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Biological life is possible mainly thanks to the combined action of organic 

molecules such as carbohydrates, lipids and proteins that carry out essential functions 

supporting organisms existence. Among them, proteins are probably the most complex 

and interesting macromolecules due to the immense number of activities they can 

develop. It is well known the key role that proteins play in all living organisms even if a 

high amount of them remain still undiscovered or their biological significance 

unidentified. Proteins are responsible for the metabolic reactions carried out within the 

cells, are structural components, take part in the signaling process, are involved in the 

respiratory chain, are the motor of cell movement in both unicellular and pluricellular 

organisms and form the basis of the immune system, just to mention some of their 

functions.  Thus, proteins have a great deal of importance regarding the good 

performance of any organism. In fact, the lack of a specific protein, the failure in 

reaching its proper structure or the misregulation of its activity can derive in many cases 

in disease. Some examples of protein-linked diseases are: cystic fibrosis, diabetes, 

Alzheimer or Parkinson. 

In this scenario it is obvious the interest that the protein universe rise for 

biotechnological and biomedical applications. Many protein activities have been proved 

extremely useful for industry. From diary1 to mining industry2 we can find examples of 

processes carried out by purified enzymes, proteins acting as catalysers of a specific 

reaction, or microorganisms, pointing out that there are enzymes within the 

microorganisms which are responsible for the mentioned reaction. Industry has been 

largely benefited by the stereoselectivity and substrate specificity of enzymes as well as 

by the ability of proteins for performing reactions in friendlier conditions than the ones 

provided by classical chemistry, improving in most of the cases the safety of the process 

and reducing the amount of possible hazardous by-products. But also, proteins have 

been considered the final product themselves; such is the case of lipases and other 

enzymes that we commonly find in detergents3.  

In the medical field we can find examples of proteins with a high relevance in 

human health too. In this regard many proteins have been successfully marketed such as 

insulin, cytokines, interferon and immunoglobulins with many uses in disease treatment, 

diagnosis processes and research of new treatments.  

 



 
 

Protein synthesis occurs in ribosomes by the combination of 20 amino acids 

linked through the formation of peptide bonds. The sequence of amino acids or 

polypeptide chain can differ in length and composition and represents the primary 

structure of the forming protein.  However, this chain needs to be folded to achieve its 

three dimensional (3D) structure and thus protein functionality.  

A completely folded protein shows several levels of structural complexity being 

the unfolded protein the simplest one. We also find secondary structure in which inter-

residue interactions are established conferring a certain degree of stability, among the 

most common secondary structures found in proteins are α-helix and β-sheet. Then, 

these structures are organized and maintained in a stable 3D structure by disulphide 

bonds, ionic bonds, hydrophobic interactions, hydrogen bonds and Van der Waals forces 

within the amino acids of the protein backbone resulting in tertiary structure. An extra 

level of complexity appears when, in order to carry out its biological activity, a protein 

needs to interact with other proteins or subunits; these complexes constitute the 

quaternary structure. However, protein folding shouldn’t be seen as a sequential 

pathway, in which a predetermined series of interactions and transitional structures 

must occur before reaching the native conformation rather than as a unique process in 

which different type of interactions guide the polypeptide chain to a functional 3D 

structure.  

To better understand how protein folding takes place it is important to note that 

all the information required for the proper protein folding is encoded within the amino 

acid sequence4. However, so far the complexity of this process has not been elucidated. 

It is known that proteins don’t fold randomly since the time required to try every 

possible conformation till ending by chance into the native structure will be extremely 

long5. The most accepted model to describe protein folding pathway combine the 

formation of secondary structure, restricting the number of combinations in which 

residues within the polypeptide chain could interact, and the hydrophobic collapse. The 

last mentioned event is induced by interactions established between non-polar residues 

that would situate themselves in the core of the protein, leaving in the external part the 

most hydrophilic zones (molten globule state). Thus, a folding nucleus is created, around 



which the remainder structure condenses rapidly6, 7.  From a thermodynamic point of 

view this process would lead unfolded protein through an energetic landscape till 

arriving to a stable state where the free energy is the lowest (figure 1). This minimum 

corresponds to the protein native structure. However, several depressions of free 

energy could be found along the pathway, being more frequent the bigger and complex 

is the folding protein. These transient minimums of free energy show the semi-stable 

folding intermediates adopted by the polypeptide chain during its folding process8.  

 
      Figure 1  Schematic representation of the protein folding energetic landscape. 

Nevertheless, due to the complexity of the folding process in which so diverse 

variables intervene (including aminoacid sequence, environmental conditions, cell 

metabolism or interaction with other proteins), not all the synthesized polypeptide 

chains reach their native conformation. These protein species are known as misfolded 

proteins. Misfolded species often expose on their surface hydrophobic patches that 

should be situated in the core of the protein when they are in their native form. This 

results in highly unstable molecules when they are placed in an aqueous environment 

such as the cell cytosol9. Thus, misfolded species will tend to bury their exposed 

hydrophobic regions by the interaction between two or more misfolded proteins 

through their hydrophobic patches originating protein aggregation. When protein 



 
aggregation occurs in recombinant bacteria, it results in amorphous protein deposits 

named bacterial Inclusion bodies (IBs) (see section 3), but also eukaryotic cells can be 

subjected to protein aggregation. In this case two different types of aggregates can be 

formed, aggresomes in which misfolded proteins are deposited around the microtubule 

organizing center and show similar morphology with IBs10 and amyloid fibrils. These 

misfolded protein fibrils are composed by polypeptides that adopt β-sheet structure and 

assembly in a fibril structure by the interaction of repetitive monomers, oriented 

perpendicularly to the fibril axis, by hydrogen bonds11 (figure 2). 

 
Figure 2  Schematic representation of amyloid fibril formation.  

Protein aggregation is one of the major bottlenecks in protein production 

industry when using bacterial platforms as expression system, being Escherichia coli (E. 

coli) the most exploited of them. This phenomenon causes great losses by either 

reducing the amount of soluble protein obtained or increasing the production cost by 

the need to implement complex and not always effective re-folding processes to return 

misfolded species to their native structure. However, protein aggregation has a great 

incidence also in disease. In human health, several pathologies have been found to be 

related with amyloid fibrils or plaques formation such as Alzheimer, Parkinson, 

Huntington and transmissible spongiform encephalopathies like mad cow disease, Kuru 

disease or Creutzfeldt-Jakob disease11. Nevertheless, it is believed that the pathogenic 

form of the above mentioned diseases are the oligomer intermediates found in the 

aggregation process rather than the mature fibril, which in fact could be acting as a 



resistance mechanism to avoid the free circulation of the toxic species. Moreover, 

amyloid fibril formation is not always linked to protein misfolding. Some naturally 

occurring proteins are shown to require amyloid fibril formation to achieve their native 

and therefore biological active state. That is the case of Curli12 and Chaplins13 proteins in 

bacteria or some hormones in which secretion is done in form of amyloid aggregates 

from which soluble protein is steady released14.    

 



 
 

The development of recombinant genetics in the seventies provided the tools that 

allowed engineering DNA sequences by copying, cutting and covalently linking small 

fragments of DNA. These three actions were crucial for recombinant protein production 

origin, since they made possible to introduce genes codifying for proteins of interest in 

expression vectors and to synthetize the protein in a different system than the source 

organism. This fact supposed the possibility of obtaining significant amounts of product 

overcoming the low availability of protein in their natural environment and allowing 

taking advantage of the huge spectrum of functions that these molecules can offer. 

Thus, proteins could be produced and their biological activity exploited in sectors so 

diverse such as the textile industry in which enzymes are used for instance to soften 

cotton fabric or the human health where proteins are commonly applied for diagnosis 

and treatment of many diseases. 

 Several factors play an important role in the success of recombinant protein 

production being the choice of the producing organism the one which will determine the 

subsequent strategy. Nowadays, it is possible to produce heterologous proteins in 

microorganisms like bacteria, yeast or fungi, in insect cells, mammalian cells or even in 

complex organisms like plants or animals. Despite the advantages offered by eukaryotic 

cell cultures, it is important to note that the production process difficulty and therefore 

its cost are proportional to the producing system complexity. However, protein 

production yield usually decrease while increasing the intricacy of the producing 

platform.  

Therefore, a priori, one would choose the simplest platform to perform 

recombinant protein production. Nevertheless, it is important to consider the features 

of the protein of interest, since production in lower organisms, like bacteria, is impaired 

for the production of proteins requiring specific post-translational modifications to 

achieve their biological activity. Among these modifications we can find glycosylations, 

phosphorylations or the formation of disulfide bonds. In some cases it is possible to 

overcome these barriers by using genetic engineered strains15 (see section 2.2.2). 



However, these approaches are not always successful and in some cases the protein 

production in complex systems cannot be avoided.  

  In summary even if some proteins can only be produced in a functional form in 

biologically complex production systems, the first option to set a recombinant 

production process are still microorganisms, mainly E. coli, due to its a priori high 

protein production yield, growth speed, and low cost.  

 

E. coli is a Gram-negative enterobacteria naturally found in the gut of warm 

blood organisms. Being part of the normal intestinal flora, E. coli helps in preventing the 

establishment of pathogenic organisms and providing vitamin K2
16. However, several 

serotypes have been shown to be pathogenic, being one of the major causes of 

foodborne disease17.  

In the laboratory context, E. coli has been widely used and studied to elucidate 

regulatory genetic networks, protein functions or to develop metabolism studies18, 19. 

The extensive investigation of this model organism has provided a huge amount of tools 

also applicable in recombinant protein production. Nowadays, it is available a wide 

spectrum of cloning and protein expression vectors, efficient systems for the 

introduction and manipulation of exogenous DNA as well as E. coli mutant strains, 

optimized to carry out specific activities. In addition, the vast knowledge of E. coli 

metabolism and physiology allows the optimization of the bacterial cell growing and 

protein expression conditions, and also favors an efficient scaling-up of the process 

when necessary. 

 

Several factors have to be considered in order to establish an efficient protein 

production strategy in E. coli, being crucial the choice of the expression vector as well as 

the producing strain.  

 

Vectors are the entities responsible of carrying and transfer genetic information 

from one organism to another. In protein production are used to provide to the 



 
microbial cell factory with the gene encoding the protein of interest.  The most common 

vectors used for protein production in E. coli are plasmids, but other vectors can be 

found such as phagemids20. Bacterial plasmids are small circular extrachromosomal 

double stranded DNA (dsDNA) molecules that replicate autonomously in the cell. They 

are defined by several features or elements that will determine their utility.  

 Origin of replication (ori). The origin of replication is the sequence where 

plasmid replication starts and will determine the plasmid number of copies. Depending 

on the case it would be interesting to use either low or high copy number plasmids 

(from one to several hundreds of molecules per cell). High copy number plasmids show 

higher stability within the cell during cell division but, on the other hand, cells tend to 

grow slower than the ones containing low copy number plasmids. In addition, ori also 

define plasmid compatibility since two different plasmids sharing the same ori cannot 

co-exist. This fact is particularly important for applications in which more than one 

plasmid is required. Some commonly used ori in protein production are ColE1, p15A or 

pMB121. 

 Promoter: A promoter is a DNA region situated upstream of a gene 

devoted to regulate the gene expression. It can be composed by more than one DNA 

sequence. In bacteria, they are usually formed by two short DNA sequences (6-7 

nucleotides) situated at -10 (Pribnow box) and at -35 from the transcription start site. 

Pribnow is an evolutively conserved box essential in order to start the transcription 

reaction. Nevertheless, this box exhibits a certain degree of plasticity regarding the 

forming nucleotides. -35 sequence increase RNA polymerase transcription rate. The 

variability between elements involved in the promoter structure as well as their 

nucleotide composition allows this regulatory region to finely modulate gene expression 

by changing the affinity of these sequences to RNA polymerase and transcription 

factors. These factors also recognize the promoter and regulates transcription rate by 

enhancing or blocking RNA polymerase recruitment22.  

 In protein production, in which usually high production yields are pursued, it is 

common to use strong promoters to control the expression of the gene of interest, 

achieving the amount of recombinant protein in some cases up to 30 % of the total 

cellular protein23. In this context, it is important to note that most of the promoters used 

in protein expression plasmids are inducible by an external agent or condition. That 



means one can control the exact moment to switch on protein expression. This external 

control is crucial when the protein of interest is detrimental for the microbial host. In 

addition, an ideal promoter for protein production should have a low level of basal 

expression since an incomplete repression of the protein production could cause 

plasmid instability or slower cell growth representing a decrease of the production yield. 

At the laboratory scale and more precisely along this work, two common 

promoters have been used for protein production and IB deposition, Ptrc and T7 RNA 

polymerase promoter based system. Ptrc is a synthetic promoter formed by the 

combination of the Tryptophan -35 region and LAC -10 region, it is a strong promoter 

inducible by lactose and its analogues such as isopropyl-β-D-thiogalactopyranoside 

(IPTG)24. pET expression plasmids are based in the T7 RNA polymerase and its promoter, 

which exhibits high levels of protein expression. The gene of interest is placed in a 

plasmid under control of the T7 RNA polymerase promoter and transformed to a specific 

E. coli strain (DE3), containing in its chromosome  the λDE3 prophage with the T7 RNA 

polymerase gene under control of a lacUV5 promoter25. Thus, in presence of lactose or 

IPTG, T7 RNA polymerase production is induced, which in turn transcribes the gene of 

interest. Both promoters contain lac operators, so they are repressed in absence of 

inducer.  

However, despite these systems perform efficiently at the laboratory scale, it is 

advisable to use other types of promoters in larger productions such as promoters 

inducible by temperature (e.g  λpL)24 or inexpensive chemicals (e.g trp, pBAD)26 since 

IPTG, despite being a strong inducer, it is expensive and could be toxic at high 

concentrations.  

 Selection markers: Selection markers are genes placed in the plasmid 

sequence which products confer to the cells containing these plasmids prevalence 

against the ones who lack them.  The most used selection markers in the laboratory are 

genes conferring resistance to determined antibiotics such as ampicillin, kanamycin, 

chloramphenicol or tetracycline. In industry the use of antibiotics is largely 

contraindicated due to the prize and, depending on the product, the potential harm for 

human health. In these cases gene selection by auxotrophies, extensively used in 

yeast27, is more suitable.   



 
 

 Nowadays thanks to the development of recombinant genetics it is available a 

huge variety of engineered strains, each one of them devoted to carry out a specific 

function. In this sense, the most common strains used for protein production are those 

which allow overcoming one or more of the possible bottlenecks found along the 

process. Some examples of E. coli strains are: BL21(DE3)28 knock out for Lon and OmpT 

proteases that may degrade the produced recombinant protein. In addition, the 

presence of the prophage λDE3 enables the use of the T7 RNA polymerase system for 

protein expression. Rosetta strain, which supplies through a pRARE plasmid several tRNA 

for strange codons that often hinder the production of eukaryotic proteins in microbial 

platforms. Origami strains, which are negative mutants for trx and gor genes providing 

an oxidizing cytosol that favors the formation of disulfide bonds29 (see annex 1) and  C41 

(DE3) and C43 (DE3)30, BL21 (DE3) derivatives that have been selected for their capacity 

of expressing membrane proteins otherwise toxic for the host cell. Another interesting 

example is the use of strains that reproduce the eukaryotic glycosylation pathway. In 

this strategy the bacterial strain is engineered by introducing part of the eukaryotic 

glycosylation set of genes31.  

Besides, the possibility of easily modifying the E. coli genome, allows tailoring the 

producing strains towards a desired field of study. Also, mutant strains for specific genes 

can be obtained and used to produce proteins with unpredictable features32. It is the 

case of the K-12 derivatives, defective for DnaK, ClpA and ClpP protein quality 

modulators, used in these work to obtain physico-chemically distinct bacterial inclusion 

bodies (see annex 2).    

  

 

 Protein synthesis and folding is a highly regulated process that can be 

unbalanced by stress conditions such as high temperatures, strong induction of protein 

synthesis or the presence of determined chemicals, among others. In such 

circumstances is when the quality control machinery is more critical in order to prevent 

protein misfolding and aggregation. Here is presented a summary of how this quality 

control system works in E. coli, being one of the most studied model organisms and the 



first choice for recombinant protein production, process closely related with protein 

misfolding and aggregation. 

This machinery acts mainly by two pathways, trying to recover the proper 

structure of misfolded polypeptide chains and destroying those misfolded proteins that 

cannot be properly refold, and may represent a potential danger to the cell.  The first 

activity is accomplished by a type of proteins named chaperones while the proteolysis of 

misfolded proteins is carried out by proteases (figure 3). However, these two activities 

are not completely independent since in many cases chaperones can act cooperatively 

with proteases by providing the misfolded protein in a proteolytic-competent state.  

  

Chaperones are a family of structurally diverse and highly conserved proteins 

devoted to assist proper protein folding. Despite being constitutively expressed to help 

in the folding of newly synthesized polypeptides, many of them are up-regulated under 

stress conditions such as an increase in the temperature. Due to its significant incidence 

in the protein folding process, this family of temperature inducible chaperones has been 

traditionally known as heat shock proteins (Hsps)33.  

Chaperones can be classified regarding activity in: folding, holding and 

disaggregating chaperones. 

Folding chaperones actively promote the folding of their substrates in an energy-

dependent manner, being ATP the molecule responsible of providing the required 

energy. In E. coli there are three systems of folding chaperones: trigger factor34, DnaK-

DnaJ-GrpE and GroEL-GroES35.  

Holding chaperones maintain proteins partially folded preventing these 

molecules from aggregating and providing the time to folding chaperones to carry out 

their function. Some examples of holding chaperones are ibpA and ibpB36.  

Disaggregating chaperones are responsible of dissolving protein aggregates 

when they occur.  Once misfolded proteins are detached from the aggregate surface can 

be directed either to refolding pathway or proteolysis. The most studied disaggregating 

chaperone in E. coli is ClpB37.  



 
 

Proteases are the proteins in charge of degrading misfolded polypeptides. This 

proteolytic process is an energy dependent reaction mediated by ATP in which soluble 

but also aggregated misfolded species are destroyed, releasing the amino acids to be 

reused by the cell.  The most important proteases in E. coli are Lon38 and ClpP39.  

 
Figure 3 Protein folding and misfolding pathway. Steps marked by green triangles indicate chaperone 
favoured processes. Red triangles indicate polypeptide degradation mediated by proteases.  

 



 

Inclusion bodies are non-enveloped protein aggregates which are frequently 

observed in microbial factories over-expressing heterologous protein40. At first, these 

granules were thought to be protein deposits mainly formed by misfolded and therefore 

inactive protein, thus they were considered as non-desired by-products of the 

recombinant protein production process. Nowadays, this perception is changing thanks 

to the steady comprehension increase of the physiology of these protein aggregates. 

Currently, is largely accepted that IBs are able to retain a certain degree of biological 

activity, depending mainly on the forming protein nature41, 42. Interestingly, we can find 

examples such as β-galactosidase, in which IBs exhibit very similar specific activities than 

their soluble equivalent43.  Recent studies have also demonstrated that IB formation is 

not apart from the cell protein quality control network, but closely related with folding 

modulators44 and proteases. Moreover, evidence provided by our and other groups 

prompted the appearance of a new model that breaks the dogma by which protein 

conformational quality is directly linked with protein solubility. In this model, proteins 

present in either soluble or insoluble fraction are equally sensitive to be modulated in 

terms of conformational quality45. This fact is extremely important, since allows 

increasing IB protein conformational quality and therefore biological activity by changing 

process variables such as protein production temperature46. Thus, bacterial IBs have 

passed in a lapse of 10 years from being regarded as waste by-products, due to their 

supposed lack of biological activity, to be seen as biofunctional particles capable of 

performing their biological activity and which production process can be engineered in 

order to optimize the conformational quality of the resulting aggregates. 

 

 

Polypeptide deposition as IBs is mainly a direct consequence of protein 

overproduction. In such situations, commonly observed during recombinant protein 

production processes in which the use of strong promoters or high inducer 

concentrations are regularly applied to achieve the highest production yields, protein 

quality control network can become saturated by the exceeding amount of nascent 



 
polypeptides and misfolded proteins. Therefore, proteins in several folding states are 

deposited in protein aggregates. These misfolded polypeptides expose hydrophobic 

patches which interact to other exposed regions forming the insoluble particle47. 

However, contrarily to what was believed, it has been proved that the aggregation in IBs 

is a rather specific, plastic and dynamic process48. Thus, IB formation should be 

understood as a balance between the self-assembly through stereospecific interactions 

of misfolded or partially misfolded proteins around exclusive nucleation cores and the 

release of solubilized and properly refolded proteins from the particle to the 

environment. When the incorporation rate of polypeptides to the IBs is bigger than the 

release, what happens under protein overproduction conditions, IB formation occurs. In 

addition, the inverse transition is also possible. It is has been observed how in absence 

of new protein synthesis, for instance, when protein synthesis is arrested by the addition 

of chloramphenicol, IBs are resolubilized in few hours and a transition of polypeptides 

from the insoluble to the soluble fraction is detected in terms of increasing the amount 

and biological activity of the protein present in the last one49, 49. Thus IBs can be seen as 

a transient reservoir of protein in which the forming polypeptide can go from the 

insoluble aggregate to the soluble fraction and viceversa.  

