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ABSTRACT: Surface modification has been identified as an important technique that could improve the response of the body
to implanted medical devices. Collagen production by fibroblasts is known to play a vital role in wound healing and device
fibrous encapsulation. However, how surface chemistry affects collagen I and III deposition by these cells has not been
systematically studied. Here, we report how surface chemistry influences the deposition of collagen I and III by primary human
dermal fibroblasts. Amine (NH3), carboxyl acid (COOH), and hydrocarbon (CH3) surfaces were generated by plasma
deposition. This is a practically relevant tool to deposit a functional coating on any type of substrate material. We show that
fibroblasts adhere better and proliferate faster on amine-rich surfaces. In addition, the initial collagen I and III production is
greater on this type of coating. These data indicates that surface modification can be a promising route for modulating the rate
and level of fibrous encapsulation and may be useful in informing the design of implantable biomedical devices to produce more
predictable clinical outcomes.
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■ INTRODUCTION

Advances in medical treatment and an aging population in the
developed world have greatly increased the need for medical
devices to improve the quality of life. Examples of such devices
include joint replacements, pacemakers, biosensors, hernia
meshes, artificial organs, and reconstructive implants. In the
process of implanting a medical device, several biological
phenomena occur including injury, hemostasis, inflammation,
granulation, tissue remodeling, and sometimes the formation of
a fibrous capsule, which can affect the ultimate functionality of
the implant.1−3 The fibrous capsule comprises of fibroblasts
and leukocytes along with different families of collagens
secreted by the fibroblasts.3−5 In the early phase after
implantation, collagen III fibers are secreted, which are thinner
in diameter than collagen I and are regarded as immature
collagen. Later, collagen III is replaced by more organized
collagen I, which provides greater tensile strength to the healing
structure.6−9

There are many examples of situations where the presence of
a fibrous capsule can compromise implant functionality. An
example is the pacemaker. Isolation of a pacemaker from the
surroundings leads to an increase in impedance, which causes
higher power consumption. As a result of this, batteries need to
be replaced much more regularly than expected.10 Another

example is the delay in the signal from glucose sensors because
of the formation of a fibrous capsule around the device.11−14 In
the case of a breast implant, growth of a fibrous capsule can
cause capsule contracture which in turn leads to deformity and
pain, in addition to device failure.15 Collagen I and III also play
an important role in healing the wound generated when a
polymer mesh is implanted at a hernia site. In the case of an
incisional hernia, the collagen I to III ratio decreases, which
results in impaired wound healing. Increased production of
collagen III fibers compared to collagen I fibers leads to an
imbalance in the cross-linking and geometrical confirmation of
collagens. This further reduces the mechanical stability of the
connective tissue.16,17 It is clear from these examples that
collagen I and III play an important role in deciding the fate of
implants via fibrous capsule formation.
The examples above clearly demonstrate that having the

capacity to control capsule properties is a key element of
successful device function and outcomes. Surface modification
has been identified as an important mechanism for modulating
fibrous capsule formation. However, most research efforts so far
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have been focused upon manipulating fibrous capsule formation
by modulating the behavior of macrophages and leukocytes as
well as the expression of pro-inflammatory cytokines by these
cells.18−20

In this paper, we explore how surface chemistry affects the
deposition of collagen I and III by primary human fibroblasts.
We hypothesize that surface chemistry can be a tool to change
the quantity and type of collagen deposited. This in turn could
modulate the properties of the resulting fibrous capsule. We
have selected coatings rich in amine (NH3), carboxyl acid
(COOH), and hydrocarbon (CH3) functional groups, as these
chemistries are the most abundant in biological tissue. The
coatings have been prepared by plasma polymerization. The
key benefit of plasma polymerization over other surface
modification techniques is that a diverse range of pinhole-
free, conformal coatings can be applied to any type of substrate
material in a single-step process without the need of surface
pretreatment.21−26 In contrast, self-assembled monolayers
(SAM) require specific initial chemistries, layer-by-layer
(LBL) structures require charged surfaces with multiple layers
and finally atomic layer deposition (ALD) can produce limited
surface chemistry.22 We have investigated the effect of these
chemistries on the deposition of collagen I and III by human
dermal fibroblasts over a period of 16 days. We also studied the
capacity of the surface chemistries employed to modulate
fibroblast adhesion and affect collagen I and III production on a
cellular level.

