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Polydimethylsiloxane (PDMS) is a biocompatible synthetic polymer and used in various applications due to its
low toxicity and tunable surface properties. However, PDMS does not have any chemical cues for cell binding.
Plasma treatment, protein coating or surface modification with various molecules have been used to improve its
surface characteristics. Still, these techniques are either last for a very limited time or have very complicated
experimental procedures. In the present study, simple and one-step surface modification of PDMS is successfully
accomplished by the preparation of hydrophilic and hydrophobic amino acid conjugated self-assembled mono-
layers (SAMs) for enhanced interactions at the cell-substrate interface. Synthesis of histidine and leucine con-
jugated (3-aminopropyl)-triethoxysilane (His-APTES and Leu-APTES) were confirmed with proton nuclear
magnetic resonance spectroscopy (*H NMR) and optimum conditions for the modification of PDMS with SAMs
were investigated by X-ray photoelectron spectroscopy (XPS) analysis, combined with water contact angle (WCA)
measurements. Results indicated that both SAMs enhanced cellular behavior in vitro. Furthermore, hydrophilic
His-APTES modification provides a superior environment for the osteoblast maturation with higher alkaline
phosphatase activity and mineralization. As histidine, leucine, and functional groups of these SAMs are naturally
found in biological systems, modification of PDMS with them increases its cell-substrate surface biomimetic
properties. This study establishes a successful modification of PDMS for in vitro cell studies, offering a biomimetic
and easy procedure for potential applications in microfluidics, cell-based therapies, or drug investigations.

1. Introduction characteristics of PDMS. A conventional and straightforward approach

is increasing the substrate wettability by exposing to oxygen plasma

PDMS has been attracted much attention in the biomedical area for
developing cell culture substrates [1,2], medical implants [3,4],
organs-on-chips [5,6], and microfluidic devices [7,8]. Comparable
biocompatibility, low-toxicity, high oxygen permeability, low cost, ease
of fabrication, and desirable elastic properties are some of the superior
characteristics of PDMS, provoking its extensive use as a biomaterial.
However, in its native form, PDMS possesses a highly hydrophobic
surface that leads to poor cell adhesion and proliferation [9]. Thus, there
is a high demand for PDMS with enhanced surface properties and
increased stability to provide a convenient environment for specific cell
functions.

Numerous techniques have been developed to improve surface

[10], UV/ozone [11], or corona discharge [12]. Even though each of
these treatments provides hydrophilic surfaces, long term stability
cannot be achieved due to the hydrophobic recovery of PDMS [13]. This
phenomenon results in an increased delamination tendency of cells from
PDMS surfaces only a few days after seeding [14]. Extracellular matrix
(ECM) protein coatings have also been widely used to produce cell
microenvironment-like surfaces, leading to improved biocompatibility
and enhanced cell behavior [15]. However, these interactions of pro-
teins with surfaces are regulated by weak forces. As a result, cells on
these surfaces tend to detach or being aggregated after they reached
confluence due to protein dissociation [16,17]. To achieve strong link-
ages, APTES has been used for incorporating functional amine groups on

* Corresponding author at: Bogazici University, Institute of Biomedical Engineering, Kandilli Kampus, Uskudar, 34684, Istanbul, Turkey.

E-mail address: bora.garipcan@boun.edu.tr (B. Garipcan).

https://doi.org/10.1016/j.colsurfb.2020.111343

Received 6 May 2020; Received in revised form 12 August 2020; Accepted 19 August 2020

Available online 27 August 2020
0927-7765/© 2020 Elsevier B.V. All rights reserved.


mailto:bora.garipcan@boun.edu.tr
www.sciencedirect.com/science/journal/09277765
https://www.elsevier.com/locate/colsurfb
https://doi.org/10.1016/j.colsurfb.2020.111343
https://doi.org/10.1016/j.colsurfb.2020.111343
https://doi.org/10.1016/j.colsurfb.2020.111343
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2020.111343&domain=pdf

M.O. Oztiirk-Oncel et al.

the PDMS surface. Then, ECM components have been introduced to
these aminated surfaces, by using ionic interactions that are stronger
than weak van der Waals forces. This approach is a relatively an easy
approach and showed better cell adhesion and proliferation than protein
adsorption on PDMS [18]. There is a growing interest in using APTES, a
self-assembled monolayer (SAM), to obtain stabilized modification on
PDMS. APTES modified PDMS surfaces have also been used for cell
culture environments as an intermediate modification step during the
addition of glutaraldehyde or 1-ethyl-3- (3-dimethylaminopropyl) car-
bodiimide (EDC)/N-hydroxysuccinimide (NHS) chemistries for protein
immobilization procedures [17-19]. Although all these surface treat-
ment techniques have applied efficient SAM stabilization with cell
microenvironment components, their modification procedures are quite
challenging and require many experimental steps.

