with the
increased presence of feruloyltyramine detected by 2D-HSQC-
NMR (Fig. 2a).

The 2D-HSQC-NMR also revealed differences in the compo-
sition and structure of lignin between resistant and susceptible
tomato cultivars after infection (Fig. 2). The amounts and the
level of lignin of a particular tissue affect wall strength, degrad-
ability and pathogen resistance (Cho et al., 2012; Mnich et al.,
2020). However, its role in resistance/susceptibility responses is
not fully understood. Part of the challenge lies in the fact that its
composition seems to be less static than what was previously
established. A large variety of lignin-like polymers may co-exist
in plants depending on the developmental or environmental con-
text. This becomes particularly relevant in plant–pathogen inter-
actions, where a large variety of compounds linked to lignin
differentially accumulate upon infection (Cho et al., 2012; Zeiss
et al., 2019). The observed lignin structural differences after
infection indicate that (1) under basal conditions the two tomato
varieties display differences in the composition and structure of
lignin and (2) R. solanacearum infection affects very differently
the lignin fraction in the two varieties: resistant tomato shows
only a slight decrease in the S : G ratio that may be linked to an
accumulation of the ligno-suberin heteropolymer, while suscepti-
ble Marmande undergoes pronounced depolymerization that cor-
relates with a decrease in ferulate/feruloylamide (Fig. 3a).
Although R. solanacearum has not been shown to be able to
specifically depolymerize lignin, the pathogen secretes enzymes
that can degrade cell wall polysaccharides and could participate
in the observed Marmande stem collapse phenotype (Fig. 1a). In
resistant H7996, however, vascular ligno-suberin-containing
coatings would allow to create a hydrophobic barrier to prevent
enzymes from accessing the cell wall substrates and at the same
time create reinforcements, contributing to resistance to the
pathogen. The fact that these reinforcements are rich in tyra-
mine/feruloyltyramine, may further reinforce the structural bar-
rier, providing rigidity and hampering cell wall digestibility by
the pathogen’s hydrolytic enzymes (Macoy et al., 2015a,b; Zeiss
et al., 2021). In addition to that, resistant H7996 may have
evolved yet undiscovered mechanisms that directly prevent lignin
degradation by the pathogen.

Overall, our data indicate that vascular coating with wall-
bound ligno-suberized compounds may restrict horizontal spread
of the bacterium (Fig. 1). In comparison, susceptible tomato is
either not able to induce such vascular coating upon
R. solanacearum infection or induces a very weak response (Figs 1,
3), potentially predisposing its vascular walls to disruption by the
pathogen’s cell wall degrading enzymes. Considering that both
varieties seem to possess the metabolic components to build such
barriers, the difference in response may be a direct effect of the

differential transcriptional activation of the pathway in vascular
tissue of H7996 compared to Marmande. The fact that varieties
with moderate resistance to R. solanacearum show intermediate
restriction of colonization (Planas-Marqu�es et al., 2019), indicate
that the formation of these barriers may be a quantitative trait.
However, this also opens the possibility that the differential tran-
scriptional activation of the ligno-suberin pathway observed in
resistant tomato may have evolved as an effective mechanism to
execute defense responses triggered by activation of an immune
receptor upon R. solanacearum recognition. Very few immune
receptors involved in perception of vascular wilt pathogens have
been identified so far, and the mechanisms involved in translating
this recognition into effective defense responses in the vasculature
remain vastly unknown. Considering that the xylem is a dead tis-
sue, it is expected that the surrounding parenchyma cells will
have a pivotal role in perception of the pathogen as well as
the signaling leading to the synthesis and wall-binding of the
metabolites involved in vascular coating structures, such as the
one described here. In fact, xylem parenchyma cells have been
shown to synthesize vascular coating components in response to
the wilt pathogen V. albo-atrum (Street et al., 1986). However,
how suberin is synthesized and deposited in the xylem is still
poorly defined. Exciting research currently ongoing in this area
will certainly help understanding the origin and transport of
ligno-suberin components to form inducible vascular deposits in
response to pathogens. This will also help determine the exact
point of perception of the pathogen (at a cell type or tissular
level). Identification of pathogen-inducible pathways specifically
occurring in resistant varieties such as the one presented here
open new avenues of research to shed light on this biologically
and agronomically relevant question.

Based on the earlier observations, we propose the following
model (Fig. 9). When reaching the xylem vessels of resistant
H7996, R. solanacearum multiplies and tries to invade the sur-
rounding healthy vessels and parenchyma cells by degradation of
the xylem pit membranes and walls. Resistant tomato plants
respond to R. solanacearum vascular invasion depositing feruloyl-
tyramine and other HCAA-tyramine derived compounds, and
suberin. These deposits would block the pit membrane access
and serve as coatings of the vessel walls and parenchyma cells pre-
sent in the immediate vicinity of colonized vessels, compartmen-
talizing the infection. These ligno-suberized layers together form
a ‘zone of ligno-suberization’ creating a strong physico-chemical
barrier to limit R. solanacearum spread.

