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ABSTRACT: Hydrophobic thermoplastic elastomers, e.g.,
poly(styrene-b-isobutylene-b-styrene) (SIBS), have found
various in vivo biomedical applications. It has long been
recognized that biomaterials can be adversely affected by
bacterial contamination and clinical infection. However,
inhibiting bacterial colonization while simultaneously preserv-
ing or enhancing tissue-cell/material interactions is a great
challenge. Herein, SIBS substrates were functionalized with
nucleases under mild conditions, through polycarboxylate
grafts as intermediate. It was demonstrated that the nuclease-
modified SIBS could effectively prevent bacterial adhesion and
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biofilm formation. Cell adhesion assays confirmed that nuclease coatings generally had no negative effects on L929 cell adhesion,
compared with the virgin SIBS reference. Therefore, the as-reported nuclease coating may present a promising approach to
inhibit bacterial infection, while preserving tissue-cell integration on polymeric biomaterials.
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B INTRODUCTION

Thermoplastic elastomer (TPE), which possesses unique
physical and biological properties, has gained great interest as
a biomaterial over the past decades." Styrenic TPE, particularly
for poly(styrene-b-isobutylene-b-styrene) (SIBS), has been well
used and explored in various in vitro and in vivo applications,
such as catheters, drug-eluting stent coatings, heart leaflet
valves, and ophthalmic implants,>~> because of its excellent
oxidative, hydrolytic, and enzymatic stability over its lifespan in
the body.

However, similar to most hydrophobic polymers, bacteria
tend to adhere on the device surfaces made of SIBS, and form
biofilms within which bacteria have increased resistance to
antimicrobials and host immune system.®” Therefore, suppres-
sion of bacterial attachment and biofilm formation has been of
great interest to researchers.® For avoiding bacterial infection,
one common approach is creating nonfouling surfaces that
passively prevent the initial bacterial adhesion through the
hydration of hydrophilic polymers, e.g., poly(ethylene glycol)
(PEG),”"® poly(carboxybetaine methacrylate),"" ™" poly-
(sulfobetaine methacrylate),'®>! poly(acrylamlde)s,2223 neu-
tral polysaccharides,* and poly(N-vinylpyrrolidone).>® Another
common approach is to actively kill bacteria relying on the
incorporation of antibiotics,*® or antimicrobials, such as silver
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ions,”” N-halamine compounds,
and enzymes.**’

Biomaterials, particularly for permanent implants, are
required to possess good tissue integration performances.
However, most surfaces tailored to prevent bacterial
colonization do not effectively integrate with tissues.® Hence,
constructing surfaces that prevent bacterial colonization while
simultaneously promoting interactions with desirable mamma-
Surfaces with functionalities that
reliably select mammalian cells over bacteria have been recently
reported.**~** Kang et al. reported that a surface first modified
with an antifouling coating, followed by immobilizing arginine-

glycine-aspartic acid (RGD) peptide, can promote osteoblast
40

cationic polymers,

lian cells, is an urgent task.®

functions and inhibit bacterial adhesion.

Notably, nucleic acids, including deoxyribonucleic acid
(DNA) and ribonucleic acid (RNA), as components of biofilm
extracellular polymeric substances (EPS), have played essential
roles in bacterial adhesion and biofilm formation.*"** In detail,
extracellular DNA (eDNA) deriving from lysed bacteria can aid
bacterial adhesion and maintain the structural integrity of
biofilms.* The roles of RNA involved in biofilm development
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are unclear because of the relevant research field still in its
infancy. They possibly act in core regulatory pathways of
biofilm formation, such as those regulating motility and matrix
production.** Since nucleic acids are critical in bacterial
adhesion and biofilm formation, attacking and cleaving them
by their specific nucleases, i.e., deoxyribonuclease (DNase) and
ribonuclease (RNase) should be an effective antibacterial
strategy. Whitchurch et al. first reported that DNase could
nonspecifically cleave DNA by breaking the phosphodiester
bonds of the phosphate backbone through hydrolysis, and in
growth medium could inhibit biofilm formation and also rinsing
a biofilm with DNase could effectively disintegrate 60 h old
biofilms.* Similar effects of DNase on pretreating bacteria prior
to their adhesion or post-treating biofilms have been
successively reported.**® The nuclease approaches to disrupt
biofilms are based on nonbactericidal mechanisms, and thereby
do not place a direct evolutionary pressure on the bacteria to
develop resistance. In addition, they have nearly no adverse
effects on the mammalian cells. Recently, Swartjes et al
investigated the antimicrobial efficacy of the covalently
immobilized DNase coating in nature.*’