Among many different surface modification methods for enhanced
cell interaction purposes, SAMs provide superior advantages with their
well-defined, stable and tunable surface chemistry on various types of
substrates [20] and easy preparation without any need of expensive and
high-level equipment [21,22]. SAMs modified surfaces have been re-
ported for diverse applications, including drug delivery [23], biosensors
[24], biomolecule immobilization [25], non-specific protein adsorption
[26], in addition to their use in synthetic cell culture environments [27].
Keselowsky et al. showed the osteogenesis induction of MC3T3-E1 cells
on —OH and -NH, functionalized surfaces [28]. Moreover, Curran et al.
demonstrated that SAMs with different functional groups could also be
used for stem cell differentiation. According to their report, methyl
(—CHgs) modified surfaces provided mesenchymal stem cell (MSC)
phenotype preservation, where amino (-NHy) and silane (-SH) modified
ones initiated osteogenic differentiation with or without any external
stimuli [29]. Because these functional groups are found naturally in
biological environments, the modification of cell substrates with SAMs
plays a major role in regulating protein adsorption and cell behavior
[21,30].

As SAMs are highly organized structures, they tune the wettability
properties of surfaces depending on their functional groups [22].
Wettability is one of the most important characteristics of a cell sub-
strate [31]. Hydrophilic surfaces were documented to enhance osteo-
blast growth in vitro [32,33]. Arima et al. showed the combined effects of
surface wettability and functional groups of SAMs on adhesion of HeLa
cells and human umbilical vein endothelial cells (HUVECs) [34].

In the present study, we reported cell and substratum interactions
over the substrate surface wettability and functional groups through
amino acid conjugated SAMs, by using human fetal osteoblastic cell line,
hFOB 1.19 as a model. Essential amino acids are known to stimulate
bone formation by enhancing alkaline phosphatase activity and collagen
synthesis [35]. A recent work documented that hydrophilic
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hydroxyapatite/poly (amino acid) modified phosphodiester improved
osteoblast adhesion, differentiation, and cranial bone formation [36].
Here, we prepared hydrophilic and hydrophobic amino acid conjugated
SAMs and modified PDMS substrates with them to obtain stable, prac-
tical, and biomimetic substrate surfaces with varying wettability. By
designing these amino acid incorporated SAMs, we aimed to enhance
cell-biomaterial interactions and regulate biological signals, as extra-
cellular matrix-like surfaces have the tendency of providing better cell
culture environments. Here in this study, histidine and leucine conju-
gated SAM (His-APTES or Leu-APTES) modified PDMS substrates were
optimized and characterized by using XPS and WCA analysis. The effects
of these novel SAMs on osteoblast cell behavior were investigated for
day 21 to see both osteogenic maturation of cells and long-term stability
of modified PDMS substrates. Cell responses, such as proliferation, actin
cytoskeleton formation, alkaline phosphatase activity, and extracellular
matrix mineralization to native and SAMs modified PDMS, showed that
the modification of PDMS with amino acid conjugated SAMs enhanced
cell substrate properties of PDMS, specifically for osteoblastic behavior.

2. Material and methods
2.1. Preparation of PDMS substrates

PDMS substrates were prepared by mixing 10:1 (w/w) ratio of pre-
polymer and curing agent (Sylgard 184, Dow Corning), followed by
degassing under vacuum for 30 min. PDMS mixture was then spin-
coated onto glass coverslips (18 mm diameter) at 2000 rpm for 5s
(CEE 200X, Brewer Science) to obtain thin and flat substrates. Curing
was performed at 60 °C for 24 h [37]. After the curing process, sub-
strates were sonicated for 10 min in absolute ethanol and distilled water,
respectively, and dried under Ny stream.

2.2. Synthesis of His-APTES and Leu-APTES

His-APTES and Leu-APTES were synthesized following the previous
method developed by the authors [38]. His-APTES and Leu-APTES
synthesis procedure is based on the activation of carboxylic acid
groups (—COOH) of carboxybenzyl (Cbz)-protected L-His—OH and
L-Leu—OH using benzotriazole chemistry [39]. The intermediate prod-
ucts Cbz-L-Leu-Bt and Cbz-L-His-Bt were subsequently reacted with
APTES in tetrahydrofuran (THF)in the presence of EtsN as a base to
synthesize Cbz-L-Leu-APTES and Cbz-L-His-APTES, respectively. These
intermediates were deprotected under catalytic hydrogenation to give
final products L-Leu-APTES and L-His-APTES (Fig. 1). 1H NMR. (Bruker
500 MHz) was used for the characterization of His-APTES and
Leu-APTES.
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Fig. 1. The synthesis procedure of L-His-APTES and L-Leu-APTES.
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Fig. 2. Schematic illustration of PDMS modification. (A) Optimization of His-APTES modification (1-20 mM, 2 h and 10 mM, 1-24 h), and (B) modification of PDMS

surface with His-APTES or Leu-APTES (10 mM, 24 h).

2.3. Modification of PDMS

Prior to modification with His-APTES and Leu-APTES, PDMS sub-
strates were exposed to oxygen plasma for 1 min, at 200 mTorr and
under 50 sccm oxygen flow (PM-100, March Plasma Systems) to pro-
duce reactive hydroxyl groups on surfaces without any alteration on the
surface topography [40]. Surface modification conditions were opti-
mized by using His-APTES as a model SAM. Activated PDMS substrates
were immersed into His-APTES in ethanol, having different concentra-
tions in the range of 1-20 mM at room temperature for two hours,
followed by using a fixed concentration and varying dipping time in the
range of 1-24 h. Leu-APTES modification was performed under opti-
mized conditions. Following the functionalization, solutions were
removed, and substrates were rinsed with absolute ethanol and distilled
water three times. SAM modification procedure of PDMS was schema-
tized in Fig. 2.