Engineering tomato resistance against R. solanacearum by
inducing the tyramine-HCAA pathway

Considering the observed accumulation of ligno-suberin and cell
wall-linked feruloyltyramine in resistant H7996 tomato in
response to R. solanacearum infection, we sought to understand
the implications of overexpressing genes involved in the synthesis
of these compounds in susceptible tomato cultivars upon
R. solanacearum infection. We focused on FHT and THT and
because their corresponding transcripts are upregulated in the
xylem vasculature of resistant tomato upon R. solanacearum
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infection (Fig. 5) and they are the enzymes related with the syn-
thesis of suberin ferulates and ether linked feruloyltyramine,
respectively.

SlFHT overexpression had a small effect on the responses of
susceptible tomato against R. solanacearum, showing a slight
delay in wilting symptoms together with a slight decrease of bac-
terial loads in the plant (Fig. 6). The fact that increasing the levels
of FHT in Marmande does only result in a marginal increase
in resistance might be linked to a shortfall of aliphatic precursors
in this variety (Fig. 5), which constrain a subsequent increase in
suberin synthesis. In contrast, transgenic tomato overexpressing
SlTHT1-3 on a susceptible background was highly resistant to
R. solanacearum (Fig. 7). Importantly, this transgenic line was
previously shown to accumulate elevated amounts of soluble
HCAAs such as feruloyltyramine and also SA upon infection
with the bacteria Pseudomonas syringae pv. tomato (Pto) and to
slightly but significantly restrict bacterial growth (Campos et al.,
2014). Since SA does not seem to play a major role in defense
responses against R. solanacearum (Hirsch et al., 2002;
Hern�andez-Blanco et al., 2007; Hanemian et al., 2016), accumu-
lation of this hormone in SlTHT1-3 overexpressing line may not
be the major underlying cause of the observed increase in resis-
tance in this line. Alternatively, enhanced production of
tyramine-derived HCAAs may constitute an important defense
strategy against R. solanacearum. Feruloyltyramines exhibit
antimicrobial activity (Fattorusso et al., 1999; Novo et al., 2017)
and that they can be involved in plant priming or an adaptive
strategy where plants are in a physiological state with improved
defensive capacity (Zeiss et al., 2021). These tyramine-derived

HCAAs overproduced in SlTHT1-3 overexpressing plants may
interfere with R. solanacearum colonization by becoming incor-
porated into the vascular and perivascular cell walls, providing a
stronger crosslinking and restricting the movement of the
pathogen inside the plant (Fig. 8) but also partly by remaining
soluble and acting as direct antimicrobial agents against the
pathogen. Ralstonia solanacearum possesses a hydroxycinnamic
acid degradation pathway and it has been shown that mutants
that cannot degrade hydroxycinnamic acids are less virulent on
tomato (Lowe-Power et al., 2015; Zhang et al., 2019), which
clearly underscores the importance of HCAAs in the arms race
taking place in this pathosystem. Considering that the ligno-
suberin pathway and HCAAs are well-conserved across the plant
kingdom (Philippe et al., 2020; Kashyap et al., 2021; Zeiss et al.,
2021), these findings open the possibility to engineer disease
resistance in other R. solanacearum hosts by manipulating these
pathways. Interestingly, ligno-suberin deposits and accumulation
of HCAAs have been reported in response to drought (Macoy
et al., 2015a,b; Zhang et al., 2020). Therefore, engineering these
pathways could have a double impact both on biotic and abiotic
stress responses, improving plant performance in the field under
adverse conditions.

In conclusion, we have provided evidence of the formation of
a ‘ligno-suberization zone’ enriched in ether-linked feruloyltyra-
mine and possibly related amides as an effective strategy to con-
fine R. solanacaerum into infected vessels of resistant tomato
plants, preventing horizontal spread of the pathogen into healthy
tissues and delaying disease symptoms. Resistance against
R. solanacearum can be attained in susceptible tomato

Fig. 9 Schematic representation of the vascular ligno-suberization process potentially taking place in infected vessels of resistant H7996 tomato upon
Ralstonia solanacearum infection. Colonization of the vasculature by R. solanacearum in resistant tomato plants induces a ligno-suberization process in the
walls of the infected vessel (V) and of the adjacent tracheids (T) and parenchyma cells (XP) (red). The lignin-like polymer accompanying suberin would be
enriched in structural feruloyltyramine and related amides. The signal of structural ferulic acid (ester or as amide) would extend to the walls of peripheral
parenchyma cells, vessels and tracheids (green), indicating a stage preceding suberization or a final layered pattern, still to be resolved. Together, the red
and green areas, would form a ‘zone of ligno-suberization’ (black dashed line) potentially creating a physico-chemical barrier to limit R. solanacearum
spread from the colonized xylem vessel lumen.
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background by stably overexpressing THT potentially contribut-
ing. In the future, it will be interesting to investigate the contri-
bution of HCAAs and suberin to resistance against the pathogen,
the mechanisms whereby R. solanacearum perception leads to the
formation of a ligno-suberin coatings around the vasculature in
resistant tomato varieties. Increasing the spatio-temporal resolu-
tion of the tomato–R. solanacearum interaction will be instru-
mental to reach a deeper insight into structural resistance
mechanisms. Also, since vascular confinement has been reported
in different plant species as a means of resistance against various
vascular wilt pathogens (De Ascensao & Dubery, 2000; Mart�ın
et al., 2008; Xu et al., 2011; Sabella et al., 2018), the level of con-
servation of vascular ligno-suberin deposition and HCAAs as a
constituent of vascular coatings and part of a resistance mecha-
nism remains to be determined.
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