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Human corneal stromal cells (hCSCs) are in high demand for ocular repair following injury or disease but 
differentiate to an undesirable activated fibroblastic phenotype when cultured by conventional methods. Here 
we report a new peptide-functionalised thermo-responsive electrospun cell culture scaffold that supports rapid 
expansion, phenotypic expression and enzyme-free passaging of quiescent hCSCs for potential ocular repair 
applications.    

Current methods of adherent mammalian cell expansion for tissue engineering and regenerative medicine applications rely usually 

on the use of 2D culture platforms, foetal bovine serum containing media, and enzymatic digestion for cell recovery. However, 2D 

culture of primary cells can result in undesired de-differentiation,1-3 due to the lack of similarities to the natural extracellular matrix 

(ECM) environment, and enzyme passaging can significantly reduce cell quality,4-6 as a result of the destruction of important cell-

surface proteins. In recent years, thermo-responsive surfaces7, 8 have been used as supports for mammalian cell culture, as their 

changes in physicochemical properties at upper or lower critical solution temperatures (UCST, LCST) can facilitate cell detachment 

without the need for enzymatic passaging.9-13 However, while the polymer phase transitions result in measurable “hydrophilic-to-

hydrophobic” behaviour changes, these differences are often only moderate in terms of their effects on cell adhesion. Accordingly, 

there is a need to generate materials, which provide selective functionality for specific cells to attach, while retaining their ability 

to release cells via a mild temperature change at the end of the cell culture and expansion period.  

 

Here we report the development of a new thermo-responsive adhesion peptide-functionalised (GGG-YIGSR) fibre-scaffold based 

on co-electrospun poly(DL-lactide) (PLA) and poly(di(ethylene glycol) methyl ether methacrylate)-co-poly(di(ethylene-glycol) 

carboxylate ester ethyl thiol) (PDEGMA/PDEGSH, Fig. 1A) for enzyme-free 3D mammalian cell culture. We have exemplified this 

concept via the growth and recovery of human corneal stromal cells (hCSCs) in non-serum containing media. These cells were 

chosen as hCSCs display a well characterised phenotypic change during conventional in vitro culture from a keratocyte phenotype 

(quiescent, CD34+, ALDH+) to a mesenchymal stem cell/fibroblast/myofibroblast phenotype (proliferative, CD105+, α-SMA+).14 The 

laminin sequence YIGSR was selected for this study as previous literature has shown that interaction with this peptide sequence 

supports hCSCs attachment and the maintenance of a quiescent keratocyte phenotype.15 

 

Co-spinning PLA with thermo-responsive polymers of PDEGMA and a side-chain thiol-functionalised PDEGSH generated fibrous 

scaffolds with ‘click’ handles for peptide coupling. The subsequent conjugation chemistries were carried out by reacting 

norbornene-fuctionalised peptides (Nor-GGG-YIGSR, Fig. 1C) with the side-chain thiols via a UV-mediated thiol-ene reaction (Fig. 

1B). Attachment of the peptides on the scaffolds was confirmed by fluorescence labelling, ToF-SIMS and XPS analysis. The resulting 

bioconjugate scaffolds were assessed for their ability to support hCSC culture by cell adhesion, proliferation and immuno-

cytochemistry assays. The phenotypic profiling of hCSCs after thermo-responsive passaging was evaluated by flow cytometry 

analysis of key cell surface markers. The combined assay data indicated that the expansion of hCSCs could be conducted with high 

yield and retention of a therapeutically desirable phenotype without using expensive and potentially cell-damaging enzymatic 

methods. The ability to culture, expand and recover therapeutically relevant cell types makes these scaffolds a promising new class 

of materials for application in many areas of regenerative medicine, where cells are destined for the clinic. 