2.4. Surface characterization

Surfaces of PDMS substrates were characterized in terms of func-
tionality and wettability with XPS and WCA, respectively. Modification
of PDMS substrates with His-APTES and Leu-APTES was verified
chemically by using and XPS with Al-Ka source gun (Thermo Scientific).
Wide scans were recorded in the binding energy range of 1350—0 eV
with 150 eV pass energy. Wettability of surfaces before and after mod-
ifications was investigated by using sessile drop water contact angle
analysis (CAM-100, KSV Instruments). Measurements were carried out
at room temperature by introducing 2 pL of distilled water droplets to
the surfaces while recording the images for 10 s. For each experimental
group, three random areas of five samples were measured.

Stability of SAMs modification was investigated with a model SAM:
His-APTES, by the application of constant DI HyO flow through the flow
cell part of the Quartz Crystal Microbalance (QCM, QCM200, Stanford
Research Systems). PDMS surfaces were characterized with XPS and
WCA, before and after the flow application. The details are provided in
the Supporting Information (SI).

2.5. Human osteoblastic cell culture

Human fetal osteoblast cells (hFOB 1.19, ATCC CRL-11,372) were
used to investigate the effects of PDMS substrates with different surface
chemistries. The cells were maintained and expanded in DMEM/F-12
(Sigma), supplemented with 10 % fetal bovine serum (FBS, Biosera)
and 1 % antibiotic antimycotic solution (Biosera). The medium was
changed every two days. When cells reached confluence, 0.25 % trypsin-
EDTA solution (Sigma) was used to harvest them. Cells at passage
number 5 were used. For the cell culture studies, PDMS substrates were
rinsed with 70 % ethanol and sterile PBS, followed by exposure to UV
light for 1 h. Then, the cells were cultured on the PDMS substrates in
non-treated 12-well cell culture plates (SPL Life Sciences) with a seeding
density of 50,000 cells/well. Cells were incubated in a humidified
incubator at 37 °C with 5% CO» up to 21 days.

2.6. Cell proliferation assay

The proliferation of osteoblast cells on PDMS substrates was assessed
by Alamar Blue assay for up to 7 days. At specific time points, culture
media was replaced with the fresh one containing 10 % Alamar blue and
incubated at 37 °C for 4 h. Then, optical absorbance values were
measured at 570 and 595 nm by using a Micro-Plate Reader Spectro-
photometer (BIO-RAD iMark) [41].

2.7. Actin cytoskeleton staining

The actin cytoskeleton of the cells on PDMS substrates, was explored
using Alexa Fluor 488 Phalloidin (Thermo Fisher) staining at the end of
day 7. Briefly, cells were rinsed twice with PBS and fixed in 4 % form-
aldehyde solution for 10 min, followed by rinsing with PBS three times
for 5 min. To increase permeability, cells were immersed immediately in
0.1 % Triton X-100 in PBS for 5 min. Nonspecific bindings were blocked
with 1 % BSA solution for 20 min. After the blocking step, Alexa Fluor
488 Phalloidin solution (in 1% BSA) was added to the cells. A counter-
staining with DAPI was also performed to stain cell nuclei by incu-
bating cells in DAPI staining solution (Thermo Fisher) for 3 min. Images
were recorded under the fluorescence of excitation at 488 nm for f-actin
cytoskeleton (green) and 358 nm for cell nuclei (blue) by using a
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Fig. 3. (A) High-resolution N1s spectra and (B) WCA measurements of PDMS modified with increasing concentrations (1-20 mM) of His-APTES. (C) High-resolution
N1s spectra and (D) WCA measurements for His-APTES modification of PDMS with increasing dipping time (1- 24 h). (E) XPS wide scan spectra of native, Leu-APTES
modified, and His-APTES modified PDMS substrates. (F) WCAs of native, Leu-APTES modified, and His-APTES modified PDMS substrates.
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Table 1
Surface elemental composition of native and SAMs modified PDMS substrates.
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Theoretical (%)

Measured (%)

Substrates
Si C N Si C N o
PDMS 25 50 - 25 29.99 43.18 - 26.83
Leu-APTES 21.05 47.37 10.53 21.05 27.90 37.59 1.35 33.16
His-APTES 19 43 19 19 24.00 42.20 2.96 30.72
A B Fig. 4. (A) Reduced Alamar Blue percentages
showing the relative hFOB cell proliferation on
= PDMS 3 His-APTES HisAPTES native, Leu-APTES, and His-APTES modified
ek PDMS with positive control of TCP over 7 days.
=3 Leu-APTES = TCP Data were given as means & SD and n = 7. All
s groups were statistically significant respect to
80— ** r native PDMS, each day (****p < 0.0001; except

60—

40

Leu-APTES

20

Reduced Alamar Blue (%)

Incubation time (days)

fluorescence microscope (DM IL, Leica) [42].

