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A B S T R A C T   

Low proliferation capacity of corneal endothelial cells (CECs) and worldwide limitations in transplantable donor 
tissues reveal the critical need of a robust approach for in vitro CEC growth. However, preservation of CEC- 
specific phenotype with increased proliferation has been a great challenge. Here we offer a biomimetic cell 
substrate design, by optimizing mechanical, topographical and biochemical characteristics of materials with CEC 
microenvironment. We showed the surprising similarity between topographical features of white rose petals and 
corneal endothelium due to hexagonal cell shapes and physiologically relevant cell density (≈ 2000 cells/mm2). 
Polydimethylsiloxane (PDMS) substrates with replica of white rose petal topography and cornea-friendly Young's 
modulus (211.85 ± 74.9 kPa) were functionalized with two of the important corneal extracellular matrix (ECM) 
components, collagen IV (COL 4) and hyaluronic acid (HA). White rose petal patterned and COL 4 modified 
PDMS with optimized stiffness provided enhanced bovine CEC response with higher density monolayers and 
increased phenotypic marker expression. This biomimetic approach demonstrates a successful platform to 
improve in vitro cell substrate properties of PDMS for corneal applications, suggesting an alternative environment 
for CEC-based therapies, drug toxicity investigations, microfluidics and organ-on-chip applications.   

1. Introduction 

Corneal endothelial cells (CECs) are polygonal-shaped cells and they 
form a monolayer on the posterior surface of the cornea. These cells are 
specialized for the active pumping of fluids across the cornea to retain its 
transparency [1]. In young adults, CEC density is ≈ 3000–3500 cells/ 
mm2, whereas this number decreases throughout lifetime due to the 
mitotically inactive nature of CECs [2,3]. Trauma, aging, diseases and 
intraocular surgical procedures accelerate the decay of CEC density. 
When cell density drops below a critical level (≈ 500 cells/mm2), 
endothelial dysfunction occurs, causing the cornea to lose its optical 
clarity which leads to impaired vision and subsequent blindness [4,5]. 
Currently, corneal transplantation or corneal grafts, including full- 
thickness and selective endothelial keratoplasty are only treatments 
for restoring corneal endothelium function [6]. Although these methods 
are successful, immune reaction and rejection of tissues, in addition to 
worldwide shortage of transplantable donor corneas hinder their wide- 

use [7]. Thus, there is a high demand for alternative therapies to repair, 
replace or regenerate corneal endothelium to overcome CEC loss related 
visual impairment. 

Recent studies on cell-based therapy have provided new opportu
nities to corneal endothelium replacement by using cell transplantation 
following an in vitro expansion of cells on specific biomaterials [3,8–10]. 
However, functional expansion of CECs is still a challenge, in addition to 
their limited potential for in vitro proliferation [11,12]. Various natural 
cell substrates were developed for this purpose, including collagen/ 
hyaluronic acid/ chitosan [13], chitosan/ polycaprolactone [9,14], 
cross-linked hyaluronan [15], cross-linked collagen/ gelatin/ hyal
uronic acid [16] and decellularized cornea layers [17], but poor me
chanical properties and high degradation rates lead to the use of 
synthetic materials [11,18]. On the other hand, synthetic materials lack 
cell binding cites and therefore they require surface modifications, prior 
to cell culture. 

Nature inspires development of smart structures by mimicking 
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various creatures, like beehives, spider silk networks, gecko feet, shark 
skin and lotus leaves [19,20]. As natural materials exhibit unique micro- 
and nanoscale cues with good biocompatibility, biomimetics have been 
used as a promising approach in cell substrate design [21–23]. In native 
environment, CECs are in direct contact with underlying Descemet's 
membrane, which is mainly composed of Collagen type IV (COL 4) and 
VIII (COL 8) [24]. As the microenvironment of cells and the interaction 
in between them regulate cellular behavior, properties of Descemet's 
membrane and corneal extracellular matrix (ECM) have been considered 
in designing new biomaterials [4,25,26]. Palchesko et al. focused on the 
chemical and mechanical properties of corneal ECM and prepared pol
ydimethylsiloxane (PDMS) substrates with Descemet's membrane-like 
mechanical properties. After coating with several ECM proteins, they 
reported that 50 kPa PDMS with COL 4 coating resulted a significant 
increase in CEC proliferation, in addition to improved expression of 
phenotypic markers [4]. Teo et al. developed various micro- and 
nanoscale geometrical surface patterns (pillars and wells) on PDMS 
substrates inspired by topographical features of Descemet's membrane. 
Among them, the nanopillar surface topography was found to be the 
most suitable pattern to obtain CEC culture with typical cell shape and 
better functionality [27]. In a similar study, patterned tissue culture 
polystyrene (TCPS) was confirmed to significantly improve CEC 
expansion and CEC-related protein expression [12]. A more recent work 
described the effect of PDMS with Descemet-like surface topography on 
the differentiation of mesenchymal stem cells (MSC) into corneal 
endothelial-like cells [28]. Although these studies are inspired by the 
microenvironment of corneal endothelium, they focused only on one or 
two important parameters of ECM characteristics. However, combined 
effects of mechanical, topographical and biochemical properties of cell 
microenvironment regulate cell behavior in vivo and thus a holistic 
approach is required when designing cell substrates to obtain desired in 
vitro cell response [29]. 