 

Polymer synthesis 

The co-polymers PDEGMA/PDEGSH in different ratios (100:0, 98:2, 97:3, 96:4, and 90:10, PDEGMA to PDEGSH respectively) were 

synthesised by a two-step route (scheme. Fig 1A) and structures were confirmed by 2D-NMR analysis (Fig. S1-S18) with the  
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disappearance of the CH2OH signal (H1-NMR; 3.7-3.8 ppm, t, 2H and C13-NMR; 61 ppm) and the appearance of the CH2SH peaks 

(H1-NMR; 2.9 ppm, t, 2H and C13-NMR; 34 ppm)  in the H1 and C13-NMR of the end product PDEGMA/PDEGSH. Full materials, 

methods and characterisation can be found in the supplementary section 1, Fig. S1-18 for NMR and Tab. S3 for GPC. Percentages 

of free thiol in the co-polymers were confirmed by the Ellman’s assay (Tab. 1). The phase transition temperatures (Tt) of the 

polymers were estimated by cloud point measurements (Fig. 1E, S19 and Tab. S4). The norbornene functionalised peptide GGG-

YIGSR was synthesised on a rink amide resin, purified by HPLC and its structure verified by electrospray ionisation mass  
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Figure 1. Schematics of A) the PDEGMA/PDEGSH synthesis, B) the formation of polymer-peptide derivative electrospun scaffolds, C) the chemical structure of the 
synthesised Nor-GGG-YIGSR peptide sequence. Nor (blue block) is the norbornene acid photo-reactive group, GGG (green block) is used as a spacer and YIGSR (red 
block) sequence previously identified to promote hCSCs proliferation. E) Cloud point hysteresis of PDEGMA, PDEGMA/PDEGOH, PDEGMA/PDEGSH and 
PDEGMA/PDEGS-GGG-YIGSR in water (2 mg/ml). Arrows up are the heating spectra and arrows down are the cooling spectra.Transition temperature (T t) shift down 
when polymer cools down. This is due to the aggregation of the polymer, which takes time to break up. PDEGOH T t is slightly higher in temperature due to the 
additional hydrophilic group OH. PDEGSH polymer shows an earlier T t change than the PDEGMA and PDEGOH polymers as well as a slow steady slope when cooled. 
F) FT-IR spectra from pure Nor-GGG-YIGSR (red), PDEGMA/PDEGSH (green) and peptide functionalised PDEGMA/PDEGS-Nor-GG-YIGSR by photo-initiated 
thiol-ene chemistry (purple). The double bond from the norbornene acid disappeared and the amino groups of the peptide appeared on the FT-IR of the 
functionalised polymer-peptide. 



 

 spectrometry (ESI-MS, Fig. S20). Upon reaction of the peptide 

with the thiolated polymer, a decrease in percentage of free 

thiols was observed at increasing UV exposure times (0, 5, 10 

and 15 mins), with a conversion of 65% after 15 mins (Tab. 1). 

Fourier-Transform Infrared (FT-IR) analysis showed the 

disappearance of the norbornene double bond (1530 cm-1) and 

the appearance of the amino-groups (1655 cm-1) of the peptide 

in the case of the reacted peptide-thiol polymer (Fig. 1D). Cloud 

point measurements of the PDEGMA/PDEGS-Nor-GGG-YIGSR 

derivatised polymer showed transition temperatures (22°C 

when heated and <18°C when cooled, Fig. 1E and Tab. S4), as 

compared with the PDEGMA/PDEGSH precursor, confirming 

retention of thermo-responsive behaviour after peptide-

functionalisation. 