2.8. Alkaline phosphatase (ALP) activity

Intracellular ALP activity of osteoblasts was investigated by using
Alkaline Phosphatase Activity Colorimetric Assay Kit (Biovision
Research Products) according to the manufacturer’s instructions. After
days 3, 7, and 14 of incubation, cells were rinsed with PBS and imme-
diately frost at —80 °C. Following two freeze-thaw cycles, the cell sus-
pension was centrifuged at 13,000 rpm for 10 min to remove
supernatant. Then, cells were resuspended with assay buffer of the kit,
and 5 mM p-nitrophenyl phosphate was added to each sample. After
incubation for 60 min. at dark, stop solution was added to terminate ALP

20 PDMS

—
N
1

TCP

ALP Activity (U/L)
<

Leu-APTES
His-APTES

for Leu-APTES on Day 1, ***p < 0.001), *p <
0.05, **p = 0.01. (B) Fluorescence images of
Alexa Fluor 488-phalloidin (green) and DAPI
(blue) stained hFOBs on native, Leu-APTES, and
His-APTES modified PDMS substrates and TCP.
Scale bar represents 100 pm.

activity, and the absorbance values were recorded at 405 nm and
calculated according to the standard curve by using the ALP enzyme of
the assay Kkit.

2.9. Alizarin red staining

To observe the characteristic calcium deposition, a well-known
alizarin red staining protocol was performed. In a typical staining,
cells at days 7, 14, and 21 were washed with PBS and fixed in 4 %
formaldehyde solution for 10 min. Then cells were rinsed with PBS and
distilled water, followed by incubation in 2 % alizarin red solution (pH
4.2) for 20 min. Cells were rinsed with distilled water, and images were
taken via optical microscopy [43].

dekkk

Incubation time (days)

Fig. 5. ALP activity (U/L) of hFOB cells on native, Leu-APTES and His-APTES modified PDMS with positive control of TCP at different incubation times. Data were
given as means + SD and n = 5. Statistical significance values were calculated for each day, *p < 0.05, **p < 0.01, and ****p < 0.0001 (All groups were statis-
tically significant relative to native PDMS with ****p < 0.0001, each day, except for Leu-APTES on Day 3, **p < 0.01).
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His-APTES TCP

Fig. 6. Alizarin red staining of hFOB cells on native, Leu-APTES, and His-APTES modified PDMS with positive control of TCP at different incubation times. Scale bar

represents 200 pm.

2.10. Statistical analysis

All of the results were reported as the mean + standard deviation.
Statistical differences between experimental groups were calculated by
using one-way analysis of variance (ANOVA) followed by Tukey test.
p < 0.05 was considered as being statistically significant.

3. Results and discussion
3.1. Analysis of Leu-APTES and His-APTES synthesis

'H NMR data of the molecules are identical to our previous results
[38]. In 'H NMR data, recorded two doublet signals at around 8.25 ppm
and two triplet signals around 7.60-7.80 ppm for Cbz-L-Leu-Bt and
Cbz-L-His-Bt are characteristic signals for N-acylbenzotriazoles. These
signals support the presence of benzotriazole in structure. After the re-
action of APTES with benzotriazole functionalized intermediates, ben-
zotriazole signals were disappeared. Thus, one can conclude that
benzotriazole was substituted with the amino groups. Amide signal for
Cbz-L-Leu-APTES was recorded at 7.24 ppm and 6.80 ppm for
Cbz-L-His-APTES, respectively. On the other hand, characteristic
methylene (—CHj-) singlet signal recorded at around 5.10 ppm supports
the presence of Cbz-protecting group. Another characteristic signal is
methylene (—CHp-) signal, which is bonded to silicon atom in APTES.
This signal is generally recorded at around 0.50—0.60 ppm because of
Si-C bonding. Finally, after deprotection of Cbz-group characteristic
multiplet signal at around 7.30-7.40 ppm and singlet signal around
5.00 ppm for Cbz-moiety were disappeared. Additionally, broad signal
around 4.20 ppm supports presence of free -NHj group of amino acids.

'H NMR for L-His-APTES (CDCl3 with 0.05 % v/v TMS, 500 MHz,): &
10.15 (broad, s, 1H, NH imidazole), 7.50 (s, 1H, Ar-H imidazole), 6.92
(s, 1H, Ar-H imidazole), 6.79 (s, 1H, amide NH), 4.55—4.43 (m, 1H, -CH-
NHy), 4.23 (broad, s, 2H, -NH»), 3.83 (q, J=6.90 Hz, 6H, OCH2CH3),
3.32-3.21 (m, 2H, —CONH-CHy-), 3.12 (broad, s, 1H, CH-CHy-imid-
azole), 2.98 (dd, J = 14,16, 5.00 Hz, 1H, CH-CH»-imidazole), 1.62-1.44
(m, 2H, -CH2-CH,-CHy-), 1.25 (t, J=8.27 Hz, 9H, OCH,CH3), 0.51-0.40

[m, 2H, -CH5-Si(OEt3)] ppm.