PDMS is a synthetic, non-toxic and optically transparent polymer 
with adjustable stiffness, surface chemistry and excellent properties for 
structure replication [30,31]. Here, we developed PDMS cell substrates 
within the bulk modulus range of cornea [32] and adjusted surface 
topographical and biochemical properties according to the CEC micro
environment. Young's modulus of 30:1 PDMS base to curing agent ratio 
was found to be a cornea-friendly stiffness with 211.85 ± 74.9 kPa. 
Additionally, we took the advantage of naturally occurring patterns - 
rose petals (negative reliefs), to control cell substrate topographies. In 
the literature, red rose petal mimetic/inspired polymer films have been 
investigated for their superhydrophobic and highly adhesive surface 
properties [33–35]. The microstructure of rose petals exhibited 
compactly arranged micropapillae with nanoscaled folds on each 
micropapillae [36], which may provide a suitable environment for CEC 
culture. Thus, we examined both red and white rose petal-mimetic 
PDMS surfaces and it is to our surprise that the structure of white rose 
petals is very similar to the natural CEC microenvironment topograph
ical features. Inverse reliefs (negative replicate) of white rose petal to
pographies were used in the PDMS substrate surface design to support 
cell culture. Furthermore, substrate surfaces were chemically modified 
with corneal ECM components, whereas in many CEC studies with 
PDMS, simple techniques (like plasma oxygenation or physical adsorp
tion) were used to make substrates suitable for cell culture. Since these 
techniques are stable for a very short while, we used stable chemical 
linkages to modify PDMS with either Collagen IV (COL 4) – a predom
inant collagen in Descemet's membrane [24], or Hyaluronic acid (HA) - 
an important ECM component of cornea [37]. The combination of these 
mechanical, topographical and chemical improvements of PDMS sub
strates enhanced in vitro CEC expansion and functional marker expres
sion. This extensive approach can be easily adapted to cornea-on-a-chip 
applications for drug design or used as a successful cell substrate alter
native in corneal cell therapy to decrease the need of donor corneas. 

2. Material and methods 

2.1. Investigation of cornea-friendly PDMS stiffness 

PDMS substrates with various base and curing agent concentrations 
(10:1, 15:1, 20:1 and 30:1) were prepared [38] and cured at 70 ◦C for 4 
h. Young's modulus measurements of PDMS substrates were performed 
using a nanoindenter (CellHesion®200, JPK) in hydrated conditions 
with a CONT cantilever (0.2 N/m force constant and 13 kHz resonance 
frequency, Nanoworld) in contact mode and 7 samples were analyzed 
for each group. Young's moduli of different PDMS substrates were 
calculated according to the Hertz model. 

2.2. Preparation of rose topography mimicked PDMS 

White (Rosa Pascali) and red roses (Rosa Damascena) were purchased 
from a local flower shop. In this study, soft lithography was used to 
produce rose petal relief negative pattern on PDMS cell substrates. To 
use the same pattern in cell substrates, the rose petal relief negative 
replicate was copied for several times by using the first positive replicate 
(gold coated) as a mold. Briefly, rose petal topography mimicked 
negative (− ) replica was prepared by mixing 10:1 ratio of PDMS base 
and curing agent (PDMS, Sylgard 184; Dow). Rigorously stirred mixture 
was degassed completely and poured onto rose petals. Red and white 
rose petals were used both in fresh and dried (petals were fixed onto a 
cork board and allowed to dry under room conditions) form. After 4 h of 
curing at 70 ◦C, replicas were cleaned by sonicating in DI water, absolute 
ethanol and DI water, respectively. Both negative and positive replicas 
were sputter coated with a thin layer of gold (Quorum SC7640 high 
resolution sputter coater, 1.5 kV, 10 mA), before using as a mold. 15:1 
PDMS base to curing agent ratio was used for the positive (+) replica, as 
it would be easier to peel off while using PDMS with different base to 
curing agent ratios. Finally, (white) rose petal topography mimicked cell 
substrates were prepared with 30:1 PDMS (Section 3.2). This procedure 
is schematically given in Fig. 1. Positive molds supported at least 10 
replications (Supplementary Information, SI, Fig. S1). Mimicked sub
strates were characterized by a Scanning Electron Microscope (SEM, 
XL30, Philips) and an optical profilometer (Zygo, CT) for determining 
morphology and pattern dimensions, respectively. 

2.3. Surface functionalization of PDMS substrates with COL 4 and HA 

PDMS substrate surfaces were modified with COL 4 and HA using 
EDC/NHS coupling chemistry. First, surfaces were activated via oxygen 
plasma for 60 s (50 sccm O2 flow at 200 mTorr pressure, March Plasma 
Systems) [39] and then they were immersed into 10% (3-aminopropyl) 
triethoxysilane (APTES) in absolute ethanol to form amine groups 
(PDMS-NH2) [39,40]. 1 mg/mL HA (Acros, 251770010) and 0.5 mg/mL 
COL 4 (Sigma C5533) solutions were prepared in 1:1 EDC and NHS 
containing MES buffer (50 mM, pH 5.0) and stirred for 30 min [41,42]. 
Finally, PDMS-NH2 substrates were incubated in these solutions at room 
temperature (RT) overnight with subsequent rinsing in the following 
day with MES buffer and DI water (Fig. 2). 