 

Electrospun scaffold fabrication and characterisation 

The obtained PDEGMA/PDEGSH polymers were successfully 

blend electrospun with PLA into uniform fibres (19 kV, 17.5 cm, 

0.5 hr/ml and 25 w/v% PLA and 10 wt% PDEGMA/PDEGSH 

polymer in Ac/DMF) with an average fibre diameter range of 

800-1200 nm (Fig. S22 and Tab. S5, optimised via previous DoE 

work16). XPS analysis and fluorescence labelling confirmed the 

presence of free thiols (S(2p) peak at 168.9 eV and fluorescein-

5-maleimide labelling respectively) and peptide (N(1s) peak at 

399.8 eV and ATTO NHS ester labelling respectively) on the 

surface of the scaffolds (Fig. S22 and Tab. S6). The distributions of the free thiols and peptides on the scaffolds surface were 

investigated further by ToF-SIMS analysis. Mass spectrometry peaks of the ion fragments were identified and confirmed through 

literature (Tab. S4).17-20 The ion fragment CH3O- attributed to the underivatised PDEGMA was present on the surface, and a 

decrease in peak intensity of CH3O- was observed for all the scaffolds containing PDEGMA/PDEGSH co-polymer (Fig. 2A). ToF-SIMS 

peak distribution images indicated that SH groups were in regions corresponding to the fibre positions on the substrate (Fig. 2C 

and Fig. S22), confirming an even distribution of the free thiols on the fibrous surface. A decrease in S- and SH- absorptions were 

detected for the thiol-ene derivatised scaffolds (Fig. 2A). The CNO- peak of the peptide amino-groups were observed for all 

scaffolds incubated with peptide (Fig. 2A). Significantly higher intensity was detected for the scaffold 3S-P, with a decrease in CNO- 

intensity being observed for 4 and 10 S-P (Fig. 2A).  

 

Nor-GGG-YIGSR peptide positive ion fragment signals were identified and were corroborated to literature21, 22 (see fragment 

structures of identified signals in Fig. S23). Peptide fragments were detected for all scaffolds, including the 0SH scaffolds (Fig. 2B). 

This suggested that non-specific electrostatic binding of the peptide occurred with the surface of the scaffolds. The distribution 

images of the signal, an even distribution of peptide fragment peaks was observed on the 0% thiol scaffold without a defined fibre 

morphology (Fig. 2C). However, in case of the peptide-derivatised scaffolds, more defined fibre morphologies were found (see Fig. 

2C). This observation indicates the occurrence of specific reaction of the fibre surfaces when free thiols are available, as well as 

some, albeit low-level, non-specific peptide interaction at the surface of the fibres with no thiols present. 

 

Cell expansion and phenotype support 

hCSCs were isolated from corneascleral rims as previously described23 and cultured on the fabricated scaffold (see protocol sup. 

Section 1). The media composition of DMEM/F12 with 20% serum replacement, fibroblast growth factor and leukaemia inhibitory 

factor (SCM) has previously reported to support the keratocyte phenotype of hCSCs23 and was therefore used in this study. 

Enhanced proliferation was observed on the scaffolds with an increased content of the laminin mimetic peptide sequence Nor-

GGG-YIGSR compared to the PLA/PDEGMA scaffolds (Fig. 3A). Interestingly, significantly higher proliferation was also found on PLA 

with PDEGMA/PDEGSH in the fibres (Fig. 3A). Morphology staining (actin and vimentin for the cytoskeleton) studies showed 

clusters of cells on PLA, and PLA with 10 wt% PDEGMA (0SH, Fig. 4 and S26), elongated cell morphologies on PLA with 

PDEGMA/PDEGSH (90:10, Fig. S26), and an increase in a spindle-like morphology of the cells on the peptide derivatised PLA 

scaffolds with more PDEGMA/PDEGS-Nor-GGG-YIGSR present (Fig. 4 and S26). The round morphology of the cells on the PLA, and 

PLA with 10 wt% PDEGMA scaffolds indicated a limited interaction between the cells and the fibrous scaffold. This in turn suggested 

that protein deposition was not enhanced when the adhesion peptides were merely adsorbed (as detected by ToF-SIMS analysis) 

rather than being covalently bound to the fibre surface. The elongated morphologies of cells attached to the thiol-functionalised  
  

Table 1. Percentage of detected free thiol groups in the synthesised 

PDEGMA/PDEGSH polymers. Detection and free thiol group concentration 

estimation were carried out by Ellman’s assay by detecting the absorbance of the 

Ellman’s assay reaction product. Cpolymer=Concentration of polymer in PBS, Abs= 

Absorbance at 412 nm, Cthiols=concentration of thiols calculated from standard curve, 

and conv.=conversion. 