TH NMR for L-Leu-APTES (CDCl3 with 0.05 % v/v TMS, 500 MHz,): &
7.24 (s, 1H, amide NH-), 4.25 (broad, s, 2H, -NH5), 4.15 (dd, J = 8.29,
4.88 Hz, 1H, -CH-NHy), 3.85 (q, J=6.98 Hz, 6H, OCH2CH3), 3.28 (dt,
J=11.92, 6.35 Hz, 2H, —CONH-CH,CH,-), 1.72—1.60 (m, 2H, —CH,-
CH2—CHjy-), 1.55 (p, J=8.40Hz, 2H, —CH,-CHy—CH,-), 1.23 (t,
J=6.98 Hz, 9H, OCH,CH3), 0.98—0.91 (m, 6H, —CH(CH3)2), 0.63 [t,
J=8.00 Hz, 2H, -CH,-Si(OEt3)] ppm.

3.2. Self-assembly of Leu-APTES and His-APTES on PDMS substrates

Here we proposed a single step modification of PDMS with hydro-
philic and hydrophobic amino acid conjugated SAMs. Characterization
of surface chemistry was performed by XPS analysis and WCA mea-
surements (Fig. 3). Oxygen plasma treatment was used to activate PDMS
surfaces. Following this treatment, substrates were modified with
increasing concentrations (1—20 mM) of His-APTES for 2 h to investi-
gate the optimum conditions for the SAM formation. PDMS is a synthetic
polymer, which is made up of silicon, carbon, oxygen, and hydrogen
atoms [44]. Thus, modification of PDMS with His-APTES results in the
presence of specific N1s signal in XPS spectra. Fig. 3A shows the
high-resolution N1s core level overlay of PDMS substrates modified with
increasing concentrations of His-APTES. From 1—5 mM His-APTES, the
amount of nitrogen on substrate surface increases with increasing con-
centration, except for 10 mM, which provides the highest nitrogen
content, and thereby the highest His-APTES coating of the surface. The
decrease of N from 10—20 mM proves the maximum surface coverage
was achieved with 10 mM and increasing the concentration caused the
steric hindrance of imidazole rings. We propose that more molecules
could not bind the surface with His-APTES concentration higher than
10 mM due to the shielding effect of the accessible functional groups on
the surface. WCA measurements of His-APTES modified PDMS also
prove the presence of hydrophilic histidine and exhibit a decreasing
trend with increasing concentration (Fig. 3B). For the optimum dipping
time investigation, 10 mM His-APTES solution was used to modify
substrates with varying incubation ranges and XPS detection of N1s
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shows that 24 h modification results in the highest nitrogen peak
(Fig. 3C). Thus, 10 mM concentration and 24 h dipping time are
considered to be the optimum modification parameters for both
His-APTES and Leu-APTES and all experiments were performed
accordingly.

Fig. 3E indicates the binding energies corresponding to Ols, Cls,
Si2s, and Si2p PDMS-specific peaks at 532.8, 285.1, 154.0, and 102.7 eV
were detected in all samples [44]. Besides, peaks at 401.1 eV appeared
after Leu-APTES and His-APTES modifications, which were assigned to
N1s core line [38]. Observation of these peaks in both modified sub-
strate surfaces was a certain indication for the presence of the molecules
on PDMS substrates. When compared between modified surfaces, the
increase of N1s peak in His-APTES modified PDMS showed relatively
higher surface nitrogen content of the surface, due to the extra nitrogen
atoms in the imidazole ring of the molecule.

The quantitative elemental composition of native and modified
substrates was summarized in Table 1. Compared to native PDMS,
modification with Leu-APTES and His-APTES resulted in increased 0%
and N% with a concomitant decrease in Si%. Treatment with oxygen
plasma prior to modification was responsible for the increase in oxygen
content in both functionalized groups. The presence of N atom is an
indication of SAMs modification, and the relation between theoretical
and measured atomic percentages of N provides information about the
surface coverage. In Leu-APTES group, the atomic percentage of N was
expected to be 10.53 if the surface was fully covered, whereas XPS
analysis shows that the surface N content was only 1.35 %. Thus,
approximately 13 % of the surface is covered with Leu-APTES. Similarly,
stoichiometric and measured values of N% in His-APTES modified PDMS
are 19 and 2.96, respectively, giving a surface density of 16 %. Full
surface coverage with SAMs may not be possible due to many issues: i)
low surface densities (the number of activated surface functional
groups), ii) the orientation of SAMs in a way to hinder accessible hy-
droxyl groups and iii) the repulsive forces between SAMs.

