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Compatibility Balanced Antibacterial Modification
Based on Vapor-Deposited Parylene Coatings for
Biomaterials

Chih-Hao Chang,* Shu-Yun Yeh,”* Bing-Heng Lee,”* Che-Wei Hsu,* Yung-Chih
Chen,® Chia-Jie Chen,” Tir}kg-Ju Lin,” Mark Hung-Chih Chen,* Ching-Tsan
Huang,® Hsien-Yeh Chen®

Advanced antibacterial surfaces are designed based on covalently attached antibacterial agents, avoiding
potential side effects associated with overdosed or eluted agents. The technique is widely applicable
regardless of the underlying substrate material. In addition, antibacterial surfaces are effective against the
early stage of bacterial adhesion and can significantly reduce the formation of biofilm, without
compromising biocompatibility. Here, this concept was realized by employing a benzoyl-functionalized
parylene coating. The antibacterial agent chlorhexidine was used as a proof of concept. Chlorhexidine was
immobilized by reaction with photoactivated benzoyl-functionalized surfaces, including titanium alloy,
stainless steel, polyether ether ketone, polymethyl methacrylate, and polystyrene. A low concentration
of chlorhexidine (1.4+0.08 nmol-cm™) covalently bound to surfaces rendered them sufficiently
resistant to an Enterobacter cloacae inoculum and its adherent biofilm. Compared to
unmodified surfaces, up to a 30-fold reduction in bacterial attachment was achieved with this
coating technology. The immobilization of chlorhexidine was verified with infrared reflection
absorption spectroscopy (IRRAS) and X-ray photoelectron spectroscopy (XPS), and a leaching
test was performed to confirm that the chlorhexidine molecules were not dislodged. Cell compatibility
was examined by culturing fibroblasts and osteoblasts on the modified surfaces, revealing greater than
93% cell viability. This coating technology may be broadly applicable for a wide range of other
antibacterial agents and allow the design of new biomaterials.

modifications are designed to reduce bacterial attachment or
viability. For example, polyethylene glycol (PEG) and its

Infections by microorganisms present on invasive medical
devices create a broad spectrum of nosocomial pathologies '
and are a primary cause of severe inflammation, which can
damage surrounding tissue, result in device failure, and
potentially lead to patient morbidity and death These
infections commonly result from the irreversible adhesion of
bacteria to a device surface, which then enters the wound site
and leads to the formation of complex communities of a
biofilms **. Surface modification is a relatively straightforward
strategy to prevent device-associated infection (DAI) > °. This
strategy involves the modification of the interfacial properties
of a medical device without disrupting its underlying bulk
properties. Modification of the device surface can prevent DAI
at the implantation site, where access by intravenously
administered antibiotics is impeded ’. Surface modifications are
commonly performed in three ways. In the first approach, the

This journal is © The Royal Society of Chemistry 2013

derivatives can be used to prevent the adsorption of non-
specifically accumulated serum proteins that promote bacterial
adherence and colonization %, or active biomolecules such as
the cell-adhering peptide Arg-Gly-Asp (RGD) can be coupled
to the surface to promote the adhesion of host cells to the
device surface, thus preventing bacterial growth " °. However,
these methods do not prevent the adhesion of bacteria and

1011 14 the second

biofilms after longer periods of time
approach, surfaces are designed to eradicate bacteria before
colonization by releasing antibacterial species or antiseptic
materials, such as chlorhexidine 2, triclosan '3, metal ions ', or
5 There are, however,

numerous problems regarding the leaching of antibiotic agents;

combinations of these materials

the uses of these antibiotic/antiseptic materials are limited by
their toxicity '® and allergenicity ’. In addition, the elution of
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antibiotic/antiseptic materials will eventually taper to

ineffective concentrations '*, and the eluting low-concentration
antibiotics could result in the emergence of resistant organisms
' The final approach involves the covalent attachment of
cationic antimicrobials that are able to disrupt the bacterial cell
membrane *°. However, grafting techniques are conducted on a
case-by-case basis using selected substrate materials and
usually require an extensive knowledge of surface chemistry.
Novel antibacterial treatments for biomedical devices should do
the following: (i) avoid the leaching of materials to surrounding
biological environments, thus alleviating any concerns about
damaging cells and tissues; (ii) be applicable to a wide range of
substrate materials without needing substantial material science
or surface chemistry knowledge to apply these modifications;
and (iii) enable the covalent attachment of antibacterial
materials for long-term performance to reduce bacterial
attachment.