2.4. Characterization of functionalized PDMS substrates 

Surface modification of PDMS substrates with COL 4 and HA was 
confirmed by using water contact angle (WCA) measurements (CAM 
100, KSV) with a fixed amount of DI water at RT. In each experimental 
group, 5 samples were analyzed for their wettability properties. 

Changes in surface chemistry after modification were monitored 
using an X-ray photoelectron spectrophotometer (XPS) with aluminum 
K-α radiation (Thermo Scientific). 150 eV pass energy was used for the 
investigation of survey spectra, whereas 50 eV was used for high 
resolution. 

COL 4 and HA functionalization of PDMS substrates were visualized 
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by using immunofluorescent staining. Initially, blocking was performed 
to eliminate unspecific binding via 22.52 mg/mL glycine containing 1% 
BSA in PBST (0.1% Tween-20 in PBS) for an hour. Then, substrates were 
incubated with primary antibodies of anti-collagen IV (ab6586, 1:100) 
and anti-hyaluronic acid (ab53842, 1:100) in 1% BSA containing PBST 
overnight at 4 ◦C. After rigorous rinsing of substrates with PBS, sec
ondary antibodies of anti-rabbit IgG H&L (ab150062, Alexa Fluor®555, 
1:200) and anti-sheep IgG H&L (ab150177, Alexa Fluor® 488, 1:200) 
were added to each sample and incubated at RT for an hour. Finally, 
immunofluorescent signals were visualized using appropriate excitation 
filters of a fluorescence microscope (DM IL, Leica). 

2.5. Corneal endothelial cell culture 

Bovine CECs (BCE C/D-1b, ATCC® CRL-2048™) were cultured on 
PDMS substrates in 24 well tissue culture plates (TCP) with a density of 
1 × 105 cells/well, using 10% Fetal Bovine Serum (FBS, Merck) sup
plemented DMEM High glucose with L-Glutamine and Sodium Pyruvate 
(Biosera). Cells were incubated at 37 ◦C with 5% CO2 in a humidified 
environment. PDMS substrates were sterilized before cell culture with 
70% ethanol, sterile DI water and UV exposure. CEC cell behavior was 
investigated on both flat native PDMS (PDMS), COL 4 functionalized 
PDMS (PDMS-C4), HA functionalized PDMS (PDMS-HA) and white rose 
petal negative relief topography mimicked versions of these substrates 
(PDMS-R, PDMS-C4-R and PDMS-HA-R, respectively) with a control 
group of TCP. 

2.6. Cell proliferation assay 

Alamar blue assay (AlamarBlue™, Bio-Rad) was used to investigate 

CEC proliferation on various PDMS substrates on days 1, 3 and 7. Briefly, 
cell culture media was removed and 10% alamar blue containing fresh 
media was added to cells on these specific days. Cells were incubated for 
4 h and optical absorbance of each experimental group was recorded on 
a micro plate reader spectrophotometer (Bio-Rad, iMark) at 570 and 
595 nm [31]. 

2.7. Morphological staining 

Cellular morphology on functionalized and white rose petal 
patterned PDMS substrates was investigated via actin cytoskeleton 
staining (Alexa Fluor 488 Phalloidin, Thermo Fisher) on the 7th day of 
CEC culture. Cells were fixed in 4% formaldehyde and permeabilized by 
immersing into 0.1% Triton X-100 containing PBS. After blocking was 
completed in 1% BSA for 20 min, actin cytoskeleton staining solution (in 
1% BSA) was applied. DAPI counterstaining (Thermo Fisher) was used 
to visualize cell nuclei. Images were recorded with appropriate filters of 
a fluorescence microscope (DM IL, Leica) [31]. 

2.8. Immunocytochemistry 

On the 7th day of CEC culture on substrates, cells were fixed and 
permeabilized as instructed in Section 2.7. Blocking and immunocyto
chemical staining were performed using the same procedure as in Sec
tion 2.4. Anti-sodium potassium ATPase primary antibody (ab76020, 
EP1845Y, 1:100) and anti-rabbit IgG H&L secondary antibody 
(ab150062, Alexa Fluor®555, 1:200) were used to label Na+/K+

ATPase, and DAPI was used to visualize cell nuclei. 

Fig. 1. Schematic procedure of rose petal topography mimicked PDMS substrate preparation.  

Fig. 2. Functionalization of PDMS substrates with COL 4 and HA.  
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2.9. Western blot analysis 

Western blot analyses were performed on the 7th day of CEC culture 
and expressions of CEC-relative markers Na+/K+ ATPase, collagen type 
IV, N-cadherin and zonula occludens-1 (ZO-1) were investigated on 
PDMS substrates. Briefly, total proteins were extracted and lysed in 2×
Laemmli buffer and equalized amounts of proteins were loaded into 
4–10% polyacrylamide gels (Sigma-Aldrich). Then, they were resolved 
under 130 V (Mini protean, Bio-Rad) and transferred to PVDF mem
branes (Transblot Turbo, Bio-Rad). After blocking was completed using 
5% non-fat milk containing PBST, membranes were incubated with anti- 
sodium potassium ATPase (ab76020, EP1845Y), anti-collagen IV 
(ab6586), anti-N-cadherin (ab18203) primary antibodies overnight at 4 
◦C. Anti-β-actin (ab8226) was chosen to be the loading control. On the 
following day, membranes were rinsed extensively with PBST and 
incubated with corresponding horseradish peroxidase (HRP)-labeled 
secondary antibodies (ab6721, and ab6789) for 1 h. 3,3′,5,5′-tetrame
thylbenzidine chromogenic substrate (Thermo Fisher) was used for the 
visualization of bands on the membranes and their intensities were 
calculated using ImageJ. 