Water contact angles (WCA) of hydrophilic and hydrophobic amino
acid conjugated SAMs modified PDMS substrate surfaces were utilized to
confirm the alterations in surface wettability, as shown in Fig. 3F. In
agreement with the literature, WCA of native PDMS was found in the
hydrophobic region, which was measured to be 106.2 + 3.1° [45]. After
oxygen plasma treatment for 1 min, WCA was measured below 14° [46],
showing the presence of Si—OH bonds. These bonds facilitated amino
acid conjugated APTES modification of PDMS surfaces. After incorpo-
ration of Leu-APTES and His-APTES, very low WCA of plasma oxygen-
ated PDMS was increased to 85.0 = 4.9° and 43.5 + 5.3°, creating
hydrophobic and hydrophilic surfaces, respectively. Previous studies
documented the hydrophilic nature of APTES modified PDMS, which is a
result of functional —NH, groups of the molecule [47]. Here, both
His-APTES and Leu-APTES have these amino functional groups, and
thereby both of these SAMs modification resulted in surfaces with hy-
drophilic properties, partially. Histidine is known as a hydrophilic
amino acid with pH responsive characteristics due to its imidazole ring
side chain [48] and in this study His-APTES modified PDMS demon-
strated hydrophilic surfaces, as expected. The isoelectric point (pI) of
histidine is 7.59, where pKa value 3N-H of the imidazole ring is
pH = 6.0. Below pI, the net charge of the histidine amino acid will be
positive [49]. However, in this study, histidine is conjugated to the
APTES molecule's amino group through its carboxylic acid group. Due
to the amide bond formation and loss of the acidic functional group
(COOR), it is not possible to accurately calculate the pI of His-APTES
molecules. Imidazole ring will be responsible for the protonation and
deprotonation of the His-APTES molecule during SAM-cell interactions.
In S1, pH responsibility of SAMs from His-APTES was investigated via
zeta potential measurements and cationic methylene blue (MB) &
anionic eosin y disodium salt (EY) adsorption study at different pH
values (pH =5.0, 7.4 and 9.0). Zeta potential measurements of
His-APTES functionalized silica nanoparticles (SNPs) are given in
Fig. S3. In the literature, it is very well-know that, nanoparticles having
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zeta potentials between —10 and +10 mV are regarded as approximately
neutral, while nanoparticles are regarded to be strongly cationic and
strongly anionic with greater zeta potentials than +30 mV or less zeta
potentials than —30 mV, respectively [50]. According to the zeta po-
tential analysis, SNPs exhibited a pH dependent trend like other nano-
particles; the more negative zeta potentials are obtained with increasing
pH [51]. The zeta potential of SNPs at pH = 5.0 showed slightly positive
charge, where His-APTES functionalization resulted strongly cationic
SNP surfaces with an average zeta potential value of +37.9 + 1.1 mV.
Similarly, surface charge of anionic SNP with an average zeta potential
of —27.6 + 0.9 mV at pH = 7.4 [52] was confirmed to be altered after
His-APTES incorporation, which was found to be approximately neu-
tral/slightly positive with an average zeta potential of +8.6 + 0.6 mV.
SNPs at pH = 9.0 have the most strongly anionic surface charge among
all others and yet SNPs modified with His-APTES resulted approximately
neutral/slightly negatively charged particles. To sum up, at pH 7.4,
His-APTES modified SNP have shown approximately neutral/slightly
positive surface charge. This finding does not fully support the positively
charged His-APTES molecules at pH = 7.4. The phenomena may be
explained as zeta potential analysis were conducted by using SNPs
instead of PDMS surfaces and aggregation of these nanoparticles may
affect the given results. Also, these findings at pH 7.4 may not represent
the actual cell culture environment. In general, cell culture studies were
performed at pH = 7.4, however pH of the medium could decrease to
more acidic pH values due to metabolic activity of cells and possible cell
debris. Under these conditions, imidazole side chain carrying unpaired
electrons can bind a proton reversibly to make the molecule partially
positively charged. For clarification of this point, cationic MB and
anionic EY adsorption study was also conducted to clarify zeta potential
measurements by using directly His-APTES modified PDMS surfaces.
Fig. S4 shows the amount of MB and EY dyes adsorbed (Q, pg) on
His-APTES modified PDMS. At pH = 5.0, His-APTES modified PDMS
showed the weakest adsorption for cationic MB, due the repulsive forces
between dye cations and positively charged His-APTES molecules on the
PDMS surface; where a slight decrease in the positive charge was
expressed at pH = 7.4, and at pH = 9.0 the highest adsorption capacity
was obtained (due to the increased number of negative charges on
His-APTES modified PDMS surface). Furthermore, the anionic EY dye
adsoption study also confirmed the positively charged His-APTES mol-
ecules on the PDMS surface via electrostatic interactions. Surface charge
of His-APTES modified PDMS at pH = 5.0 and 7.4 was considered to be
positive, as anionic EY adsorption capacity at these pHs were found to be
higher than pH = 9.0. The lowest amount of EY adsorption was found on
surfaces at pH = 9.0, which demonstrates the decrease in the positive
surface charge. Here, the pH sensitivity of His-APTES modified PDMS
surface’s charge is clearly shown and the change in the surface charge is
found to be not as sensitive to pH as histidine amino acid [48,49]. Zeta
potential measurements, together with MB & EY adsorption study
confirmed the stability of positively charged His-APTES and related
hydrophilic nature of His-APTES modified PDMS at physiological pH
and cell culture conditions. In contrast, hydrophobic leucine amino acid
conjugated SAMs modification leads to an increased WCA value that fell
into the hydrophobic region [53].