In this report, we sought to realize this concept by using a facile
and effective antimicrobial coating technology based on a
photodefinable parylene coating, poly(4-benzoyl-p-xylylene-
co-p-xylylene), hereafter referred to as benzoyl-PPX, to
covalently immobilize antibacterial materials. Chlorhexidine
(CHX) is a commonly used antibacterial agent *' that damages
bacterial cells by destabilizing the cell wall and the cytoplasmic
membrane, eventually eliciting cell death **?*. As a proof of
concept, CHX was immobilized on the benzoyl-PPX coating
applied to wvarious substrates, including titanium alloy
(Ti6Al4V), stainless steel (SS), polyether ether ketone (PEEK),
polymethyl methacrylate (PMMA), and polystyrene (PS).
Benzoyl-PPX can be prepared through chemical vapor
deposition (CVD) polymerization on a wide range of different
substrates/materials that are used in microcolloids 24, stents 25,
and microfluidic devices *.
groups
crosslinking via insertion into C-H or N-H bonds upon photo-

The coating’s photoactivated

carbonyl can facilitate light-induced molecular
illumination at 365 nm % ?’. An Enterobacter cloacae (E.
cloacae) biofilm was used as a model in this study to evaluate
antimicrobial activity on these modified surfaces. Important
issues, including the potential detachment of coated materials
from the modified surface and the viability of normal cells
exposed to these antimicrobial surfaces, are also discussed in

this report.

Experimental

Materials

The following materials were obtained commercially and used
as received unless otherwise noted: [2,2]paracyclophane
(Jiangsu Miaoqiao Synthesis Chemical, China, 98%),
aluminum chloride (Alfa Aesar, 99%), benzoyl chloride (Alfa
Aesar, 99%), dichloromethane (Macron Chemicals, USA),
anhydrous magnesium sulfate (J.T. Baker, USA, 99.5%),
chlorhexidine dihydrochloride (Sigma Aldrich, 98%), titanium

alloy (Ti6Al4V, Titanium Industries, USA), polymethyl
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methacrylate (PMMA, Taifonacrylic, Taiwan), polyether ether
ketone (PEEK, Link Upon Advanced Material Corp., Taiwan),
polystyrene (PS, Taifonacrylic, Taiwan), stainless steel (SS,
Structure Probe, USA), and silicon wafers (Goldeninent,
Taiwan). Gold substrates were fabricated on a 4-inch silicon
wafer by depositing a 300-A layer of titanium followed by a
700-A layer of gold with a thermal evaporator (Kao Duen
Technology, Taiwan). In order to avoid contaminations, all
silicon substrates were cleaned using a piranha solution (3:1 v/v
H,S0,4:H,0,) right before use.

CVD polymerization and photoimmobilization

The
synthesized according to previously reported methods

starting material, 4-benzoyl[2,2]paracyclophane, was

28
Approximately 500 mg of the material was used for CVD
polymerization in a self-designed CVD system that comprises a
sublimation zone, a pyrolysis zone, and a deposition chamber.
4-Benzoyl[2,2]paracyclophane was first sublimated in the
sublimation zone at approximately 125 °C. The sublimated
species was then transferred in a stream of argon carrier gas at a
flow rate of 30 sccm to the pyrolysis zone, in which the
temperature was adjusted to 810 °C. Following pyrolysis, the
radicals were transferred into the deposition chamber and then
polymerized onto a rotating holder at 20 °C to ensure a uniform
deposition of benzoyl-PPX; the chamber wall was held at 100
°C to prevent any residual deposition. A pressure of 75 mTorr
was maintained throughout the CVD polymerization process,
and all deposition rates were regulated at approximately 0.5 A
s, Selected substrate materials including Ti6Al4V, SS, PEEK,
PMMA, and PS were first cleaned using ethanol and were then
used as substrates for CVD coating. The photoimmobilization
process was performed by exposing samples to UV light
(Univex, Taiwan) at a wavelength of approximately 365 nm
and a maximum intensity of 65 mW-cm™ for 5 min. Finally, the
samples were rinsed thoroughly with deionized water and then
gently dried with a stream of compressed nitrogen gas. Right
after immobilization process, resulting samples were subjected
to according antibacterial tests or cell viability tests.