2.10. Statistical analysis 

Graphpad (Prism) software was used to conduct all statistical ana
lyses with one-way analysis of variance (ANOVA) and Tukey multiple 
comparison test. p values lower than 0.05 were regarded as statistically 
significant. Data were given as mean ± standard deviation (SD). 

3. Results 

3.1. Topographical features of rose petal mimicked PDMS 

Soft lithography was used to transfer rose petal's positive and nega
tive reliefs topographical cues on PDMS substrates. Fig. 3A summarizes 
SEM images of (i) fresh red, (ii) dry red, (iii) fresh white and (iv) dry 
white rose petal patterned features on 15:1 PDMS surfaces (positive 
replicas). Herein, both micro- and nano-sized cues were successfully 
replicated. Due to the shrinkage of cells in dry petals, cell shapes were 
disrupted leading to reduced cell number and increased cell-to-cell 
distances. Therefore, they were not preferred as cell substrates for 
CECs. In both fresh rose petals patterned ones; cell number is in the 
range of physiologically relevant CEC density (≈ 2000 cells/mm2). 

Fig. 3. SEM images of rose petal patterns on PDMS surfaces; (A) positive replicas of (i) fresh and (ii) dry red rose, (iii) fresh and (iv) dry white rose petal patterns; (B) 
surface topography measurements of fresh (i) white and (ii) red rose petal patterned PDMS; (C) fresh white rose patterned (i) mold and (ii) cell substrate. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Microgroove mean depths (N = 30 measurements using optical profil
ometer over 3 PDMS replicas) of the patterned PDMS were calculated to 
be 12.9 μm and 6.6 μm for red and white rose, respectively (Fig. 3B). 
Among them, white rose patterned one ensured CEC-like depth [43]. 
Furthermore, fresh white rose petal provided better CEC shape-imitative 
hexagonal cells than red ones. Thus, we used white rose petals (Rosa 
Pascali) for the fabrication of patterned cell substrates in the study. In 
Fig. 3C, SEM images of (i) white rose petal replicating mold and (ii) 
white rose petal topography mimicked PDMS cell surfaces were given. 
Highly ordered hexagonal shapes and nano-scale cues in Fig. 3C(ii) 
proved both successful replication and CEC shape-imitative cell sub
strate production. 

Replicating capacity of PDMS molds were tested by using a marked 
PDMS mold for 10 replications. SEM images of fabricated substrates 
confirmed that a rose petal patterned PDMS mold could be used at least 
10 times without causing any disruptions (Fig. S1). 

3.2. Mechanical properties of PDMS substrates 

PDMS substrates were prepared in decreasing curing agent concen
trations (10:1, 15:1, 20:1 and 30:1) to obtain substrates with a wide 
stiffness range. Nanoindentation was used for the characterization of 
these various PDMS substrates and Young's modulus values were given 

in Fig. 4A as 2105.3 ± 155.6, 1387.57 ± 152.9, 683.43 ± 188.7 and 
211.85 ± 74.9 kPa for 10:1, 15:1, 20:1 and 30:1 PDMS base and curing 
agent ratios, respectively. All these formulations provided successful 
pattern replications, whereas lower amounts of PDMS curing agent than 
30:1 resulted sticky substrates. Among 10:1–30:1 PDMS substrates, the 
Young's modulus of 30:1 PDMS (211.85 ± 74.9 kPa) was found in the 
cornea-friendly range, which is between 200 and 290 kPa [32,44–46] 
and PDMS with 30:1 base to curing agent ratio was used for the fabri
cation of all cell substrates. Since oxygen plasma was used to activate 
PDMS surfaces, prior to modification, the effect of this technique on 
substrate stiffness was also investigated by using nanoindentation (Fig. 
S3). 

3.3. Characterization of PDMS surface functionality 

COL 4 and HA functionalization of PDMS substrates were confirmed 
via WCA measurements for the alteration in surface hydrophobicity, XPS 
analysis and immunofluorescent staining for surface chemical and 
biochemical investigation. 

Wettability properties of various PDMS substrates were investigated 
to show the effect of surface functionalization and results are given in 
Fig. 4B. Untreated PDMS surfaces displayed a hydrophobic nature with a 
water contact angle of 104.6◦ ± 4.3◦, which was strongly reduced after 

Fig. 4. Characterization of PDMS substrates. (A) Nanoindentation measurements of varying PDMS base and curing agent formulations (n = 7, ****p < 0.0001); (B) 
WCA analysis (n = 5) and (C) XPS survey spectra of native PDMS and APTES, HA and COL 4 functionalized PDMS. (D) High resolution C1s spectra of native PDMS, 
(E) PDMS-NH2, (F) PDMS-HA and (G) PDMS-C4. (H) Immunofluorescent staining against anti-hyaluronic acid on (i) PDMS and (ii) PDMS-HA; against anti-collagen IV 
on (iii) PDMS and (iv) PDMS-C4. n = 5, scale bar = 200 μm. 
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oxygen plasma treatment and APTES modification (64.7◦ ± 2.8◦) due to 
the formation of hydrophilic amine groups. After HA functionalization, 
PDMS surfaces became more hydrophobic than PDMS-NH2 with a WCA 
of 77.2◦ ± 3.8◦, whereas PDMS-C4 showed the lowest contact angle of 
54.1◦ ± 3.1◦. 