The stability of SAMs modification was confirmed under constant
flow regime for different time duration via XPS analyses and WCA
measurements (SI). Fig. S2.A shows the XPS survey spectra of His-APTES
modified PDMS surfaces under flow for 0.5 and 4 h with a control group.
All His-APTES modified PDMS-related peaks corresponding to O1s, N1s,
Cls, Si2s and Si2p were detected in all groups with no significant dif-
ferences between the signal intensities. Furthermore, similar atomic
percentages of N atom in all experimental groups are a direct evidence
for stable His-APTES modification, regardless of applied flow for
different duration. The standard deviation between measured N atomic
percentages of His-APTES modified PDMS before or after constant flow
was calculated as &+ 0.08 %. Supporting the XPS analyses, WCA mea-
surements of His-APTES modified PDMS surfaces (Fig. S2.B) shows no
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statistically significant differences according to applied flow. APTES
modification is a well-known procedure and has been used in many
applications to provide stable linkages under load or pressure; in
microfluidics, introducing biomolecules for cell substrates, altering
wettability properties, etc. Atomic Force Microscopy (AFM) is one of the
techniques to confirm the long term APTES linkage supported stability
of surface modification inside a microfluidic system under various flow
rates and continuous flow at different shear stresses [54]. Specific
properties of immobilized molecules (like enzymatic activity) have also
used to verify APTES linkage supported stability for long term [55]. As
the modification of PDMS substrates were completed through APTES
based chemistry, amino acid SAMs modified surfaces are stable under
flow, similar to the examples given above, PDMS surface keeps its sta-
bility under a constant and continuous flow regime at least up to 4 h,
which is a critical time point for initial cell adhesion [56], make these
modifications suitable for cell culture studies.

3.3. Cell proliferation on PDMS substrates

Cytocompatibility and proliferation of amino acid conjugated SAMs
modification on PDMS substrates were evaluated by in vitro hFOB cell
culture. Cells were cultured on native and modified substrates and
incubated for 7 days. On days 1, 3, and 7 of cell culture, the metabolic
activity of the cells was determined using Alamar blue assay, which
provides repeated investigation of the same samples. Fig. 4A shows the
reduced Alamar blue percentages relative to the cell proliferation on
amino acid conjugated SAMs modified PDMS, native PDMS, and Tissue
Culture Polystyrene (TCP), as a positive control. The increase in the
reduced Alamar blue percentage indicates the proliferation of cells on
substrates. According to the results, cells in all experimental groups were
remained viable and also in a tendency of growth in time, confirming the
non-toxic nature of PDMS. Furthermore, cells on His-APTES modified
PDMS affects proliferation in a similar way to TCP. For the whole culture
period, both Leu-APTES and His-APTES modification improved the
metabolic activity of cells significantly, when compared with the native
PDMS. The analysis indicated that cells on both hydrophilic and hy-
drophobic SAMs modified substrates were healthy and viable without
any significant difference after day 3 of incubation, suggesting all
modifications provided sufficient bioactivity. Increased cell prolifera-
tion on His-APTES can be attributed to surface hydrophilicity [57], but
using a relatively hydrophobic molecule, Leu-APTES, could also have
increased cellular metabolic activity for short time, due to its biomimetic
nature. Besides, amino and carboxylic acid groups of Leu-APTES provide
partially hydrophilic regions to these molecules, which could also be the
reason for the enhanced expansion of the cells.

After day 3, the number of viable cells was increased distinctively on
His-APTES modified surfaces. This significant increase starting from day
3 of incubation showed that the wettability of surfaces influences
cellular metabolic activity in long periods periods and also it confirmed
the impact of hydrophilicity on improved osteoblast behavior and
growth, leading to increased cellular proliferation [58]. Apart from
being a hydrophilic amino acid, histidine is also one of the amino acids
in FHRRIKA peptide sequence, which is a heparin-binding domain of
bone sialoprotein [59]. Stile et al. documented that modification of
hydrogels with this histidine-containing peptide enhanced proliferation
and spreading of rat calvarial osteoblasts [60]. In another study with rat
calvarial osteoblasts performed by Schuler et al., the enhanced prolif-
eration of cells on FHRRIKA peptide-modified titanium was showed
[61].

3.4. Actin cytoskeleton organization

Actin cytoskeleton organization of hFOB cells on PDMS substrates
was investigated to show cellular morphology by dual fluorescent
staining of Alexa Fluor 488-phalloidin and DAPI, 7 days post-seeding. As
shown in Fig. 4B, modification of PDMS surface with both SAMs resulted
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in enhanced interactions. Only a few adhered cells were observed on
native PDMS substrates as well as cells exhibiting poorly developed actin
stress fibers, which might associate to the hydrophobic nature of the
material [62]. The aggregate formation was occurred as a reason for
decreased cell attachment, supporting the low number of living cells
found in Alamar blue assay. This response of hFOBs on hydrophobic
surfaces was compatible with the literature [42,63]. Leu-APTES modi-
fication of PDMS also resulted in relatively hydrophobic surface, but
cells on these substrates were higher in number and showed better
attachment than native PDMS, even though actin bundles of cells were
short and disrupted. On the other hand, cells on hydrophilic His-APTES
modified PDMS substrates exhibit a multilayer morphology, similar to
cells on TCP, with well-defined and high number of actin fibers linking
adjacent cells [64]. Similar effect of surface hydrophilicity on osteo-
blasts was documented by Toffoli et al. They reported that
thermally-induced hydrophilicity of titanium substrates enhanced actin
cytoskeleton organization of MC3T3-E1 pre-osteoblast cells [33].
Furthermore, a distinctive spindle-like morphology of cells was exhibi-
ted on both of His-APTES and TCP. These features may be contributed to
sign of osteogenic maturation [36]. Thus, surface hydrophilicity, in
addition to different amino acid biochemistry, can impact substrate
surface-osteoblast cell interaction in means of attachment and cellular
extension.