■ MATERIALS AND METHODS
Materials. Allylamine (AA) (98%, Aldrich), acrylic acid (AC)

(99%, Aldrich), and octadiene (OD) (98%, Aldrich) were used as
received.

Plasma Polymerization. Plasma polymerization was carried out in
a custom built reactor with a 13.56 MHz plasma generator.27

Deposition of allylamine, acrylic acid, and octadiene was carried out at
a pressure of 0.2 mbar and a deposition time of 2 min was employed.
Power used for deposition of all three monomers was 40, 10, and 20
W, respectively. Using these conditions, we obtained polymer film of
thickness of 23, 20, and 25 nm for films deposited from allylamine,
acrylic acid, and octadiene, respectively. Before deposition, all
substrates were cleaned by applying an air plasma for 2 min at 50 W.

X-ray Photoelectron Spectroscopy. XPS was used to determine
the surface composition of the plasma polymers. All spectra were
recorded using a Spec SAGE XPS spectrometer equipped with a
monochromatic Mg radiation source operated at 10 kV and 20 mA.
Atomic compositions of the samples were identified from survey
spectra recorded over a 0−1000 eV range with pass energy of 100 eV
at a resolution of 0.5 eV. All binding energies (BE) were corrected
relative to a neutral C 1s carbon peak at 285.0 eV. Processing and
curve fitting was performed using Casa XPS.

Atomic Force Microscopy. An NT-MDT NTEGRA SPM atomic
force microscope (AFM) was used in noncontact mode to provide
nanotopographical images. Silicon nitride noncontact tips coated with
Au on the reflective side (NT-MDT, NSG03) were used and had
resonance frequencies between 65 and 100 kHz and had spring
constant between 0.35 and 6.06 N/m. The amplitude of oscillation
was 10 nm, and the scan rate for 2 μm × 2 μm images was 0.5 Hz.

Water Contact Angle Measurement. Water contact angle was
measured using a sessile drop method on a contact angle goniometer.
Three water droplets were placed on 2 replicas of the same sample and
the images were captured immediately using an adjacent camera. The

Figure 1. XPS analysis showing (a) survey spectra for unmodified glass coverslip (GCS) and plasma modified surfaces acrylic acid (ACpp),
allylamine (AApp), and octadiene (ODpp). (b) C 1s spectra of chemically modified surfaces.
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contact angle was analyzed using ImageJ software by using Drop Snake
plug-in.28

Cell Culture. Human dermal fibroblasts (HDFs) were harvested
and grown as described previously29 from split thickness skin samples
obtained from specimens following routine breast reductions and
abdominoplasties. All patients gave informed consent for skin to be
used for research through a protocol approved by the Ethical
Committee at the Queen Elisabeth Hospital and the University of
South Australia Human Ethics Committee. Fibroblasts were grown in
fibroblast culture medium (FCM) consisting of DMEM high glucose
(Gibco, Life Technologies, Australia), 10% v/v fetal calf serum (FCS,
Ausgenex, Australia), 100 IU/mL penicillin, and 100 μg/mL
streptomycin (Gibco, Life Technologies, Australia) in an incubator
at 37 °C, 5% CO2 in a humidified atmosphere. The medium was
changed every 3−4 days until the cells were 80% confluent.
Cell Seeding. Glass coverslips coated with different chemistries