Surface characterizations

Infrared reflection absorption spectroscopy (IRRAS) spectra
were recorded using a Spectrum 100 FT-IR spectrometer
(PerkinElmer, USA) equipped with an advanced grazing angle
specular reflectance accessory (AGA, PIKE Technologies,
USA) and a liquid nitrogen cooled MCT detector. The samples
were mounted in a nitrogen-purged chamber, and the recorded
spectra were corrected for any residual baseline drift. A theta
probe X-ray photoelectron spectrometer (Thermal Scientific,
UK) was employed for the X-ray photoelectron spectroscopy
(XPS) using a monochromatized AlKa X-ray source. An X-ray
power of 150 kW was used for all data acquisition, and the pass
energies were adjusted to 200.0 eV, 20.0 eV and 20.0 eV for
the survey scan, the high-resolution C;; and the Cl,, elemental
scans, respectively. The atomic analysis of the XPS spectra was
based on the atomic concentrations and was compared to the
theoretical values calculated on the basis of the structure. A

This journal is © The Royal Society of Chemistry 2012
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quartz crystal microbalancing (QCM) analysis was performed
using an affinity detection system (ADS) QCM instrument
(ANT Technologies, Taiwan). The sensing element of the QCM
instrument is a piezoelectric quartz disc with a resonant
frequency of 9 MHz. For the experiment, resonant frequency
changes were monitored at each of the following modification
steps: bare crystal, after coating with benzoyl-PPX, and after
the immobilization of CHX on benzoyl-PPX. The resulting
concentration data were calculated based on a total sensing area
of 0.1 cm?. Coating adhesion strength was evaluated following
a standard cross-cut tape test of ASTM D3359%° that was
performed using a multi-blade tester. Two perpendicular sets of
scratches were created on the coated substrate, and Scotch tape
was then applied and removed from the coatings within 0.5 to
1.0 seconds. The pulling angle was 60 degrees. ASTM D3359
classification of adhesion strength. (5B): the edges of the cuts
are completely smooth, and none of the square or lattice is
detached; (4B): less than 5% of the lattice is detached; (3B): 5
to 15% of the lattice is detached; (2B): 15 to 35% of the lattice
is detached; (1B): 35 to 65% of the lattice is detached; (0B):
flaking and detachment in excess of 65%.

Antimicrobial test

The pathogenic bacterial strain E. cloacae (ATCC 13047) was
obtained from the Department of Clinical Laboratory, Sciences
and Medical Biotechnology, College of Medicine, National
Taiwan University, Taiwan and cultured in 1% tryptic soy broth
(TSB, BD, USA) at 35°C. Measurements of bacterial growth
were obtained following the protocol of the ISO 22196 standard
test methods. E. cloacae bacteria were cultured overnight in 1%
tryptic soy broth (TSB, BD, USA) and were diluted to 1x10’
CFU mL" in growth medium. 200 puL of the diluted bacteria
solutions were then applied to CHX-benzoyl-PPX-modified
substrates including Ti6Al4V, SS, PEEK, PMMA, and PS;
unmodified such substrates were also used parallelly during the
test, as control samples. 1 cm? square-shaped sample was used
as a standard for all samples tested in the experiments. A
separate experiment was conducted to culture E. cloacae
bacteria in media containing 10% fetal bovine serum (FBS) for
24 hrs at 37 °C in a humidified atmosphere of 5% CO, and 95%
air, in order to verify the antibacterial activity in such a
medium. Tested samples were incubated under static conditions
at 35°C during 24-hr time frame. Finally, suspensions of
bacteria were harvested from the sample surfaces and placed in
unmodified cell culture plates (96-well, Corning, USA) for
analysis. Bacterial density was monitored at 600 nm (ODgq)
using a multi-well plate reader (PowerWave X, BioTek
Instruments, USA). Each data point was obtained by averaging
three replicates of test samples. After 24 hrs, the bacterial
suspensions were collected from the surface of the test samples
and then stained using the BacLight LIVE/DEAD bacterial
viability kit (Life Technologies, USA). The resulting samples
were visualized using an Axio Scope.Al fluorescence
microscope (Zeiss, Germany) with an Omega filter XF25
(Omega Optical, USA).