In this work, the nuclease-functionalized SIBS samples were
prepared under mild conditions through polycarboxylate grafts
as intermediate. The biological performances of the DNase-
and RNase-functionalized samples were comparatively eval-
uated by a series of experiments, e.g., in vitro response of L929
fibroblast and antibacterial eflicacy.

B EXPERIMENTAL SECTION

Materials. Poly(styrene-b-isobutylene-b-styrene) (SIBS) with 30
wt % PS hard blocks was kindly provided by Kaneka Americas. 2-
Carboxyethyl acrylate (CA), deoxyribonuclease I (DNase I; isoelectric
point (pI = 5.06)) and ribonuclease A (RNase A; pI = 9.6) were
obtained from Sigma-Aldrich. Ribolock ribonuclease inhibitor was
provided by Thermo Scientific. Benzophenone (BP) was supplied by
Peking Ruichen Chemicals (China). 1-Ethyl-3-(3-(dimethylamino)-
propyl) carbodiimide (EDC) hydrochloride and N-hydroxysuccini-
mide (NHS) were provided by Alfa Aesar. Phosphate buffered solution
(PBS; 0.1 mol/L, pH = 7.4), 2-(N-Morpholino) ethanesulfonic acid
(MES), Tween 20, sodium dodecyl sulfate (SDS), and bovine serum
fibrinogen (BFg; pI = 5.6) were provided by Dingguo Biotechnology
Co., Ltd. The Micro BCA protein assay reagent kit (AR1110) was
purchased from Boster Biological Technology. Dulbecco’s modified
Eagle’s medium (DMEM) and 0.25 wt % trypsin were purchased from
Beijing Solarbio Science & Technology. Sterile filtered fetal bovine
serum (FBS) was supplied by Beijing Yuanhengjinma Biotechnology.
Fluorescein Isothiocyanate Labeled Phalloidin (FITC-Phalloidin) and
4',6-diamidino-2-phenylindole (DAPI) dihydrochloride were provided
by Sigma-Aldrich. Gram-negative Escherichia coli (E. coli; ATCC
25922) and Gram-postive Staphylococcus aureus (S. aureus; ATCC
6538), Luria—Bertani (LB) broth, and trypticase soy broth (TSB)
were obtained from Dingguo Biotechnology Co., Ltd. The LIVE/
DEAD Backlight Bacterial Viability Kit L7012 was purchased from
Molecular Probe Inc., Eugene, OR. Other reagents were AR grade and
all the materials were used as-received directly without further
purification.

Surface Modification of SIBS Substrates. Photografting
polymerization of CA on the SIBS substrates were conducted as
follows. The substrates were ultrasonically cleaned in deionized water
and ethanol for 5 min in each step. The clean substrates were
immersed in the ethanol solution of BP photoinitiator (1 wt %) for
about 20 min and dried at room temperature. Then the water solution
of CA (10 wt %) was deposited onto the substrates and irradiated with
UV light (high-pressure mercury lamp, 400 W, main wavelength 380
nm) to conduct the photografting polymerization of CA for the time
ranging from 90 to 240 s. The SIBS substrates modified with poly(2-

carboxyethyl acrylate) (SIBS-g-PCA) were washed with deionized
water and ethanol to remove residual monomer, followed by drying in
a vacuum oven. Grafting density (GD; ug/cm?®) of PCA was calculated
as follows:
Wi~ W,

S

GD =

where W, and W, are the weights (ug) of the virgin and modified
substrates, respectively. S represents the surface area (cm?) of the
substrate. Each result is an average of at least three parallel
experiments.

