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a b s t r a c t

The effect of physicochemical surface properties and chemical structure on the attachment and viability
of bacteria and mammalian cells has been extensively studied for the development of biologically relevant
applications. In this study, we report a new approach that uses chlorogenic acid (CA) to modify the surface
wettability, anti-bacterial activity and cell adhesion properties of polydimethylsiloxane (PDMS). The
chemical structure of the surface was obtained by X-ray photoelectron spectroscopy (XPS), the roughness
was measured by atomic force microscopy (AFM), and the water contact angle was evaluated for PDMS
substrates both before and after CA modification. Molecular modelling showed that the modification was
predominately driven by van der Waals and electrostatic interactions. The exposed quinic-acid moietyco

m.cn

olecular modelling

nti-bacterial
ell culture

improved the hydrophilicity of CA-modified PDMS substrates. The adhesion and viability of E. coli and
HeLa cells were investigated using fluorescence and phase contrast microscopy. Few viable bacterial cells
were found on CA-coated PDMS surfaces compared with unmodified PDMS surfaces. Moreover, HeLa cells
exhibited enhanced adhesion and increased spreading on the modified PDMS surface. Thus, CA-coated
PDMS surfaces reduced the ratio of viable bacterial cells and increased the adhesion of HeLa cells. These
results contribute to the purposeful design of anti-bacterial surfaces for medical device use.m.
. Introduction

Bacteria-free devices are universally important for numerous
pplications that improve human health, such as tissue engineered
aterials [1], biomedical devices and biosensors. Device-related

nfections (DRIs), which arise from the adhesion and proliferation
f bacteria on the surfaces of biomedical devices and implants, are
he significant concern in implant surgery [2]. Thus, the design and
abrication of novel nanostructured surfaces that mitigate bacterial
olonisation or inhibit bacterial growth is required to improve cur-
ent medical devices. Most existing anti-bacterial agents are natural
ompounds that have been either extracted from microorganisms,
uch as penicillin, streptomycin and �-lactams [3] or chemi-
ally modified. However, the emergence of antibiotic-resistant
acteria is becoming an increasingly serious problem with the
buse of anti-bacterial drugs.

www.sp
One prominent example is the recent discovery of a metallo-�-
actamase (MBL) named NDM-1 (New Delhi metallo-�-lactamase),

hich was identified from Klebsiella pneumoniae (strain 05-506)

∗ Corresponding author. Tel.: +86 22 2350 7022; fax: +86 22 2350 7022.
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and Escherichia coli isolates [4]. Most isolates with the NDM-1
enzyme are resistant to standard intravenous antibiotics [5]. Thus,
because of the disadvantages of conventional antimicrobial agents,
the development of novel antimicrobial agents has gained consid-
erable attention. For example, Sumitha et al. incorporated silver
nanoparticles into poly (�-caprolactone) (PCL) scaffolds during
the process of electrospinning [1]. Eby et al. reported a method
to synthesise antimicrobial medical instruments by coating them
with silver nanoparticles [6]. “Nanosilver” has been introduced
into some consumer products [7] and silver-containing textiles
are being advertised for their anti-bacterial effect [8]. Although
nanoparticles (NPs) were originally considered nontoxic materi-
als, an increasing number of studies report toxicity associated with
NP exposure [9–11]. Therefore, other biocompatible agents should
be investigated and developed.

Chlorogenic acid (CA), the ester of cinnamic and quinic acid, is
the most abundant hydroxycinnamic acid found in food. Addition-
ally, it is nontoxic [12] and has been shown to inhibit bacterial
growth [13]. We used CA to modify the surface of polydimethyl-
siloxane (PDMS) substrates. PDMS elastomer is of particular

interest because it is flexible, easily moulded, nontoxic, optically
transparent, gas permeable, inexpensive and chemically inert [14].
Because of these merits, considerable effort has been focused on
using PDMS in many applications, such as the development of