3.5. ALP activity

Alkaline phosphatase is an early osteogenic marker which regulates
bone-specific extracellular matrix mineralization [65]. hFOB cells are
osteoblast precursors, and the increase in the ALP expression is an
indication of a mature osteoblastic phenotype [66,67]. Thus, osteo-
blastic behavior of hFOBs on PDMS substrates was investigated from the
ALP activity for 14 days. As seen in Fig. 5, ALP activity of cells on all
substrates showed an ascending trend from day 3 to day 14. There was a
significant increase in both SAMs modified surfaces relative to native
PDMS until day 14. This trend is similar to the findings of Jones et al.,
where they documented the highest ALP activity of human osteoblasts
on day 14 [68]. Throughout the culture period, His-APTES modified
PDMS resulted in significantly higher ALP production when compared to
native and Leu-APTES modified PDMS. An increase in the ALP activity
was observed, especially when hydrophilic functional groups are higher
on substrate surfaces [36]. Although Leu-APTES modified PDMS showed
relatively hydrophobic surface properties, -NHy and —CHgs functional
groups of the molecule enabled enhanced osteogenic behavior when
compared with native PDMS until day 14 [29]. His-APTES modified
surfaces and control group, TCP, showed similar effects on cells with no
significant differences until day 7, and on day 14 cells on His-APTES
modified PDMS exhibited higher ALP activity than TCP (p < 0.05).
The trend was agreed with the proliferation results and cytoskeleton
organization of cells, as the increase in cell number was the highest in
His-APTES and TCP groups until day 7. The increase in proliferation and
accumulation of osteoblasts provokes cell maturation and accordingly
ALP activity [62]. Fig. 5 shows that cells on PDMS substrates reached
confluence after day 7 and thus accumulation of cells, especially on
hydrophilic His-APTES modified PDMS, promoted osteogenesis of
hFOBs, confirmed the effect of wettability [69] in accordance to higher
cell numbers on osteogenic differentiation [70].

3.6. Alizarin red staining

Alizarin red staining is an indicator of calcium depositions in extra-
cellular matrix [71]. Optical images of native and modified PDMS sur-
faces after alizarin red staining were depicted in Fig. 6. As seen in the
figure, subsequently from day 7-21, alizarin red staining was shown to
be denser in all groups. Compatible with the ALP activity results, cell
expansion and accumulation enabled them to progress into osteoblastic
growth period after day 7 of culture on the substrates. After this day,
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ECM mineralization was accelerated [72]. The effect of surface modi-
fication on osteoblastic phenotype was supported here one more time,
where on modified groups higher intensity of staining was recorded.
Leu-APTES modified PDMS cells did not provide significantly increased
ALP activity (relative to native PDMS) on day 14, however alizarin
staining on the same day showed better osteogenic behavior than cells
on native PDMS. Moreover, Leu-APTES modified PDMS leads to similar
calcium deposition to TCP, thanks to its biomimetic functional groups
[29]. Cells on His-APTES modified PDMS displayed a qualitatively
higher amount of matrix mineralization among all groups for all time
points. Especially on day 21, cells exhibited classical mineralization
nodules and increased intensity of color with higher cell density. Bio-
mineralization is an indicator of osteogenic efficacy and bone formation
[73]. Here, the presence of qualitatively more calcium deposition of
cells on His-APTES than other experimental groups is consistent with the
other osteogenic marker, ALP activity, and proves that hFOBs on
His-APTES modified PDMS differentiated enough to deposit higher
amount of mineralized ECM than that of control group, TCP [65]. These
ALP activity and calcium deposition overall results demonstrated the
combination of a biomimetic and hydrophilic modification’s superior
effect on PDMS surfaces for in vitro osteoblast cell culture and
maturation.

4. Conclusions

Hydrophilic and hydrophobic amino acid conjugated SAMs were
prepared, and surface modification with these molecules was investi-
gated to improve cell-substrate surface characteristics of PDMS for long-
term osteoblast cell culture. Optimum surface modification parameters
with these SAMs were found to be 10 mM concentration and 24 h dip-
ping time, by using the highest nitrogen content in high-resolution N1s
spectra of XPS and complementary WCA measurements. Both modified
surfaces provided cell proliferation and maturation; however, in the
latter times of culture, hydrophilic His-APTES facilitated a superior
osteoblastic behavior than the positive control, TCP. Surprisingly, Leu-
APTES functionalization provides a significantly improved cell
response respect to native PDMS, even though they both showed a hy-
drophobic nature. Herein, we suggested that biomimetic modification
has predominant effects on cells than the wettability of the surfaces.
Moreover, His-APTES and Leu-APTES provided a supportive environ-
ment to hFOB cells for three weeks of culture, proving that modification
stability could be preserved with SAMs for at least three weeks. This
biomimetic and straightforward surface modification of PDMS is a
promising technique to enhance bone cell - substrate interactions that
may be used in in vitro cell culture studies, regenerative medicine ap-
plications as well as microfluidic systems.
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