SIBS-g-PCA substrates (photografting time of 210 s) were then
activated in 0.4 M EDC and 0.1 M NHS (MES solution) for 1 h. The
activated substrates were immersed in DNase I or RNase A solution (1
mg/mL in PBS) for 12 h at room temperature under static conditions
to prepare the nuclease-functionalized samples (denoted as SIBS-g-
PCA-DNase or SIBS-g-PCA-RNase). The physically adsorbed
nucleases were removed by ultrasonic processing with 0.5 wt %
Tween 20 in PBS for 30 min. The substrates were then rinsed with
sterile ultrapure water, stored at —20 °C and used within 14 h.
According to the literatures,*” SIBS-g-PCA-DNase and SIBS-g-PCA-
RNase were inactivated through heating at 68 °C for 10 min and
treating with 10U/uL RNase inhibitor at 37 °C for 12 h, respectively.
The inactive DNase- and RNase-functionalized samples were used for
determining the effect of enzymatic activity on preventing bacterial
adhesion and biofilm formation.

Surface Characterization. ATR-FTIR spectra were obtained
from a Fourier transform infrared spectrometer (FTIR; BRUKER
Vertex 70). A total of 32 scans were accumulated with a resolution of 4
cm™' for each spectrum. Surface elemental compositions were
examined by an X-ray photoelectron spectroscopy (XPS; VG Scientific
ESCA MK II Thermo Avantage V 3.20 analyzer) with Al/K (hv =
1486.6 eV) anode mono-X-ray source at the detection angle of 90°.
Scans between 1200 and 0 eV were performed and high-resolution
spectra and their peak fitting curves were generated to monitor the
formation of functional groups on the substrate. Water contact angle
(WCA) was measured with a drop shape analysis instrument (DSA;
KRUSS GMBH, Germany) at room temperature. A 2 uL droplet of
water was initially deposited onto the surface. The contact angle values
were an average of five measurements on different areas of each
sample.

Bacterial Adhesion and Biofilm Formation. E. coli and S. aureus
were inoculated onto separated agar plates, and incubated overnight at
37 °C. A single colony of each bacterium from the agar plate was used
to inoculate 10 mL of LB for E. coli and 10 mL of TSB for S. aureus,
and cultured for 24 h at 37 °C. These cultures were in turn used to
inoculate a 200 mL main culture in LB or TSB, which was grown for
24 h prior to harvesting. The bacteria containing growth broth were
then centrifuged at 2700 rpm for 10 min to remove the supernatant.
Bacterial cell concentration was calculated by testing the absorbance of
cell dispersions at 540 nm relative to a standard calibration curve.** An
optical density of 1.0 at 540 nm is equivalent to ~10° cells/mL. After
removing the supernatant, the bacterial cells were diluted with PBS to
10® cells/mL. For initial adhesion, the samples were placed in 24-well
plates and covered with bacterial suspension (2 mL) at 37 °C.
Bacterial suspensions were removed after 60 min, and the substrates
were gently washed with PBS. The efficacy of the nuclease-modified
SIBS in inhibiting biofilm formation was assessed after incubation in
growth medium containing 10® bacterial cells mL™" for 10 h at 37 °C.
Then growth medium was decanted and the biofilms were gently
rinsed with PBS in order to remove planktonic bacteria. For assessing
the viability of adherent bacteria on the various SIBS samples, the
samples were stained by a combination dye (LIVE/DEAD Bac Light
Bacterial Viability Kit) and observed under confocal laser scanning
microscopy (CLSM; LSM 700, Carl Zeiss). The LIVE/DEAD
BacLight Bacterial Viability assay utilize mixtures of SYTO 9 green
fluorescent nucleic acid dye stain and red fluorescent nucleic acid dye
propidium iodide (PI). As for this assay, viable (appearing green) and
dead (appearing red) bacterial cells can be distinguished with
fluorescent microscopy. The percentage of the occupied area of
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Scheme 1. Photografting Polymerization of CA and the Subsequent Nuclease Immobilization
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adhered bacteria from the fluorescent images were counted using
Image]J software.