From a physiological point of view, it has also been speculated that IB’s origin 

could be the consequence of a protective mechanism of the host cells. Some studies 

have revealed many resemblances between amyloid fibril formation and IB deposition, 

being both rich in inter molecular β-sheet structure, exhibiting aggregation hot spots, a 

seeding-driven aggregation process and tropism for amyloids binding dyes50-52.  In this 

regard, it is plausible to think that, as it happens in amyloid aggregation diseases, IB 

could be selectively recruiting and immobilizing soluble misfolded species or aggregation 

intermediates. Being proved that the most harmful species are those with exposed 

hydrophobic patches circulating through the cell, IB body formation could be the result 

of a highly conserved protective strategy against misfolded protein derived damage53. 

 

IB particles are found in the insoluble fraction of prokaryotic cells, usually 

associated with a protein overexpression process, especially when these proteins are 

from mammalian or viral origin. One, eventually two, IBs are produced per cell in a polar 



situation, showing a high refractivity under optic microscope. However, secreted 

proteins can also aggregate forming IB placed in the periplasmic space54. 

These particles are non-enveloped, porous and highly hydrated structures with 

variable size between 50 nm to 2 μm55, 56. IB size is determined by the combination of 

several factors such as the producing protein sequence, the genetic background of the 

host cell, or process variables like temperature or induction time among others. Once 

purified, these aggregates commonly exhibit spherical or cylindrical morphology56, 57.  

 
Figure 4 Purified VP1GFP IBs. A) Fluorescence microscopy image of VP1GFP IBs. B) Scanning electron 
microscopy (SEM) micrograph of VP1GFP IBs.  

Due to the stereo-specificity of the IB deposition, these particles result in highly 

pure protein deposits that can reach 95% of the recombinant protein content58.  

Nevertheless, minor amounts of other cell proteins can be found as well as other 

contaminants that have unspecifically precipitated such as lipids, DNA and RNA 

molecules59, 60. In addition, folding modulators have also been regularly identified as IB 

components.   

Polypeptides within the aggregate coexist in several conformational states. In 

fact, the presence of biological activity in IBs proves that at least part of the embedded 

protein is in its native or native-like conformation. In addition, some studies have shown 

the ability of releasing soluble active globular protein from the aggregate42. On the other 

hand, during the last years several works have provided evidence of the presence of β-



 
amyloid structure in these particles, identifying amyloid resistant fibrils by transmission 

electron microscopy after proteinase K digestion of the globular species53.  

 

What determines if a protein is prone to aggregate as a IB when produced in a 

microbial host is still unknown, although some evidences suggest that the own protein 

sequence could be playing an important role in protein aggregation by the presence of 

particular regions known as aggregation “hot spots”. The incidence of these regions has 

been used to develop computational approaches to study protein tendency to 

aggregate61. 

  Despite polypeptide sequence influence in the IB aggregation pattern, other 

variables can affect this pathway such as the genetic background and process 

parameters. In that sense, process variables and more specifically protein expression 

temperature has been shown to alter protein deposition process by modulating the 

protein expression rate. Therefore, different aggregates, regarding their structure and 

composition, can be obtained (see table 1)62-64.   
Temperature IB features 

<Physiological T° 

 More fragile. 
 Sensitive to mild detergent treatments. 
 Higher extent of biologically active 

protein. 

=Physiological T° 
 Stable protein deposits. 
 Presence of biologically active protein. 

>Physiological T° 

 Unspecific aggregation due to the mild 
denaturing conditions of the production. 

 Lower level of biological activity. 
 Poorly pure particles. 

                           Table 1 Aggregate features regarding their producing temperature. 
 

Besides, IB deposition it is also determined by the molecular environment during 

the aggregation process, being especially critical the presence of the proper folding 

regulators. Thus, when fabricating IB in E. coli strains defective for key genes of the 

protein quality control network, the resulting aggregates also exhibit different features 

regarding their chemistry and mechanical integrity. (see annex 2).  



 

Classically, IBs have been easily isolated by its high density from other cell 

contaminants using ultrasonication or enzymatic treatments to disrupt cells and release 

the particles, followed by centrifugation procedures. Depending on production scale, 

also French press and high pressure homogenization can be used. After that, several 

simple treatments can be carried out to remove possible impurities coprecipitated with 

the IBs. These washing steps usually consist in mild detergents such as Triton-X or NP40 

treatments, DNAase treatment or the addition at low concentrations of chaotropic 

agents (see figure 5).  

 
Figure 5  Typical approaches for IB purification.  

However, the raising spectrum of IB applications and the increasing 

understanding of the aggregates structure have raised the need of more specific and 

efficient purification methods regarding the ultimate application of the produced 

material. For instance, harsh disruption methods and detergent treatments should be 

avoided when producing IB at low temperatures or when the resulting IB structures 

present high tendency to be resolubilized65, since they exhibit lower levels of mechanical 

stability and such treatments would represent a significant loss of functional protein62. 

Thus, when applying one or other purification process, several factors must be taken 

into account. Depending on the IB mechanical stability, the producing microbial host and 

the final application of the material, the purification procedure should be optimized in 



 
order to release as many particles as possible without compromising IB integrity and 

completely removing microbial cell contamination when required (see annex 3). 



 

Bacterial IBs have been regarded as waste by-products of recombinant protein 

production since they first were identified. However, the extensive study of IB 

deposition process during the last decade raised the appearance of new applications for 

these protein deposits. 

 

Bacterial IBs, being highly pure protein deposits can be used as source of protein 

from which the forming polypeptides can be extracted to obtain the protein of interest 

in their soluble form. However, usually IB resolubilization procedures require protein 

denaturalization and technically complex, and not always efficient, in vitro refolding 

protocols66. In this regard, some studies have shown that lowering the protein 

production temperature is possible to obtain aggregates with higher extents of 

biologically active polypeptides that are sensitive to resolubilization under mild 

detergent treatments simplifying enormously the protein extraction process46, 62.  

 

Similarities between IB structure and formation with mammalian amyloid fibrils 

aggregation promote the use of IBs as model platform to study the physiology of 

prionic67 and amyloid-related diseases, which have every day increasing incidence in 

human health in the developed countries68. An interesting example of the use of IBs as a 

model has been provided by Villar and co-workers, in which they used bacterial IBs as a 

screening platform to test amyloid aggregation inhibitors69. 

 

  The use of IBs as immobilized biocatalysts is probably the most exploited 

application. Enzyme immobilization as IBs present many advantages compared to the 

classical immobilization methods in which pure soluble protein is required. IB intrinsic 

features such as their ability to retain biological activity, high purity grade and its simple 

purification process, allow reducing the production process cost enormously by 



 
producing the enzyme of interest in IB insoluble form. In this regard several studies have 

successfully fabricated IBs and used them straight forward as immobilized enzyme for 

biocatalysis. Some examples are β-galactosidase41, human dihydrofolate reductase 

(hDHFR)41, polyphosphate kinase (PPK)70, D-aminoacid oxidase (DAO)71 and sialic acid 

aldolase (SAA)72 . In addition, IBs exhibit promising features for their use in industrial-

scale bioreactions, since these particles are mechanically stable, highly hydrated and 

only minor amounts of the IB forming protein are released to the aqueous environment 

during the first minutes of incubation42. After that period, IBs remain stable in terms of 

size and biological activity73. Therefore, IBs formed by enzymes can be used in several 

cycles with only a small decrease of their biological activity74. 

   



 

Humanity has been exposed to disease and injury since the beginning of its 

existence. This fact early raised the need to develop treatments to help in the recovery 

of ill people or to ease the pain. At first, a very rudimentary, often mixed with mysticism, 

practice was carried out based on the observation and use of some plants and other 

natural elements such as animal parts or minerals, but with time empirical knowledge 

and experience lead to work out useful tools for the medical tasks. In fact, there is 

evidence that in the ancient Egypt surgical procedures were applied. From that time 

point to the current medicine countless advances have been done in the understanding 

of the human anatomy and physiology, but it has been the study at the cellular and 

molecular level, started in the last century, what has really changed the approaches 

used to treat diseases. Thus several medical fields have risen being regenerative 

medicine one of the most promising disciplines. 

Regenerative medicine is a term referred to the integration of different 

biomedical approaches intended to restore or establish normal cell or tissue function in 

damaged cells or tissues. This area can be divided in three main fields: gene therapy, cell 

therapy, and tissue engineering. Within cell therapy, an especial mention is deserved to 

stem cell based therapies since combined with tissue engineering approaches represent 

the most promising alternative to restore tissue functionality 

 Gene therapy consists in the delivery of nucleic acids to cells in order to restore 

their functionality. Cell activity can be impaired by several causes: the lack of a specific 

gene product, misregulation of gene expression or injury. Thus, regarding, the nature of 

the damage, different strategies can be implemented. For instance, the lack of an 

specific gene can be overcome by delivering the gene of interest in a protein expression 

vector75. Up regulation of genes can be treated by delivering siRNA76. Injured tissue can 

be restored by the delivery of genes encoding growth factors able to stimulate the own 

tissue repair or when complemented with cell therapy77, leading stem cells to 

differentiate into the damaged tissue lineage.  



 
In gene therapy approaches is extremely important the choice of the delivering 

vector since it will determine the efficiency and toxicity of the technique (see figure 6).  

 
Figure 6  General classification of typical vectors used for gene therapy. 

 

Cell therapy is directed to restore a tissue or organ by introducing cells capable of 

developing the function of the mentioned tissue or by stimulating other cells to do it. In 

this regard different approaches under study comprise: autologous cell therapy, 

allogeneic cell therapy and xenotransplantation.  

Autologous cell therapy consists basically in the harvesting, ex vivo expansion and 

reintroduction in a damaged site of a specific cell type. In that sense, some treatments 

are being studied including chondrocytes for cartilage repair78, keratinocytes for burned 

damaged tissues79 or myocytes for myocardial repair80 among many others. This 

strategy would be ideal in terms of immunocompatibility but also shows limitations 

related to the availability of tissue in order to isolate an amount enough of cells for an 

effective therapy. Moreover, primary cultures can suffer a significant decrease in cell 

viability or dedifferentiate during the culture period.  



On the contrary allogeneic cell therapy doesn’t present this shortage in cell 

availability but makes necessary to combine immunosuppressant treatment to avoid 

graft rejection.  
Xenotransplantation, also known as cross species transplantation, has been 

extensively investigated in the last 20 years in order to overcome immunogenic derived 

problems and cross-species pathogen infectivity. In this regard transgenesis has allowed 

tailoring gene expression towards a human pattern while suppressing the expression of 

endogenous genes in pigs81, 82. Thus, since the fabrication of artificial organs are still far 

from optimized, mainly due to the difficulty of scaling up the in vitro forming organ, 

xenotransplantation should be taken into account as a possible alternative.   
 

Stem cell is a term used to define cells that have the distinctive ability of self-

renewal, being able to go through numerous cell divisions without losing their 

undifferentiated state. Moreover, almost all of these cells are able to originate through 

differentiation processes distinct cell types.  

Stem cells can be found in small amounts in most human tissues. However, 

tissues are formed, mainly by differentiated, specialized cells that have a limited life 

span. Thus, a steady income of new cells to maintain tissue functionality is required. In 

this regard, stem cells are devoted to provide a source of cells, able to differentiate in 

the needed tissue cell type for their renewal.    

One can distinguish between embryonic stem cells (ESCs) and adult stem cells 

(ASCs).  ESCs can be isolated from early stage embryos and show the ability to origin all 

three primary germ layers derived cells, known as pluripotency83. On contrary, ASCs are 

multipotent cells obtained from different tissues of adult organisms. Multipotent cells 

have a more restricted scope than pluripotent cells regarding the possible progenies 

they can generate. ASCs can be classified depending on the tissue source. Thus, a 

considerable spectrum of adult stem cell can be obtained: hematopoietic, mesenchymal, 

neural and epithelial stem cells from bone marrow (the first and second), brain and 

intestine respectively84, but also some reports revealed umbilical cord tissue85, primary 

teeth86, adipose tissue87 and human placenta88 as a potential source for stem cell 

extraction.  



 
From this range of cells, a special attention should be paid to mesenchymal stem 

cells (MSCs). MSCs has become one of the most promising tools in cell therapy and 

tissue engineering applications due to their easy isolation, their high expansion potential 

in ex vivo cultures and their ability to develop a broader number of cell types than other 

ASCs. For instance, MSCs has been shown to form in vitro adipocytes89, osteoblasts89, 

chondrocytes90, myocytes91, insulin producing cells92 and neuron-like cells93. 

In the last years, some studies have shown a new promising type of pluripotent 

cells known as induced pluripotent stem cells (iPSCs). Takahashi and co-workers 

generated for the first time iPSCs by retroviral reprogramming of mouse fibroblasts, 

observing that the resulting cells exhibited a similar pluripotency state to the one shown 

for ESCs94.  Since then, also human iPSCs have been successfully obtained making 

possible to produce disease models with the patient specific phenotype when iPSC are 

differentiated to functional cells95, 96. This fact has prompted the appearance of new 

insights in drug screening, toxicology, disease models and regenerative medicine. 

However, even iPSCs show some advantages compared to ESCs and ASCs (see table 2), 

there is still concern about their safety for regenerative medicine. Thus further research 

regarding how the reprogramming process can affect the resulting iPSC should be 

addressed.   

   

Progenitor cell 

type 
Advantages Disadvantages 

Adult Stem cells 

(ASCs) 

 Multipotency 

 Possible application of 

autologous therapies 

 Self-renewal capacity 

 They cannot provide all 

cell lineages 

 In some cases are 
difficult to isolate 

Embryonic Stem 

cells (ESCs) 

 Pluripotency 

 Self-renewal capacity 
 Ethical concerns derived 

from ESC origin  

 Impossibility to obtain 

patient cells, limiting 

their application to 



allogeneic therapies 
 Extremely high growth 

rate could derive in 

teratoma formation97 
Induced 

pluripotent stem 

cells (iPSCs) 

 Pluripotency 

 Self-renewal capacity 

 Possible application of 

autologous therapies 
 Possible tumorigenic 

effect98  
 Table 2 Stem cell classification, advantages and disadvantages. 
  

In summary, although stem cells in all their variants represent a huge step ahead 

towards personalized regenerative medicine, more specifically in tissue and organ 

repair, and they overcome the main problems of other cell therapies thanks to their self-

renewal and pluri or mutlipotency characteristics, two main challenges remain to be 

fully faced. Guarantee the safety of the cell used for human engraftment and optimize 

cell differentiation process to a specific cell type.   



 
 

Nowadays, there are a steady increasing number of surgical procedures intended 

to replace or reconstruct damaged tissues and organs as a consequence of injuries, 

disease and malformations. In this regard, tissue engineering approaches aim to provide 

the necessary supply of these tissues and organs by their in vitro fabrication. This 

notable goal results highly appealing from a medical sight, and despite their clinical 

application is still quite limited, tissue engineering has experienced an important 

progress in the last years.   

Tissue engineering has largely benefited by the knowledge developed in stem cell 

biology (see section 5.3) as well as in material sciences. Therefore it can be considered 

that tissue engineering approaches are based in the production of a scaffold in which 

stem cells are cultured and differentiated, usually by the addition of inductive factors, in 

order to obtain the final implant99.  In that sense, scaffold should mimic tissue 

architecture and responses being able of integrating with the surrounding tissue and 

actively stimulating regeneration of normal tissue.  

   

  Biomaterials for tissue engineering have evolved since their first application as 

inert scaffolds in which seed cells. Nowadays, materials used in tissue engineering 

should ideally fulfill several requirements such as biocompatibility, controlled porosity 

and permeability, mechanical features and degradation kinetics comparable to the 

targeted tissue, support cell attachment and proliferation and additionally direct cell 

response at a molecular level. In this regard, extensive investigation has been carried 

out in both material development as well as addition of nanotopograhies or 

functionalization with bioactive molecules for cell response tailoring.  

 Currently, the number of materials in use or under study for tissue engineering is 

enormous. They can be classified in natural and synthetic. Natural materials such as 

collagen, gelatin, alginates, silk or chitosan are formed by extra cellular matrix (ECM) 

components and allow mimicking the extracellular environment in a quite accurate 



manner. However, they can show some disadvantages regarding their mechanical 

integrity, degradation and toxicity of the generated sub-products100-102.  

Besides, also decellularized tissues such as dermis for treatment of burnt 

patients103 or blood vessels for vascular surgery applications104 have been investigated 

with promising results. 

 On the other hand, synthetic materials can be divided in metals, ceramics and 

polymers. The most used metal materials are Titanium and its alloys. They have been 

widely used for generating osteogenic implants105, 106. However, this kind of material 

raises concern regarding its permanent implantation due to a possible toxicity derived 

from the accumulation of metal ions released by corrosion. Ceramics potential for 

implantation has been largely exploited. Ca-phosphate ceramics107, 108, Zirconia109 have 

shown to be useful for generating tissue engineering scaffold due to their 

biocompatibility and capacity for generating mechanical strong scaffolds able to 

withstand high load forces, especially important in some bone implants. However, 

ceramics features are highly dependent on the production process and can become 

fragile when fabricating scaffolds with high porosity values. Polymers show some 

advantages when compared with metal or ceramics scaffolds. Unlike metal materials, 

polymer scaffolds are bio-absorbable, avoiding classical inconvenient of these 

permanent implants or the need of extra surgical procedures for the implant removal. In 

addition, polymeric matrices also allow generating scaffolds with a high degree of 

structural precision to finely control their physico-chemical properties such as 

degradation kinetics, stiffness or porosity. Poly-L-lactic acid (PLLA)110, poly-lactic-co-

glycolic acid (PLGA)111, poly-ε-caprolactone (PCL)112, poly-vinyl alcohol (PVA)113 and poly-

hidroxybutyrate (PHB)114 are the most studied polymers for tissue engineering purposes. 

However, polymeric materials are limited for some applications by their relatively low 

mechanical strength. Moreover, it has been described that polymeric scaffolds can 

locally lower the environmental pH due to the autocatalytic ester breakdown derived 

from degradation. In such conditions cell growth would be impaired115, 116.  



 
 

As mentioned before, biomaterials used in tissue engineering should allow 

control of the cell response at the molecular level in order to direct cell differentiation to 

the specific target tissue, while stimulating cell adhesion and growth. In this regard, two 

different strategies can be implemented, namely the addition of nanostructures for 

mechanical stimulation or the scaffold functionalization by incorporating bioactive 

molecules.  

 

It has been widely accepted that cells can interact and effectively sense their 

environmental distribution or topography at the nano-scale117. Moreover, this kind of 

mechanical stimuli is able to raise important cell responses such as increase cell 

adhesion, proliferation or direct differentiation118. 

The addition of nano-topographies to conventional materials has become a usual 

practice in order to promote cell functionalities. For instance some studies have shown 

that nanostructured surface of titanium implant favor cell differentiation to osteoblasts, 

improving calcium deposition and the implant integration119, 120. Others have proved 

that nanostructured PLGA promote adhesion and proliferation of chondrocytes 

accelerating also ECM formation121, 122 or that PLGA vascular graft exhibiting a nanoscale 

surface roughness enhance endothelial differentiation123. These studies among many 

others have confirmed the usefulness of the scaffold surface nano-modification as a tool 

to tailor a specific cell response.   

The addition of nano-cues to direct cell response can be achieved by highly 

diverse strategies: lithographic methods117 (usually applied to generate nano-pits or 

nano-grooves), particle deposition, electrospinning124 (extensively used for fabricating 

nano-fiber matrices), or chemical growth125 are the most common of them.  

In this regard, particle deposition results highly appealing since it allows 

generating nanotopographies in already fabricated scaffolds by an easy and versatile 

method that can be implemented in combination with the other strategies. Some 

examples of this strategy are deposition of ceramic particles126 to enhance osteogenic 



response in PLLA scaffolds or the use of carbon nanotubes to modify tungsten and 

stainless steel wire surface in order to enhance electrical stimulation of neurons127.  

 

Cell response can also be affected by numerous molecules such as adhesive 

peptides, growth factors and other proteins with incidence in the cell functionality and 

differentiation pathways. Thus, tissue engineering approaches has taken advantage of 

such molecules to direct cellular response at the molecular level. Some examples of 

surface functionalization with biologically active molecules comprise the use of 

epidermal growth factor (EGF)128, fibroblast growth factor-1 (FGF-1)129, fibroblast growth 

factor-2 (FGF-2)130, nerve growth factor-β (NGF-β)131, vascular endothelial growth factor 

(VEGF)130, bone morphogenic proteins (BMP)132 as well as vitronectin133 and RGD 

peptides134, 135 among others. Every protein or peptide can be potentially immobilized 

onto a surface or engineered to provide a controlled release of the molecule from the 

scaffold to the environment, becoming available for the cells. This fact supposes a great 

tool for tissue engineering devices in order to generate scaffolds able to direct specific 

responses and widening the spectrum of activities that the biomaterial can carry out.  