dx.doi.org/10.1016/j.colsurfb.2013.11.010
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
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ntimicrobial materials. Komaromy et al. investigated the effect of
hanges to the physical properties of PDMS on the attachment and
iability of bacterial cells [15]. Goyal et al. demonstrated a method
or embedding noble metal NPs in free standing PDMS composite
lms to synthesise a material with enhanced anti-bacterial prop-
rties [16]. Although PDMS has many advantages, its hydrophobic
urface restricts its widespread application. Therefore, various
olutions have been proposed to improve the hydrophilicity of
DMS surfaces, including plasma oxidation [17], ultraviolet irradi-
tion and adsorbed coatings [18,19]. Although these methods have
llowed the tailoring of PDMS surface properties, challenges still
emain, including reduced biocompatibility after chemical treat-
ent, hydrophobic recovery and physical damage to the PDMS

urface [20,21].
Here, we report a simple approach to modify PDMS with CA

Scheme 1). Our experimental results demonstrate the devel-
pment of a bi-functional, CA-modified PDMS substrate with
ncreased antimicrobial properties that supports cell growth. These
nti-bacterial biomedical devices locally inhibit the growth of
acteria and are not toxic to the surrounding tissue.

. Materials and methods

.1. Materials

CA was purchased from Nanjing Zelang Medical Technology Co.
td. PDMS elastomer (Sylgard® 184 silicone elastomer kit) was
btained from Dow Corning Corporation (Midland, MI). Propid-
um iodide (PI) was purchased from Sigma–Aldrich. Other reagents

ere obtained from Aladdin Reagent Co. Ltd. (China). All of the
eagents were of analytical grade. All aqueous solutions were pre-
ared with double-distilled water.

.2. Preparation of CA-modified PDMS substrates

.2.1. Preparation of PDMS substrates
PDMS elastomer (Sylgard® 184 silicone elastomer kit) solution

s composed of a base (part A) and curing agent (part B). The base
nd curing agent were mixed in a 10:1 mass ratio, transferred to a
lass Petri dish and cured for three days. After being sectioned into
iscs with a 14-mm diameter, the PDMS substrate was washed with
5% ethanol solution and dried with nitrogen.

.2.2. PDMS substrate modification with CA
CA solution was prepared in double-distilled water at a con-

entration of 10 mg mL−1. PDMS substrates were incubated in
A solution for 2 h at ambient conditions. Unattached CA was
emoved by rinsing the substrate with double-distilled water. The
A-modified PDMS substrates were dried with nitrogen.

.3. Water contact angle (WCA) measurements

The WCAs of native PDMS and CA-modified PDMS surfaces
ere determined under ambient conditions using the sessile drop
ethod and an optical contact angle meter (Dataphysics, Inc.,
CA20). WCAs were averaged values from ten individual mea-

urements that were collected from different regions on the PDMS
urface. All of the measurements were within ±3◦ of the average.

CAs are presented as the average ± standard deviation.

.4. X-Ray photoelectron spectroscopy (XPS) measurements

www.sp
The modification of the PDMS substrate by CA was confirmed by
n XPS apparatus (Thermofisher K-Alpha, USA) with a monochro-
atic Al K� radiation source. The sample for XPS characterisation
as deposited onto a Si slide. XPS analysis was performed on at least
iointerfaces 116 (2014) 700–706 701

three samples before and after surface modification. The binding
energy was swept from 0 to 1350 eV, and the photoelectron take-
off angle was set at 45◦ in fixed analyser transmission mode. The
energy resolution of the analyser was 0.9 eV.

2.5. Atomic force microscopy (AFM) measurements

The surface morphology of the PDMS substrates was ana-
lysed using atomic force microscopy (CSPM 4000, Being-Nano
Inc., PR China). The images were scanned in tapping mode in air
using commercial Si cantilevers (k = 40 N m−1, Budget Sensors Inc.,
Bulgaria) with a resonance frequency of 300 kHz. Scan areas of
20 �m × 20 �m and 4.5 �m × 4.5 �m were collected at a 1 Hz scan-
ning rate. Each sample was scanned at five random sites.

2.6. Molecular modelling and dynamics simulations

The coordinates of CA was obtained from the PRODRG server
[22], and the conformation is consistent with recent research [23].
The initial structure of the PDMS substrate from our previously pub-
lished work was used [24]. Briefly, a single PDMS chain consisting
of 20 units was equilibrated in the gas phase for 10 ns. Twelve such
chains were extracted from the last 2.4 ns of the trajectory and com-
pressed into a slab of 55 Å × 55 Å × 11 Å to construct an amorphous
supercell with a density of 0.92 g cm−3. Unbound solid surfaces in
the XY plane were modelled using periodic boundary conditions
(PBCs). The adsorption of CA was performed using starting struc-
tures with their centre of mass (COM) placed >10 Å away from the
surface. The assemblies were solvated along the Z-axis to avoid
direct contact between CA and the substrate.