Protein Adsorption. After soaking in PBS solution at room
temperature for 12 h, the substrates were dipped into PBS solution
containing BFg (1.0 mg/mL) at 37 °C for 2 h. Each substrate was
sequentially rinsed five times with fresh PBS, immersed in an aqueous
solution of 1.0 wt % SDS, and oscillated at 37 °C for 1 h to remove the
adsorbed proteins from the substrate. On the basis of bicinchoninic
acid (BCA) protein assay kit, the absorbance values of the SDS
solution containing proteins was measured with a microplate reader
(TECAN SUNRISE, Swiss), and amount of the adsorbed proteins was
calculated. The reported data were the mean values of triplicate
specimens for each substrate.

To determine the effect of protein on bacterial adhesion, S. aureus
adhesion on the various SIBS substrates after pretreated with BFg (1.0
mg/mL) at 37 °C for 2 h was investigated using the procedure
described above.

Cell Attachment Assay. Cell attachment assay was studied using
murine fibroblasts cell line 1929. Cells were grown in DMEM
supplemented with 10 vol % FBS, 4.5 g/L Glucose, 100 units/mL
penicillin, and 100 ug/mL streptomycin and maintained in a
humidified S vol % CO,/95 vol % air incubator at 37 °C. The cells
were detached from the culture flask by addition of trypsin solution in
PBS, and the cell suspension was transferred to a tube and centrifuged
for 5 min. After removal of the trypsin, the remaining cells were
resuspended in fresh medium for subsequent experiments. The
viability of the cells was assayed by trypan blue exclusion method, and
batches of cells with at least 95% viability were used for further
experiments.

The substrates with diameter of 16 mm were placed in the wells of a
24-well culture plate. L929 fibroblast cells were seeded into the wells at
a density of 1 X 10° cells/well and incubated at 37 °C under a 5 vol %
CO, humidified atmosphere. After the 1929 were cultured in the
medium for 24 h, the substrates were carefully washed thrice with PBS,
and then were fixed with 4 wt % paraformaldehyde at 37 °C for 30
min, followed by S min washing with PBS. Subsequently, cells were
stained for 30 min with 1 mL PBS containing 10 yL DAPI and 5 ug/
mL of FITC-phalloidin. The substrates were then washed 3 times in
the PBS and examined with CLSM. To quantify cell adhesion, images
were analyzed with Image] software to determine average cell density
and total projected area. The density of cells was measured by
counting the number of DAPI-stained nuclei from three different
substrates. The total projected area was obtained by measuring the
actin-stained cells.

Statistical Analysis. All data are presented as mean =+ standard
deviation (SD). The statistical significance was assessed by analysis of
variance (ANOVA), * (p < 0.05), ** (p < 0.01), and *** (p < 0.001).
Each result is an average of at least three parallel experiments.

B RESULTS AND DISCUSSION

As illustrated in Scheme 1, the PCA-functionalized SIBS
substrates were first prepared through photografting polymer-
ization approach. This surface modifcation approach is chosen

18080

in our experiment, because it is particularly attractive for real-
world applications.** > Furthermore, the GD of photografting
polymerization is commonly high, and can be effectively
adjusted through graft parameters. In our experiment, when UV
irradiated, benzophenone (BP) molecules are excited to
undergo hydrogen-abstracting reactions from the SIBS macro-
molecular chains, consequently providing surface radicals (R")
capable of initiating surface graft polymerization of CA. As
shown in Supporting Information (SI) Figure S1, the GD of
PCA initially increased, and attained a maximum value of 50
ﬂg/cmz, as photografting time increased. Then EDC/NHS
chemistry, which can covalently attach bioactive molecules such
as enzymes and antibodies under mild conditions, was
employed for the chemical immobilization of nuclease onto
the SIBS-g-PCA substrate.>***

Surface Characterization. Figure 1 presents the ATR-
FTIR spectra of the samples. The graft polymerization of CA

1658 1943

3000 2400 1800 1200 600

Wavenumber(cm'1)

Figure 1. ATR-FTIR spectra of (a) virgin SIBS, (b) SIBS-g-PCA, (c)
SIBS-g-PCA-DNase, and (d) SIBS-g-PCA-RNase.

onto the SIBS substrate was confirmed, since new peaks
appeared at about 1737 cm™! (C=0) and 1176 cm™! (C—O0).
After the covalent attachment of nuclease, new peaks at 1658
cm™' (amide I stretch vibrations, O=C—N) and 1543 cm™!
(amide II groups, N—H) were obviously observed.