were then kept in 24 well plates. 50 × 103 cells were carefully seeded in
500 μL FCM and left for 1 day. The media was changed and replaced
with media containing ascorbic acid (1 mM), ficoll 70 (37.5 mg/mL)
and ficoll 400 (25 mg/mL) added to the media as it enhances collagen
production by fibroblasts.30−32 The media was filter sterilized and
changed every 3 days until day 16.
Collagen Staining. Collagen I and III were stained on day 3, 8,

and 16. Samples were washed thrice with PBS and then were fixed in
ice cold methanol and left to dry. The dried plates were then washed
thrice with PBS. The samples were blocked using 1% bovine serum
albumin (BSA, Sigma-Aldrich) in PBS-polyethylene glycol sorbitan
monolaurate (Tween 20 solution) (0.01% Tween-20 in PBS, Sigma-
Aldrich) for 1 h. Next, the plates were washed thrice with PBS and a
solution of primary antibody (mouse monoclonal anticollagen I and III
antibody (Sigma-Aldrich) (1:1000) in blocking media was added for
90 min at room temperature. The plates were washed thrice with PBS
and were incubated at room temperature using secondary antibody
(Alexa flour 647 F (ab′) 2 fragment of goat anti−mouse IgG (H+L))
(Molecular probes, Life Technologies, Australia) (1:400) and
counterstained with 4′, 6-diamidino-2-phenylindole (DAPI, Molecular
probes, Life Technologies, Australia, λex 350 nm, λem 470 nm)
(staining cell nuclei) (1:400) for 1 h in blocking media. The plates
were washed thrice with PBS and then the coverslips were carefully
mounted on glass slides using glycerol.
Confocal Microscopy. Confocal microscopy was used for

qualitative and quantitative analysis of collagen I and III. Glass
coverslips mounted on glass slides were carefully kept on the sample
holder. A laser of 405 nm wavelength was employed for determining
the nuclei while 640 nm wavelength laser was employed for
determining collagen I and III. All samples were scanned with a 10×
objective and all the parameters (laser power, pinhole size and gain)
were kept constant for all the captured images. These images were
analyzed using NIS-Element AR software for calculating the number of
cells and area occupied by collagen per cell.
Statistical Analysis. All statistics were performed using graph pad

prism 6 software. All data were expressed as mean ± standard error
mean (SEM). Statistical significance was determined using a 1-way and
a 2-way ANOVA with Tukey’s multi comparison test. All experiments
were performed twice in triplicates.

■ RESULTS

The surface chemical composition of the coatings deposited by
plasma polymerization was thoroughly characterized by XPS.
The survey spectra in Figure 1a shows that the unmodified glass
surface has a silicon peak (Si 2p) along with carbon (C 1s) and
oxygen (O 1s) peaks. After deposition of a plasma polymer
coating the silicon peak disappeared which indicate continuous
pinhole free coatings. In the case of plasma-polymerized acrylic
acid (ACpp) and plasma-polymerized octadiene (ODpp), only
C 1s and O 1s peaks were observed. This is consistent with the
chemical composition of the precursors and published
studies.33 In the XPS survey spectra of allylamine (AApp)-

coated surface, an additional peak of nitrogen (N 1s) appeared
that is due to the presence of an amine group in the precursor.
The deconvolution of the C 1s peaks for all the coatings are
shown in Figure 1b. The C 1s spectrum of ODpp has three
components: (C−H or C−C at 285.0 eV) an aliphatic carbon,
(C−O at 286.5) carbon bonded to single oxygen due to O2
contamination, and (CO at 288) carbon double bonded to
oxygen. The C 1s spectrum of AApp could also accommodate
three components: one corresponding to the aliphatic carbon
(C−H or C−C at 285.0 eV), the other corresponded to carbon
bonded to a single nitrogen (C−NH2, C−NH−C, and C−N
C at 286.5 eV), this peak can also include traces of C−O bonds
due to oxidation. The third components can be assigned to
imine (CN) or nitrile (CN) groups between 286.8 and
287.4 eV. This peak can also include CO due to O2
contamination. C 1s spectra of ACpp can accommodate five
components. The first component is assigned to aliphatic
carbon (−CH) at 285.0 eV. The second one at 286.5 indicates
carbon bonded to single oxygen (C-OR), the third peak at 288
indicates carbon double bonded to oxygen (−CO), the
fourth peak at 289.2 indicates a carbon bonded to two oxygen
atoms such as in acid/ester groups (COOR) and the fifth at
284.3 belongs to the beta shift because of the carboxyl
functionality.
Table 1 shows the atomic concentration of different elements