 

Scaffold functionalization and addition of nanostructure are not exclusive 

processes.  For instance Berner and co- workers recently developed a PCL nanofiber 

mesh scaffold coated with Ca-phospate ceramics that in addition contained BMP-7 for 

bone regeneration136.  

 

 

Another interesting approach consists in using bioactive peptides with self-

assembly capability to origin a nanostructure per se. In this regard, several studies have 

been carried out to investigate nano-fibril, nano-tube or nano-sphere formation from a 

wide spectrum of peptides, including cyclic peptides137, peptide amphipiles and 

bolamphipiles138, 139, surfactant-like peptides140, aromatic dipeptides141 and hydrophobic 

dipeptides142. All of them have the capacity of generating nanostructures by 

spontaneous self-assembly process, producing high ordered structures comparable to 

that observed for amyloid fibrils. Indeed, both peptide nanostructures and amyloids, 



 
share the same general principles of geometric restriction in their interactions as well as 

very appealing properties such as spontaneous supramolecular assembly in mild 

conditions, low cost production compared to inorganic nano-fibers, allow engineering 

additional functionalities and exhibit very special mechanical properties such as a high 

resistance degree while maintaining their flexibility as well as thermal and chemical 

endurance143.   

Besides, amyloid fibrils (see section 1) have also been envisaged as 

nanostructured material able to provide a controlled released of the building blocks 

forming the supramolecular self-assembly.  

Bacterial IBs are also self-assembly protein particles, sharing many features with 

amyloid and amyloid-like nanostructures regarding their in vivo formation and final 

structure that are starting to be studied as a potential biomaterial with uses in the 

biomedical field73.  

Protein or peptide nanostructures allow to synergistically combine stimuli from 

the surface nano-modification as well as exploit a bioactive effect of the own peptide or 

protein while being biologically compatible, and thermally and chemically stable but 

biodegradable. Thus, they can be considered as a powerful tool for future applications in 

tissue engineering. 



 

 



  
 

  



 

This study is aimed to determine the suitability of bacterial IBs as a biomaterial 

with an effective application in regenerative medicine. In this regard, this work is mainly 

focused to evaluate surface modification for cell culture by the addition of nano-

topographies and surface functionalization based on IBs. Also, it has been involved the 

analysis of cell response to the IB-based topographies in terms of cell adhesion, growth 

and differentiation. In order to reach these goals, several specific issues have been 

addressed. 

 

1. The study of IB tuneability regarding their morphology and other 

physicochemical properties when fabricating this particulate material in E. coli 

strains with different genetic backgrounds. Specifically, those strains were 

deficient in genes that are key regulators of the protein quality control network 

such as DnaK-, ClpA- and ClpP-. 

2. The assessment of the IB capability to stimulate cell proliferation and 

adhesion, in immortalized cell lines, when acting as surface nano-topographical 

modifiers. 

3. The in vitro comparison of cell growth and adhesion on physicochemically 

distinct IB-based topographies. 

4. The exploration of the cell growth stimulation mechanism focusing in the 

identification of elements present in the mechanotransductive cascade. 

5. The comparison of different mammalian cell types response when 

cultured on IB-based topographies.  

6. The study of hMSCs response to IB-based topographies by gene 

expression and metabolomic analysis. 

7. The exploration of bacterial IBs as bioactive surface nano-topographical 

modifiers.  

  



 



 

 

 

 



  



 

Paper 1 

Elena García-Fruitós*, Joaquin Seras-Franzoso*, Esther Vazquez and Antonio Villaverde 

*Equally contributed 

Nanotechnology, 21, 2010  

Bacterial inclusion bodies (IBs) have been commonly described as pseudo-

spherical protein deposits with a highly stable shape. Nevertheless, some hints regarding 

IB morphological plasticity have been widely observed, for instance these particles size 

can be tailored by modifying fabrication process variables such as protein expression 

time or temperature, indicating the possibility of altering the protein deposition process 

with a clear incidence in the final particle structure. In this work we have identified an E. 

coli gene, clpP, encoding for one of the major proteases of the protein quality control 

network, playing also an important role as regulator of the IB fabrication process. 

Moreover, we have observed how in absence of this regulator the balance between 

properly folded protein, misfolded protein and proteolysis that defines the IB formation 

dynamics is perturbed, originating IBs with abnormal morphologies. Specifically, IBs 

produced in E. coli clpP- strain are particles with tear-shape morphology with higher 

surface-volume ratios not observed in other E. coli knock outs lacking regulatory 

elements of the protein quality control network. Additionally, we have provided 

evidences that mammalian cells when cultured in IB-based topographies exhibit higher 

rates of cell growth as well as they can sense the difference between topographies 

fabricated with morphologically distinct IBs and response in consequence.  Thus, genetic 

control of the IB fabrication process opens the possibility of producing IBs with 

geometries on demand to tailor the final cell response. 

 



  



 



 

  



 

 



 

 



 

 



 

 



 

 



 

 



 

 

Paper 2 

Joaquin Seras-Franzoso, César Díez-Gil, Esther Vazquez, Elena García-Fruitós, Rafael 

Cubarsi, Imma Ratera, Jaume Veciana and Antonio Villaverde 

Nanomedicine, 7, 2012 

Cell adhesion and cell proliferation are crucial events for effective cell substrate 

colonization and often will determine the successfulness of a biomaterial in the tissue 

engineering field. This study was aimed to test IB suitability as a tissue engineering 

biomaterial by evaluating cell response of 4 different cell types, human skin fibroblasts 

(1BR3.G), new born hamster kidney cells (BHK21), human liver carcinoma cells (HepG2) 

and rat pheochromocytoma cells (PC12) when cultured on IB-based topographies. 

Additionally, we wanted to investigate the differential cell response in front of 

topographies formed by IB fabricated in different genetic backgrounds, since the genetic 

alteration in the IB deposition process was proved to originate particles with distinct 

physicochemical properties and morphologies (see annex biomaterials). To produce these 

topographies IBs formed of VP1GFP in MC4100 and its derivatives DnaK-, ClpA- and ClpP- 

E. coli strains were used. Thus, in this work we have provided evidence of the 

effectiveness of bacterial IBs to promote cell adhesion and cell proliferation. Moreover 

we have shown that these two activities are not directly connected but act in a 

synergistic manner favoring cell substrate colonization on IB-based topographies. 

Besides, we have detected an enhanced phosphorylation of the extracellular signal-

regulated protein kinase (ERK), which indicates the activation of a 

mechanotransduction-mediated stimulation of cell growth. Interestingly, we observed 

that even IB adhesiveness was evident for the four tested cell lines, the maintained 

stimulation of cell growth was cell line dependent. Nevertheless, both cell adhesion and 

proliferation have been shown to be modulated by the distinct IB type forming the 

surface topography. 
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Joaquin Seras-Franzoso, P. Monica Tsimbouri, Karl V. Burgess, Ugutz Unzueta, Elena 

Garcia-Fruitos, Esther Vazquez, Antonio Villaverde and Matthew J. Dalby 

Submitted to Biomaterials, 2012 

Mesenchymal stem cells (MSCs) have been extensively used in recent tissue 

engineering applications, due to their capability of self-renewal and differentiation into 

several cell lineages they represent an important source to obtain considerable amounts 

of cells, able to differentiate into the damaged tissue cell phenotype for its repair. In this 

work we have focused in the study on MSC response to poly-ε-caprolactone (PCL)-IB 

based topographies. We have shown that IBs, being mechanically tunable by the proper 

choice of the E. coli producing strain, can be used to direct MSCs to osteogenic 

differentiation. Interestingly, we have observed a differential response depending on the 

type of IB used to fabricate the PCL-IB topography. Thus, VP1GFP IBs produced in ClpA- 

E. coli strain exhibits a stronger osteogenic stimulation than the others types tested. This 

fact reinforces the idea of generating IBs with specific mechanical and chemical 

properties depending on the final application of the biomaterial. Moreover, here we 

have provided evidence of an increased energy demand by MSCs during their 

differentiation process to osteoblasts raising metabolomics approach as a good tool to 

study stem cells activity. 

 



  



Targeted osteogenesis of mesenchymal stem cells stimulated by nanotopographical 

decoration of inclusion bodies. 
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Abstract 

Bacterial inclusion bodies (IBs) are nanostructured, pseudospherical proteinaceous 

particles produced in recombinant bacteria resulting from ordered protein aggregation. 

Being mechanically stable, several physicochemical and biological properties of IBs can 

be tuned by appropriate selection of the producer strain and of culture conditions. We 

have previously shown that IBs favour cell adhesion and surface colonization by 

mammalian cells lines upon decoration on materials surfaces. Here we vary topography, 

stiffness and wettability using the IBs to decorate polycaprolactone surfaces. We show 

that these topographies can be used to specifically target osteogenesis from 

mesenchymal stem cells. Furthermore, we use metabolomics to show that the cells have 

increased energy demand during this bone-related differentiation. 

 

Introduction. 

Cells have been known to respond to topography in terms of adhesion and migration for 

over 100 years(1, 2). In the 1990’s it started to become possible to probe cell 

interactions at the nanoscale(3) and consequently cell response to all nanoscale-defined 

features was observed(4). Since then, ability to influence gene expression(5) and even 

stem cell behaviours has been noted; e.g. mesenchymal and embryonic stem cell 

differentiation(6-8) and self-renewal(8-10) has been shown with nanotopography. 

Much of this work has borrowed on technology derived in microelectronics (e.g. 

photolithography and electron beam lithography(11, 12)). However, there has been a 

steady increase in more natural lithographical and patterning approaches to cell 

guidence(13-17). Another emerging approach is the use of bacterial inclusion bodies 

(IBs) that are produced in recombinant bacteria via cost-effective procedures and are 

formed by foreign polypeptides whose overexpression is controlled externally(18). IBs 

range between around 50 and 1000 nm in diameter, normally they have 

pseudospherical forms and they are mechanically stable, resisting the harsh physical 

methods used to break the bacterial cell wall(19). In these particles, amyloid fibrils and 

properly folded versions of the recombinant protein coexist, which can result in 

detectable biological activity in the IBs(20). Many nanoscale properties of IBs (eg. size, 

geometry, stiffness, zeta potential and stickiness) can be tuned by the appropriate 

selection of the genotype of the producer cell (usually by gene knock-down), and also by 



controlling production parameters such as temperature, production time and strength 

of recombinant gene expression(21). Recently, it has been demonstrated that IBs can be 

successfully used to generate nanotopographies on polystyrene surfaces able to 

stimulate cell adhesion and proliferation(22). 

In this report, we focus on mesenchymal stem cell (MSC) differentiation on the IB 

patterned materials. They are self-renewing cells that can form mature cells from bone 

(osteoblast), cartilage (chondrocyte), fat (adipocyte) and reticular (fibroblast) 

lineages(23, 24). To survey differentiation we have adopted a metabolomic approach 

coupled to microscopy to identify adhesion and cytoskeletal changes and quantitative 

(q)PCR to study phenotypical marker expression at transcriptional level. 

 

Materials and Methods. 

Bacterial cell culture and IB production  

 The Escherichia coli strains used in this work for the production of IBs were 

MC4100 (araD139 (argF-lac) U169 rpsL150 relA1 flbB5301 deoC1 ptsF25 RbsR, SmR)(25) 

as a wild type (wt) strain regarding the protein quality control system and its derivatives 

JGT4 (clpA::kan, SmR), JGT19 (clpP::cat, SmR) and JGT20 (dnak756 thr::Tn10, SmR, 

TcR)(26). These strains, referred to as MC4100, ClpA-, ClpP- and DnaK-, were transformed 

with the pTVP1GFP (ApR) which encodes mGFP(27) placed under the control of an IPTG-

inducible trc promoter.  

 All bacterial strains were cultured in shaker flasks at 37°C and 250 rpm using LB 

rich medium supplemented with the corresponding antibiotics, ampicillin (Ap) for 

plasmid maintenance and streptomycin (Sm) as a strain selection marker. Tetracycline 

(Tc) was also added in DnaK- E. coli cultures. Bacterial cultures for IB production were 

started at an optical density at 550nm (OD550) of 0.05 and cultured in the conditions 

mentioned above till they reach an OD550 of 0.5. Then protein expression was induced by 

the addition of 1 mM IPTG (final concentration) and further incubated for 3 hr under the 

same conditions.  

 

IB  purification 

  At the desired time, lysozyme and PMSF were added at 1 mg/mL and 0.4 mM 

respectively, and incubated for 2 hr at 37 °C. After bacterial cell wall digestion, samples 



were frozen at -80 °C to disrupt the weakened bacterial cells and release the IBs. Then, 

IBs were washed in Triton X-100 1% (v/v) for 1 hr at RT and frozen again at -80 °C. An 

additional washing step was carried out by adding Nonidet P-40 detergent 0.03 % (v/v) 

and incubating IBs 1 hr at 4°C.  Next, samples were treated with DNAse 1 μg/mL in 

presence of MgSO4 1mM during 1 hr at 37°C in order to remove contaminant DNA. 

Finally, bacterial cell growth was tested by plating 100 μL of sample on LB plates and 

cultured overnight at 37°C.  Samples were frozen/thawed till no viable bacteria were 

observed. All the incubations were done under agitation conditions.     

 Purified IBs were quantified by Western blot using Quantity One software (Bio-

Rad) to analyze band intensity and infer protein concentration from a GFP standard 

curve.   

 

Surface preparation 

 Polycaprolactone (PCL) (SIGMA) discs were obtained by melting PCL beads (MW 

45000) placed between two glass slides, at 80 °C. Pressure was applied to the upper 

glass slide till a smooth circular layer (13 mm Ø) was obtained. PCL discs were then 

sterilised in 70 % ethanol for a minimum of 30 min and washed in 1xPhosphate Buffered 

Saline (PBS).  mGFP IBs from all producing E. coli strains were resuspended in PBS and 

500 μL of IB suspension at 64 μg/mL was added to 24 well plates where the PCL discs 

had been previously placed.  Plates were incubated overnight at 4°C allowing IB 

deposition.  IB-modified PCL discs were washed with PBS, blocked using a 3 % bovine 

serum albumin (BSA)/PBS (w/v) solution and washed again in PBS. PCL adhesive controls 

were obtained by a 30 sec plasma clean treatment of the PCL discs. 

Contact angle measurements 

Wettability of wild-type (MC4100), DnaK-, ClpA- and ClpP- IB-PCL surfaces, as well 

as planar PCL controls, was determined in an OCA15+ (Dataphysics, Germany) 

goniometer. Three sets of static contact angles were measured per surface using 

droplets of ultrapure water (18.2 MΩ·cm) (Millipore). Three replicas of each surface type 

were measured and significance analysed by t-test.  

 

 

 



Mesenchymal stem cell culture  

 MSCs (Promocell) were routinely maintained in α-MEM supplemented with 10 % 

fetal bovine serum (FBS) (PAA), 1% (v/v) 200 mM L-glutamine (Gibco), and antibiotics 

(6.74 U/ml Penicillin-Streptomycin, 0.2 μg/ml Fungizone) (PAA) at 37oC and 5% CO2 in a 

humidified incubator.  Medium was changed every 3 days.  For all the experiments 1x104 

cells in passage 2 - 3 were seeded per well on PCL or IB-covered PCL discs.  

 

Immunofluorescence 

 MSCs cultures growing on IB-PCL and PCL adhesive controls were processed at 24 

hr and 96 hr for vinculin immunodetection and 21 days for osteogenic marker detection 

(osteocalcin (OCN) and osteopontin (OPN)). For staining, they were washed with pre-

warmed PBS and fixed in 10 % formaldehyde/PBS (v/v) with 2 % sucrose (w/v), 15 min at 

37 °C. Then, cells were permeabilized by the addition of buffer P (10.3 g sucrose, 0.292 g 

NaCl, 0.06 g MgCl2, 0.476 g HEPES buffer, 0.5 ml Triton-X, in 100 ml PBS, pH 7.2), for 5 

min at 4°C. Samples were blocked in 1 % BSA/PBS (w/v) for 5 min at 37 °C and the 

primary antibody added (in 1 % BSA/PBS (w/v)), 1 hr at 37 °C. Mouse monoclonal 

antibodies h-vin (vinculin 1:150) (Sigma), anti-OCN (1:50) and anti-OPN (1:50) (Santa 

Cruz Biotechnology) were used. Also rhodamine-phalloidin, in the case of focal adhesion 

detection or FITC-phalloidin for OCN and OPN analysis (1:500 in 1 % BSA/PBS (w/v)) 

(Molecular Probes) were added at this step. After incubation, samples were washed 3 

times in 0.5 % Tween 20/PBS (v/v) for 5 min. The secondary biotinylated horse anti-

mouse antibody (Vector Laboratories) (1:50 in 1% BSA/PBS (w/v)) was added for 1 hr at 

37 °C. Samples were washed 3 times in 0.5 % Tween 20/PBS (v/v) before they were 

incubated at 4°C for 30 min in Cy3-conjugated streptavidin (Insight Biotechnology, 1:100 

in 1 % BSA/PBS (w/v)). The samples were then washed as previously and a drop of 

Vectashield mountant containing DAPI (Vector labs), for DNA staining of the nucleus, 

was added. Observation was carried out by fluorescence microscopes Zeiss Axiovert 200 

M and Zeiss Axiophot 200 M. 

 

Confocal microscopy 

Samples for confocal imaging were processed as described above after 4 days of 

culture on IB-PCL surfaces. Anti clathrin (Sigma-Aldrich no. C1985) was added as the 



primary antibody, diluted 1:50 in 1% BSA/PBS (w/v). These samples were observed in a 

TCS SP2 confocal laser scanning microscope (Leica Microsystems, Mannheim, Germany) 

using a Plan-Apochromat 63X 1.4 N.A lens. Up to 20 confocal plans were captured every 

0.7 μm along the z-axis in order to perform in silico 3D reconstruction. Imaris v 6.3.1 

software (Bitplane; Zürich, Switzerland) was then used to process the data and generate 

the final reconstruction.   

 

Scanning electron microscopy 

Purified IBs were resuspended in 1xPBS and deposited on Nucleopore Track-Etch 

membranes with a pore size of 0.2 μm (Whatman, United Kingdom). Samples were fixed 

in 2.5 % glutaraldehyde-0.1 M phosphate buffer (v/v) for 2 hr at 4 °C and after 

appropriate washing dehydrated in an increasing concentration ethanol series (50, 70, 

80, 90 and 95 % for 10 min each and twice with 100 % ethanol). After dehydration, CO2 

critical point drying was carried out and samples were mounted on adhesive carbon 

films. Prior to observation, mounted samples were coated with gold. Samples were 

examined in a S-570 scanning microscope (Hitachi Ltd., Japan) at an accelerating voltage 

from 15kV to 20kV. 

 

MSC morphology 

 MSC morphology analysis was carried out using images from cultures at 24 hr 

and 96 hr, stained as described above. ImageJ (version 1.34s; Rasband, W.S.,Image J, 

U.S. National Institutes of Health -http://rsb.info. nih.gov/ij/) was used to select 

positively stained cells and calculate cell area and cell perimeter. In all the samples a 

minimum of 50 cells were analyzed. T- test was performed to analyze variances between 

samples.  

 

RT-qPCR 

 MSCs cultures at 7 and 14 days of culture on IB-PCL and PCL plasma-cleaned discs 

were lysed and total RNA was extracted using a Qiagen RNeasy Kit. Samples were 

treated with DNAse and RNA quantified by nanodrop (Thermo Fisher). Equal amounts of 

total RNA were then reverse-transcribed using Omniscript RT kit (Qiagen), according to 

manufacturer´s instructions. Real-time qPCR reaction was performed in order to 



determine the expression of the following genes: GapDH, ALCAM, PPARG, SOX9 and 

OPN (table 1). GapDH was used as constitutive gene, thus the expression of the genes of 

interest was normalized to GapDH expression value. SYBR green (Applied Biosystems) 

method was used to measure gene amplification and gene expression was quantified by 

the comparative analysis of cycle-threshold procedure. Sequences of the primers used in 

this study were validated by the analysis of the melting curves. Real-time qPCR was 

performed using the 7500 Real Time PCR system (Applied Biosystems). Gene expression 

levels were represented as the relative value obtained when comparing IB-PCL samples 

to PCL plasma cleaned controls. All samples were performed in triplicate and t-test was 

used to analyze variances between samples.  

 

Metabolomic analysis. 

 Cell cultures were collected at day 7 and washed in pre warmed 1x PBS. Then, 

400 μL of ice-cold extraction solvent (chloroform: methanol: water, 1:3:1) was added 

and incubated for 1 hr at 4 °C with gentle agitation. Solvent was next transferred to 

clean sterile eppendorf tubes and centrifuged at 13000G for 5 min at 4°C. After 

centrifugation supernatants were transferred to new eppendorf tubes and stored at -80 

°C till processing by LC-MS. The samples were then used for hydrophilic interaction 

liquid chromatography-mass spectrometry (UltiMate 3000 RSLC (Thermo Fisher) with a 

150 x 4.6 mm ZIC-HILIC column running at 300 μl/min and Orbitrap Exactive (Thermo 

Fisher) respectively). Total protein content was measured by Nanodrop (Thermo Fisher) 

and was found identical for all samples, thus no further standardization was required. 