This journal is © The Royal Society of Chemistry 2012
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Biofilm formation

E. cloacae biofilms were developed in a modified drip-draw
reactor’’ fabricated using a 500-ml polypropylene container
(Nalgene, USA). The container, tubing, valves, and devices
were washed, assembled and sterilized prior to each
experiment. The assembly of the reactor was performed in a
laminar air flow cabinet to prevent further contamination, and
CHX-benzoyl-PPX-modified and unmodified substrates were
placed in the reactor after the assembly. Biofilm formation was
conducted following reported procedures’™ *? and was
implemented with an initial seeding density of 107 cells/ml E.
cloacae in 1% TSB for at ambient temperature for 24 hrs.
Subsequently, sterilized TSB at room temperature was
constantly supplied to the reactor system at a constant flow rate
of 540-600 ml/h for another 24 hrs. A peristaltic pump
(Masterflex L/S Easy-Load II, Cole-Parmer, USA) was used to
control the in-and-out flow rate of the reactor. The resulting
samples were retrieved from the reactor and washed with PBS
buffer solution. The formed biofilm on the surfaces of tested
samples was harvested by vagarious vortex. Verification of the
resulting biofilm was performed separately by using a crystal
violet assay following previous reports®* **, and was recorded
during a 48-hr time frame (12 hrs, 24 hrs, and 48 hrs). After
forming a biofilm on the tested substrates of CHX-benzoyl-
PPX-modified PMMA and Ti6Al4V (unmodified PMMA and
Ti6Al4V were used as control surfaces), a fixation procedure of
the resulting biofilm was performed by incubating the samples
with 150 pL methanol for 15 min followed by incubation of
crystal violet solution (0.1%, 150 puL, Sigma Aldrich, USA) for
20 min. Finally, a release process of the crystal violet assay was
conducted by incubating the resulting samples with acetic acid
(33%, 150 pL, Sigma Aldrich, USA) for 20 min, and the
absorbance was measured at 590 nm by using a BioTek
PowerWave reader (BioTek Instruments, USA). The colony
formation unit per unit area (CFU-cm™) of the resulting biofilm
was calculated using viable plate counting®”*® and was plotted
based on logarithmic units (log;,-CFU-cm™). Experiments were
performed in triplicate. Samples for scanning electron
microscopy (SEM) imaging were retrieved from the biofilm
reactor after 4 hrs, and a pretreatment process was conducted
by treating the samples with 2.5% glutaraldehyde and storing
overnight at 4 °C. The samples were dehydrated with solutions
of gradually increasing ethanol concentration (70%, 80%, 95%,
and 99.9%) and were finally characterized using field-emission

SEM (Nova NanoSEM, FEI, USA).

Leaching test

To confirm the covalent binding of CHX, CHX-benzoyl-PPX-
modified substrates including Ti6Al4V, SS, PEEK, PMMA,
and PS, as well as unmodified such substrates, were soaked in 2
ml PBS (Sigma Aldrich, USA) and were incubated at 37 °C for
30 days. Finally, PBS solutions retrieved from each sample
were analysed by using a HPLC-MS/MS system (Agilent
Technologies, USA) to identify the trace of CHX concentration.

J. Name., 2012, 00, 1-3 | 3
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Cell viability

Commercially available fibroblasts (3T3 clone A31, CCL-163),
osteoblasts (7F2, CRL-12557) and preosteoblasts (MC3T3-E1
subclone 4, CRL-2593) were purchased from ATCC, USA and
cultured on CHX-benzoyl-PPX-modified and unmodified 48-
well cell culture plates (Corning, USA). Cells were seeded at a
density of 10* cells/cm? and were cultured in media containing
10% fetal bovine serum (FBS) for 24 hrs at 37 °C in a
humidified atmosphere of 5% CO, and 95% air. Experiments
were performed in six replicates. For the cell viability assay, 3-
[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide
(MTT) solution (Sigma-Aldrich, USA) was added to each well
and incubated for 3 hrs at 37 °C. Subsequently, the MTT
solution was aspirated, and the formazan crystals that formed
were dissolved in DMSO. The spectrophotometric absorbance
at 570 nm was measured using a multi-well plate reader
(PowerWave X, BioTek Instruments, USA).