present in the unmodified glass and glass modified with ACpp,

AApp, and ODpp. 41% silicon was observed on the unmodified
glass surface while no silicon was observed after modification
with ACpp, AApp and ODpp. This shows that the unmodified
glass surface was completely covered with the desired coating.
After modification, the C/O ratio was highest for the AApp
surface at 9.5, whereas the C/O ratio was lowest for ACpp
surface at 3.3. The AApp coating provides a nitrogen rich
chemistry, which leads to the detection of the nitrogen peak
with an atomic concentration of 16.2%.
The static water contact angle of bare glass and plasma

polymer modified surfaces is shown in Figure 2a. The uncoated
glass coverslip was most hydrophilic with a contact angle of
15°. The plasma polymer coatings resulted in contact angles
ranging from 40° to 80°, with increasing hydrophobicity ACpp
< AApp < ODpp. These wettability results are consistent with
previously published data where the same types of plasma
polymer coatings are reported.34 Hence, the surfaces being
investigated provide not only different chemical composition
but also different wetting characteristics that are known to affect
biological responses. Furthermore, the modification provides
differently charged coatings, as the AApp is positively charged
in aqueous liquids while the ACpp is negatively charged.34,35

AFM imaging was carried out to analyze surface topography
and morphology. Representative images of the surface of the
unmodified glass and the three plasma polymer coatings are

Table 1. Atomic Concentration of Chemical Elements on
Bare Glass and Plasma Polymer Modified Surfacesa

C 1s (at
%)

N 1s (at
%)

O 1s (at
%)

Si 2p (at
%) C/O N/C

GCS 19 40 41 0.47
ACpp 76.6 23.4 3.27
AApp 75.8 16.2 8 9.47 0.21
ODpp 88.1 11.9 7.4

aAll XPs data contains a standard error of 5%.
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shown in Figure 2b. Overall, all surfaces are very smooth with
root-mean-square (RMS) values below 0.33 nm with no
characterstic morphological features. This suggests conformal
and uniform coatings.
These data demostrates that surfaces were produced with

well-defined chemistry, wettability, and topography. These
surfaces were further used to test for their capacity to modulate
fibroblast adhesion and collagen I and III deposition.
Figure 3a shows collagen I deposition on chemically

modified surfaces. The red collagen I fibers with blue primary
fibroblast cell nuclei are indicated. The effect of chemistry on
collagen I deposition can be visualized. On day 3, the AApp
surfaces show the maximum amount of deposited collagen I
compared to the other chemistries, including the uncoated glass
coverslip. However, by day 8 and 16, no differences were
observed between the different surfaces. This shows that
chemical modification can affect the initial collagen I deposition
(day 3). However, collagen I deposition saturates on all surfaces
at later time points and therefore no differences are observed.
Cumulatively, over 16 days, collagen I deposition increases on
all the surfaces. This is expected, as more collagen I is deposited
over time during the normal wound healing processes replacing
the collagen III.
To support this qualitative data, we performed quantitative

analysis of collagen I by analyzing the confocal microscope
images using NIS-element software. Figure 3b shows a
significant increase in the mean intensity of collagen I on
AApp modified surfaces compared to the ACpp modified
surfaces on day 3 (p < 0.01). However, by days 8 and 16, there
was no statistically significant difference observed in the
amount of collagen I deposited on both modified and
unmodified surfaces (Figure 3c, d). This is in agreement with
the images presented in Figure 3a. In Figure 3h, the data were
further analyzed by comparing collagen I deposition over the
entire 16 days. A significant increase in collagen I deposition
was observed from day 3 to day 8 on the unmodified GCS (p <