Raw mass spectrometry data was processed using the standard pipeline, consisting of 

XCMS(28) (for peak picking), MzMatch(29) (for filtering and grouping) and IDEOM(30) 

(for further filtering, post-processing and identification). This was followed by core 

metabolite IDs validation against a panel of unambiguous standards by mass and 

retention time. Further putative identifications were assigned by mass and predicted 

retention time(31). Means and standard errors of the mean were generated for all 

groups of picked peaks. The resulting data was uploaded to Ingenuity pathway analysis 

software for pathway analysis and Metaboanalyst for heatmap production. 

 

  



Results. 

Inclusion Bodies. A range of IBs were produced using bacterial mutant strains as shown 

in table 2. The average diameter for the particles used in this study range from 340 nm 

(wt) to 531nm (DnaK-) being of 435 nm and 459 nm for ClpA- and ClpP- variants 

respectively. A low negatively charged zeta-potential was exhibited by IBs resuspended 

in PBS indicating a tendency to aggregate with time. Please note that this data is pooled 

from previous analysis with the same IBs(32, 33).  

Surface Topographies. Surfaces were successfully fabricated that were decorated with 

bacterial IBs (figure 1). Reasonably homogenous IB distribution was observed in the four 

types of IB-based surfaces despite the appearance of some particle supraggregates; 

these were more evident when IBs were produced in the wt, MC4100 cells. 

Measurement of contact angle demonstrated that all surfaces (planar PCL and 

decorated PCL) were hydrophilic, but that the wt and ClpP- were most hydrophilic with 

ClpA- and DnaK- strains having similar contact angle to control PCL (figure 2). 

 

Fluorescence & Confocal Microscopy. MSCs on planar control surfaces were well spread 

with many adhesions and well-organised actin cytoskeleton (figure 3). MSCs on the IB 

nanotopographies also had large adhesions (apart from wt) and supported more 

contracted cell morphologies (on wt IBs the cells tended to be more bipolarized, 

elongate) (figure 3 and supplementary figure 1). An interesting observation was that on 

ClpP- the cells appeared to have cleared areas for themselves amongst the topography 

(arrows in figure 3, also see supplementary figure 2), this was not the case on the other 

surfaces (DnaK- showed slight evidence of this). 

Confocal comparison of ClpA- and ClpP- demonstrates this further (figure 4). On ClpA- 

surfaces, the MSCs grew over the IBs (figure 4B) with the proteinacious IB nanoparticles 

appearing to penetrate the cell membrane with no toxic effect (figure 4A). On ClpP-, 

however, cells occupied cleared areas (figure 4C-E). There was little evidence of free 

ClpP- IBs within the cell cytoplasm suggesting the particles were not internalised (figure 

4E). Clathrin staining in the figures supports this as no evidence of strong clathrin tracks, 

indicative of high levels of endocytosis, were visible for ClpA- or ClpP- (figure 4). 

 



QPCR Differentiation Analysis. At transcript level, OPN (bone), SRY (sex determining 

region Y)-box 9 (SOX9, cartilage), peroxisome proliferator-activated receptor gamma 

(PPARG) and activated leukocyte cell adhesion molecule (ALCAM, progenitor phenotype) 

were studied to identify differentiation (or lack of) of the MSCs on the IB 

nanotopographies.  

At day 7 all the test nanotopographies prompted an initial increase in OPN mRNA 

expression; only ClpA- supported prolonged expression to 14 days of culture (figure 5A). 

No significant up-regulations in SOX9 or PPARG transcripts were noted at either time 

point (figure 5B&C). Finally, For ALCAM no increase in expression was noted suggesting 

the MSCs on all materials were losing stem cell phenotype at similar rate to MSCs on the 

control surfaces. The osteospecific differentiations were confirmed by 

immunofluorescence of OPN and OCN at 21 days of culture (supplementary figure 3). 

 

Metabolite Analysis. Building heatmaps of differentially regulated metabolites (red = up-

regulated, green = down-regulated, black = no change to planar control) demonstrates 

large changes in expression (figure 6). ClpP- was revealed as most similar to control with 

a number of down-regulations, but few up-regulations. Wt (MC4100), DnaK- and ClpA- 

showed similar profiles and whilst there were a small number of down regulations, the 

trend was very much up-regulation.  

Studying individual metabolic pathways (please note that we don’t provide statistics as 

the groupings are made from different metabolites with highly varying expression and 

unless otherwise stated statistics are quoted for the most osteogenic, ClpA- compared to 

control), some large changes were noted.  Trends for carbohydrate (significantly 

changed p<0.05 are D-sorbitol, 2-hydroxy-3-oxoadipate and D-erythrose important in 

fructose / mannose metabolism and glyoxylate / dicarboxylate metabolism), nucleotide 

(almost all metabolites detected as significantly up-regulated (10 of 16) are involved in 

purine and pyrimidine metabolism) were significantly up-regulated and this group is 

significant as a whole to p<0.05 for all IB nanotopographies), lipid (1 of 3 significantly up-

regulated, CDP-ethanolamine involved in glycerophospholipid metabolism) and fatty 

acid biosynthesis (7 of 19 significantly up-regulated) reflect the general heatmap 

changes with large up-regulations for wt, DnaK- and ClpA- and slightly lower up-

regulations for ClpP- (figure 7).  



Some key pathways, however, e.g. amino acyl t-RNA biosynthesis and amino acid 

metabolism were unchanged overall compared to control (figure 8). However, probing 

amino acid metabolism further for the most osteogenic material, ClpA-, it was seen that 

within these key metabolic pathways, some amino acids were up-regulated and others 

down-regulated producing the overall neutral result. Figure 8 shows a KEGG (Kyoto 

Encyclopedia of Genes and Genomes) map for amino-acyl tRNA biosynthesis of the 

amino acids and noted on it are up-regulations in glutamine, serine, valine, leucine, 

proline, phenylalanine and tyrosine and down-regulations in asparganine, glycine, 

methionine, arginine, histidine and tryprophan tRNA complexing for protein synthesis. 

Note that the KEGG map for arginine and proline is shown in supplementary figure 4 to 

further exemplify how breakdown of ‘unchanged’ metabolic pathways can reveal large 

changes. 

 

Discussion. 

Our data shows that IB nanotopographies have large effect on MSC spreading, 

metabolism and differentiation. The MSCs on the nanotopographies tend to form large 

adhesions and have contractile morphologies. They also tend to specifically target 

osteogenesis; this was most notable for ClpA- IBs. These results are in agreement with 

current theory that large adhesions(34-36) and high levels of intracellular tension 

mediated by myosin/actin contraction(37, 38) are required for osteogenic 

differentiation. 

Metabolite analysis may prove to be particularly powerful for stem cell experiments as 

they have a low basal metabolism. In their niche, stem cells are metabolomically quiet 

with stocks of unsaturated metabolites and this may be speculated to allow for self-

renewal and growth without differentiation and provide metabolite chemical plasticity 

(in terms of redox) in response to regenerative cues(9, 39, 40).  

That stem cells activate their metabolism in response to differentiation allows us 

another way to view their activity. Here, on the IB nanotopographies, a general trend of 

metabolic up-regulation was noted, especially on the most osteogenic, ClpA-, surface. 

Responses in carbohydrate and fatty acid (energy), nucleotide (DNA/RNA synthesis, cell 

signalling, energy storage in respiration e.g. ATP) and lipid metabolism (energy, cell 

structure) suggest increased energy demand on the MSCs as they activate to become 



osteoblasts. The differential amino-acid-related regulations may be due to the different 

proteins used by different lineages. That individual amino acid tRNA pathways were 

altered, but overall there was no change from control demonstrates that there can be 

need to dissect ‘omics’ pathways with appropriate analysis, e.g. Pathos, before simply 

considering there to be no changes. 

It has previously been shown that IB nanotopographies can increase adhesion and 

growth of a range of fastidious mammalian cells(33, 41) mediated by ERK signalling(22) 

(as has been noted on other nanotopographies(36, 42)). In this report we demonstrate 

that MSC differentiation can be targeted to bone formation and that this happens 

through metabolomic signalling events with osteogenesis producing a high-metabolic 

demand on the MSCs and hence driving energy-related pathways. 

It is interesting to note from this new study that some IBs work better as functional 

topographies for osteogenesis than others. ClpA- IB surfaces performed best in terms of 

osteogenesis and this is sensible in terms of the IBs’ high elastic modulus, bimodal 

5.01/10.99 MPa compared to wt 3.73 MPa (stiffness has been demonstrated to be key 

to osteogenesis(43)). However, the ClpA- contact angle was one of the highest (i.e. most 

hydrophobic) with no difference from planar PCL. Theoretically, it could be postulated 

that ClpP- IBs should have been the most osteogenic as they can achieve the highest 

stiffnesses (up to  13.5 MPa) and they have the lowest contact angle (  27o, 

significantly lower than planar PCL). However, the IBs did not appear firmly fixed to the 

surface. As the ClpP- particles were not seen to be internalised and were not bunched 

around the cells (as if they had been pushed together) we assume they were removed 

into suspension in the cell media. It can thus be speculated that their bioactivity was 

limited due to the number of particles left in contact with the cells (i.e. number of 

particles available to influence the cells) stressing the importance not only of the 

features of the particles per se, but also their ability to effectively coat the surface of the 

biomaterial. In this case, the difference in hydrophilicity between ClpP- IBs topographies 

and PCL controls is postulated to prevent the formation of stable IB-surface interactions. 

 

Conclusions. 

We have shown that IBs can work as functional nanotopographies supporting MSC 

growth and differentiation. Furthermore, we have used the surfaces to illustrate that 



osteogenesis places high-energy demand on the cells compared to the assumed default 

fibrogenesis on the planar controls. This adds to the evidence that osteogenesis is a 

highly active process requiring adhesion, high levels of cytoskeletal contraction and 

raised signalling in pathways such as ERK. The study further delineates metabolomics as 

a good way of dissecting MSC behaviour on biomaterials. 

 

Acknowledgements. 

We thank BBSRC grant BB/G008868/1 and MICINN BFU2010-17450 grant for funding the 

biological elements of this work, and also the support from CIBER de Bioingeniería, 

Biomateriales y Nanomedicina, Spain. We also thank Carol-Anne Smith for technical 

support at the University of Glasgow and Servei de Microscòpia (UAB) and Protein 

Production Platform (CIBER-BBN - UAB) for helpful technical assistance at the Universitat 

Autònoma de Barcelona We thank European Molecular Biology Organization for 

awarding JSF with a short term fellowship to carry out this project ASTF 359.00-2011. JSF 

it is also recipient of a PIF doctoral fellowship from UAB EGF is supported by the 

Programa Personal de Técnico de Apoyo (Modalidad Infraestructuras científico-

tecnológicas, MICINN). AV has been distinguished with an ICREA Academia award.  

 

  



Figure Legends. 

Figure 1.  On top, fluorescence micrographs of IB-based topographies used in this study. 

IB coverage is highly homogenous despite the appearance of some particle clusters. 

superaggregation is clearer in wt IB type. Below, SEM images of isolated IB illustrating 

their morphology and fine structure (note the IBs are not on planar PCL, but on a 

support membrane used just for morphology SEM). ClpP- IBs show a significantly 

different “tear-shape” morphology compared to the other more spherical IB types. ClpA- 

ClpP-, DnaK-, and wt correspond to the IB variant used to generate each surface. 

 

Figure 2. Contact angle measurements for planar PCL and IB decorated surfaces. All 

samples were hydrophilic, with ClpP- and wt having the lowest contact angles. N=3, 

*=p<0.05 by t-test. 

 

Figure 3. Focal adhesion staining. Control cells were well spread with numerous focal 

adhesions. On ClpA-, ClpP- and DnaK- IBs cells had large focal adhesions and contractile 

morphologies. Cultured on wt IBs, MSCs adopted bipolarised, fibroblastic morphologies 

with smaller adhesions. It was noteworthy that MSCs on ClpP- were situated within 

‘cleared’ areas. 

 

Figure 4. Cytoskeletal confocal microscopy showing differences between MSCs on ClpA- 

and ClpP-. On ClpA-, the MSCs grew on top of the IBs (A&B) and it could be seen that the 

IBs appeared to be able to be transmembranous (A), appearing fixed to the surface but 

inside the plasma membrane. On ClpP, however, cells occupied clear areas with little 

evidence of particle internalisation (C-E). Red = clathrin, green = IBs, blue = nucleus. 

 

Figure 5. QPCR data for MSC differentiation. (A) OPN (osteogenesis), all the 

nanotopographies induced OPN expression at day 7, but only ClpA- maintained 

expression to day 14. There were no significant changes in SOX9 and PPARG suggesting 

no adipose or chondrogenic differentiation (B&C). For ALCAM there was no change to 

control, suggesting that the cells were differentiating at a similar rate to those on 

control (likely progression to fibroblasts). It was notable that wt had reduced ALCAM 

expression at day 7, tied into the morphological observations in figure 2, this could 



suggest rapid fibrogenesis as no other differentiation markers were flagged. Results = 

mean SD, n=3, *=p<0.05, **=p<0.01 by ANOVA. Red = actin, green = IBs, blue = nucleus. 

 

Figure 6. Heatmap of metabolomic data (red = up-regulation, green = down-regulation). 

MSCs on ClpP- showed mainly down-regulation compared to cells on control whereas 

cells on ClpA-, DnaK- and wt showed mainly up-regulation. This upwards trend was most 

prominent on ClpA-. 

 

Figure 7. Metabolomic groupings for amino acyl tRNA biosynthesis, amino acid, 

carbohydrate, nucleotide, lipid and fatty acid metabolisms. Largest changes in all 

nanotopographies compared to control were in carbohydrate and nucleotide 

biosynthesis related to cell energy. Results = mean, n=3. 

 

Figure 8. Amino acyl tRNA KEGG pathway for ClpA- with regulations illustrated through 

PATHOS bioinformatic software (Blue = up-regulation, yellow = no change and red = 

down-regulation compared to MSCs on planar control). Within this metabolic pathway, 

shown overall as similar to control, it can be seen that there was a complex balance of 

up and down-regulations for different amino acids. 

 

Table 1. qPCR primer details for SYBR green analysis. 

 

Table 2.  Description of IBs used in this study. Through use of mutants, control of size, 

stiffness, shape and zeta potential can be controlled(22, 33). 
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Table 1 

 

Gene  Forward Primer  Reverse Primer 

ALCAM  ACGATGAGGCAGACGAGATAAGT CAGCAAGGAGGAGACCAACAAC 

SOX9  AGACAGCCCCCTATCGACTT CGGCAGGTACTGGTCAAACT 

PPARG  TGTGAAGCCCATTGAAGACA CTGCAGTAGCTGCACGTGTT 

OPN AGCTGGATGACCAGAGTGCT TGAAATTCATGGCTGTGGAA 

GapDH GTCAGTGGTGGACCTGACCT ACCTGGTGCTCAGTGTAGCC 

 

 

Table 2 

 

IB relevant properties regarding the genetic background of the fabricating strain 

Phenotype 
Diameter 

(nm) 

Stiffness populations 

(MPa) 
Morphology 

Z-potential 

(mV) 

Wild-type 342 3.73 Spherical -16.7 

DnaK- 531 3.56 / 7.75 Spherical -18.2 

ClpA- 435 5.01 /10.99 Spherical -17.8 

ClpP- 459 3.33 /7.10/13.45 Tear-Shaped -26.5 

 

  



 Supplementary Data 

Supplementary figure 1. MSC areas measured in ImageJ showing that cells on the 

nanotopographies tended to be smaller than on planar control. 

 

 

Supplementary figure 2. Further illustration of cells clearing areas on the ClpP- surfaces. 

(Red – Osteocalcin, green – ClpP- and actin, blue = nucleus). 



 

Supplementary figure 3. Osteocalcin and osteopontin staining after 21 days of culture. 

Cells on planar control, DnaK-, ClpP- and MC4100 (wt) had little expression of the 

osteoblast markers. However, MSCs on ClpA- formed multicell aggregates and expressed 

intense foci of the marker proteins. (Red – clathrin, green – ClpP- and actin, blue = 

nucleus). 



  

Supplementary figure 4. KEGG pathways with up-and down-regulations noted (using 

Pathos) for argenine and proline metabolism for MSCs cultured on ClpA- vs control. Blue 

= up-regulation, yellow = no change, red = down-regulation. 



Supplementary table 1. Quantitative metabolite data. 

 

Name Map Pathway ClpA- ClpP- DnaK- 

Wt 

MC4100 

L-Alanine 

Amino Acid 

Metabolism 

Alanine and aspartate 

metabolism__Cysteine 

metabolism__Taurine and hypotaurine 

metabolism__Selenoamino acid 

metabolism__D-Alanine 

metabolism__Carbon fixation__Reductive 

carboxylate cycle (CO2 fixation) 0.3 0.1 0.2 0.2 

L-Asparagine 

Amino Acid 

Metabolism 

Alanine and aspartate 

metabolism__Tetracycline 

biosynthesis__Cyanoamino acid 

metabolism__Nitrogen metabolism 0.1 0.0 0.1 0.1 

L-Proline 

Amino Acid 

Metabolism 

Arginine and proline 

metabolism__Novobiocin biosynthesis 0.6 0.4 0.5 0.8 

L-Glutamate 

Amino Acid 

Metabolism 

Arginine and proline 

metabolism__Glutamate 

metabolism__Histidine metabolism__D-

Glutamine and D-glutamate 

metabolism__Glutathione 

metabolism_Butanoate metabolism_C5-

Branched dibasic acid 

metabolism_Porphyrin and chlorophyll 

metabolism_Nitrogen metabolism 0.0 0.0 0.0 0.0 

L-Arginine 

Amino Acid 

Metabolism 

Arginine and proline 

metabolism__Clavulanic acid 

biosynthesis__D-Arginine and D-ornithine 

metabolism 0.0 0.0 0.0 0.1 

L-Glutamine 

Amino Acid 

Metabolism 

Glutamate metabolism__Purine 

metabolism__Pyrimidine metabolism__D-

Glutamine and D-glutamate 

metabolism__Nitrogen metabolism 0.8 0.5 0.7 1.0 

L-Serine 

Amino Acid 

Metabolism 

Glycine, serine and threonine 

metabolism__Methionine 

metabolism__Cysteine 

metabolism__Cyanoamino acid 

metabolism__Sphingolipid 

metabolism__Methane 

metabolism__Sulfur metabolism 0.1 0.1 0.1 0.1 

L-Threonine 

Amino Acid 

Metabolism 

Glycine, serine and threonine 

metabolism__Valine, leucine and 

isoleucine biosynthesis__Porphyrin and 

chlorophyll metabolism 0.1 0.0 0.3 0.1 

L-Histidine Amino Acid Histidine metabolism__beta-Alanine 3.6 2.2 3.2 2.7 



Metabolism metabolism 

L-Lysine 

Amino Acid 

Metabolism 

Lysine biosynthesis__Lysine 

degradation__Biotin 

metabolism__Alkaloid biosynthesis II 1.4 0.8 1.5 1.1 

L-Carnitine 

Amino Acid 

Metabolism Lysine degradation 4.4 2.2 3.9 3.0 

L-Methionine 

Amino Acid 

Metabolism Methionine metabolism 0.4 0.2 0.3 0.5 

L-Phenylalanine 

Amino Acid 

Metabolism 

Phenylalanine 

metabolism__Phenylalanine, tyrosine and 

tryptophan 

biosynthesis__Phenylpropanoid 

biosynthesis__Alkaloid biosynthesis II 0.0 0.0 0.0 0.0 

L-Tryptophan 

Amino Acid 

Metabolism 

Tryptophan metabolism__Phenylalanine, 

tyrosine and tryptophan 

biosynthesis__Indole and ipecac alkaloid 

biosynthesis 0.7 0.5 0.5 0.9 

L-Valine 

Amino Acid 

Metabolism 

Valine, leucine and isoleucine 

degradation__Valine, leucine and 

isoleucine biosynthesis__Penicillin and 

cephalosporin biosynthesis__Propanoate 

metabolism__Pantothenate and CoA 

biosynthesis 0.0 0.0 0.0 0.0 

L-Leucine 

Amino Acid 

Metabolism 

Valine, leucine and isoleucine 

degradation__Valine, leucine and 

isoleucine biosynthesis 0.0 0.0 0.0 0.0 

L-Tyrosine 

Amino Acid 

Metabolism 

Tyrosine metabolism__Phenylalanine, 

tyrosine and tryptophan 

biosynthesis__Novobiocin 

biosynthesis__Thiamine 

metabolism__Phenylpropanoid 

biosynthesis__Alkaloid biosynthesis I 0.2 0.2 0.3 0.2 

       