All molecular dynamics (MD) simulations were performed using
the program NAMD 2.8 [25]. The topology and parameter files
for CA were obtained and calculated using the ParamChem web-
site, which is based on the CHARMM36 Generalised Force Field
program. The parameters of PDMS were obtained from available
literature, and the partial atomic charges were calculated using
quantum chemistry [26,27]. The TIP3P water model was employed
to model the aqueous solution [28]. PBCs were applied in the three
directions of Cartesian space. Long-range electrostatic forces were
taken into account using the particle mesh Ewald (PME) method,
and a 14-Å cutoff was applied to truncate van der Waals interac-
tions [29]. A temperature of 300 K and a pressure of 1 atm were
used to ensure Langevin dynamics and the Langevin piston method
[30]. Chemical bonds involving hydrogen atoms were constrained
to their experimental lengths by SHAKE/RATTLE algorithms [31,32].
The equations of motion were integrated with a time step of 2 fs.
Before production simulation, the molecular system for fixed CA
was minimised using up to 5000 conjugate gradient (CG) steps prior
to an additional geometry optimisation on the complete interac-
tion using an equal amount of CG steps. A 2 ns MD simulation was
subsequently generated with weak harmonic restraints enforced
on CA, viz. 1.0 kcal/mol/Å2. The restraints on CA were removed for
the production run. All of the atoms of the PDMS substrate were
fixed during the simulation. Visualisation and analysis of the MD
trajectories were performed using the VMD program [33].

Because of the chemical inertness of PDMS, adsorption to PDMS
usually occurs through physisorption. Therefore, only the initial
association of CA with the PDMS substrates was explored. A cru-
cial step in understanding this association is determining the free
energy change of adsorption. It was recently demonstrated that
the potential of mean force (PMF) is a computationally effective
and accurate way to calculate the free energies of interacting sub-

.co
m.cn
strates and molecules [34–36]. In the present study, PMF profiles
that delineated the adsorption process of CA were estimated along
the model adsorption pathway, which was defined as the projection
onto the Z axis of the distance between the COM of a CA molecule

zhk
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Scheme 1. Schematic depicting the antimicrobial

nd the PDMS surface. To obtain such profiles, the ABF method was
mplemented using the collective variables module NAMD [37–41].
o increase calculation efficiency, the adsorption pathway was frag-
ented into consecutive 1-Å wide windows. Instantaneous values

f the force were stored in 0.1 Å wide bins. For each of these win-
ows, a trajectory of at least 5 ns long was generated. To improve
ample uniformity along the pathway and maintain continuity of
he average force across adjacent windows, the width of the win-
ows was adapted as required, and convergence of the free-energy
as probed by extending the simulation time for regions featuring

nergy barriers and minima. The PMF was truncated when incon-
istent configurations disrupted sampling uniformity.

.7. Mechanical test

The mechanical properties of native PDMS and CA-modified
DMS were determined using microcomputer control electron uni-
ersal testing machines (Jinan Shidai Shijinyiqi Co., Ltd; WDW-05).
ectangular specimens 1.3 mm × 2 mm × 14.5 mm in size were cut

rom as-prepared products. Six specimens for each group were
ested.

.8. Bacteria culture

Genetically engineered E. coli DH5a expressing green fluores-
ent protein (GFP) was used to investigate the cell density on
arious substrates. The strain was generously provided by Dr. Jun
eng from the College of Life Science at Nankai University in Tianjin,
hina. The strain was grown in LB medium at 37 ◦C with shaking at
50 rpm.

.9. Antimicrobial activity of CA-modified PDMS substrates

The anti-bacterial activity of CA-coated PDMS was evaluated
sing the E. coli bacterial strain. A comparative study using bare
DMS was the control. The bacterial cells were harvested during
xponential growth. To obtain media-free bacteria, cells in the mid-
xponential phase were centrifuged and re-suspended in 10 mM
hosphate buffer saline (PBS) at pH 7.4 [15,42]. This suspension
as added to the CA-coated PDMS substrate.