0.05) and ACpp (p < 0.01). However, no significant difference
was observed in AApp and ODpp surfaces. This shows that
total collagen I deposition is greater on the hydrophilic (GCS
and ACpp) than on the more hydrophobic (AApp and ODpp)
surfaces. Additionally, a significant increase was observed in
collagen I deposition from day 3 to day 16 on the unmodified
GCS (p < 0.05) and AApp (p < 0.05) modified surfaces.
However, no significant difference was observed in case of the
ODpp surfaces. This indicates that hydrophobic surfaces can
reduce collagen I deposition over a period of 16 days compared
to less hydrophobic or hydrophilic surfaces.
To better understand collagen production at cellular level, we

calculated the number of fibroblasts on the chemically modified
surfaces and the unmodified glass coverslip (Figure S1). The
AApp showed an increased number of fibroblasts compared to
the other chemistries on day 3 (Figure S1a). However, there is
a significant increase in the number of cells between days 3, 8,
and 16 on all surfaces. All surfaces used appear to be
biocompatible, with cells proliferating and achieving confluence
by day 16. At early time points, the AApp appears to be the
surface chemistry that promotes fibroblast growth. This is
consistent with published studies.36,37

Collagen I deposition per cell was calculated as shown in
Figure 3e−g. Although Figure 3i shows that the deposition of
collagen I per cell increased steadily over the course of the 16
days of the experiment this increase was not statistically
significant. Therefore, an increase in collagen I deposition could
be merely due to an increase in the total cell number on these
surfaces, suggesting that the factor primarily responsible for
controlling the total deposition of collagen I on different
chemistries is the overall number of cells.
Figure 4a shows collagen III deposition on different

chemically modified surfaces. AApp surfaces produce the
most collagen III compared to the other chemistries including
the uncoated glass coverslip. Initially, up to day 8, collagen III
production increases on all the surfaces. It then decreases
between days 8 and 16. Furthermore, although collagen I
appears to be deposited in the form of extracellular fibers, the
collagen III appears to remain intracellular.
To support this qualitative data, we performed quantitative

analysis of collagen III deposition by analyzing the confocal
microscope images. Figure 4b shows that on day 3 there was a
significant increase (p < 0.0001) in the mean intensity of
collagen III on AApp surfaces compared to the unmodified
GCS, and the ACpp and ODpp coated coverslips. After 8 days
the AApp surface still has significantly more collagen III than
the ACpp (p < 0.05), but not the GCS or ODpp (Figure 4c).
After 16 days, there was no significant difference observed in
collagen III on any of the surfaces as shown in Figure 4d. The
amount of collagen III deposited per cell followed the same
trend as the collagen III production, shown in Figure 4e, f, g.
In Figure 4h, the data were further analyzed by comparing

the collagen III production over the entire 16 days. On the
unmodified GCS the amount of collagen III increased until day
8 (p < 0.0001). It then decreased between days 8 and 16 (p <
0.01). Although the amount of collagen III increased on the
ACpp and AApp over 16 days this was not statistically
significant. The amount of collagen III deposited onto ODpp
surfaces followed the same trend as the GCS, with an initial
increase followed by a decrease between days 8 and 16;
however, again this was not statistically significant.
To understand the phenomenon at a cellular level, we again