L-Alanine 

Amino Acid 

Metabolism 

Alanine and aspartate 

metabolism__Cysteine 

metabolism__Taurine and hypotaurine 

metabolism__Selenoamino acid 

metabolism__D-Alanine 

metabolism__Carbon fixation__Reductive 

carboxylate cycle (CO2 fixation) 0.3 0.1 0.2 0.2 

L-Asparagine 

Amino Acid 

Metabolism 

Alanine and aspartate 

metabolism__Tetracycline 

biosynthesis__Cyanoamino acid 

metabolism__Nitrogen metabolism 0.1 0.0 0.1 0.1 

O-Acetylcarnitine 

Amino Acid 

Metabolism Alanine and aspartate metabolism 0.1 0.0 0.1 0.1 

Creatinine Amino Acid Arginine and proline metabolism 0.3 0.2 0.2 0.3 



Metabolism 

L-Proline 

Amino Acid 

Metabolism 

Arginine and proline 

metabolism__Novobiocin biosynthesis 0.6 0.4 0.5 0.8 

L-Glutamate 

Amino Acid 

Metabolism 

Arginine and proline 

metabolism__Glutamate 

metabolism__Histidine metabolism__D-

Glutamine and D-glutamate 

metabolism__Glutathione 

metabolism_Butanoate metabolism_C5-

Branched dibasic acid 

metabolism_Porphyrin and chlorophyll 

metabolism_Nitrogen metabolism 0.0 0.0 0.0 0.0 

L-Arginine 

Amino Acid 

Metabolism 

Arginine and proline 

metabolism__Clavulanic acid 

biosynthesis__D-Arginine and D-ornithine 

metabolism 0.0 0.0 0.0 0.1 

L-Cystine 

Amino Acid 

Metabolism Cysteine metabolism 0.9 0.6 0.7 1.3 

L-Glutamine 

Amino Acid 

Metabolism 

Glutamate metabolism__Purine 

metabolism__Pyrimidine metabolism__D-

Glutamine and D-glutamate 

metabolism__Nitrogen metabolism 0.8 0.5 0.7 1.0 

Glutathione 

Amino Acid 

Metabolism 

Glutamate metabolism__Cysteine 

metabolism__Glutathione metabolism 1.2 0.7 0.7 1.1 

Choline 

Amino Acid 

Metabolism 

Glycine, serine and threonine 

metabolism__Glycerophospholipid 

metabolism 0.1 0.1 0.1 0.2 

L-Serine 

Amino Acid 

Metabolism 

Glycine, serine and threonine 

metabolism__Methionine 

metabolism__Cysteine 

metabolism__Cyanoamino acid 

metabolism__Sphingolipid 

metabolism__Methane 

metabolism__Sulfur metabolism 0.1 0.1 0.1 0.1 

L-Threonine 

Amino Acid 

Metabolism 

Glycine, serine and threonine 

metabolism__Valine, leucine and 

isoleucine biosynthesis__Porphyrin and 

chlorophyll metabolism 0.1 0.0 0.3 0.1 

Ethanolamine phosphate 

Amino Acid 

Metabolism 

Glycine, serine and threonine 

metabolism__Glycerophospholipid 

metabolism__Sphingolipid metabolism 14.4 9.0 8.7 9.3 

L-Histidine 

Amino Acid 

Metabolism 

Histidine metabolism__beta-Alanine 

metabolism 3.6 2.2 3.2 2.7 

L-Lysine 

Amino Acid 

Metabolism 

Lysine biosynthesis__Lysine 

degradation__Biotin 

metabolism__Alkaloid biosynthesis II 1.4 0.8 1.5 1.1 

4- Amino Acid Lysine degradation 46.7 30.1 34.1 28.8 



Trimethylammoniobutanoate Metabolism 

L-Carnitine 

Amino Acid 

Metabolism Lysine degradation 4.4 2.2 3.9 3.0 

L-Methionine 

Amino Acid 

Metabolism Methionine metabolism 0.4 0.2 0.3 0.5 

L-Phenylalanine 

Amino Acid 

Metabolism 

Phenylalanine 

metabolism__Phenylalanine, tyrosine and 

tryptophan 

biosynthesis__Phenylpropanoid 

biosynthesis__Alkaloid biosynthesis II 0.0 0.0 0.0 0.0 

L-Tryptophan 

Amino Acid 

Metabolism 

Tryptophan metabolism__Phenylalanine, 

tyrosine and tryptophan 

biosynthesis__Indole and ipecac alkaloid 

biosynthesis 0.7 0.5 0.5 0.9 

L-Valine 

Amino Acid 

Metabolism 

Valine, leucine and isoleucine 

degradation__Valine, leucine and 

isoleucine biosynthesis__Penicillin and 

cephalosporin biosynthesis__Propanoate 

metabolism__Pantothenate and CoA 

biosynthesis 0.0 0.0 0.0 0.0 

L-Leucine 

Amino Acid 

Metabolism 

Valine, leucine and isoleucine 

degradation__Valine, leucine and 

isoleucine biosynthesis 0.0 0.0 0.0 0.0 

L-Aspartate 

Amino Acid 

Metabolism 

Alanine and aspartate 

metabolism__Arginine and proline 

metabolism__Glycine, serine and 

threonine metabolism__Lysine 

biosynthesis__Arginine and proline 

metabolism__Histidine 

metabolism__beta-Alanine 

metabolism__Cyanoamino acid 

metabolism__Carbon fixation 0.3 0.2 0.3 0.2 

L-1-Pyrroline-3-hydroxy-5-

carboxylate 

Amino Acid 

Metabolism Arginine and proline metabolism 0.1 0.1 0.1 0.2 

L-Glutamate 5-semialdehyde 

Amino Acid 

Metabolism Arginine and proline metabolism 0.5 0.4 0.4 0.8 

Glycine 

Amino Acid 

Metabolism 

Bile acid biosynthesis__Purine 

metabolism__Glycine, serine and 

threonine metabolism__Lysine 

degradation__Cyanoamino acid 

metabolism__Glutathione 

metabolism__Methane 

metabolism__Thiamine 

metabolism__Porphyrin and chlorophyll 

metabolism__Nitrogen metabolism 1.6 1.0 1.6 2.3 

Creatine 

Amino Acid 

Metabolism 

Glycine, serine and threonine 

metabolism__Arginine and proline 0.2 0.1 0.1 0.1 



metabolism 

Urocanate 

Amino Acid 

Metabolism Histidine metabolism 0.4 0.6 0.5 0.3 

N6,N6,N6-Trimethyl-L-lysine 

Amino Acid 

Metabolism Lysine degradation 4.7 3.3 4.8 5.9 

1-Aminocyclopropane-1-

carboxylate 

Amino Acid 

Metabolism 

Methionine metabolism__Propanoate 

metabolism 8.0 1.5 8.4 6.9 

Sulfoacetate 

Amino Acid 

Metabolism Taurine and hypotaurine metabolism 27.0 12.0 116.1 28.5 

L-Tyrosine 

Amino Acid 

Metabolism 

Tyrosine metabolism__Phenylalanine, 

tyrosine and tryptophan 

biosynthesis__Novobiocin 

biosynthesis__Thiamine 

metabolism__Phenylpropanoid 

biosynthesis__Alkaloid biosynthesis I 0.2 0.2 0.3 0.2 

[FA hydroxy,oxo(7:0/2:0)] 4-

hydroxy-2-oxo-Heptanedioic 

acid 

Amino Acid 

Metabolism Tyrosine metabolism 28.3 19.0 17.9 17.0 

(3R)-beta-Leucine 

Amino Acid 

Metabolism Valine, leucine and isoleucine degradation 0.1 0.1 0.1 0.2 

4-Guanidinobutanoate 

Amino Acid 

Metabolism Arginine and proline metabolism 59.1 33.3 57.7 60.7 

Methylimidazole 

acetaldehyde 

Amino Acid 

Metabolism Histidine metabolism 1.1 0.7 0.8 0.9 

N6-Acetyl-L-lysine 

Amino Acid 

Metabolism Lysine degradation 0.9 0.7 1.2 0.7 

(S)-3-Methyl-2-oxopentanoic 

acid 

Amino Acid 

Metabolism 

Valine, leucine and isoleucine 

degradation__Valine, leucine and 

isoleucine biosynthesis 62.1 35.0 60.6 47.2 

       

Fumarate 

Carbohydrate 

Metabolism 

Citrate cycle (TCA cycle)__Oxidative 

phosphorylation__Arginine and proline 

metabolism__Glutamate 

metabolism__Alanine and aspartate 

metabolism__Arginine and proline 

metabolism__Tyrosine 

metabolism__Phenylalanine metabolism 0.4 0.2 0.4 0.3 

Succinate 

Carbohydrate 

Metabolism 

Citrate cycle (TCA cycle)__Oxidative 

phosphorylation__Glutamate 

metabolism__Alanine and aspartate 

metabolism__Tyrosine 

metabolism__Phenylalanine 

metabolism__gamma-

Hexachlorocyclohexane 

degradation__Glyoxylate and 

dicarboxylate metabolism 1.0 0.6 0.7 1.1 

D-Sorbitol Carbohydrate Fructose and mannose 38.7 15.0 26.3 26.7 



Metabolism metabolism__Galactose metabolism 

2-Hydroxy-3-oxoadipate 

Carbohydrate 

Metabolism Glyoxylate and dicarboxylate metabolism 16.1 8.0 13.2 13.6 

D-Erythrose 

Carbohydrate 

Metabolism 0 2.7 1.4 2.3 2.1 

2-Acetolactate 

Carbohydrate 

Metabolism 

Butanoate metabolism__Pantothenate 

and CoA biosynthesis 3.0 1.5 3.4 2.9 

myo-Inositol 

Carbohydrate 

Metabolism 

Inositol metabolism__Galactose 

metabolism__Ascorbate and aldarate 

metabolism__Streptomycin 

biosynthesis__Inositol phosphate 

metabolism 0.3 0.2 0.2 0.4 

       

Allantoin 

Nucleotide 

Metabolism 0 0.8 0.5 0.7 1.1 

Hypoxanthine 

Nucleotide 

Metabolism Purine metabolism 52.9 28.2 42.9 37.5 

Xanthine 

Nucleotide 

Metabolism Purine metabolism__Caffeine metabolism 300.4 170.3 216.3 177.3 

Inosine 

Nucleotide 

Metabolism Purine metabolism 1.6 1.3 1.5 1.0 

Guanosine 

Nucleotide 

Metabolism Purine metabolism 2.8 1.9 2.5 1.7 

Cytosine 

Nucleotide 

Metabolism Pyrimidine metabolism 572.2 344.1 362.9 322.6 

Cytidine 

Nucleotide 

Metabolism Pyrimidine metabolism 3.1 1.4 1.8 2.4 

Urate 

Nucleotide 

Metabolism Purine metabolism 110.1 38.3 57.3 49.7 

Deoxyguanosine 

Nucleotide 

Metabolism Purine metabolism 51.6 21.1 31.4 31.1 

Orotate(Fragment) 

Nucleotide 

Metabolism Pyrimidine metabolism 141.7 60.8 82.2 73.6 

Thymidine 

Nucleotide 

Metabolism Pyrimidine metabolism 1.2 1.4 1.4 1.8 

Uridine 

Nucleotide 

Metabolism Pyrimidine metabolism 1.5 0.9 0.9 0.9 

5-Amino-4-imidazole 

carboxylate 

Nucleotide 

Metabolism Purine metabolism 13.7 10.6 11.7 13.4 

5-Amino-4-imidazole 

carboxylate 

Nucleotide 

Metabolism Purine metabolism 0.8 0.4 0.6 0.7 

Deoxyinosine 

Nucleotide 

Metabolism Purine metabolism 14.7 7.1 9.2 10.2 

Deoxycytidine 

Nucleotide 

Metabolism Pyrimidine metabolism 1.1 0.6 0.8 0.7 

       

Taurine Lipid Metabolism Bile acid biosynthesis__Taurine and 0.6 0.3 0.4 0.4 



hypotaurine metabolism 

2-C-Methyl-D-erythritol 4-

phosphate Lipid Metabolism Biosynthesis of steroids 0.0 0.0 0.0 0.0 

CDP-ethanolamine Lipid Metabolism Glycerophospholipid metabolism 6.4 3.7 6.4 6.3 

       

3-Hydroxydodecanedioicacid Lipids: Fatty Acyls 0 2.2 1.2 1.6 2.7 

[FA amino(20:4/4:2)] N-

(5Z,8Z,11Z,14Z-

eicosatetraenoyl)-L-gamma-

amino butyric acid Lipids: Fatty Acyls Amino Fatty Acids 0.3 0.2 0.2 0.2 

Docosahexaenoicacid Lipids: Fatty Acyls Biosynthesis of unsaturated fatty acids 0.7 0.5 1.4 0.5 

[FA hydroxy(9:0)] 2-hydroxy-

nonanoic acid Lipids: Fatty Acyls Fatty Acids and Conjugates 276.2 175.2 217.2 350.9 

[FA (18:1)] 9Z-

octadecenamide Lipids: Fatty Acyls Fatty amides 0.0 0.0 0.1 0.1 

Traumatic acid Lipids: Fatty Acyls alpha-Linolenic acid metabolism 0.0 0.0 0.0 0.0 

[FA amino(20:4/4:2)] N-

(5Z,8Z,11Z,14Z-

eicosatetraenoyl)-L-gamma-

amino butyric acid Lipids: Fatty Acyls Amino Fatty Acids 0.1 0.1 0.1 0.2 

[FA amino(20:4/4:2)] N-

(5Z,8Z,11Z,14Z-

eicosatetraenoyl)-L-gamma-

amino butyric acid Lipids: Fatty Acyls Amino Fatty Acids 0.0 0.0 0.0 0.0 

10,16-

Dihydroxyhexadecanoic acid Lipids: Fatty Acyls cutin biosynthesis 267.9 145.6 235.5 183.0 

[FA trihydroxy(2:0)] 

9S,11,15S-trihydroxy-2,3-

dinor-thromboxa-5Z,13E-

dien-1-oic acid Lipids: Fatty Acyls Eicosanoids 0.0 0.0 0.0 0.0 

2-Oxooctadecanoic acid Lipids: Fatty Acyls Fatty Acids and Conjugates 0.9 0.5 0.8 0.7 

[FA hydroxy(18:0)] 2S-

hydroxy-octadecanoic acid Lipids: Fatty Acyls Fatty Acids and Conjugates 30.4 16.5 24.1 21.2 

[FA hydroxy(18:1)] 9,10-

dihydroxy-12Z-octadecenoic 

acid Lipids: Fatty Acyls Fatty Acids and Conjugates 2.1 1.3 1.5 2.2 

[FA hydroxy(18:0)] 9,10-

dihydroxy-octadecanoic acid Lipids: Fatty Acyls Fatty Acids and Conjugates 6.0 3.7 5.0 4.2 

[FA (20:0/2:0)] Eicosanedioic 

acid Lipids: Fatty Acyls Fatty Acids and Conjugates 4.7 2.4 4.7 3.2 

[FA methyl(5:1/5:2/8:0)] 

methyl 8-[3,5-epidioxy-2-(3-

hydroperoxy-1-pentenyl)-

cyclopentyl]-octanoate Lipids: Fatty Acyls Fatty Acids and Conjugates 1.2 0.7 0.9 1.1 

[FA (18:1)] 9Z-

octadecenamide Lipids: Fatty Acyls Fatty amides 0.4 0.2 0.3 0.3 

[FA (20:4)] 5Z,8Z,11Z,14Z- Lipids: Fatty Acyls Fatty amides 0.3 0.2 0.3 0.2 



eicosatetraenoyl amine 

[FA 

methyl,hydroxy,ethyl(20:4)] 

N-(1-methyl-2-hydroxy-2-

phenyl-ethyl)-5Z,8Z,11Z,14Z-

eicosatetraenoyl amine Lipids: Fatty Acyls Fatty amides 0.2 0.2 0.3 0.3 

       

[PC (16:0)] 1-hexadecanoyl-

sn-glycero-3-phosphocholine 

Lipids: 

Glycerophospholipids Glycerophosphocholines 53.2 33.6 39.3 38.0 

[PC (18:0)] 1-octadecanoyl-

sn-glycero-3-phosphocholine 

Lipids: 

Glycerophospholipids Glycerophosphocholines 9.8 5.2 8.4 8.0 

[PS (18:0/19:0)] 1-

octadecanoyl-2-

nonadecanoyl-sn-glycero-3-

phosphoserine 

Lipids: 

Glycerophospholipids Glycerophosphoserines 438.7 303.1 348.3 329.7 

[PR] 3beta-(3-methyl-

butanoyloxy)-villanovane-

13alpha,17-diol Lipids: Prenols Isoprenoids 45.7 28.8 35.0 30.3 

[SP (17:0)] 

heptadecasphinganine Lipids: Sphingolipids Sphingoid bases 15.0 9.5 10.1 9.6 

       

Nicotinamide 

Metabolism of 

Cofactors and 

Vitamins Nicotinate and nicotinamide metabolism 44.3 28.2 39.9 33.6 

1-Methylnicotinamide 

Metabolism of 

Cofactors and 

Vitamins Nicotinate and nicotinamide metabolism 0.1 0.1 0.1 0.1 

4-Hydroxybenzoate 

Metabolism of 

Cofactors and 

Vitamins 

Ubiquinone biosynthesis__Phenylalanine 

metabolism__Benzoate degradation via 

hydroxylation__Bisphenol A 

degradation__Toluene and xylene 

degradation__2,4-Dichlorobenzoate 

degradation__Benzoate degradation via 

CoA ligation 0.4 0.2 0.3 0.2 

6-Hydroxynicotinate 

Metabolism of 

Cofactors and 

Vitamins Nicotinate and nicotinamide metabolism 2.1 1.0 1.4 1.1 

4-Methyl-5-(2-

phosphoethyl)-thiazole 

Metabolism of 

Cofactors and 

Vitamins Thiamine metabolism 6.5 4.1 4.8 3.4 
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Bacterial IBs have been proved to mechanically stimulate cell adhesion, cell 

proliferation and cell differentiation when cultured on IB-based topographies. These 

particles have also been observed to retain biologically active or partially active protein. 

Moreover, these “active building blocks” are capable of being released from the IB 

supramolecular structure to carry out their function (see annex nanopills). In this study 

we have explored the possibility of combining the appealing mechanical effect of the IB-

based nanotopographies with the biological activity of proteins with a therapeutic 

interest. In this regard, we have proved that IBs forming nanostructured topographies 

on a cell culture surface can penetrate the membrane of the on growing cells providing 

bioavailability of the IB forming protein. Specifically, we have tested the activity of two 

different bio-active IB-based topographies (Bio-scaffolds) formed by either Hsp70 

protein or the hFGF-2 growth factor. In both cases the protein forming the IB was able to 

develop its therapeutic effect, rescuing cells in chemically induced apoptotic cultures 

(Hsp70 bio-scaffolds) or stimulating cell growth in cultures under serum starvation 

conditions (hFGF-2 bio-scaffolds). These results prompt to the generation of bio active 

scaffolds able to provide multiple stimuli to achieve a highly efficient cell response. This 

approach could prove specially useful in tissue engineering applications in which the 

scaffolds should mimic the complex natural environment of the damaged tissue cells. 
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ABSTRACT 

Bacterial inclusion bodies (IBs) are protein-based, amyloid nanomaterials that 

mechanically stimulate mammalian cell proliferation upon surface decoration. Using 

fluorescent proteins, we have here demonstrated significant membrane penetration of 

surface-attached IBs and a corresponding intracellular bioavailability of the protein 

material. When IBs are formed by protein drugs, such as the intracellular acting human 

chaperone Hsp70 or the extracellular/intracellular acting human basic fibroblast growth 

factor (FGF-2), IB components intervene on top-growing cells, namely by rescuing them 

from chemically-induced apoptosis or by stimulating cell division under serum 

starvation, respectively. Protein release from IBs seems to mechanistically mimic the 

sustained secretion of protein hormones from amyloid-like secretory granules in higher 

organisms. Therefore, we propose bacterial IBs as bio-mimetic nanostructured scaffolds 

(Bio-scaffolds) suitable for tissue engineering that, while acting as adhesive materials, 

partially disintegrate for the slow release of their biologically active building blocks. The 

bottom-up delivery of protein drugs mediated by Bio-scaffolds offers a highly promising 

emerging platform in regenerative medicine.  

  

 



 

 

Introduction 

In tissue engineering, cell colonization of bioinert substrates can be enhanced by 

functionalizing them to produce desired bioactivity with chemistry (motifs and proteins 

such as RGD peptides, vitronectin or mussel proteins) (1,2,3), topography to influence e.g. 

stem cell behaviours (through lithographic procedures or by decoration with particulate 

materials) (4) or by the external supply of growth factors, including epidermal growth 

factor (5), fibroblast growth factors (6), osteoprotegerin (7), insulin like growth factor I (8), 

nerve growth factor β (9,10,11) and vascular endothelial growth factor (6), among others. 

These three strategies (all targeted to influence cell adhesion and subsequent growth 

and differentiation) should be combined to synergistically exploit control of cell 

behaviors for regenerative therapies.  