Percentage of free thiols in co-polymers 

% OH Cpolymer 

[mmol/ml] 

Abs 

  

Cthiols 

[mmol/ml] 

% 

SH 

 

2 70 * 10-4 0.0877 1.2 * 10-4 1.7  

3 70 * 10-4 0.1249 1.5 * 10-4 2.2  

4 70 * 10-4 0.2483 2.6 * 10-4 3.7  

10 70 * 10-4 0.7328 6.8 * 10-4 9.7  

Percentage of free thiols after thiol-ene chemistry 

UVtime 

[mins] 

Cpolymer 

[mmol/ml] 

Abs  Cthiols 

[mmol/ml] 

% 

SH 

% conv. 

0 70 * 10-4 0.2483 2.6 * 10-4 3.7 0 

5 19 * 10-4 0.0300 6.8 * 10-4 2.0 46 

10 19 * 10-4 0.0295 6.8 * 10-4 2.0 46 

15 70 * 10-4 0.0537 0.9 * 10-4 1.3 65 

 



 

scaffolds was due most probably to direct cell surface-thiol reactions, for example via surface exposed cysteines. This assertion is 

supported by prior data showing that thiolated surfaces can result in improved ECM protein adsorption and subsequently 

enhanced cell attachment and proliferation.24,25,26 However, significantly more cells exhibiting a spindle-like morphology were 

observed when the laminin mimetic sequence YIGSR was present (see Fig. 4). Uzunalli et al.15 reported a similar morphology of 

hCSCs when cultured on YIGSR-containing nanofibres compared to fibronectin-mimetic RGD-peptide nanofibres, as well as 

increased proliferation, supporting the findings reported here.  
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Figure 2. A) Total intensity of the ToF-SIMS peaks CH3O- (31 m/z), SH- (33 m/z) and S- (32 m/z) from the free thiol containing scaffolds. B) Total intensity of different sequences of 
the Nor-GGG-YIGSR peptide presences on the scaffold surfaces, (R(-NH2, 147 m/z), GSR(-COOOH, 326 m/z), IGSR(-NH2, 425 m/z), GGGYIGS(-COOH, 605 m/z), GGGYIGSR(-COOH, 
628 m/z) and GGGYIGSR(765 m/z). (n=3 measurements areas on one scaffold each, data normalised against total count, error bar =SD) C) ToF-SIMS signal intensity images. 

 



 

Immuno-staining of the hCSCs showed the quiescent keratocyte phenotypic markers CD34 and ALDH, and mesenchymal stem cell 

(MSC) expression of CD105 on all the different scaffolds (see Fig. 4 and Fig. S26). In addition, the expression of myofibroblast 

marker α-SMA was found when cells were cultured on the PLA and PLA with 10 wt% PDEGMA scaffolds, and a very low expression 

of α-SMA was also observed when cells were cultured on the PLA fibres with 10 wt% PDEGMA/PDEGSH (90:10, Fig. S26). No α-

SMA expression was detected when cells were cultured on any of the PLA fibres functionalised with 10 wt% PDEGMA/PDEGS-Nor-

GGG-YIGSR. These data confirmed that the peptide supported the quiescent keratocyte phenotype and suppressed de-

differentiation of the keratocytes to their activated myofibroblast phenotype. 