Results and discussion

Surface modifications and characterizations

A benzoyl-PPX coating synthesized
benzoyl[2.2]paracyclophane via a refined chemical vapor
deposition (CVD) polymerization process under previously
reported conditions 2*. During the CVD process, a sublimation
temperature of 120-130 °C was used to sublime 4-
benzoyl[2.2]paracyclophane, the
paracyclophanes were transferred to the pyrolysis zone, which
exposed the compounds to temperatures of approximately 800
°C and cleaved the C-C bonds of the paracyclophanes to
generate the corresponding p-quinodimethanes (monomers)
3 During the last step, the monomers polymerized upon
condensation on a cooled substrate, forming the benzoyl-PPX
coating on the substrate. Substrate materials that are commonly
used for biomedical applications, including titanium alloy
(Ti6A14V), stainless steel (SS), polyether ether ketone (PEEK),
polymethyl methacrylate (PMMA), and polystyrene (PS), were
selected for the CVD coating of benzoyl-PPX in this study. For
surface characterization via IRRAS and XPS, benzoyl-PPX was
prepared on gold and silicon substrates. A film deposition
monitor based on a quartz crystal microbalancing technique
was installed in the deposition chamber and was used to
confirm the coating thickness during the coating process. A
controlled growth rate of approximately 0.5-1 A-s”' was
maintained to ensure the coating quality. Consequently, the
thickness of the coating on the substrates was approximately
1000 A. Uniform and consistent benzoyl-PPX coatings were
deposited on the substrates as characterized by ellipsmetry after
retrieving the samples from the deposition chamber. With a
straightforward coating process, the modification protocol is a
facile approach because (i) the immobilization process does not
require functional groups on the antibacterial molecules, (ii) the
coating decouples the underlying substrate material surface
properties and decreases the number of procedures required for

was from 4-

and sublimated
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surface modification, and (iii) the CVD polymerization process
can produce a conformal coating with a high aspect ratio, which
is advantageous for complicated and dedicated bio-devices.

~ 365

nm UV

/

e

CVD coating available
on diversified materials

Covalent immobilization
of antibacterial agents

Figure 1. Schematic illustration of CVD polymerization to prepare a
photodefinable benzoyl-functionalized poly-p-xylylene coating on various
substrates. Antibacterial agents, e.g., CHX molecules, can be covalently
immobilized on such coated surfaces. The modified surfaces exhibit effective
antibacterial activities and balanced biocompatibility.

Regarding immobilization, benzoyl-PPX contains a photoactive
carbonyl group that is analogous to the benzophenone moiety
and rapidly crosslinks with CHX molecules via benzophenone
triplet insertion into C-H or N-H bonds under approximately
365-nm UV 3% 4 The
photoimmobilization process is illustrated in Figure 1. The

irradiation schematic
resulting CHX-immobilized surface was characterized using
IRRAS, and the spectra were compared to bare benzoyl-PPX,
as indicated in Figure 2. Characteristic peaks at 1604 cm™ and
1667 cm™' were detected for the carbonyl stretches from the
benzoyl-PPX (Figure 2a). After the photoimmobilization
process conjugated the CHX, a weakened 1667 cm™ band was
detected in the spectra (Figure 2a), and a strong absorption
from the C-C-OH group was identified at 1711 cm™, indicating

41-43

the excited triplet state of benzoyl groups. In addition,

peaks at 1568 cm™ and 1510 cm™, indicative of a C=N group
44 peaks at 1035 cm! and 931 cm’!, indicative of a
chlorophenyl group; and a band from 3161 cm™ to 3453 cm™,
indicative of a -N-H group, were found for the immobilized

CHX molecules.

This journal is © The Royal Society of Chemistry 2012
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Figure 2. (a) IRRAS spectra of benzoyl-PPX and CHX-benzoyl-PPX. (b) XPS high-
resolution Cls and Cl2p analysis of CHX-benzoyl-PPX. The table compares the
experimental data with theoretical values (in parentheses).

The relative amount of immobilized CHX was estimated using
a quartz crystal microbalance system, which monitors adsorbed
. Crystal
frequencies were measured on the bare crystal surface, at each
modification step of benzoyl-PPX coating, and on the CHX-