XPS survey (Fig. 4C) and high-resolution spectra were shown 
(Fig. 4D-G) for PDMS, PDMS-NH2, PDMS-HA and PDMS-C4. In survey 
spectra, all PDMS related peaks of Si2s, Si2p, C1s and O1s were detected 
[31]. After modification with APTES, N1s peak was shown at 400.4 eV to 
confirm the incorporation of –NH2 functional group. When HA or COL 4 
were immobilized on PDMS surfaces, there were significant rises in C1s 
and N1s. This is a clear indication of introducing biomolecules to PDMS 
surfaces featuring various carbon-nitrogen functionalities. Further 
investigation was supplied by the high-resolution C1s core-level spectra. 
Four different C species were specified based on their binding energies, 
C–Si at ≈ 283.7 eV, C–H, C–C at ≈ 284.5 eV, C–N, C–O at ≈ 285.8 
eV and N-C=O, C––O at ≈ 287.8 eV [41,47,48]. The appearance of C–C, 
C–O, and C–N was attributed to the successful chemical modification 
with APTES, HA and COL 4. Furthermore, the presence of surface amide- 
type functionalities (N-C=O) confirms the conjugation of PDMS-NH2 
with HA or COL 4. In order to confirm XPS data, further surface chemical 
composition analyses were done by using fourier transform infrared 
spectroscopy (FTIR). Distinctive peaks at 1650, 1680 cm− 1 for PDMS-HA 
[41] and at 1657 cm− 1 for PDMS-C4 [49,50] were recorded to show 
successful surface functionalization, in addition to broad peaks around 
≈ 3400 cm− 1 in both modified groups, associated with N–H and –OH 
stretching [41,42] (Fig. S4). 

Immunofluorescent staining was further used to show the uniformity 
of HA or COL 4 functionalization on PDMS-NH2 (Fig. 4H and Fig. S5). No 

fluorescent signals were observed in native PDMS for both anti- 
hyaluronic acid and anti-collagen IV staining [Fig. 4H(i) and (iii)], 
whereas uniform staining of HA (in green) and COL 4 (in red) were 
visualized, attributable to the HA or C4 functionalization [Fig. 4H(ii) 
and (iv)], [41,50]. 

3.4. In vitro growth and morphology of CECs 

CEC proliferation and actin cytoskeleton were evaluated on flat and 
white rose negative relief patterned native, HA functionalized and COL 4 
functionalized PDMS surfaces over 7 days. The metabolic activity of 
CECs on various PDMS substrates was determined via Alamar blue assay 
on days 1, 3 and 7. The effect of only surface chemical modification on 
CEC proliferation was given in Fig. 5A, relative to reduced alamar blue 
percentages. According to the figure, CECs on all substrates were in a 
tendency of increasing in number with time and remained viable for 7 
days. This is a certain indication of non-toxic effect of both native and 
modified PDMS. Among all PDMS substrates, PDMS-C4 clearly enhanced 
CEC proliferation significantly (p < 0.0001) for the whole cell culture 
period. White rose negative relief patterning of PDMS increased the cell 
number on all PDMS surfaces (Fig. 5B) and with PDMS-C4-R, a TCP-like 
proliferative environment was achieved for CECs on days 3 and 7. HA 
functionalization of PDMS did not show any improvements on CEC 
proliferation relative to native PDMS. Thus, white rose patterning- 
related cell proliferation was investigated on native and COL 4 modi
fied PDMS (Fig. 5C). This effect was clearly visible on day 7 with a 
statistically increased cell metabolic activity on patterned versions of 
each group (p < 0.0001). In addition to promotive effect of white rose 
mimicked patterning, COL 4 functionalization resulted an improved CEC 

Fig. 5. CEC proliferation and morphology on PDMS substrates. Reduced alamar blue (%) with relative CEC proliferation on (A) flat and (B) white rose patterned 
native PDMS, PDMS-HA, PDMS-C4 and TCP over 7 days and (C) CEC proliferation on flat and white rose patterned PDMS and COL 4 on day 7 (n = 5, ***p < 0.001 
and ****p < 0.0001). (D) Actin cytoskeleton (green) and nuclei (blue) staining of CECs on PDMS substrates (Scale bar = 100 μm). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.) 
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bioactivity (p < 0.0001). 
Cellular morphology on PDMS substrates were investigated on day 7 

via actin cytoskeleton staining and fluorescence images of CECs on 
various surfaces were given in Fig. 5D. Separate images were also given 
in SI (Fig. S8). Very few attached cells were found on flat native PDMS, 
supporting the proliferation analysis. Both patterning and surface 
chemical modification increased the number of attached cells on PDMS 
surfaces. Furthermore, patterned PDMS-C4 provided the most densely 
CECs population with well-defined actin fibers organization. 