 

ECM expression was investigated to confirm the hypotheses that the free thiol group-containing scaffold supported ECM 

expression and adsorption and hence cell adhesion and proliferation as observed in Fig. S26. Collagen I expression was observed 

throughout all the scaffolds (Fig. 4), however, this protein increased in abundance and was more evenly distributed on the peptide 

containing scaffolds (Fig. 4).  These results confirmed that PDEGMA/PDEGS-Nor-GGG-YIGSR peptide functionalisation on the 

scaffold led to an increased expression of collagen I. Stromal keratocytes in a normal undamaged cornea express the keratan 

sulphate proteoglycan, lumican, a corneal transparency factor.27, 28 Lumican interacts with collagen fibrils helping to maintain 

spacing and transparency in a healthy cornea29. Production is significantly reduced during wound healing and phenotypic change 

to a fibroblast morphology, and thus the presence of lumican can be considered a marker of the quiescent phenotype of hCSCs. 

As apparent from Figure 4, lumican expression was found on the scaffolds with peptide present, including the 0SH scaffold with 

non-specific bound peptide. This indicated that the non-specifically bound Nor-GGG-YIGSR on the surface detected during ToF-

SIMS analysis did support ECM expression. However, myo-fibroblast differentiation and clusters of cells were still observed, 

suggesting that the non-specifically bound peptide did not support strong cell interactions with the scaffold. It was observed that 

cells spread out across the surfaces only when the peptide was covalently bound to the fibres. Increased lumican expression was 

detected for the peptide bound scaffolds with 3, 4 and 10% PDEGSH attached, providing support for assertion (Fig. 4). As the 

derivatised scaffolds with the Nor-GGG-YIGSR peptide were observed to promote the desired quiescent phenotype, spindle-like 

morphology and ECM expression, the cellular responses on the surfaces with different percentages of peptides attached were 

investigated. After 9 days cell culture, significantly higher proliferation was observed for 3 and 10% peptide-derivatised scaffolds 

(Fig. 3B). The expression of the quiescent keratocyte phenotype CD34 and ALDH markers were detected for all different 

concentrations of peptide (Fig. 4). A significantly increased expression of ALDH was observed for the 3% peptide scaffold. As ALDH 

expression plays an important role in the maintenance of corneal transparency, this indicated a desirable response of the cells in 

terms of their culture on the derivatised fibres. In addition, CD105 MSC marker expression was found on all scaffolds, suggestive 

of a partial loss of the differentiated quiescent phenotype to a more stem cell-like phenotype.30 Myo-fibroblastic α-SMA expression 

was observed for those cells cultured on scaffolds containing 2% peptide and on the 0% control, indicating a threshold of peptide 

content needed to avoid myofibroblast activation. Peptide concentrations of 2% were too low to support the quiescent phenotype 

and resulted in a myo-fibroblastic change, while cells cultured on scaffolds containing 3% peptide and above generated no α-SMA 

expression.  The previously rounded and cluster cell morphology was observed on the scaffolds containing 0 and 2% peptide  
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Figure 3. A) Cell proliferation on the different scaffolds types compared to control over 9 days of culture. B) Cell proliferation on the peptide derivatised scaffolds of different 

concentration over 9 days of culture.  
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concentrations, while a more fusiform morphology was observed when cultured on scaffolds with peptide-concentrations above 

2% (Fig. 4). Moreover, lumican ECM expression was detected when cells were cultured on scaffolds with higher percentages of 

peptide on the surface (3, 4, and 10%). It can therefore be concluded that scaffold fibres with more than 2% of Nor-GGG-YIGSR 

covalently bound to their surfaces significantly improved hCSCs attachment, proliferation, ECM expression and supported a 

quiescent cell phenotype.  