 

In this context, bacterial inclusion bodies (IBs) are proteinaceous and regular-shaped 

nanoparticles usually ranging between around 50 and 500 nm in diameter, that are 

produced in bacteria by the deposition of recombinant proteins when synthesized at 

non-physiological high rates (12). Essentially, any protein species can be produced in 

bacteria as IBs (13), and IB formation can be favored by the fusion of peptidic aggregation 

tags (14,15). In these protein clusters, amyloid-like cross-beta sheet-based molecular 

architecture coexists with native-like conformations of the forming recombinant protein 
(15,16). Being mechanically stable, biocompatible and many of their biomechanical 

properties tunable by genetic approaches (17), we have previously demonstrated that as 

nanostructured materials, IBs are suitable for bottom-up surface modification in tissue 

engineering (18,19,20). This is simultaneously achieved by the natural adhesiveness of IBs, 

that promotes strong cell attachment, combined with pERK-mediated stimulation of cell 

division through topographical modification, subsequent cell-sensing and 

mechanotransduction events (21). The properties of IBs as self-organizing microbial 

materials have been extensively discussed elsewhere (22,23,24,25,17,26,27,28). Since they 

contain important amounts of functional proteins (29,30,17) and in addition, show an 

unexpected cell membrane penetrability (31,32), IBs rapidly enter into exposed 

mammalian cells and release significant amounts of the forming protein, namely, its 

natural building block. Acting as nano-sized pills (Nanopills), IBs formed by a therapeutic 

protein significantly restore viability of exposed mammalian cells when challenged with 



 

 

different types of stresses (31,32). Therefore, we wondered to which extent, surface-

attached IBs used for decoration in tissue engineering could also deliver active 

components to the top-growing cells, permitting the use of these nanoparticles as fully 

bio-functional scaffolds. Following this reasoning, we provide here evidences of bacterial 

IBs as nanostructured bio-adhesive and bio-functional scaffolds that, when formed by 

protein drugs, promote, in such immobilized form, the bottom-up intracellular (or 

extracellular) delivery of the drug in a biologically usable way. This seems to mimic the 

natural release of peptidic hormones from amyloid protein repositories (secretory 

granules) recently disclosed in higher organisms as a basic functional mechanism of the 

endocrine system (33,34,35). The concept of a protein-based nanostructured material 

formed by releasable bio-active components (Bio-Scaffold), which additionally promotes 

cell adhesion and mechanical stimulation of division, opens intriguing possibilities for 

the development of drug-releasing substrates in which all the mechanical and biological 

stimuli required for tissue regeneration could be simultaneously achieved with the use 

of such a single multifunctional material.  



 

 

Material and methods 
 
Bacterial cells and plasmids  
 

A His-tagged version of the human chaperone Hsp70 and the human basic 

fibroblast growth factor (FGF-2, 155 amino acid isoform, 18 kDa) were produced as IBs in 

Escherichia coli BL21(DE3), transformed with the commercial expression vector EX-

R0068-B01 (OmicsLink ORF Expression Clone, from GeneCopoeia) and the vector 

pET29c(+)-hFGF-2 (36), respectively. VP1GFP and VP1LAC IBs were produced in the 

Escherichia coli K-12 derivative MC4100 [araD139 (argF-lac)U169 rpsL150 relA1 flbB5301 

deoC1 ptsF25 rbsR Strr] transformed with either pTVP1GFP or pTVP1LAC (32). In these 

GFP and β-galactosidase fusions, the foot-and-mouth disease virus VP1 capsid protein 

acts as a protein aggregation tag.  

 

IB production and purification 
 

Bacterial cells were cultured in shaker flasks with LB medium supplemented with 

the required antibiotics at 37 °C and 250 rpm, until the culture optical density at 550 nm 

reached 0.5. Then, recombinant protein production and IB formation were induced by 

the addition of isopropyl-D-thiogalactoside (IPTG), at a final concentration of 1 mM. 

Hsp70 IBs were produced during 5 h at 37 °C, FGF-2 IBs during 3 h at 25 °C, and VP1GFP 

and VP1LAC IBs during 3 h at 37 ºC (in all cases at 250 rpm). All IBs were purified as 

described (37) with the exception of FGF-2, for which sonication steps were replaced by 

cell freeze/thaw cycles to prevent inactivation. After purification IBs were treated for 3 h 

with an antibiotic mixture containing tetracycline (0.5 mg/mL), kanamycin (2 mg/mL), 

chloramphenicol (0.8 mg/mL) and streptomycin (1.2 mg/mL), at 37 °C and under 

agitation. IB proteins were quantified by western blot using the Quantity One software 

(Biorad), by inferring the amount of protein from standard curves with known amounts 

of each protein.  

 
Preparation of Bio-Scaffolds with different IB species 

Different amounts of Hsp70 IBs diluted in PBS were added to polystyrene 24-well 

plates (NunclonTM) ranging from 0.36 to 3.6 μg of Hsp70 protein per well. Hsp70 IBs 

binding was allowed to occur overnight at 4 °C, and after that, supernatants containing 



 

 

non-bound IBs were carefully recovered. Such supernatants were used to estimate the 

amount of aggregated protein effectively attached to the wells by SDS-PAGE and further 

western blot, using original IB samples as references. Protein amounts in each sample 

were densitometrically determined using Quantity One software (Biorad) and 

percentages of effectively bound protein calculated by comparing the amounts of 

recovered protein to the initial quantity of IBs added.  

FGF-2 IBs were resuspended in PBS and different amounts (ranging from 0.02 to 

20 μg of FGF-2 protein per well) were added to polystyrene non-treated 96-well plates 

(Costar®). Then, plates were incubated overnight at 4 °C, supernatants were removed 

and plates were washed twice with PBS. Surface decoration with VP1GFP and VP1LAC 

IBs was done following the same procedures. All assays were performed in triplicate and 

variance between samples determined by a t-test. 

 

Cell culture 

HL-60 cells (acute promielocytic leukaemia, ATCC no. CCL-240) were routinely 

cultured in suspension in RPMI 1640 medium plus 10 % (v/v) fetal bovine serum (FBS), at 

37 °C and 5 % CO2 in a humidified incubator. NIH-3T3 cells (mouse embryo fibroblasts) 

were routinely cultured in DMEM supplemented with 2 mM L-glutamine and 10 % FBS 

(v/v) at 37°C and 10 % CO2 in a humidified incubator. For starvation experiments the 

medium was switched 24 h prior to the addition of IBs or soluble FGF-2 with a low serum 

DMEM containing 1 % FBS (v/v). Human mesenchymal stem cells (hMSCs, from 

Promocell) were routinely cultured in α-MEM supplemented with 10 % FBS (v/v), 1 % 

(v/v) 200 mM L-glutamine, and antibiotics (6.74 U/ml Penicillin-Streptomycin, 0.2 μg/ml 

Fungizone) at 37°C and 5 % CO2 in a humidified incubator. Medium was changed every 3 

days. Cells used in this work were at passage 2-3. HeLa cells (human cervical 

adenocarcinoma, ATCC no. CCL-2) were cultured in α-MEM supplemented with 10% FBS 

(v/v) and 2 mM L-glutamine at 37°C and 5 % CO2 in a humidified incubator. Newborn 

hamster kidney (BHK) cells (kindly supplied by Prof. E. Domingo) were regularly cultured 

in DMEM supplemented with 10 % FBS (v/v) and 2 mM L-glutamine at 37 °C and 10 % 

CO2 in a humidified incubator.  



 

 

Apoptosis Assay  

Cell apoptosis was induced by exposure of HL-60 cells to 15. 6 μM cisplatinum 

and determined by flow cytometry analysis of the cells stained with Annexin V-FITC57, 

by using an Annexin V-FITC Apoptosis Detection Kit (Roche). The anti-apoptotic effect of 

Hsp70 IBs was alternatively determined with Hsp70 Nanopills (that is, IBs added to 

previously seeded cells) and also when using Hsp70 scaffolds (IBs used to decorate the 

well surface before cell seeding). To check the effect of Hsp70 Nanopills, exponentially 

growing HL-60 cells were adjusted to 3 × 105 cells/ml and seeded in 24-well plates with 1 

ml/well. Then, 40 μL of different IBs dilutions, (9 ng/μL and 90 ng/μL), were added to 

each well, simultaneously with cisplatinum to induce apoptosis. To determine the 

antiapoptotic effect of scaffold IBs, cells were seeded in previously IBs-decorated wells 

(as described before), and then cisplatinum added to induce apoptosis. In both 

strategies, cells were subjected to staining with Annexin V-FITC and propidium iodide 

after 24 h as detailed by the manufacturer. The amount of apoptotic cells was analyzed 

with a FACSCalibur flow cytometer (BD Biosciences, San José, CA). All the cell culture 

experiments were carried out in triplicate and variances analyzed by a t-test. 

 

Determination of FGF-2 biological activity 

Biological activity of FGF-2 was tested by measuring cell proliferation of NIH-3T3 

fibroblast cells in presence of FGF-2 IBs compared to cell growth in absence of these 

particles. For that, 4 x 103 NIH-3T3 cells were seeded either in IB-modified polystyrene 

plates  (as described above) or in regular 96-well culture plates (BD Falcon TM) followed 

by the addition of FGF-2 IBs 5 min later. The amounts FGF-2 IBs added to the culture 

medium as Nanopills were the same as those used for Bio-Scaffold preparations. The 

estimation of cell proliferation was determined after 48 h of cultivation at 37 °C and 10 

% CO2 in a humidified incubator by the 3- (4,5-dimethylthiazol-2-yl) -2,5-

diphenyltetrazolium bromide assay, using the EZ4U kit (Biomedica, GmbH, Vienna, 

Austria) following manufacturer´s intructions. Data were recorded in a Victor3V 1420 

(Perkin ElmerTM) reader as described (18). All the cell culture experiments were carried 

out in triplicate and variances analyzed by a t-test. 



 

 

Clathrin immunostaining and confocal imaging  

32 μg of VP1GFP IBs resuspended in PBS were deposited on smooth 

polycaprolactone (PCL) discs of 13 mm diameter that were incubated overnight at 4 °C. 

The decorated disks were then washed in PBS and blocked by adding a 3 % BSA/PBS 

(w/v) solution, for 1 h at 37 °C. Finally discs were washed in PBS. MSCs cultured for 4 

days on IB-decorated PCL discs were fixed with PBS supplemented with 10 % 

formaldehyde (v/v) and 2 % sucrose (w/v) for 15 min at 37°C. A permeabilizing solution 

consisting in 10.3 g sucrose, 0.292 g NaCl, 0.06 g MgCl2, 0.476 g HEPES, 0.5 ml Triton X-

100, in 100 ml PBS, pH 7.2, was then added and incubated at 4°C for 5 min. Cells were 

blocked in 1 % BSA/PBS (w/v) solution for 5 min at 37°C and anti-clathrin antibody 

(Sigma-Aldrich no. C1985) was added, diluted 1:50 in 1% BSA/PBS (w/v). After 1 h at 

37°C the first antibody was removed and samples were washed 3 times in 0.5 %  Tween 

20/PBS (v/v) (PBST) for 5 min at room temperature. Then, a biotinylated horse anti-

mouse antibody (Vector Laboratories) was added as diluted 1:50 in 1 %  BSA/PBS (w/v) 

and incubated for 1 h at 37 °C. After convenient washing steps with (PBS-T) samples 

were incubated for 30 min at 4 °C in a 1:100 dilution of Cy3-conjugated streptavidin 

(Insight Biotechnology) in PBS-BSA. Finally, samples were washed again in PBS-T and 

mounted for confocal microscopy observation in Vecta shield with DAPI fluorescence 

medium (Vector Laboratories). Samples were examined with a TCS SP2 confocal laser 

scanning microscope (Leica Microsystems, Mannheim, Germany) using a Plan-

Apochromat 63X 1.4 N.A lens. For 3D reconstruction, stacks of 20 sections taken every 

0.7 μm along the z axis were captured. These data were then processed using the Imaris 

v 6.3.1 software (Bitplane; Zürich, Switzerland) to generate 3D reconstructions. 

Confocal images of hMSC cultured for 4 days on VP1GFP IB-based scaffolds 

(obtained as described above) were processed with ImageJ software to analyze IB area 

and fluorescence intensity. IBs situated out of cell reach and IBs placed below cells were 

processed. Any particle with an area value higher than 1.5 μm2 was considered to be IBs 

superaggregates and was excluded from the analysis. 

 
Quantitative analysis of IB protein internalization 

Fluorescence in HeLa cells was analyzed after treatment with trypsin under two 

alternative conditions. A “Harsh” treatment consisted in adding 1 mg/mL trypsin (final 



 

 

concentration), in HBSS and incubating the cells for 15 min at 37°C in a humidified 

incubator at 5 % CO2. A “Mild” treatment used 0.5 mg/ml trypsin (final concentration) in 

HBSS for 1 minute at 37°C in a humidified incubator at 5% CO2. After trypsin treatment 

cells were processed on a FACSCanto system (Becton Dickinson), using a 15 W air-cooled 

argon-ion laser at 488 nm. Fluorescence emission was measured with a 530/30 nm band 

pass filter.  

 

Cell attachment assay 

The ability of IB-based surfaces to retain BHK cells was determined by measuring 

the amount of cells after an increasing number of washings steps in PBS as described 

elsewhere (21). 

 

Scanning electron microscopy 

IBs  Track-Etched polycarbonate membranes with 

a pore size of 0.2 μm (Whatman Ltd., United Kingdom). After that, samples were fixed in 

2.5 % (v/v) glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), washed 4 times (10 min 

each wash) in 0.1 M phosphate buffer, washed in water and dehydrated in an ascending 

ethanol series (50, 70, 80, 90, and 95 % for 10 min each and twice with 100% ethanol). 

Samples were further dried by CO2 critical point procedure. All samples were mounted 

on adhesive carbon films and then coated with gold. Images were taken with an EVO® 

MA 10 scanning electron microscope (Zeiss) at an accelerating voltage of 20 kV and an 

EDS Oxford INCA detector. 



 

 

Results 

We have recently shown that bacterial IBs are able to cross the cell plasma membrane 

with no signs of toxicity when added in suspension to cell cultures (32). Excitingly, as the 

IBs are formed by releasable functional proteins (38,39), these nanoparticles show great 

potential in cell therapy (in form of Nanopills), acting extracellularly but also in both the 

cytoplasmic and nuclear compartments. Thus, this report moves to investigate the 

nature of the interaction between cell membranes and IBs when these particles remain 

attached to a 2D surface when used as bottom-up topographical modifiers in cell culture 
(21). To explore this issue, we analyzed by confocal microscopy cell cultures 

(mesenchymal stem cells as a typical cell type used by tissue engineers) growing on 

surfaces decorated with fluorescent IBs (formed by the fluorescent protein VP1GFP). As 

previously shown (18), mammalian cells flattered and grew on IB-decorated polystyrene 

plates in absence of toxicity (Figure 1a). In confocal cell sections scanning for the 

endocytosis marker clathrin, we clearly identified surface-attached IBs showing partial 

penetration into the cells cultured on top of the nanotopographies (Figure 1 b, c). Higher 

magnification of the sections clearly showed that many immobilized IBs emerged 

through the cell membrane without clathrin coating (Figure 1 d), some even contacting 

the nucleus (e.g. Figure 1 c, vertical arrow). Detached IBs could also be observed as fully 

internalized in clathrin-coated vesicles (yellow merging in e.g. Figure 1 c, horizontal 

arrow) but this was a rare event and most of IBs remained fully linked to the surface 

during the progression of the cell culture. To quantitatively determine the number of 

cells that internalized IB material from the decorated surface, we analyzed the 

percentage of fluorescent cells after mild or harsh trypsin treatments. In the last case, in 

which externally linked protein is fully removed by the protease (40), around 20 % of cells 

were observed to be fluorescent by flow cytometry (Figure 1 e).  

 

The bottom-up penetration of surface-linked IBs and the intracellular availability of the 

IB material led us to explore the potential biological effects of IBs, when formed by 

protein drugs, on the top growing cells (17). Specifically, we considered if the protein 

scaffold could release sufficient protein for clear physiological effects, as the integrity of 

bacterial IBs seemed unchanged at least during 4 days of culture (Figure 1). For that, we 



 

 

prepared Hsp70 IBs (and latter FGF-2 IBs, Figure 2), which have recently been observed 

as having an anti-apoptotic effect when administered as Nanopills (32). For a comparative 

analysis of Hsp70 administered as Nanopills (top-down) or as a scaffold (bottom-up), we 

first determined the efficiency of the surface coating with Hsp70 Nanopills. An almost 

linear dependence between the amounts of added IB protein and the final amount of IB 

protein retained after the final washing steps was observed with approx. 60% of the 

initial protein retained in the IB protein range tested (Figure 3 a). This relation was 

considered for further comparison. The anti-apoptotic effect of Hsp70 on the model HL-

60 cells challenged with cisplatinum was determined when administered as both 

Nanopills or topographically as a biofunctional scaffold. It was seen (Figure 3 b) that 

Hsp70 Nanopills indeed rescued cell viability as expected (32), thus providing control to 

our experiment. In a new observation, it was also seen that the topographical Hsp70 

scaffold also rescued cells from apoptosis. Cell viability on the Hsp70 nanotopography 

was significantly higher than in absence of IBs (C bars), or when the surface had been 

functionalized with non-functional IB controls (made from VP1LAC, denoted as IR, 

irrelevant). These data confirmed the concept of functional scaffolds based on bacterial 

IBs and formed by a releasable, bioavailable form of protein drugs. 

 

The more moderate effect of the Hsp70 nanotopographical scaffold compared to that of 

Hsp70 Nanopills could be due to the fact that the model cells used in this assay normally 

grow in suspension. Rather than forming strong cell adhesions, they rather simply 

sediment to the bottom when seeded in polystyrene plates. In this situation, the 

intimate contact presumed to occur between cell membranes and adsorbed IBs will be 

reduced. Therefore, we decided to move to another IB model of immediate applicability 

in biomaterials and tissue engineering coupled to using anchorage-dependant 

fibroblasts (NIH3T3 – form large cell adhesions) for further analysis. IBs formed by the 

basic fibroblast growth factor (FGF-2) were produced in E. coli (Figure 2) and their 

biological activity compared when administered, again, in the forms of Nanopills or as a 

topographical substrate. To first assess the biological activity of FGF-2 IBs they were 

added as Nanopills under serum deprivation conditions. As observed (Figure 4 a), FGF-2 

IBs and soluble FGF-2 (but not non-functional IR IBs) were able to stimulate cell 

proliferation. Furthermore, FGF-2 IBs presented as a nanotopography also stimulated 



 

 

cell proliferation at levels over those promoted by non-functional IB controls (Figure 4 b) 

and more efficiently than when presented as Nanopills, proving a synergistic action 

(physical and biological) of the bio-functional FGF-2 scaffolds. This was not due to any IB-

linked toxicity event as soluble FGF-2 added to cells growing on IB-formed scaffold by an 

non-functional (IR) protein was also able to stimulate cell proliferation (Figure 4 c). 

Interestingly, all the IBs tested in this study, both biologically active (formed by Hsp70 

and FGF-2) and those formed by inert (IR) proteins increased base-line cell adhesivity to 

the substrates upon which they were fixed and thus it is conceivable that 

nanotopographical biomaterial structures that can control one cellular facet (adhesion) 

or multiple cell activities (e.g. adhesion and proliferation) could be fabricated (Figure 4 

d). In agreement, the fluorescence emission of VP1GFP IBs observed down cultured cells 

4 days after seeding was significantly reduced when compared to the emission of cell 

free, substrate adsorbed IBs, although the average IB volume was poorly affected 

(Figure 5 a). This is indicative of protein release without strong implications in the global 

morphology of the material. Therefore, this strongly supports the concept of that the 

bioactive scaffolds formed by Hsp70 and especially by FGF-2 effectively combined 

positive physical and biological stimuli, indeed acting as Bio-Scaffolds. 

 



 

 

Discussion 

Biomaterial scaffolds generated for regenerative medicine should ideally mimic the 

intricate milieu of natural stimuli (mechanical and biological) to favour cell adhesion, 

migration, positioning, differentiation and proliferation in unnatural environments. So 

far, this is being achieved through the generation of biocompatible substrates and 

matrices acting as mechanical effectors, the use of cell attachment peptides or 

bioadhesive materials and by the external supply of cell growth factors that potentiate 

cell differentiation, growth or colonization of material surfaces. Hybrid scaffolds 

combining synthetic and natural materials should synergistically provide mechanical 

support and biological stimuli and are a matter of rapidly growing importance in the 

context of their regenerative potential. In addition, scaffolds loaded with releasable 

growth factors, again targeting regeneration, are under continuous development. In this 

context, polyurethane-fibrin complexes (41), electrospun fibers loaded with growth 

factor-encoding expressible DNA (42), TGF-β-loaded fibrin scaffolds (43), PDGF-loaded 

electrospun PLGA/PEG-PLA composite (44) and FGF-1-loaded PEGDA hydrogels (45) are a 

few recent among the wide spectrum of examples illustrating these approaches.  