3.5. Investigation of CEC phenotype 

Expression of CEC-relative marker Na+/K+ ATPase was investigated 
(Fig. 6) to verify the CEC phenotype via immunofluorescent staining. 
Separate images were also given in SI (Fig. S9). All experimental groups 
gave positive signals with varying dispersion. In flat native and HA 
functionalized PDMS, Na+/K+ ATPase signals were not intense, whereas 
PDMS-C4 provided the highest Na+/K+ ATPase activity, including the 
positive control group-TCP. White rose patterning resulted in an in
crease in stained areas for all groups. Mean fluorescence intensities of 
Na+/K+ ATPase staining in Fig. 6 were calculated relative to control 
group, TCP by using ImageJ software and given in SI (Fig. S10). Among 
all plain and patterned substrates, uniform distribution and the highest 
staining intensity were achieved on PDMS-C4-R with densely populated 
CECs. 

Further investigation of CEC phenotype specific markers was con
ducted with the cell substrates that showed enhanced cell responses in 
Na+/K+ ATPase immunostaining: PDMS-C4, PDMS-C4-R and TCP. 
Western blot analysis on Fig. 7 demonstrated that depositions of CEC- 
related functional proteins, Na+/K+ ATPase, N-Cadherin and Collagen 
IV were detected in cells on all these substrates with relatively highest 
expressions on PDMS-C4-R. Confirming immunostaining results, Na+/ 
K+ ATPase expression of cells was significantly higher on patterned 
PDMS-C4, than flat one (*p < 0.05), similar to another CEC-specific 
marker, N-Cadherin. Although PDMS-C4-R group showed the highest 
expression, the difference between PDMS-C4-R and TCP was not sig
nificant for both Na+/K+ ATPase and N-Cadherin (Fig. 7A-B). However, 
deposition of Collagen IV was significantly up-regulated on patterned 
PDMS-C4 than its flat version (**p < 0.01) and TCP (*p < 0.05). 
Collagen IV is one the most important ECM components for the main
tenance of healthy CEC hexagonal morphology. Increased expression of 
Collagen IV, in addition to Na+/K+ ATPase and N-Cadherin implied that 
white rose negative relief patterned PDMS substrates enhanced CEC- 
specific functions, in vitro. 

4. Discussion 

In this study, we developed biomimetic PDMS cell substrates having 
a cornea-friendly stiffness, white rose petal negative relief patterned 
surface topography and corneal ECM-like surface biochemistry. A suc
cessful cell substrate should support in vitro cell adhesion, proliferation 
and cell type specific functions, mimicking the in vivo cell environment. 
Therefore, there is growing interest on preparation of natural cell 
microenvironment-like substrates having well-regulated mechanical, 
physical and biochemical properties. Here, we focused on CECs, as they 
are one of the cell types, which cannot regenerate in vivo and the 
decrease in cell number would eventually cause certain diseases and 
vision loss [1,11]. Keratoplasty has been the main treatment of such 
corneal endothelial diseases, however due to the limited availability of 
donor tissues, new approaches are required [51]. The major challenge in 
the development of alternative methods is the expansion of functional 
CECs in vitro. Production of successful cell substrates for functional CECs 
proliferation in vitro would not only enable treatment opportunities to 
more patients using lower number of donor corneas but also would 
provide an alternative environment to drug design or cell therapy ap
plications. To address this need, we have developed a cell substrate for in 
vitro CEC culture (PDMS-C4-R) with optimized surface properties. 

Micro- to nano-scale topographical features on materials are sensed 
by cells and modulate their behavior [52,53]. Various cell types, like 
fibroblasts [54], osteoblasts [55] or MSCs [56], have been investigated 
to show the effect of substrate surface topography on cell response. 
Similarly, in corneal regeneration and reconstruction, numerous studies 
demonstrated the influence of micro- and nanoscale geometrical cues on 
cell adhesion, maturation, proliferation, morphology or differentiation 
[57]. Simple pattern cues (grooves, wells, pillars, pits, etc.) have been 
fabricated for corneal epithelial cells [58], corneal keratinocytes [59], 
corneal keratocytes [60], corneal stromal cells [61] or CECs [62]. 
However high precision design considerations on natural microenvi
ronment architecture are required to produce substrate surfaces with 
enhanced biomimetic topography. In their native microenvironment, 
CECs are in direct contact with the nanotopography of underlying 
Descemet's membrane [63]. Inspired by these isotropic cues, micro- and 
nanoscale pillars and wells were formed on various substrates, like 
PDMS or TCP, and these patterned substrates provided enhanced CEC 
proliferation and functional marker expression [12,27,62]. Instead of 
producing geometrical structures on cell substrates, we took the 
advantage of naturally occurring nano- and micropatterns with healthy 
corneal endothelium-like topography: rose petals. Red and white (both 
in dry and fresh form) rose petal topographies were investigated with 
SEM after PDMS replication (Fig. 3A). Fresh white rose petal mimicked 
surfaces showed healthy CEC shape-like hexagonal patterns [Fig. 3C(i)] 