 

Enzymatic-free passaging 

The thermo-responsive PDEGMA/PDEGS-Nor-GGG-YIGSR polymer PLA scaffolds were not only designed to improve cell 

attachment and phenotype support, but also to prevent cell damage, which can occur through enzymatic passaging. Many studies 

to date have investigated the potential of the thermo-responsive polymer, PNIPAM, for corneal cell type detachment.8, 31-33 We 

have recently shown that blend electrospinning a thermo-responsive polymer poly(PEGMA188) with a bulk polymer of choice will 

render the fibre thermo-responsive. Mammalian cell adhesion, viability, proliferation and phenotype on this fibrous culture system 

over numerous thermal enzyme-free passages was achieved.34 However, no other studies are reported to date utilising such 

thermo-responsive scaffolds for mammalian cell culture. A preliminary experiment illustrating the ability to culture and detach 

cells from PDEGMA and PDEGMA/PDEGS-Nor-GGG-YIGSR-containing scaffolds, and the subsequent quantitative assessment of the 

cell phenotype by flow cytometry analysis (FACS), was performed. hCSCs grown on peptide-derivatised fibrous scaffolds containing 

different concentrations of PDEGMA/PDEGS-Nor-GGG-YIGSR were passaged after 9 days of cell culture at 37°C by placing the 

scaffolds in the fridge for 30 mins at 4°C (section 1 supplementary data). Cell detachment was observed for all scaffolds with no 

significant difference in percentage of population detached (Fig. 5A). However, large standard deviations were observed for the 

scaffolds containing 2 and 10% PDEGMA/PDEGS-Nor-GGG-YIGSR (Fig. 5A). This may have been due to heterogeneous cell 

attachment to the lowest percentage peptide derivatives (2% PDEGS-Nor-GGG-YIGSR /PDEGMA) and very strong adhesion to the 

more extensively peptide-functionalised fibres (10% PDEGS-Nor-GGG-YIGSR /PDEGMA). Nonetheless, more consistent cell 

detachment was observed for the scaffolds containing 3 and 4% PDEGMA/PDEGS-Nor-GGG-YIGSR.  

 

Flow cytometry analysis of cell surface markers of cells detached from the scaffolds was carried out to validate immuno-staining 

findings. Cells cultured on 3% peptide scaffolds were observed to have an increased sub-population of 16% of cells that only 

expressed the CD34+/CD105- keratocyte marker (Fig. 5B and Tab. S5-6) compared to those cultured all other scaffolds. However, 

CD34-/CD105+ and CD34+/CD105+ sub-populations combined constituted half of the total cell population (53%, Tab. S5) whereas 

CD34+/CD105+ and CD34+/CD105- cells comprised 45% of the total cell population. Therefore, a significant percentage of the 

population exhibited MSC characteristics besides those of the desired keratocyte CD34 marker. A similar sub-population 

percentage of CD34-/CD105+ and CD34+/CD105+ cells (51%) was detected when cultured on the scaffolds with 4% peptide on the 

surface, nevertheless there was an increase in the proportion of cells which expressed the CD34 marker (38% of total cell 

population, Tab. S5). Significantly less CD34+/CD105+ expression was observed for all scaffolds compared to the 2D TCPS control 

when comparing the Y-mean (Tab. S6). This observation shows that the 3D culture environment significantly reduced the 

expression of the MSC marker CD105 but no significant difference was seen for the different percentage content of peptides (Tab. 

S7-8). In addition, an increased expression of ALDH+/α-SMA- was demonstrated when cells were cultured on 3 and 4% peptide 

scaffolds (Fig. 5C). In terms of the total cell population, 24, 28, 19 and 32% (ALDH+/α-SMA- and ALDH+/α-SMA- combined, Tab. S5) 

for 2, 3, 4 and 10% peptide-functionalised fibres, respectively, were shown to express the α-SMA activated myofibroblastic marker. 

This was significantly less than the 93% observed for the 2D control. Hence, the 3D structure of the scaffolds containing covalently 

bound peptide on the surface reduced the differentiation to the undesired activated myo-fibroblastic phenotype compared to the 

2D control. Although no significant difference could be observed between the scaffolds for CD34/CD105 expression, a significant 

decrease of ALDH-/α-SMA+ was seen for the scaffolds with 3 and 4% peptide compared to 2D and the adsorbed peptide scaffold 

when comparing the X-mean (Tab. S6-8). This gives an indication that the covalently attached peptide reduced the change to the 

activated myofibroblast phenotype and supported increased ALDH expression.  