immobilized crystal. Frequency changes were then calculated
46

or conjugated molecules on a crystal sensor surface *°

and converted according to the Sauerbrey equation to
estimate the surface density of the benzoyl group (5.30+0.11
nmol-cm™) and the immobilized CHX (1.40+0.08 nmol-cm™).
An approximate molecular ratio of 3:1 (benzoyl to CHX) was
detected. X-ray photoelectron spectroscopy (XPS) was further
used to characterize the surface chemical structures of the
CHX-immobilized benzoyl-PPX surfaces (hereafter referred to
as CHX-benzoyl-PPX). The XPS high-resolution C;; data
(Figure 2b) show that the experimental values of CHX-
benzoyl-PPX were 84.5 atom% for the C-C/H bond, 9.0 atom%
for the C-N/C=N bond, 2.5 atom% for the C-Cl bond, 2.1
atom% for the C-C-O bond, and 1.2 atom% for the N-C-O
bond. Consequently, the values based on an 3:1 molar ratio of
benzoyl moiety to CHX were calculated as 85.7 atom% for the
C-C/H bond, 8.8 atom% for the C-N/C=N bond, 2.2 atom% for
the C-Cl bond, 2.2 atom% for the C-C-O bond, and 1.1 atom%
for the N-C-O bond. These results further confirmed a 3:1
conjugation ratio of the benzoyl functional group with the CHX
molecule, showing consistency with QCM results found
previously.

This journal is © The Royal Society of Chemistry 2012

Figure 3. Images of the cross-cut tape adhesion test on titanium alloy surfaces
modified with CHX-benzoyl coating. The images were captured (a) before and (b)
after the tape test.

The mechanical stability of the CHX-benzoyl-PPX
modification coatings on different substrate materials was
tested via a cross-cut tape adhesion test. A multi-blade cross-cut
tester was used to create two sets of crosswise scratches on the
modified substrate, and a piece of Scotch tape was applied and
then removed steadily from the scratched samples. A digital
camera was used to obtain images of the tested surfaces before
and after the tape was removed. Figure 3 illustrates this
comparison for samples with CHX-benzoyl-PPX modification
of Ti6Al4V. No discernible damage or delamination was found
at the cut edges or on the remaining coating. The results were
also evaluated according to the cross-cut scale of ASTM
D3359, which classifies film adhesion strength on a scale of 0B
to 5B, with 0B corresponding to the weakest adhesion. Table 1
summarizes the results of the cross-cut tape adhesion test for
the CHX-benzoyl-PPX modification of Ti6Al4V, SS, PEEK,
PMMA, and PS substrates. The strongest adhesion level, 5B,
was found for all substrates tested *.

Table 1. Cross-cut tape adhesion test of CHX-benzoyl-PPX coating on
substrates

Substrate materials ASTM D3359 Classification
Ti6Al4V 5B
SS 5B
PEEK 5B
PMMA 5B
PS 5B

Assessment of antibacterial activities

To examine bacterial adhesion and growth, CHX-benzoyl-PPX-
modified Ti6A14V, SS, PEEK, PMMA, and PS substrates were
challenged with an inoculum of E. cloacae (10’ CFU/mL), and
an unmodified Ti6Al4V substrate was tested for comparison.
The resulting viability of E. cloacae was assessed within a 24-
hr time frame.

J. Name., 2012, 00, 1-3 | 5



Journal of Materials Chemistry B

0.7~ —&— unmodified Ti6Al4V (control)
—o— modified PS

0.6/ —¥— modified SS

—— modified PEEK
—=— modified Ti6AI4V
0-51 5 modified PMMA

S 0.4
a
O g3
0.21
0.1
0.0~ ; ; ; ; ;
0 5 10 15 20 25
Time (hr)

Figure 4. Antibacterial activities of CHX-benzoyl-PPX-modified Ti6Al4V, SS, PEEK,
PMMA, and PS substrates and unmodified Ti6Al4V (used as a control surface).
The growth curve of E. cloacae on these surfaces was recorded over a 24-hr
period.

As shown in Figure 4, E. cloacae on CHX-benzoyl-PPX-
modified substrates exhibited significantly less growth
compared to the pronounced growth seen on the unmodified
Ti6Al4V substrate. In addition, 6 hr after inoculation, declining
growth was observed in the presence of the modified substrates,
whereas the unmodified Ti6Al4V substrate exhibited an
increase in E. cloacae growth, unambiguously confirming that
the antibacterial activity of the modified surfaces inhibited
rather than delayed the growth of E. cloacae. The surface
roughness was also studied using a scanning probe microscope
(SPM), and the root mean square (RMS) roughness was
recorded for Ti6Al4V (9.26 nm), SS (9.14 nm), PEEK (31.65
nm), PMMA (10.93 nm), and PS (3.16 nm). More E. cloacae
were found on rougher surfaces, such as PEEK and PMMA,
consistent with previous studies **>°. After the 24-hr E. cloacae
inoculation test, bacterial viability was further examined using
a BacLight LIVE/DEAD kit containing a SYTO 9 dye to stain
living bacteria green and a propidium iodide dye to stain dead
bacteria red. The CHX-benzoyl-PPX-modified PEEK and
Ti6Al4V substrates were chosen for staining and compared
with the unmodified substrates. As shown in Figure 5, live E.
cloacae adhered to the surface of unmodified PEEK and
Ti6Al4V. In contrast, pronounced red staining was observed on
PEEK and Ti6Al4V surfaces that were modified with CHX-
benzoyl-PPX, indicating damaged or dead E. cloacae on these
surfaces. These results further confirm the antibacterial activity
of CHX-benzoyl-PPX-modified surfaces.