Fig. 6. Immunofluorescent staining of CECs for Na+/K+ ATPase (red) and DAPI (blue). Scale bar = 100 μm. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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[51]. Furthermore, the density of these patterns (≈ 2000 cells/mm2) was 
in the physiologically relevant range of corneal endothelium (well above 
the critical level, which is between 400 and 500 cells/mm2 [64]), depth 
of hexagonal shapes (≈ 6.6 μm), were similar to CECs (≈ 5 μm) [43] and 
nanotopographical cues were naturally formed inside each hexagon 
[Fig. 3A(iii) and Fig. 3C(ii)]. SEM images of copies confirmed that a 
PDMS mold can be used for at least 10 times with excellent pattern fi
delity (Fig. S1). Additionally, the effect of white rose petals with 
different growing stages on the corneal endothelium-like patterning 
were also examined in SI (Fig. S2) and no significant changes in pattern 
structure or dimensions were observed. However, in order to obtain a 
golden standard in patterning, investigation of the area in rose petals 
with the most appropriate topographical features and using it as a mold 
to produce substrates is necessary, as we did in Section 2.2. 

For the production of cell substrates, we investigated Young's 
modulus of PDMS with various base and curing agent ratios, as cells are 
also responsive to the stiffness of their environment [11,65]. Palchesko 
et al. confirmed that substrates with Descemet's membrane-like chemo- 
mechanical properties resulted improved CEC behavior. Among other 
ECM proteins and substrates with various stiffness, Collagen IV coated 
PDMS with an elastic modulus of 50 kPa was found to enhance CEC 
proliferation (> 3000 fold) and the expression of phenotypic markers 
[4]. We used 10:1 to 30:1 PDMS base to curing agent ratios in this study 
and 30:1 PDMS with 211.85 ± 74.9 kPa Young's modulus (Fig. 4A) was 
accepted to be the cornea-friendly stiffness, where the bulk modulus 
range of cornea is between 200 and 290 kPa [32,44–46]. Although the 
Young's modulus of the basement membrane underlying corneal endo
thelium (Descemet's membrane) was around 50 kPa [4], all patterned 
cell substrates were prepared using 30:1 PDMS base to curing agent 
ratio. Because, using PDMS with lower curing agent amounts to achieve 
Descemet's membrane-like stiffness did not allow successful replication 
of rose mimetic topography. By adjusting PDMS stiffness to the cornea- 
friendly range, biomimetic properties of cell substrates were enhanced. 

In addition to the optimized topographical and mechanical proper
ties of PDMS substrates, we have also functionalized their surfaces with 
two corneal ECM components: HA and COL 4. Although patterning 
resulted a significant increase in CEC proliferation (p < 0.0001, Fig. 5C) 
and the number of attached cells (Fig. 5D), actin fibers were disrupted 
on native PDMS and did not provide linking between adjacent cells, 
revealing the importance of surface chemical modification. Function
alization of PDMS surfaces with HA or COL 4 was completed using NHS/ 
EDC chemistry (Fig. 2) and demonstrated by WCA measurements, XPS 
analysis and immunofluorescent staining (Fig. 4B-H). The presence of N- 
C=O, C––O and the significant increase in C–N and C–C peaks in high 

resolution C1s spectra of PDMS-HA (Fig. 4F) and PDMS-C4 (Fig. 4G) 
indicated that modification was achieved successfully [41,48,66]. 
Fourier Transform Infrared Spectroscopy (FTIR) was also used to 
confirm XPS analysis (SI, Fig. S4). Additionally, wettability properties of 
HA and COL 4 modified PDMS (Fig. 4B) were consistent with the liter
ature with hydrophilic PDMS-C4 [67] and relatively hydrophobic nature 
of PDMS-HA [68]. Digital images of substrates with native plain, func
tionalized plain and functionalized patterned PDMS were given in SI 
(Fig. S6) showing the optical transparency of samples. After successful 
functionalization of PDMS substrates with these corneal ECM compo
nents, proliferation of CECs was enhanced, as seen in Fig. 5A-C. This 
effect was more distinctive in PDMS-C4, as collagen type IV is one of the 
main constituents of Descemet's membrane [69]. Accordingly, PDMS-C4 
successfully mimics the natural microenvironment of CECs. Among all 
flat PDMS substrates, PDMS-C4 provided the most suitable environment 
for CEC expansion (Fig. 5A), whereas white rose patterning of PDMS-C4 
enhanced proliferative capacity of CECs significantly (p < 0.0001) and 
showed similar effects with the control group, TCP (Fig. 5B and C). 
Although HA modification of PDMS did not change CEC metabolic ac
tivities, it ensured cellular attachment and better cytoskeleton forma
tion, when compared to native PDMS (Fig. 5D). HA is a naturally 
occurring glycosaminoglycan and known to facilitate cell adhesion [16]. 
Especially on PDMS-HA-R, cell adhesion was considerably higher, due to 
the enhanced biomimetic properties of substrates. However, even flat 
PDMS-C4 provided better cell adhesion than patterned PDMS-HA, with 
improved interconnections between cells and increased attached cell 
number. Moreover, cells on patterned PDMS-C4 showed typical CEC 
polygonal shapes and formed a confluent cell monolayer, whereas 
elongated CEC shapes with relatively low number of cells were found on 
TCP. Actin cytoskeleton staining of CECs on patterned PDMS showed the 
guidance effect of white rose petal negative relief topography, with 
enhanced interconnections between adjacent cells and maintenance of 
uniform hexagonal CEC shape. 