 

Since the discovery of bacterial IBs formed by biologically active proteins (30,16,38,29), these 

protein particles have been initially explored as functional materials in biocatalysis (46) 

and nanomedicine (17,25,24). The development of improved protocols to separate fully 

functional IBs from potentially toxic bacterial remains (37,27) has permitted to use IBs in 

intimate contact with mammalian cells as bioadhesive scaffolds for cell culture (21). 

However, we note that to achieve the ideals of third-generation biomaterials, that 

deliver reproducible molecular control of cells (47), we need to move beyond cell 

adhesion per se and into targeted control of desired cell functions to achieve 

sophisticated tissue regeneration. 

 

IBs are self-organizing protein particles (22) produced by cost-effective bioprocesses that 

show high porosity and mechanical stability (18). Here we demonstrate that when IBs 

formed by bioactive building blocks (protein drugs) are used as biofunctional scaffolds in 

cell culture, sufficient amounts of the protein drug are released outside or even inside 



 

 

the cell to allow significant physiological impact. In particular, the nuclear acting 

chaperone Hsp70 and the 155 amino acid (18 kD) form of FGF-2, when exposed to cells 

as stable IB scaffolds, reach their target sites to rescue cell viability under pro-apoptotic 

or serum-starvation conditions respectively. The 155 amino acid form of FGF-2 (the low 

molecular weight isoform (48)) can act both extracellularly by binding its receptor for 

conventional cascade signaling but it can be also translocated into the nucleus (49), were 

in association with CK2, stimulates cell proliferation in a direct mitogenic activity (50). 

These biological effects promoted by the bio-active IB scaffold (Bio-Scaffold) 

demonstrate bioavailability of the IB components outside the cultured cells but also in 

the cytoplasm and nucleus. The release of IB components occurs without significant 

changes in the IB morphology, remaining stable at least up to 94 h (Figure 1), time  

enough to deliver the drug-based effector to impact on cell behavior (Figure 3 and 4). 

How the protein building blocks are organized in the IB material to allow drug release 

whilst maintaining mechanical stability remains an unsolved question, but it might 

represent a parallel mechanism to that supporting protein hormone secretion from 

almyloid granules in endocrine glands of higher organism (33,35). Al least 30 protein 

hormones are stored in amyloid fibrils forming tight granular particles, from which 

functional building blocks (the protein monomers) are steadily released during secretion 
(34). Although the generic interest of amyloids as bionanomaterials is rapidly increasing 
(51,24), the inner structure of this material supporting protein release properties remains 

unsolved. For bacterial IBs we hypothesize that protein particles are formed by a limited 

amount of amyloidal fibrils acting as tensor agents, creating a cotton-like matrix (28) filled 

by functional proteins in native or native-like conformations (Figure 5 b). These fibrils 

have been indeed indentified as minor IB components that remain after extensive 

digestion with proteinase K (52), while native-like architecture seems to be a common 

trait in IB, as supported by both structural (53,54,55,56) and bio-activity analyses (38,57,30). 

Such loosely linked proteins are expected to be releasable under appropriate 

physiological conditions (39,58) (Figure 5), while the amyloidal scaffold would remain 

unchanged. Eventually, misfolded protein species could be refolded once delivered into 

the cell cytoplasm (Figure 5 b, inset). This model would be in full agreement with 

experimental findings suggesting that fiber-based scaffolds are supportive of the IB 

architecture (52,59,28,60) with the coexistence of amyloid-like and properly folded protein 



 

 

species in the IB clusters (16). This concept is also supported by the loss of VP1GFP IB 

fluorescence without significant alterations of IB volume, as experimentally 

demonstrated here (Figure 5 a). Further dissection of the fine IB molecular architecture 

(in progress) should permit us to expand the fields of application of these promising 

protein nanoparticles in nanomedicine and material sciences. However, irrespective of 

other potential applications of IBs, we show here that they are excellent bio-active 

materials formed by releasable and bioavailable components able to target desired cell 

functions (Bio-Scaffolds). This means that the IB decorated surfaces go beyond merely 

promoting adhesion to inert surfaces but that they fit the requirements of third 

generation biomaterials.  

 

Conclusions 

We have demonstrated that bacterial IBs can act as bioactive scaffolds (Bio-Scaffolds), 

accelerating surface colonization and cell proliferation by a combination of adhesion and 

subsequent biological stimuli. This occurs when the building blocks of the IB material are 

protein drugs, with effects on the biology of the top-growing cells. At least a significant 

fraction of the IB material in the form of active protein species is made available to cells, 

and due to an unexpected ability of (even immobilized) IBs to penetrate the cell 

membrane it is also available inside of the cells without toxicity. The design and 

fabrication of nanostructured, protein-only biomaterials in form of bacterial IBs, with 

partial degradation properties, offers a spectrum of possibilities for the use of growth 

factors, mimicking the natural hormone release properties of the endocrine system. In 

this context, a combination of physical and biological stimuli are offered by the use of a 

single material species produced by cost-effective bioprocess with tunable potential, 

without the need of external addition of soluble cell effectors. Work in our laboratories 

continues to explore their potential for utility in tissue engineering because of their 

excellent regenerative potential. 

 

Future perspective 

Amyloids are being considered as intriguing functional materials, some of them, in 

nature, acting as slow secretory agents in the endocrine system. Bacterial inclusion 



 

 

bodies are nanoscale amyloid particles produced by cost effective processes whose bio-

physical properties (including the protein species that form them), can be easily tailored. 

When used to decorate substrates for topographical modification they penetrate top-

growing mammalian cells and deliver their functional building blocks for a biological 

impact. This fact opens a wide spectrum of possibilities for the controlled release of 

selected protein drugs, growth factors and hormones. Tunable bacterial amyloids can be 

then envisaged as promising platforms in tissue engineering and regenerative medicine 

to provide both physical and mechanical stimuli to target cells under pre-defined 

profiles. 

 

 

Executive summary 

Inclusion bodies formed by different proteins mechanically stimulate mammalian cell 

attachment and proliferation when used as topographies. 

 

Surface–attached bacterial inclusion bodies penetrated cultured mammalian cells, 

resulting embedded in the plasma membrane, without any sing of toxicity. 

 

A fraction of the polypeptides forming inclusion bodies are released from these 

nanoparticles and become biologically available to top-growing cells. 

 

When inclusion bodies are formed by protein drugs, a biological effect on the cultured 

cells is evidenced, as a result of the functionality of the released protein monomers. 

 

The partial protein release of building blocks from inclusion bodies occurs without 

significant los of their volume, the particles keeping their scaffolding potential during the 

slow disintegration. 

 

Bacterial inclusion bodies formed by protein drugs act as robust bio-active scaffolds, that 

being fully tunable by genetic and process engineering, mimicking natural slow protein 

delivery systems based on amyloidal protein granules.  



 

 

 

 

Figure 1. A. 3D-confocal analysis of hMSC cells growing for 96 h on IB-decorated PCL 

discs. Clathrin is labelled in red, the cell nucleus in blue and IBs, formed by VP1GFP, are 

naturally green. Two different cells are dissected in either left or right columns. B. Cell 



 

 

sections at different angles showing green fluorescence emitted by surface attached IBs, 

emerging through the clathrin layer. C. Magnification of the same cells from a slightly 

different angle showing intracellular IBs embedded in the clathrin layer. A few detached 

IBs were seen to be internalized in clathrin-coated vesicles (yellow signal, indicated by 

horizontal arrows), while some surface attached IBs appear inside or practically inside 

the cell nucleus (vertical arrow). D. A detail of IBs embedded in the intracellular clathrin 

of the cell analyzed in the left column observed from the cytoplasmic side. 10 μm scale 

bars are showed as white sticks. E. Percentage of fluorescent HeLa cells, cultured at 

different times on IB scaffolds, after a mild (M) or harsh (H) trypsin treatment. C 

indicates control cells grown on IB-free equivalent surfaces.  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. SEM images of isolated Hsp70 IBs (of around 50 nm in diameter) and FGF-2 IBs 

(of around 100 nm in diameter).  

  



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.  A. Linear range relationship between starting IB protein amount (as Hsp70 IBs) 

at the start and the end of IB adsorption protocol on polystyrene 24-well plates (y = 

0.6136x + 0.1187; r = 0.9897; p = 0.0103). B. HL-60 cell viability upon exposure to 

cisplatinum (C) for 24 hours (non treated cells were used as a reference and were given 

100 % viability), and challenged with cisplatinum but either treated with Hsp70 Nanopills 

(white bars) or growing on the equivalent amount of Hsp70 topographical scaffold (black 

bars). Non-functional (or irrelevant, IBs) were formed by protein VP1LAC and used at 3.6 

μg/ml. The significance (p values) of cell viability in the presence of Hsp70 scaffold when 

compared to the controls (C and IR) is shown. Differences of viability between Nanopill-

treated and untreated cells were always significant (p<0.004). Differences between C 

and IR pairs were not significant (p=0.502 for the IB scaffold and p=0.163 for Nanopills). 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  A. Recovery of cell viability by exposure to FGF-2 Nanopills under serum 

starvation (1 % fetal serum). The control (not shown, 100 %) corresponds to non-treated 

cells growing under the same conditions. sFGF-2 indicates the soluble version of the 

growth factor (10 ng/ml) and IR, irrelevant IBs formed by VP1GFP. Levels of significance 

between relevant pair-wise comparisons (through p values) are shown. B. Rescue of cell 

viability by FGF-2 scaffolds in presence of fetal serum (10 %) and under serum starvation 

(1 %). C. Dose-dependent rescue of cell viability under serum starvation promoted by 

FGF-2 scaffolds, compared to cell growth on IR IBs and on IR IBs with the supplementary 

addition of soluble FGF-2 (10 ng/ml). D. Cell attachment analysed through sequential 

washing steps on polystyrene surfaces decorated with different types of bacterial IBs as 

scaffolds. C indicates data from control cell cultures growing on IB-free surfaces. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. A. Integrated density of fluorescent emission (intensity units, I.U.), corrected 

per area, in 2D maximum intensity confocal images (obtained by the sum of 

fluorescence intensity from every confocal plane) of IBs adsorbed to PCL surfaces, and 

observed to be down or out cultured hMSC cells, 4 days after cell seeding. The estimated 

IB volume is also represented in both cases. B. A model of IB scaffolds for tissue 

engineering in which the IB architecture and mechanical properties are sustained by 

amyloidal forms of the protein drug (black lines). The cotton-like architecture (28) that 

these fibers create is filled in with active forms of the drug, with a native or native-like 

secondary structure (green material). Part of these protein forms can be released inside 

(and also outside) the cells cultured on top due to the high penetrability of bacterial IBs 

into mammalian cell membranes. This is conducive to biological effects associated with 



 

 

the bottom-up drug delivery, which occurs during a slow disintegration of IB without 

destruction of its scaffold structure. Native-like but partially misfolded protein species 

(green lines) could be refolded inside the cell (inset) into a fully active form of the drug 

(crosses). Alternatively, IB protein could also act on the extracellular cell side. Protein 

release from IBs could be similar to that proposed for amyloids in mammalian secretory 

glands (34). 
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Tissue engineering is a promising field in regenerative medicine since it could 

represent a promise in the treatment of many diseases and injuries, in which damaged 

tissue compromise the health of the patients.  In this regard, it is important to note that 

tissue engineering success will depend, in a high degree, on the development of suitable 

scaffolds for sustaining cell growth but also for actively directing cell response at a 

molecular level in terms of cell adhesion, proliferation and differentiation. Thus, 

biomaterials used to build scaffolds for tissue engineering applications should not only 

being able to integrate themselves with the tissue surroundings, exhibiting 

biocompatibility, similar mechanical features and degradation rates than the targeted 

tissue, but also they should be able to be sensed by the cells and interact with them in 

order to achieve the desired cell responses in a tightly controlled manner (third 

generation of biomaterials)144, 145. In order to obtain better materials for tissue 

engineering, the study of the surface topography has been proved crucial. Scaffolds 

should mimic the environmental conditions of the targeted tissue cells trying to provide 

a similar range of stimuli, mechanical and biochemical, than those found in their natural 

niche146. In this regard, simple  studies on 2D nanotopographies  have been proved 

extremely powerful to investigate the influence of mechanical nanocues in cell response.  

Particularly, lithographic methods have been largely  employed for generating controlled 

nanotopographies providing consistent results118. However, this technique is quite 

limited by the chemical nature of the material to modify. On the other hand, deposition 

of nanoparticles to fabricate nano-topographical modified surfaces is more independent 

of the material chemical composition but, so far, has provided less consistent data.  

Recently, a study carried out by García-Fruitós and co-workers proposed 

bacterial IBs as a protein-based material for surface nano-topographical modification by 

a simple particle deposition procedure73. Bacterial IBs are protein nano-sized particles 

generated during recombinant protein production processes.  These protein clusters can 

be obtained by cost-effective biofabrication procedures and their protein composition 

analysis indicates that the recombinant protein represents up to 95% of the total protein 

content56, 147.  In addition, they have been shown to provide positive stimuli when used 



 

 

to generate random topographies in cell culture surfaces. However, very little has been 

explored about mechanical and chemical properties of bacterial IBs. Nevertheless, the 

plasticity of the IB formation suggested by the structural diversity of IB forming proteins 

as well as the evidence that properties such as IB size are influenced by production 

time148, genetic background and culture conditions32, 149 prompted us to hypothesize the 

possible formation of structurally distinct aggregates, showing different patterns of 

protein self-organization within the particle.  

In this regard, we have identified an important E. coli cytosolic protease (ClpP) 

which inactivation has a clear incidence in the IB deposition pattern, as shown by the 

aberrant ((unusual) final morphology of the aggregate.  This fact indicates a genetic 

control of the IB shape. Thus, IBs produced in E. coli ClpP- strains exhibit a tear-shaped 

morphology (see figure 2, results, paper 1), contrarily to what has been observed for most 

of the IBs so far described, which usually present a spherical, or in a minor extent ovoid-

cylindrical morphologies. IB shape regularity can be explained by the nature of protein 

deposition in recombinant bacteria, in which the balance between deposited protein 

and protein removed from the IB surface, by a network of chaperones and proteases, 

determine the volumetric growth of the aggregate32, 150. Therefore, IB formation can be 

understood as the result of a destruction/reconstruction process occurring at the 

surface level of the aggregate suprastructure likely rendering their common spherical 

morphology49. 

  In this scenario, the ClpP- bacterial cell environment would alter the mentioned 

balance. Thus, a part of the DnaK-mediated released polypeptides, prone to be 

proteolysed by ClpP, would aggregate again on the IB surface, generating a polar 

protrusion on the protein cluster. The unidirectional growth observed for ClpP- IB is 

probably due to the polar situation of the aggregate within the bacteria. It has been 

described that E. coli accumulates aggregated protein in the cell poles by an energy-

dependent manner151. Therefore, the own bacterial cell wall could be acting as a steric 

impediment forcing the deposition of the unproteolysed polypeptides toward the inner 

site of the cell (see figure 4C, results, paper 1).  

Interestingly we observed a significant difference when comparing proliferation 

of BHK (baby hamster kidney)  and PC12 (rat adrenal pheochromocytoma) cells, cultured 

on two different types of IB-based nano-topographies, which were fabricated with 



 

VP1GFP IB in either tear-shaped (ClpP-) or spherical (DnaK-) form.  Cells cultured on ClpP- 

IBs showed faster proliferation than the ones cultured on spherical IBs. This fact was 

clearer for PC12 cells probably due to the low adhesion capability exhibited by this cell 

line, by which any improvement on the cell-substrate interaction would have a higher 

incidence. These data suggests that mammalian cells are able to sense and respond to 

distinct IB geometry opening the possibility of enriching IBs capability as biomaterial by 

producing genetically tailored particles. 

According to this data, our group, in collaboration with Prof. Jaume Veciana´s 

team, from the department of molecular nanosciences and organic materials in the 

material science institute of Barcelona, further investigated IB structural tunability by 

analyzing several properties such as size, stiffness, zeta-potential, morphology and 

wettability in four different types of IBs.  E. coli MC4100 (wt) strain and its defective 

mutants DnaK-, ClpA- and ClpP- were used to produce IBs formed by the VP1GFP model 

protein. These strains have respective mutations inactivating key genes in the protein 

quality control network. As we previously speculated, the absence of these modulators, 

devoted to control protein quality and therefore intervening in protein deposition as IBs, 

significantly altered the aggregation pattern originating IBs with distinct structural 

properties (see table 3). Interestingly, besides the differences observed in the studied 

parameters’ values, a general transition from monomodal to bimodal distributions was 

also observed for some properties such as stiffness or wettability, in IBs produced by 

DnaK- and ClpA- mutant strains, or to trimodal in the case of ClpP- IBs stiffness. These 

data reflect more than one population of structurally distinct IBs that can be formed 

during the same biofabrication process, adding a new degree of complexity to the 

produced particles. Thus, this study provides new insights to IB tailoring by 

demonstrating that IBs not only can be optimized regarding the content of biologically 

active protein, but also that their mechanical features at the nanoscale level can be 

genetically determined. Tissue engineering could take advantage of this mechanically 

tunable material since the different IB structures could lead to the modulation of the 

mechanotransductive cell response. 

 

 



 

 

IB relevant properties regarding the genetic background of the fabricating strain. 

Phenotype 
Diameter 

(nm) 
Stiffness 

populations (MPa) 
Morphology 

Z-potential 

(mV) 

Contact angle at 
Maximum IB 

Coverage 

Wild-type 342 3,73 Spherical -16,7 80° 

DnaK- 531 3,56 / 7,75 Spherical -18,2 75°/>90° 

ClpA- 435 5,01 /10,99 Spherical -17,8 60°/ >90° 

ClpP- 459 3,33/7,10/13,45 Tear-shaped -26,5 60°/ >90° 

Table 3. IB nanoscale properties. Values separated by bars indicate that more than one value was 
obtained for the same IB sample, suggesting the co-existence of different IB populations within the same 
biofabrication process. 



 

 

 Bacterial IBs have been successfully used to engineer micro- and nano- 

environment on cell culture surfaces. This results in a dramatic enhancement of 

substrate colonization73. by a mechanism not yet elucidated. In this regard, some studies 

performed on inert polymeric nanotopographies, generated by lithographic approaches, 

demonstrated the incidence of mechanical environmental stimulation152, suggesting that 

an analogous mechanism could be acting for the cells cultured on IB-based 

topographies. In order to work out the mechanism by which IBs trigger cell colonization 

upon surface decoration, a battery of different cell types, each one with their own 

features and requirements, were analyzed when cultured on four structurally distinct IB-

based topographies. Thus, despite that absolute cell number was higher for all the cell 

lines tested on every IB-based topography compared to nude polystyrene controls, two 

clear tendencies were observed when analyzing the relative cell numbers at the three 

different culture times (namely 24h, 48h and 72h). This allowed us to identify two 

differential behaviors exemplified by HepG2 and 1BR3.G cell lines (see figure 1, results, 

paper 2). On one hand an increase of the relative cell number at early culture times (24h) 

for both cell types was observed, suggesting a primary positive effect probably due to an 

enhanced cell adhesion. On the other hand, while the relative cell number is maintained 

nearly constant in the HepG2 case at the three tested times, an active induction of cell 

proliferation is observed for 1BR3.G cells, denoted by higher relative cell numbers at 

long cell culture times than at early cell cultures. This cell behavior leads us to speculate 

with a dual effect of IB-based topographies, namely bioadhesiveness and mechanical 

stimulation of cell proliferation. To further explore mechanical stimulation of cell 

proliferation, activation of ERK pathway was analyzed. In this regard, ERK has been 

proved a convenient reporter of cell growth activation by mechanical stimuli in 

independent studies 153, 154.. Accordingly with the previous results (see figure 1, results, 

paper 2) ERK in its active phosphorylated form was clearly detected for 1BR3.G cells 

growing on IBs while non-significant amounts were observed in the case of HepG2 cells. 

Additionally, bioadhesiveness of IB-based topographies was stronger for HepG2 cells 

than the one observed for 1BR3.G (see figure 2, results, paper 2).   



 

 

 All these data corroborates the dual effect provided by IB-based topographies, 

improving cell adhesion compared to cells cultured on polystyrene nude surfaces and 

actively stimulating cell growth via mechanotransductive events (see figure 7). 

 

Figure 7 Representation of the dual effect provided by IB-based topographies being a) cell adhesion and b) 
cell proliferation responses 

In this regard, as expected, global cell response is highly dependent on the nature 

of the tested cell line but interestingly it can also be modulated by the IB structural 

properties. Thus, the main physico-chemical properties influencing cell response in IB-

based topographies are size, maximal stiffness and zeta potential. Therefore, in theory it 

would be possible to fabricate IB with physicochemical properties on demand depending 

on the final application of the biomaterial and the cell type requirements. However, 

despite the identification of some important features with incidence in cell surface 

colonization, IB tunability still presents major inconvenients since genetically determined 

IB biofabrication supposes a whole structural modification of the protein cluster that 

may alter at the same time several relevant particle features in an undesired manner.  