 

In general terms, these data were in accord with the improved results in 3D fibrous scaffolds for cell culture and tissue engineering 

compared to 2D cultures reported in recent years.35-39 The fibrous structure in these materials was designed to mimic ECM 

properties, resulting in an increase in desired cell response. However, as the synthetic polymers used in our culture assays were 

non-native to the cells, we anticipated that peptide or protein incorporation or functionalisation would be required to overcome 

some key practical challenges. These included poor cell attachment and induction of inflammation or undesired cell differentiation 

due to the sub-optimal mechanical or chemical properties (such as stiffness and hydrophobicity) of conventional polymer fibres.35-

39 For example, Rodina et al.38 investigated migration and proliferation of mesenchymal stromal stem cells (MSSCs) on collagen 

protein modified PLA fibrous scaffolds. They observed more uniform distribution and cell penetration into these modified scaffolds. 

In addition to proteins, more specific peptide sequences can be used as ligands for enhanced cell attachment. The Arg-Gly-Asp 

(RGD) collagen peptide sequence is the most commonly used peptide incorporated in biomaterials to increase their cell adhesion 

properties.40 Besides, incorporation of known cell attachment peptide sequences (such as RGD), more cell specific peptide 

sequences can be incorporated to improve selective cell function or differentiation on the materials.41 Examples include the 



laminin-derived peptides IKVAV42 and YIGSR43 for cell attachment and anti-cancerous response, specific bone morphogenetic 

protein-2-related peptide P24 and rhBMP2,
44, 45 and enzyme responsive peptides (such as Fmoc-propargyl-GAARGD, which can be 

cleaved to ARGD by the enzyme elastase expressed by porcine pancreas).46 

 

In this study, we set out a new approach for 3D mammalian cell culture by functionalising thermo-responsive fibrous scaffolds with 

a cell responsive peptide sequence. The methodology employed here to functionalise the scaffolds is amenable to the attachment 

of other peptide sequences as desired.  In our case the laminin-1 peptide component, YIGSR, known to promote hCSCs interaction 

and to support the quiescent keratocyte culture on the scaffolds was chosen as an exemplar.15 

Previous studies have demonstrated that laminin improves growth, organisation and differentiation of many cell types.15, 47-50 

Nonetheless, the use of laminin has many disadvantages such as degradation in culture to inactive fragments, tumorigenesis and 

induction of immune-responses, which make the full sequence unsuitable for clinical application.51 This risk can be minimised by 

selecting small peptide sequences within the laminin structure, which have the ability to improve adhesion and cell migration. One 

of these sequences is YIGSR, which has been observed to improve cell adhesion and migration.52-54 For example, Uzunalli et al.15 

investigated the response of hCSCs on bioactive self-assembled peptide nanofibres. Two peptide sequences were investigated; 1) 

YIGSR (laminin derived) and 2) RGD (fibronectin derived). In both these cases, hCSCs were observed to maintain their characteristic 

morphology, and their proliferation was enhanced when YIGSR was present. Significantly, less cell proliferation and adhesion was 

observed for the RGD fibres. This study suggested that the YIGSR sequence has a direct impact on hCSCs attachment, proliferation 

and migration on 3D structures. These observations are in line with the increase in proliferation observed of the hCSCs on our 

scaffolds with increasing ratio of GGG-YIGSR covalently bound on the surface. Many studies have reported improved attachment 

and proliferation of human cornea epithelial cells.55-59 However, only one paper has described the response of hCSCs on YIGSR 
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Figure 5. A) Percentage of cells detached after thermo-responsive passaging of the different concentrations of peptide on the surface. (n=3 scaffolds, two-way ANOVA, error 