6 | J. Name., 2012, 00, 1-3

TiGAI4V

S50 um | ek

50 pm

30 um | PEEK

Ti6Al4V

Figure 5. Fluorescence micrographs of LIVE/DEAD viability analysis on (A)

unmodified Ti6Al4V, (B) unmodified PEEK, (C) CHX-benzoyl-PPX-modified
Ti6Al4V, and (D) CHX-benzoyl-PPX-modified PEEK. The substrates were incubated
in an inoculum of E. cloacae at 35 °C for 24 hrs. Green signals indicate viable
bacteria, and red signals indicate dead or damaged cells.

The colonization of adherent bacteria eventually leads to
irreversible biofilm formation, and embedded bacteria are
protected from host defences and antibiotic treatments '* " %2,
In this study, the antibacterial activity of CHX-benzoyl-PPX
coatings on various substrates was also examined against E.
cloacae biofilms. A E. cloacae biofilm was developed
following previously reported procedures®’ *2, that was
conducted by seeding bacteria and subsequently feeding
replenishing nutrients under a shear flow condition, and
forming a biofilm in 2 days. The procedures were performed on
modified and unmodified PS, PEEK, PMMA, SS and Ti6Al4V
substrates within a bioreactor’’; verification of the resulting
biofilm was performed biochemically by using a crystal violet
assay’> ** shown in the Electronic Supplementary Information
(ESI). The resulting colony formation unit per unit area of the
resulting biofilm was calculated and plotted using logarithmic

units for each surface, as shown in Figure 6.
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Figure 6. E. cloacae biofilm study on CHX-benzoyl-PPX-modified surfaces. The cell
density of E. cloacae was drastically reduced on CHX-benzoyl-PPX-modified PS
(6.68+0.11 logo-CFU cm™), PEEK (6.39+0.07 logy-CFU-cm™), PMMA (6.68+0.14
logio'CFU-cm™?), SS (6.26£0.24 logiCFU-cm™) and Ti6Al4V  (5.95:0.05
log1o-CFU-cm™) compared to a density of 7 — 8 log;o:CFU-cm™ on unmodified
substrates. Up to a 30-fold reduction in bacterial attachment was estimated for
the modified surfaces.
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ruptured bacterial clusters can be observed. Enlarged views are shown in the
top-right corners of (C) and (D).

As expected, approximately 7 - 8 log,o:CFU-cm™ of E. cloacae
were discovered on the unmodified surfaces. In contrast, CHX-
benzoyl-PPX-modified surfaces, although haven’t completely
prevented bacterial biofilm forming
conditions, cloacae biofilm and

attachment under
provided reduction to E.
showed a drastically reduced number of colonization on PS
(96.4% reduction), PEEK (94.7 % reduction), PMMA (74.1%
reduction), SS (95.1% reduction) and Ti6Al4V (96.6%
reduction) surfaces. Moreover, a field emission-scanning
electron microscope (FE-SEM) was used to characterize the
resulting  biofilm-incubated surfaces. CHX-benzoyl-PPX-
modified PEEK and Ti6Al4V substrates were chosen for
surface characterization and compared with the unmodified
surfaces. As shown in the SEM images (Figure 7), densely
packed and saturated growth patterns of E.
discovered across the surfaces of unmodified PEEK and
Ti6Al4V, which is consistent with the greater than 7
log,o CF U-cm? of bacteria found on the unmodified surfaces in

cloacae were

Figure 6. However, reduced biofilm formation was evident for
CHX-benzoyl-PPX-modified PEEK and Ti6Al4V; aggregates
of bacteria were almost absent, and only ruptured cell clusters
were observed on these surfaces. These results suggest that the
CHX-benzoyl-PPX modification approach can provide the
following: (i) effective reduction in bacterial adhesion and the
formation of biofilms; and (ii) a wide range of applications on
various types of substrates.