The PDMS-C4-R cell substrates were not only effective for in vitro 
CEC proliferation but also for their physiological functionality. Na+/K+

ATPase expression of cells on substrates was investigated to evaluate the 
activity and vitality of CECs. Localization of Na+/K+ ATPase is very 
crucial for the regulation of corneal pumping function. This pump 
function prevents stroma from overhydration and maintains optical 
transparency [70]. Positive immunostaining of Na+/K+ ATPase was 
observed on all substrates (Fig. 6); however, the staining intensity was 
higher in flat and patterned, COL 4 modified PDMS. Among all sub
strates including TCP, PDMS-C4-R facilitated the highest immunofluo
rescent intensity against Na+/K+ ATPase, whereas both PDMS-C4-R and 

Fig. 7. Western blot analysis of CECs on PDMS-C4, PDMS-C4-R and TCP. Quantification of (A) Na+/K+ ATPase, (B) N-Cadherin and (C) Collagen IV markers relative 
to β-actin (n = 3, *p < 0.05 and **p < 0.01). 
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TCP showed similar CEC proliferation. Western blot analysis confirmed 
immunostaining results with enhanced CEC phenotype specific marker 
expressions arising from white rose petal mimicked surface topography 
(Fig. 7). Significantly higher up-regulations of healthy corneal endo
thelium related morphological and functional proteins of Collagen IV 
[9], Na+/K+ ATPase [71] and N-Cadherin [5] indicated that combina
tion of cornea-friendly substrate stiffness with biomimetic surface 
chemistry and topography predominates over the positive effects of TCP 
on CECs and PDMS-C4-R provided functional expansion of CECs. 

In the literature, most of the studies which used different topogra
phies to modulate CEC behavior have utilized patterned TCP or PDMS as 
a cell substrate [12,27,62] PDMS substrates with round pillars and 
Laminin-1 coating had the highest bovine CEC density among other 
patterns like gratings, channels, and wells [27]. Koo et al. investigated 
the behavior of cells from human CEC line B4G12 on different topog
raphies like nanopillars, microwells and micropillars on PDMS sub
strates with several ECM protein coatings. According to their results, 
cells exhibited higher proliferation rate when they cultured on 1 μm 
pillar with the coating of FNC® coating mix compared to plain control 
substrates [62]. Another study reported that 1 μm pillar patterns on TCP 
significantly increased proliferation rate of primary human CECs when 
compared to plain TCP [12]. Gelatin methacrylate (GelMA) hydrogel 
substrates were also used for primary human CECs. They reported that 
the expression of Na+/K+ ATPase was higher on substrates with square- 
array of 1 μm pillars with 6 μm spacing and hexagonal-array of 1 μm 
pillars with 6 μm spacing, when compared to plain control group [72]. 
Furthermore, in our previous work, we prepared hexagonal well- 
patterned polyacrylamide (PA) cell substrates via bioinspiration 
approach to enhance CEC proliferation. Substrates with physiologically 
relevant pattern density provided the most favorable cellular results in 
terms of cell density and cell proliferation [74]. In addition to above
mentioned cell substrates, several substrate materials such as poly
urethane, silicon surfaces, polycaprolactone, chitosan, polystyrene with 
various feature type and dimensions were studied for corneal stromal or 
epithelial cell types to examine the effect of topography [73]. The 
advantage of our substrates is that white rose petals have naturally 
occurring, mostly hexagonal shaped patterns similar to the topography 
of healthy corneal endothelium. This topography provides the most 
closely resembling patterns of the native tissue and it does not require a 
complicated production technique. 

As a limitation of the study, a bovine CEC line was used as a cell 
model, instead of a human CEC line or primary CECs. There would be 
ethical issues and a need of an age-range-specific high cell numbers for 
this kind of a large screening study with primary CECs. Since bovine 
CECs have been studied extensively in this area, they were chosen to 
perform this comprehensive investigation and for a comparison of the 
effects of these substrates with the existing literature. The results in this 
study provide knowledge for prospective in vitro or in vivo studies with 
other CEC lines and primary CECs. In conclusion, to the best of authors' 
knowledge, similarities between white rose petal topography and nat
ural healthy CEC microenvironment have been demonstrated in this 
study for the first time in the literature. These mimicked micro- and 
nanoscale architectures on substrate surfaces were obtained without any 
need of a donor. Here, we enhanced CEC-substrate characteristics of 
PDMS, which has been a widely used polymer for corneal applications, 
due to its good optical transparency, non-toxicity and biocompatibility, 
with a biomimetic approach, by optimizing mechanical, topographical 
and biochemical properties. These substrates would be promising al
ternatives for in vitro CEC expansion and ocular drug investigations. 
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University, Istanbul, Turkey. His main research areas are; Biomaterials, 
Bioinspired and Biomimetic materials, Biosensors and Nanomaterials 
and focused on cell-surface interactions. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgments 

This study was supported by Bogazici University Research Fund by 
Grant Numbers 11501 and 6701. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.msec.2021.112147. 

References 

[1] Y.-T. Tsao, C.-M. Cheng, W.-C. Wu, H.-C. Chen, Bioengineering of human corneal 
endothelial cells from single- to four-dimensional cultures, Curr. Ophthalmol. Rep. 
8 (2020) 172–184, https://doi.org/10.1007/s40135-020-00244-y. 
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