collagen III production per cell calculated and plotted in Figure

Figure 2. (a) Static water contact angles of unmodified glass coverslip
(GCS) and plasma polymerized acrylic acid (ACpp), allylamine
(AApp), and octadiene (ODpp). (B) AFM images and corresponding
root-mean-square roughness (RMS) for different modified substrates.
X and Y scale is 2 μm × 2 μm, whereas Z scale is 3 nm for all images.
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Figure 3. (a) Representative laser scanning confocal microscope images of human dermal fibroblasts and quantification of deposited collagen I on
unmodified (GCS) and modified surfaces (ACpp, AApp, and ODpp) at days 3, 8, and 16 (blue: nucleus/DAPI; pink/red: collagen I). All images
have dimensions of 1300 × 1300 μm. Quantitative analysis of collagen I deposition obtained from these images. (b−d) Mean intensity of collagen I
deposited on unmodified (GCS) and modified surfaces (ACpp, AApp, and ODpp) at days 3, 8, and 16, respectively. (e−g) Amount of collagen I
deposited per cell on unmodified (GCS) and modified (ACpp, AApp and ODpp) surfaces at day 3, 8, and 16, respectively. (h) Comparison of mean
intensity of collagen I between day 3, 8, and 16. (i) Comparison of collagen I deposition per cell between day 3, 8, and 16. Single asterisk (*) and
double asterisks (**) indicate statistical significance p < 0.05 and p < 0.01, respectively.
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Figure 4. (a) Representative laser scanning confocal microscope images of human dermal fibroblasts and quantification of collagen III on unmodified
(GCS) and modified surfaces (ACpp, AApp, and ODpp) at day 3, 8, and 16 (blue, nucleus/DAPI; pink/red, collagen III). All images have
dimensions of 1300 × 1300 μm. Quantitative analysis of collagen III obtained from these images. (b−d) show mean intensity of collagen III
deposited on unmodified (GCS) and modified surfaces (ACpp, AApp, and ODpp) at days 3, 8, and 16, respectively. (e−g) Amount of collagen III
deposited per cell on unmodified (GCS) and modified (ACpp, AApp, and ODpp) surfaces at day 3, 8, and 16 respectively. (h) Comparison of mean
intensity of collagen III between day 3, 8, and 16. (i) Comparison of collagen III deposition per cell between day 3, 8, and 16. * = p < 0.05, ** = p <
0.01, *** = p < 0.001 and **** = p < 0.0001.
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4i. In the case of ACpp and ODpp surfaces, a significant (p <
0.05) increase in collagen III was observed from day 3 to day 8.
An increase was also seen in the amount of collagen III
produced per cell on the unmodified GCS and the AApp;
however, it was not statistically significant. Between days 8 and
16 the amount of collagen III produced per cell decreased on
the GCS (p < 0.05), ACpp (p < 0.01) and ODpp (p < 0.001)
surfaces. Again the amount of collagen III produced per cell
decreased on the AApp surfaces but this was not statistically
significant. This decrease in collagen III production at a cellular
level appears to be due to the increase in cell number. The
number of cells is greatest at day 16, although there are similar
amounts of collagen III on days 8 and 16, which accounts for
the decrease in the expression of collagen III per cell.

■ DISCUSSION
In this study, we have demonstrated that surface chemistry can
be used to modulate fibroblast growth as well as collagen I and
III deposition. Plasma deposition of allylamine (AApp), acrylic
acid (ACpp), and octadiene (ODpp) was used to produce
coatings with tailored chemical and physical properties. The
XPS data confirms the chemical composition for the coatings
generated by using these precursors which is consistent with
the published data.33,36,38 Water contact angle measurements
showed that surface hydrophobicity increased in the order
ACpp < AApp < ODpp. AFM imaging confirmed that the
coatings are continuous, pinhole free, and conformal with a
RMS below 0.33 nm. This is in agreement with our earlier
published reports.22

Fibroblasts initially attach better to AApp surfaces than to
ODpp surfaces. This can be explained by the higher
hydrophobicity of the ODpp, which leads to the adsorption
of large amounts of albumin which has been reported to be
responsible for reduced cell attachment to surfaces.39 Faucheux
et al. also showed that fibroblasts only weakly attach to CH3-
group-rich surfaces, whereas strong attachment was observed
on NH3- and COOH-rich surfaces.