Figure 7. SEM micrographs of (A) unmodified Ti6Al4V, (B) unmodified PEEK, (C)
CHX-benzoyl-PPX-modified Ti6Al4V, and (D) CHX-benzoyl-PPX-modified PEEK
surfaces 4 h after the formation of E. cloacae biofilms. Reduction to E. cloacae
biofilm formation was observed for CHX-benzoyl-PPX-modified surfaces;

This journal is © The Royal Society of Chemistry 2012

Cell viability

The important question concerning compatibility of CHX-
benzoyl-PPX-modified surfaces with respect to normal cell
attachment and proliferation was also examined. The covalently
attached CHX not only exhibited remarkable antibacterial
properties but also alleviated any concern that CHX will leach
residues to the local environment, thus minimizing the impact
on surrounding cells and tissues. Antibacterial activities of
CHX-benzoyl-PPX-modified surfaces were first verified under
preconditioned cell culture medium containing FBS, and the
results (data are included in ESI) have confirmed that the
surfaces with immobilized CHX are still active in FBS. The
responses of cells to the surfaces modified with CHX-benzoyl-
PPX were examined. A leaching test was conducted by soaking
the modified Ti6Al4V substrates in a buffer solution at 37 °C
for 30 days, and no trace of detectable CHX was found,
confirming the stable binding of CHX molecules and
supporting our previous results of firmly adhered coatings. Cell
viability with respect to adhesion to modified surfaces and
proliferation was also examined by culturing fibroblasts (3T3),
osteoblasts (7F2), and preosteoblasts (MC3T3-E1) on 48-well
CHX-benzoyl-PPX-coated cell culture plates for 24 hrs, and the
MTT reduction assay was used to characterize the resulting
surfaces. The results were compared to unmodified cell culture
plates. As shown in Figure 8, the MTT assay values for the
modified surfaces were normalized to unmodified surface
values to determine the cell viabilities for 3T3 (96.6+7.2%),
7F2 (93.2+1.6%), and MC3T3-E1 (98.3£2.7%) cells. Thus, the
impact of these modified surfaces on cell viability was limited
for all three types of cells tested. Cell proliferation patterns
(Figure 8, (b)-(g)) were accordingly observed, with analogous
cytoskeleton morphology adhering on modified surfaces
compared to the unmodified surfaces. Taken together, these
results diminish any concern that antibacterial agents, such as
CHX molecules, will be leached. Thus, a covalently bound low
concentration (1.40+0.08 nmol/cm? by QCM analysis) of CHX
can provide balanced biocompatibility with the surrounding
cells and tissues.

(a) 1207 — unmodified cell culture plate
= modified cell culture plate
~100{ T T —

®
S
I

100um Llnmadiﬁec’;
(d) MC3T3-E1 -

40

Cell viability (100%

0 . . il
313 7F2 MC3T3-Ef s\’g&%‘—u@
Figure 8. Normal cell viability analysis on CHX-benzoyl-PPX-modified surfaces.
Fibroblasts (3T3), osteoblasts (7F2), and preosteoblasts (MC3T3-E1) were
cultured on modified surfaces, and the results of the MTT reduction assay are
shown in (a). Cell viabilities of 96.617.2% for 3T3, 93.2+1.6% for 7F2, and
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98.3+2.7% for MC3T3-E1 cells were observed on the modified surfaces.
Microscopic images in (b)-(g) are showing cytoskeleton morphology of adhered
cells on CHX-benzoyl-PPX-modified and unmodified surfaces. Analysis and
observation were performed after 24 hrs of cell culture.

Conclusions

With advancing biomaterial designs and more complicated
devices being manufactured for biomedical use, new
approaches to preventing infection that are tailored to specific
materials or devices have shown promising results, wide
applicability, and a reduced risk of toxicity from antibacterial
substances. The treatment technology reported here was
designed with these aims. We have demonstrated the covalent
attachment of the antibacterial compound chlorhexidine and
studied the resulting antibacterial activities on various substrate
materials. With an established library of antibiotics and the
availability of new antibacterial agents, this coating technology
may be broadly applicable for attaching other agents to a
diverse range of materials and devices according to the specific
application. In the future, we plan to perform clinical studies to
further evaluate this technology.
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Covalent immobilization of antibacterial agents

An advanced antibacterial modification technique is conducted by
immobilizing antibacterial agents using vapor-deposited parylene
coatings to result in effective reduction in bacteria attachment and show
balanced biocompatibility.
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