Both the CA-modified and bare PDMS substrates were cut into

www.sp
-cm disks, immersed into the media-free bacterial suspension
nd incubated for 2 h at room temperature [15]. After incubation,
he substrate disks were washed twice with PBS. All experiments
ere performed under sterile conditions. To determine bacterial
y and cell growth on CA-modified PDMS surfaces.

cell viability, the CA-coated and uncoated PDMS substrates were
soaked in a PI solution (1.5 mM in H2O) for 15 min. After labelling,
substrates were washed with double-distilled water, dried at ambi-
ent temperature and visualised with a fluorescent microscope (TE
2000-U Nikon, Japan). Dead cells emitted red fluorescence from the
intercalation of PI into the DNA double helix. Viable cells produced
green fluorescent protein. Cell viability was evaluated by observing
the green or red fluorescence.

2.10. Cell culture on surface-modified PDMS films

The procedure detailed above was also used to prepare unmo-
dified and CA-modified PDMS substrates for cell culture studies.
Adhesion and growth experiments were performed with HeLa cells,
a human cervical cancer cell line. The substrates were placed in the
bottom of 24-well plates. A cell density of 1 × 104 cells cm−2 was
seeded on the PDMS surfaces, and the substrates were incubated
in Dulbecco’s modified Eagle’s medium (DMEM) with 10% foetal
bovine serum at 37 ◦C and 5% CO2 for three days. Cell adhesion
and growth on the PDMS surfaces were monitored using a Nikon
TE2000-U fluorescence microscope with CCD-Rtke (Japan).

3. Results and discussion

3.1. Enhanced hydrophilicity of CA-modified PDMS substrates

Water contact angle (WCA) is an important surface parame-
ter that significantly affects the interaction of proteins and cells
with biomaterial surfaces. Cell adhesion and growth is favoured
on hydrophilic surfaces [43]. In this study, the wettability of CA-
modified PDMS substrates was evaluated by measuring the WCA.
As shown in Fig. S1, native PDMS has an average WCA of 104.7◦

(Fig. S1a), which indicates that the surface of PDMS is reasonably
hydrophobic. After modification with CA, the WCA of the PDMS
surface decreased to 88.5◦ (Fig. S1b). Consequently, PDMS surfaces
can be modified with CA for improved hydrophilicity. The increased
hydrophilicity of the CA-modified PDMS is probably attributed
to the three-dimensional structure of the surface. According to
Wenzel’s law, surface roughness enhances the wetting properties
of solid surfaces [44]; smaller WCAs are obtained for surfaces with

.co
m.cn
increased roughness [45]. Another reason for increased PDMS sub-
strate wettability could be attributed to the adherent hydrophilic
quinic-acid moiety of CA, which minimises the total energy of the
system.
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ig. 1. (a) Free-energy profile along the model adsorption pathway for the adsorpt
b) Partitioning of the PMF into van der Waals and electrostatic CA-PDMS contribu
ubstrate during MD simulations. (d) Probability distribution of the distance betwe

.2. Chemical characterisation of PDMS surfaces before and after
A modification

The XPS spectra confirmed that the chemical composition of the
olymer surface was altered by the CA coating. Fig. S2 presents
he full XPS spectra of bare and CA-modified PDMS surfaces on the
ame scale. The polymer surfaces displayed typical photoelectron
eaks for O (1s), C (1s) and Si (2p) (Fig. S2). The results from the
PS analysis for the relative element composition of the substrate
urfaces are listed in Table S1. Native PDMS showed the presence of
, C and Si at 23.80, 49.22 and 26.99 atom %, respectively, which is
onsistent with the expected composition. Successful modification
ith CA was reflected through the relative element compositions

f the substrate surface, which showed an increase in O 1s (from
3.80 to 25.46) and C 1s (from 49.22 to 50.67) and a decrease in Si
p (from 26.99 to 23.86). Si is only present in the Si CH3 group of
DMS; therefore, the decrease in the Si 2p peak indicates coverage
f the PDMS surface with CA.