37 Fibroblasts have also been
shown to be sensitive to the density of amine groups on the
surface, with increased proliferation observed on surfaces with
high concentrations of amine.36,40

Although there was no significant difference in cell number
on the AApp- and ACpp-coated samples on day 3, production
of both collagen I and III was greater on the AApp-coated
surfaces compared to the other coatings. However, at later time
points (i.e., days 8 and 16), the surface chemistry was shown to
have no effect on the production of collagens I and III.
Consistent with our findings, in vivo studies by Kamath et al.41

suggested that amine surfaces show an increase in the thickness
of the fibrous capsule and the amount of total cellular infiltrate.
Although, how specifically these chemistries can alter the
production of collagen I and III was not interrogated.
We also found that collagen III is modulated at a cellular

level by surface chemistry. The total collagen III production as
well as the amount of collagen III produced per individual cell
was strongly elevated on AApp coatings. This clearly shows the
importance of surface chemistry for collagen III production.
Similarly, collagen I production was higher on AApp than on
ODpp-modified surfaces by day 3. A slight decrease was then
observed in comparison to the GCS and ACpp surfaces over
the course of 16 days. In the case of ODpp surfaces, the
collagen I deposition saturated at day 3 and although there was
an increase in collagen I deposition, it was not statistically
significant over the 16 days of the experiment. These results

suggest that surface chemistry can be used to modulate collagen
expression after initial implantation. This might aid in the
design of improved implantable biomaterial devices.
Surface chemistry is known to affect the adhesion,

proliferation, and migration of a variety of cells.3,42−47

However, the effect of surface chemistry on the deposition of
both collagen I and III has not been explored. Surface
chemistry is also known to affect protein adsorption to
surfaces.48,49 However, collagen deposition by cells is an active,
not a passive process.50 These data suggest that AApp, a
moderately hydrophobic surface, either encourages fibroblasts
to produce more collagen I and III or is more energetically
favorable for collagen deposition in early stage of growth.
Fibrosis and fibrous capsule formation are inevitable part of

the wound healing process, indicative of a chronic stage of
inflammation.41,50−53 Current strategies to minimize this
involve disguising the implant material with the use of
extremely hydrophilic coatings i.e. poly(ethylene glycol)
(PEG) or phosphorylcholine54,55 or decorating the surface
with biomolecules.56−59 These data suggest that specific surface
modification may be a viable and cost-effective path to reduce
the formation of a fibrous capsule. The application of an acid
chemistry, i.e., an acrylic acid plasma polymer can reduce the
amount of both collagen I and III deposition. Alternatively, if
increased collagen deposition is needed, i.e., in a dermal
replacement material, an amine-rich plasma polymer might be
appropriate.

■ CONCLUSION

We have utilized three types of controlled and tailored
chemistries produced by plasma deposition, i.e., amine,
carboxyl, and methyl rich. This technique for surface
modification was used because of its capacity to deposit thin,
conformal coatings on any type of substrate material. We have
shown that fibroblasts initially adhere better on amine-rich
surfaces. In addition, the initial collagen I and III production is
greater on the AApp coatings. Collagen III production initially
increased until day 8 and then decreased until day 16, with
collagen I production continuously increasing over time. This
suggests that collagen III is being replaced by collagen I over
time. Collectively, we show the capabilities of surface chemical
modification to modulate fibroblast adhesion and collagen I and
III production. This study provides useful pioneering knowl-
edge that could help in tuning fibrous capsule formation and in
turn govern the fate of implantable biomaterial devices. We
anticipate that future exploration in this field will aid in
designing biomaterial implants with tailored surface character-
istics that will enhance their function to obtain better clinical
outcomes.
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