Thus, in order to overcome this limitation in the potential use of bacterial IBs, it would 

be highly advisable to generate in a near future a structural IB database, broad enough 

to screen in every application which structurally distinct IB join the best combination of 

properties to carry out each specific function. Alternatively, it would also be interesting 



 

to explore chemical modifications to specifically modulate the desired particle feature. 

In addition, a deeper analysis of these results also raises bioadhesiveness as a 

characteristic feature of IB as biomaterial, since higher relative cell numbers are 

observed at early culture times in the four tested cell lines when cultured on IB-based 

topographies. On the contrary, those topographies are only able to actively enhance cell 

division rates depending on the specific cell line, as it has been observed by activated 

ERK detection.  

 From a tissue engineering point of view, IB protein biomaterials are able to 

generate topographies presenting physicochemical properties in the same range than 

the one found in natural tissue environments, probably better than other particulate 

materials explored for surface engineering such as ceramics or carbon nanotubes. In 

addition, the selective modulation of the two described independent effects exhibited 

by the different IB variants, and especially by ClpP- IBs, could be interesting in order to 

enrich primary cell cultures with defined cell types. Nevertheless, in general terms IB-

based topographies have been shown to effectively increase cell surface colonization by 

enhancement of cell adhesion or the synergistic action of IBs bioadhesiveness and 

mechanotransduction-mediated cell growth activation. Therefore, IBs are a promising 

self-assembled protein material for tissue engineering. 

  

  

 



 

 

 

Stem cells exhibit very promising properties in regenerative medicine such as 

their self-renewal capacity and their ability to generate multiple cell lineages. Therefore, 

important efforts have been carried out in order to influence stem cell gene expression 

and subsequently, cell response, with the aim of directing differentiation of these cells 

to specific cell types able to restore tissue or organ functionality.  In this regard, many 

researchers have developed well defined nanotopographies to control cell response. For 

instance mesenchymal155 and embryonic stem cells156 have been shown to be affected in 

their self-renewal capacity and differentiation processes when cultured on 

nanotopographical modified environments. However, these studies have been often 

limited by the technical procedure used to obtain the 2D nanotopographies, being 

material dependent lithographic methods the most used.  Thus, bacterial IBs could 

become a good alternative to generate nanotopographies able to direct stem cell 

response. IBs have been proved mechanically stable protein particles ranging from 

around 50 nm to 1000 nm in diameter. Additionally, their nanoscale properties have 

been shown tunable by the selection of the proper genetic background of the producing 

bacteria and by the modulation of production process variables such as temperature or 

expression time. 

 In this report we have explored the effect of IB nanotopographies, patterned on 

PCL, on MSCs response. MSCs are able to generate several cell lineages such as 

osteoblast, chondrocytes and adipocytes84 while PCL is a degradable polymer extensively 

used to generate scaffolds for tissue engineering157. In this regard, our study has been 

focused in adding IB-based random surface nanostructure to the PCL in order to 

stimulate MSC differentiation. In this regard, other studies, show that MSC osteogenesis 

can occur in response to disordered nanotopographies fabricated by lithographical 

procedures117. 

IB-PCL topographies provide significant stimuli to MSCs in terms of cell spreading, 

metabolic activity and differentiation. These cells, when cultured on IBs, tend to 

establish large focal adhesions. Focal adhesions (FA) are protein complexes that connect 

the extracellular environment with the cell cytoskeleton providing cell anchorage to the 



 

substrate, as well as a signaling platform from the extracellular matrix to inner cell. 

These structures have been shown to trigger non-receptor tyrosine kinases signaling 

pathways that regulate transcription factor activity being ERK signaling cascade one of 

them158. Thus, formation of focal adhesions is crucial for physical stimuli transduction 

and mechanotransduction-mediated MSC differentiation159, 160 (see figure 8).  Induction 

of osteogenesis by IB-based topographies was further observed by the detection of 

osteoespecific transcriptional markers such as Osteopontin. Significant up-regulations, 

relative to planar PCL controls, of this marker were observed for the four IB-based 

topographies tested at seven days of MSC cultures. The osteogenic capacity was 

additionally assessed by the immunodetection at 21 days of cell culture of the protein 

marker Osteopontin and Osteocalcin.  

 

Figure 8 Simplified scheme of mechanotransduction signaling mediated by non-receptor tyrosine 
kinases. 

Besides, activation of stem cell metabolism in response to differentiation has 

been also described161 and it can represent a promising tool for stem cell response 

analysis, since these cells exhibit a low basal metabolism. In this regard, a general 

metabolic up-regulation was observed on the IB-based topographies. Interestingly, the 

metabolomics profiles obtained for carbohydrate, nucleotide and lipid metabolisms 

suggest an increased energy demand on the MSCs cultured on IB indicating a higher 

requirement of these cells to carry out the differentiation process. Moreover, despite 



 

 

the overall aminoacid metabolic pathway remained unchanged, a deeper dissection of 

the data revealed differential up and down regulations of specific amino acids, probably 

due to the distinct proteins expressed by different lineages.  

Finally, it is important to note that some IBs types performed better in terms of 

osteogenic induction, being ClpA- the genetic background providing the most 

osteogeneic IBs. These results are in agreement with previous studies in which 

structurally distinct IB induced differential cell responses depending on the tested cell 

type (see results, paper 2).  In addition it has been proved that substrate stiffness play an 

important role in osteogenesis162. Thus, it would be expected that IBs with the highest 

elastic young modulus stimulate the strongest MSCs differentiation to osteoblasts. 

Although ClpA- IBs show higher stiffness than wt and DnaK- IBs, we would expect ClpP- to 

have the bigger influence in MSC differentiation. Nevertheless, ClpP- IBs were not 

observed to be firmly attached to the PCL as it can be observed by the absence of this 

type of IBs present under the cells (see figure 4, results, paper 3). Since there is no clear 

evidence of ClpP- IBs in the cell cytoplasm or partially internalized, contrarily to what is 

observed in the ClpA- IBs-based topographies and the particles have not been bunched 

around the cells it is plausible to think that a low adhesion of these particles to PCL has 

prompted their release to the cell media during the MSC spreading and therefore the 

low incidence of ClpP- IBs on ostegenesis would probably due to a reduced number of 

particles in contact with the cells. This fact could be easily overcome by immobilizing the 

particles to the substrate by for instance adding an elastomer such as 

poly(dimethylsiloxane) (PDMS), classically used in micro contact printing approaches 

acting as a sticky layer163.  

 



 

 

Regenerative medicine and specifically tissue engineering applications have been 

benefited of the development in nanotopographical surface modulation to control 

cellular response164. Nevertheless, although physic stimuli have been shown crucial, cells 

in their natural niches are also exposed to biochemical signaling. In this regard, substrate 

functionalization or external supply of bioactive proteins, have been explored. Some 

examples are the use of epidermal growth factor (EGF)128, fibroblast growth factor 

(FGF)130, vascular endothelial growth factor (VEGF)130, osteopotegerin165, insulin like 

growth factor I (IGF)166 and nerve growth factor β (NGF)167 among others, in cell cultures 

to direct cell behavior. All these bioactive proteins have been shown to influence cell 

response in terms of cell growth and/or differentiation, key events in tissue engineering 

applications. Thus, the combined action of topographical modification and controlled 

delivery of bioactive protein would be a powerful tool in the regenerative medicine field.  

In this context, bacterial IBs are protein aggregates in which amyloid like 

structure coexists with globular protein in several folding states. These nanoparticles 

have also been shown to retain a certain degree of biological activity, being the quality 

protein conformation of the forming polypeptides easily modulated by controlling 

parameters such as process variables like temperature or the genetic background of the 

producing strain. Moreover, our group has recently proved that IBs, fabricated with 

therapeutic proteins, when added in challenged cultures can rescue stressed cells by 

providing enough amount of bioactive protein to restore their functionality. In 

particular, four different proteins with distinct therapeutic activities, the enzymes 

dihydrofolate reductase and catalase, the chaperone Hsp70 and the leukemia inhibitory 

factor were fabricated as IB and tested in differently injured cultures. Moreover, also 

IB’s tolerance was evaluated via oral administration of these nanopills in mice, observing 

no evidence of any toxic effect. Thus, IBs formed by therapeutic protein can be 

engineered as protein nanopills able to provide a steady availability of the active 

therapeutic agent (see annex 4). Very recently, another example of IBs used as carriers of 

bioactive protein was provided by Liovic and co-workers. Accordingly to our results they 

fabricated Keratin 14-formed IBs able to provide their bioactive forming protein to 



 

 

epithelial cells168. All these data, coupled to the amyloidal properties of bacterial IBs 

suggested a similar mechanism than the natural delivery system observed for peptide 

hormones from amyloid reservoirs (secretory granules), with a slow release purpose in 

the endocrine system14, 169.  

In this work, we have proved that IB-based topographies formed by protein with 

potential therapeutic effects provide the bioactive forming protein (building blocks) in 

enough amounts to influence the cell response. Interestingly, we observed a high degree 

of IB cell penetrability without compromising the nanotopography integrity. This fact 

could explain protein bioavailability, particularly relevant in Hsp70 IB-based 

topographies since this protein function is carried out in the cell cytosol and nucleus170. 

Nevertheless, when comparing the effect of these IB between substrate delivery and by 

nanopills cell media supplement, we observed a clear higher effect on the second 

strategy. This fact it is probably due to the low adhesion capability of the model cell type 

used (HL60 cell line) in this experiment. Since these cells usually grow in suspension and 

are unable to spread, the cell-substrate contact is limiting the number of particles in 

contact with the cells and therefore the forming protein bioavailability.  In addition, it is 

important to note that the amount of effectively attached IBs onto the plate surface is 

lower than the quantity of protein added to generate the IB-based topography (around 

60% of the initial protein is retained). The rest is removed with the washing steps 

present in the fabrication procedure.  

In order to corroborate these results, hFGF-2 IB based topographies were tested 

and compared to its nanopill strategy counterpart. In this regard, hFGF-2 has been 

shown to stimulate cell proliferation in starved NIH3T3 fibroblast cultures, among many 

other functions171. Noteworthy, unlike HL60 cells, NIH3T3 fibroblasts tend to strongly 

adhere to the cell culture surface exhibiting good levels of cell spreading. Sensibly with 

our previous hypothesis, we observed a higher extent of cell proliferation in serum-

starved cells, cultured on hFGF-2 IB-based topographies. In this case, IB availability 

shouldn’t be impaired by a low cell membrane-surface contact. Moreover the extra 

difference observed is probably due to a dual effect of the hFGF-2 IB based 

topographies, combining mechanical stimuli with the biological activity of the hFGF-2 

protein. Interestingly, nanotopographies formed of both hFGF-2 and Hsp70 showed a 



 

higher bioadhesiveness reinforcing the hypothesis of combined cell stimulation by both 

physical and biochemical cues.  

The mechanism by which IBs release their building blocks is not fully understood. 

However, we have observed that IBs can provide bioactive polypeptides without 

compromising the mechanical integrity of the aggregates (see figure 5, results, paper 4). In 

addition, some studies have suggested a “cotton like” structure of bacterial IBs in which 

loosely linked building blocks would be expected to be released under physiological 

conditions172. On the other hand, the presence of amyloid fibrils has been extensively 

observed in this kind of aggregates. In this regard, an interesting study performed by 

Maji and co-workers showed how amyloids, produced from analogs of the 

gonadotropin-releasing hormone, were able to develop a sustained release of the 

peptide drug from the termini of the fibril. Moreover, the released peptides were found 

to be fully active upon their release173. All these data led us to hypothesize, based on the 

previously described cotton like architecture, an IB structure in which amyloid fibrils act 

as tensor agents devoted to preserve mechanical stability of the particle but also 

providing a scaffold where the globular protein could be trapped. Thus, other IB building 

blocks loosely attached could be released without compromising the structural integrity 

of the particle. In addition, a possible release from the termini of the amyloidal fibrils 

cannot be disregarded although given their relatively low presence it would probably 

suppose a secondary delivery pathway. 

The possibility of generating scaffolds able to provide multifaceted stimuli 

combining adhesion, mechanical modulation and biochemical control of cell response 

could be the solution to fulfill third generation ideal biomaterials, being the control of 

the cell response at a molecular level a crucial function of them. In this regard, hybrid 

scaffolds, combining synthetic and natural materials are under constant investigation, as 

well as scaffolds with controlled release properties to deliver bioactive agents. All these 

studies provide an ever increasing spectrum of sophisticated materials very promising 

for tissue engineering applications. In this regard, IBs have been shown to be able to 

generate nanotopographies, increasing cell adhesion as well as providing mechanical 

stimuli in order to induce cell growth or control cell differentiation, additionally to their 

previously described utility as immobilized biocatalyzers (see annex 5). In this study, we 



 

 

prove how these topographies could incorporate an additional level of complexity and 

cellular response control, by the delivery of biochemical regulators. Therefore bacterial 

IB cell substrate coatings could be considered as a third generation biomaterial even if 

further research should be necessary for the clinical application of tissue engineering 

devices based on IB technology.         

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

1. E. coli ClpP- strain is able to generate tear-shaped IBs, clearly distinct form the 

classical spherical-like geometries generally observed for these particles. In 

addition, we have provided evidence of altered physicochemical properties such 

as size, stiffness, z-potential and hydrophobicity in other E. coli strains defective 

for key regulators of the protein quality machinery such as ClpA and DnaK, when 

comparing with those observed in the wild type strain. Therefore, IBs are tunable 

in terms of morphology and physicochemical properties since these features are 

genetically determined. 

 

2. Four mammalian cell lines used in this study have shown higher adhesion on IB-

based topographies compared to those seeded on nude polystyrene surfaces. 

This fact indicates IB bioadhesiveness as an intrinsic feature of these 

nanoparticles that favor cell attachment when they are used for surface 

decoration. 

 
3. Additionally, IB-based topographies have been shown to actively stimulate cell 

growth in two of the tested cell lines. It has been proved, by the analysis of the 

active form of the ERK protein, that such stimulation of cell division is related to a 

mechanical sensing of the IB-topography that triggers the signaling 

mechanotransductive cascade. 

 
4. Both cell adhesion and stimulation of cell proliferation can be modulated by 

producing the nano-topography with physicochemically distinct IBs. 

Nevertheless, as expected, distinct cell lines respond in a different way to the IB-

based topography being necessary to consider cell type requirements in order to 

direct the desired cell response. 

 
5. IB-based topographies can stimulate osteogenesis in mesenchymal stem cells. In 

addition, the degree of stimulation have been shown to be linked to the 

physicochemical properties of the nanotopography-forming particles, being 

those based on ClpA- IBs the strongest inducer of the osteogenic response. 

 



 

6. IB-guided MSC differentiation is an energetically demanding process that can be 

analyzed by metabolomic approaches. 

 
7. IB-based topographies fabricated with proteins with therapeutic interest are able 

to rescue challenged cell cultures, improving cell viability in chemically induced 

apoptotic cells in the case of Hsp70 IBs, or stimulating cell growth under 

starvation conditions in the case of FGF-2 IBs. In this case the rescue was carried 

out by two simultaneous mechanisms: the stimulus to growth due to topography 

and the physiological effect of the therapeutic protein released from IBs 

 
8.  The intracellular activity of Hsp70 combined with the high degree of cell 

membrane penetrability of IB-based topographies prompt us to suggest bacterial 

IBs as a drug delivery system based in the sustained release of the IB active 

building blocks (the forming functional protein) into the growing cell.   
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Pepe  gracias por tu sentido del humor, siempre es bueno reír pero haciendo la 
tesis se convierte en algo indispensable para mantener juicio.  

Rosa gràcies per facilitar-nos tant la vida, sense tu, la Vero i la Delia això no  
hagués estat possible. Gràcies per evitar que el laboratori s’ensorri i per aguantar-nos a 
tots nosaltres sense perdre mai la paciència (malgrat les bronques, per altra banda 
absolutament necessàries). 



 

 

Vero  muchísimas gracias por todo, eres la persona más alegre que he conocido y 
contagias esa alegría todos los que están a tu alrededor. Siempre estas ahí para charlar 
un rato y reír y reír y reír. Gracias por toda la ayuda que me has dado, por los ánimos y 
por tu experiencia. Ha sido increíblemente divertido trabajar contigo.  

Joan que t’haig de dir, ha estat genial compartir aquesta experiència amb tu, 
sobretot pel que fa fondues, espaguetàs i demés, la veritat és que m’ho he passat 
sempre molt bé.  Gràcies a més, per compartir un pensament crític amb el sistema que 
ens envolta. Fas que encara no perdi l’esperança que un món més just és possible. Salut 
i verduretes ecològiques! 

Paolo, muchas gracias por hacer más divertidos los días, por estar siempre 
dispuesto a ayudar, por esperarme para echar el café y por aportar alegría al grupo. Tú sí 
que vales! 

Ugutz, puede que sin darte cuenta, pero has aportado grandes dosis de humor 
durante estos cuatro años. Tu brutal sinceridad es desternillante (o por lo menos a mí 
me lo parece). Gracias por ayudarme cuando lo he necesitado y por tu clases aceleradas 
de IMARIS.  

Olivia ha estat un plaer tenir-te de veïna de taula, gracies per posar música als 
nostres dies (i que no fos flaix fm!!) i compartir l’afició per la literatura fantàstica. Has fet 
la feina una mica menys monòtona, gràcies. 

Joan Marc hem rigut molt, gràcies per entretenir-nos amb les teves historietes, 
però sobretot per la manera d’explicar-les, tot i que no sempre és fàcil entendre’t!!! 

Xu and Mireia I have shared a short period with you but it has been long enough 
to know you a little bit more. You are very nice people and I wish all the best for you in 
the future.  

Monica i Nuria no vam compartir un període massa llarg però de les dues he 
aprés coses i m’enduc bons records, moltes gràcies.  

Gracies a tu també Fela per la teva inestimable ajuda sobretot per les correccions 
dels textos en anglès. M’enduc també una recepta de guacamole que fa les delícies de 
tot aquell que el tasta. 

Christoph and Karl thank you for being so patient with my English. In the end I 
think that we have done a good work together!  

Fran, Sílvia, Paqui i tots aquells que han passat per cultius,  moltes gràcies per la 
vostra ajuda. Sobretot a tu Fran que has patit en carn pròpia els meus estrambòtics 
experiments, sempre disposat a ajudar i fent que la feina resultés molt més interessant. 



 

He aprés moltíssim amb tu i m’has ajudat a millorar enormement, gràcies també per 
totes les xerrades i els ànims que m’has donat durant aquests anys.  

Haig d’agrair també al professor Jaume Veciana i al seu grup sobretot a la Imma, 
César i Witold per la seva inestimable ajuda a l’hora de portar endavant projectes 
comuns que han ajudat a definir aquesta tesi.  

Uschi thank you very much, to you and your team: Maria, Ana and Zhaopeng for 
making of my stay in Hannover a really nice experience. 

Matt thank you for the opportunity you gave me of doing a stay at your 
laboratory but also for your kindness and patience with me. It has been really great 
working in Glasgow. I want to thank also all the people at the CCE who helped me during 
my stay: Frank, Laura, Lewis, Caroline etc. but especially to you Monica. You taught me a 
lot of useful stuff and suffered most of my complaints and problems. I am really grateful 
you and Matt led my project there! 

Muchas gracias a ti también Ángel por enseñarme la ciudad, donde estaban los 
mejores pubs y compartir unas cuantas pintas!! 

No todo puede ser curro en esta vida! Gracias a toda mi familia por haberme 
apoyado no solo durante estos últimos cuatro años sino durante toda mi vida (es lo que 
toca, pero no por eso es menos meritorio), a mis padres porque sin ellos yo no estaría 
aquí y por lo tanto no podría escribir la tesis (ni existir). Gracias también por 
preocuparse por mi (a veces demasiado), por proporcionarme todo lo que he necesitado 
y ayudarme a crecer. También quiero agradecer a mis hermanitos, a la Roser y mis 
sobrinas por hacer de los domingos un día para desconectar y cargar pilas.  

Gracias también a ti Carmen, por tu interés a lo largo del trabajo y todos los 
ánimos que nos has dado tanto a Andrea como a mi mismo.  

No me olvido de los colegas Ivan, Furby y Elías con los que he compartido muy 
buenos momentos, la verdad es que nos lo pasamos muy bien, no sabría decir si habéis 
sido una buena influencia para el correcto desarrollo de la tesis… pero queda más que 
compensado! 

També vull fer una menció especial als biotecs, no em posaré a dir noms perquè 
no acabaríem! Però junts hem descobert interessos comuns, ens hem fet grans i la hem 
liat en més d’una ocasió. Merci biotecs!!! 

També et vull donar les gracies Teixi per tots els cops que m’has salvat la vida 
apropant-me de la Uni a Mataró i viceversa,  per les partides de catan, per animar-me a 
escriure i els bons moments compartits! 



 

 

Finalment et volia donar les gràcies a tu Andrea, per aguantar-me, per donar-me 
el teu suport i omplir de significat la meva vida. Sense tu estic segur que no hagués 
arribat fins aquí. Em coneixes millor que cap altre persona i saps perfectament què fer 
en cada moment,  t’estaré eternament agraït (o fins que em mori, el que arribi abans). T’ 
estimo.  

 