.3. PDMS surface characterisation using AFM

Surface morphology of the PDMS surface was observed using
FM. We collected AFM images and calculated root mean square

RMS) values. Representative AFM images that illustrate the rough-
ess of the PDMS surface are shown in Fig. 3a and b. The bare PDMS
urface was extremely flat (Fig. S3a). After CA modification, the

www.sp
oughness of the PDMS surface increased significantly (Fig. S3b),
hich indicates that CA adhered to the PDMS surface. RMS val-
es of unmodified and CA-modified PDMS surfaces were 6.904 and
3.33 nm, respectively. The 3D images of these samples validate the
CA onto the PDMS surface. Inset: representative images from the MD trajectories.
(c) Variations in distance between the COM of the CA and the surface of the PDMS
cinnamic acid/quinic acid moiety COM and the surface of the PDMS substrate.

calculated RMS values (Fig. S3a′ and b′). Cell attachment is strongly
dependent on surface roughness [46]; cells attach more easily to
surfaces with higher roughness values [17].

3.4. Molecular modelling and dynamics simulations

The free-energy profile of the adsorption of CA to the PDMS sur-
face from a given distance was calculated and is shown in Fig. 1a.
One global minimum is detected along the adsorption pathway
profile, which demonstrates that the binding of CA to the PDMS
surface is energetically favourable. In the bound state correspond-
ing to this minimum, the cinnamic-acid moiety adsorbed to the
PDMS surface, whereas the quinic-acid moiety interacted with the
solvent environment (Fig. S4). Three representative structures of CA
were observed along the adsorption pathway, which suggests that
the association of CA with the PDMS surface can be represented
by a three-stage model. In the diffusion stage, the orientation of
the CA molecule was random because CA did not interact with
the PDMS substrate. In the association stage, from ∼8 to 4.5 Å
(corresponding to the bound state), the CA altered its orientation
to allow the cinnamic-acid moiety to face and interact with the
substrate. During this stage, both van der Waals and electrostatic
interactions appear to decrease, as shown in Fig. 1b. This suggests
that these forces cooperatively drove adsorption. In the binding
stage, there was full contact between the cinnamic-acid moiety and
the PDMS surface. The subsequent free-energy barrier predomi-

nately resulted from increased repulsive interactions between CA
and PDMS. Analysis of the evolution of the solvent-accessible sur-
face area (SASA) of the quinic-acid and cinnamic-acid moiety along
the adsorption pathway suggests that the selective interaction in
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ig. 2. Anti-bacterial properties of CA-coated PDMS. Fluorescence microscopy imag
n the CA-coated PDMS substrate; and (e) the number of viable and dead cells w
p < 0.05 compared with bare PDMS group using Student’s t-test.

he binding stage is primarily driven by the hydrophobicity of the
innamic-acid moiety and the hydrophilicity of the quinic-acid
oiety (Fig. S5). Additional 10 ns MD simulations were performed

o investigate the stability and structural features of CA at the global
inima of the free-energy profile. Analysis of the MD trajectories

hows that the average distance between CA and the PDMS surface
emained roughly constant at approximately 4.5 Å during the entire
imulation period (see Fig. 1c), which is consistent with the position
f the global minimum in the free-energy landscape. The probabil-

ty distributions of the distance between the two moieties of CA
nd the surface were derived from the MD trajectories (see Fig. 1d)
nd revealed that the hydrophobic cinnamic-acid moiety tended to
dhere closely to the surface, whereas the hydrophilic quinic-acid

ig. 3. Microscope images of HeLa cells cultured on PDMS surfaces: (a, c and e) nontrea
umber per unit area (mean ± SD, n = 6, *: p < 0.05 and **: p < 0.01, compared with uncoat

www.sp

) viable and (b) dead cells on the bare PDMS substrate; (c) viable and (d) dead cells
ntified, and the results are presented as the mean ± the standard deviation (SD).

moiety remained far from the surface and was exposed to water.
The inset of Fig. 1d illustrates the structure of the CA-PDMS complex
in the bound state, where the cinnamic-acid moiety is parallel to the
substrate. This adsorption may also be caused by the planarity of
the cinnamic-acid moiety, which minimises the solvent-accessible
surface area and maximises the dispersion interactions with the
equally planar PDMS surface.