bars=SD). B) Flow cytometry percentage of cell population expressing the desired keratocyte marker CD34 and/or mesenchymal stem cell marker CD105 after thermo-response 

detachment from the different scaffolds. (n=3 cells detached from 3 scaffolds per scaffold type, control cell passage with trypsin from TCPS) C) Flow cytometry percentage of 

cell population expressing the desired keratocyte marker ALDH and/or the undesired myo-fibroblastic marker α-SMA after thermo-response detachment from the different 

scaffolds. (n=3 cells detached from 3 scaffolds per scaffold type, control cell passage with trypsin from TCPS) 



 

incorporated scaffolds,15 and no phenotypic support study has been performed to our knowledge. The immuno-staining and flow 

cytometry data reported here suggests that not only does YIGSR enhance cell attachment and proliferation on the fibrous scaffold, 

but the peptide also supports a higher percentage of the cell population which expresses a quiescent phenotype. Down-regulation 

of the undesired myofibroblastic marker α-SMA was detected, while up-regulation of keratocyte markers CD34 and ALDH was 

observed. Phenotypic characteristics were observed to remain constant when cultured and passaged, by the thermo-responsive 

enzymatic free passaging capabilities of the scaffolds. This gives an indication that such scaffolds can be designed to support the 

desired cell phenotype during in vitro culture and enzyme-free passaging and therefore this system is suitable for therapeutically 

relevant cell types.  

 

Conclusions 

The peptide functionalised, thermo-responsive electrospun scaffolds described here were designed for human cornea stromal cells 

(hCSCs) proliferation, phenotype support and enzymatic digestion-free passaging. The initially proposed scaffolds (PLA with 10 

wt% PDEGMA) did not facilitate hCSCs adhesion and proliferation. Therefore, a peptide-functionalised scaffold was produced to 

improve the attachment of hCSCs on the scaffold and support the desired quiescent phenotype. PDEGMA/PDEGSH polymers were 

accordingly synthesised, their thermo-responsive properties and thiol content confirmed, and the materials were successfully 

blend-electrospun with PLA into fibrous scaffolds. The presence and homogenous distribution of free thiol on the scaffold surfaces, 

and the subsequent conjugation of Nor-GGG-YIGSR was confirmed by ToF-SIMS analysis. Non-specific attachment of the peptide 

was observed on thermo-responsive fibres without free thiol functionality but microscopy studies showed aggregated cells on 

these scaffolds, while elongated and spread cell morphologies were observed on thiol-containing and covalently-bound peptide 

derivatised scaffolds. These data indicated that enhanced hCSCs interaction was dependent on covalent peptide-functionalisation 

of the thermo-responsive fibres. The undesired, activated myofibroblastic phenotype was observed to decrease with increased 

percentage of Nor-GGG-YIGSR conjugated polymers at the scaffold surface. The highest levels of peptide-functionalisation resulted 

in a decrease in keratocyte specific markers ALDH and CD34, whereas concentrations of 3 and 4% Nor-GGG-YIGSR resulted in the 

highest expression of keratocyte markers, while suppressing the active myofibroblastic phenotype. Between 80-100% of cultured 

cells were observed to detach from the scaffolds at temperatures below the phase transition temperature of the thermo-

responsive polymers at the surfaces of the fibres. Despite some variation in detachment of the cells from the scaffolds, cells were 

able to retain their cell phenotype after thermal cycles of attachment and detachment passaging. Hence, it can be concluded that 

the designed thermo-responsive peptide conjugate fibrous scaffolds are suitable for the attachment, proliferation, quiescent 

keratocyte phenotype support and temperature-mediated-passaging of hCSCs. In our studies, we used a sequence to aid in hCSCs 

cell culture and expansion, but the attached peptide sequence could easily be changed to select for a different cell type, making 

the fabricated scaffolds a versatile matrix for cell expansion and phenotype support of any cell type including those destined for 

the clinic.  
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