3.5. Mechanical performance

.co
m

It could be seen from Fig. S4 that CA-modification did not appre-
ciably alter the mechanical properties of the PDMS. The Young’s
modulus, which was determined from the slope of the initial

ted PDMS substrate surfaces; (b, d and f) CA-modified PDMS surfaces; and (g) cell
ed PDMS, Student’s t-test). The scale bars are 200 �m.



es B: B

l
9
a
w
m
t

3

c
b
b
d
i
o
P
r
P
i

3

H
o
(
m
7
p
i
f
P
a
t
c
t
g
t
d
t

4

c
f
i
s
r
t
t
m
q
w
t
m
a
e
P
f
i
A
a
s

[

[

[

[

[

[

[

[

[

[

m

M. Wu et al. / Colloids and Surfac

inear portion of the stress-strain curve (Fig. S6), increased from
.3 kPa to 9.7 kPa without significant difference. This might be
ttributed to stable chemical properties of PDMS. Also, these results
ere consistent with molecular modelling, which showed that the
odification was predominately driven by van der Waals and elec-

rostatic interactions.

.6. Antimicrobial behaviour

The inhibitory activity of the CA modification was determined by
omparing the viability of bacterial cells on modified PDMS mem-
ranes to unmodified PDMS membranes. As shown in Fig. 2, live
acteria express green fluorescent protein, whereas dead cells pro-
uce red fluorescence after incubation with PI. E. coli growth was

nhibited and a greater quantity of dead cells (Fig. 3c and d) were
bserved on CA-modified PDMS membranes compared with bare
DMS membranes (Fig. 2a and b). We found that the inactivated
ate increased from 14% to 70% after 2 h exposure to CA-coated
DMS, as shown in Fig. 3e. We conclude that bacterial growth was
nhibited on the CA-coated PDMS substrate.

.7. Cell morphology

Fig. 3 presents micrographs of the adhesion and proliferation of
eLa cells on the PDMS surfaces at three time points. Cells seeded
n CA-coated PDMS were more spread with a flat morphology
Fig. 3b), whereas those on untreated PDMS displayed rounded

orphologies after 24 h (Fig. 3a). Analogously, at both 48 h and
2 h, cells on the CA-coated surface were more spread and dis-
layed healthier growth than those on the untreated surface. These

ntriguing results imply that CA can be an effective biomolecule
or cell adhesion. Moreover, cell proliferation on surface-modified
DMS film was evaluated by cell counting. Fig. 3g shows the aver-
ge number of cells in each field of view on the PDMS surfaces at
hree different time points. At 24 h, we found that the number of
ells on the CA-coated film (about 100 cells/field) was higher than
hose on the untreated surfaces (about 80 cells/field). In the control
roup, approximately 120 cells were observed at 48 h, whereas in
he CA-coated group approximately 150 cells were counted. This
ifference was greater at 72 h than at 48 h. These results suggest
hat CA can increase cell proliferation on PDMS surfaces.

. Conclusions

In this study, a multifunctional PDMS substrate with antimi-
robial properties that supports cell growth was prepared using a
acile approach. The WCA results demonstrate that the wettabil-
ty of the PDMS surface, which was initially hydrophobic, became
lightly hydrophilic after CA modification. AFM showed that the
oughness of the PDMS increased with CA coating. XPS confirmed
hat the CA-coated substrate was stable. The PMF of CA adsorp-
ion and additional MD simulations indicate that the cinnamic-acid

oiety tended to adhere closely to the PDMS surface, whereas the
uinic-acid moiety remained far from the surface and interacted
ith the solvent. Partitioning of the free-energy landscape suggests

hat van der Waals and electrostatic forces cooperatively drove the
odification. Additionally, the CA-coated surface demonstrated

ntimicrobial properties. The cell culture experiments showed
nhanced cell adhesion, spreading and growth on the CA-modified
DMS substrate, which confirmed the biocompatibility of the sur-
ace. Compared with other methods, the method presented here

www.sp
s facile, inexpensive, multifunctional and environmentally safe.
dditionally, the proposed method is a general approach that can be
pplied to produce anti-bacterial surfaces on different substrates,
uch as PLGA and metallic devices. Given these advantages, this

[

iointerfaces 116 (2014) 700–706 705

approach may be a promising method for future studies on antimi-
crobial surfaces. We also expect that CA-coated materials will be
used in biomedical devices and implants.
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