The chemical compositions of the substrates at different
surface modification stages were further examined by XPS. As
shown in SI Figure S2, the strong N, peaks at 399.5 eV were
detected on the nuclease-functionalized samples. As for SIBS-g-
PCA-DNase and SIBS-g-PCA-RNase, their N/C values were
about 11.7% and 7.6%, respectively (Table 1). As high-
resolution C,; XPS spectra and their peak fitting curves of the
samples given in Figure 2, there was only one peak attributing
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Table 1. Surface Compositions of the Various SIBS Samples

composition (at.%)

sample C (¢} N N/C (%)
SIBS 95.05 4.95
SIBS-g-PCA 65.62 34.14 0.24 0.36
SIBS-g-PCA-DNase 70.27 21.48 8.25 11.74
SIBS-g-PCA-RNase 74.28 20.01 5.71 7.68

to the C—H/C—C species at 284.6 eV, as for the virgin SIBS
(Figure 2(a)). After grafting with PCA brush, the C;, spectrum
could be curve-fitted into three peaks, ie, C—H/C—C (at
284.6 eV), C—O (at 286.0 eV), and O—C=0 (at 288.6 V)
species, respectively (Figure 2(b)). The C, curves of the
nuclease-functionalized samples were generally decomposed
into five peaks: C—H/C—C (at 284.6 V), C—N (at 285.4
eV), C—O (at 285.9 eV), O=C—N (at 287.5 eV), and O=
C—O (at 288.5 eV) species (Figure 2(c, d)).

Bacterial Adhesion and Biofilm Formation Evaluation.
Construction of surface resistance to bacterial adhesion is an
extremely important step to prevent bacterial-associated
infection. Bacteria will rapidly colonize and form biofilms
after the initial attachment. The bacteria in the biofilm
demonstrate up to 1000 times higher resistance to host’s
natural defense systems as well as antibiotics, compared with
planktonic ones.>* Biofilms, in most cases, will lead to bacterial

infections that are associated with indwelling biomaterials.
Once a biofilm is established, replacement of the infected
biomaterials would be the only choice. Therefore, development
of an effective approach to resist bacterial adhesion and biofilm
formation will offer important therapeutic benefits. The efficacy
of the nuclease-modified SIBS substrates in inhibiting bacterial
adhesion was assessed using the model bacteria. Figure 3 shows
the CLSM images of adherent E. coli and S. aureus after 60 min
incubation. Bacteria prefer to adhere on the hydrophobic
surface through hydrophobic interaction,> therefore, a large
number of bacteria were observed on the virgin SIBS after
incubation in PBS (Figure 3(a)). The bacterial adhesion on the
nuclease-functionalized samples was dramatically reduced
(Figure 3(c),(d)).The initial bacteria coverage on SIBS-g-
PCA-DNase was decreased by 94.8% for E. coli and 97.1% for S.
aureus relative to the virgin SIBS reference (Figure 3(e),(f)).
The bacterial coverage on SIBS-g-PCA-RNase had no statisti-
cally significant differences in comparison with SIBS-g-PCA-
DNase. As shown in SI Figure S3, the E. coli coverage on the
inactive DNase coating was about 10-fold higher than the active
one. Thus, prevention of initial bacteria adhesion on SIBS-g-
PCA-DNase could mainly be attributed to the enzymatic
activity of the DNase moieties.”*” As reported by the previous
researchers,*®>’ the antibacterial activity of RNase was not
dependent on its enzymatic activity. In our experiments, we
also observed that the loss of enzymatic activity of RNase had

284.6(C-C,C-H) 284.6(C-C,C-H)

T T T T T T T ) r T T T T T T |
294 292 290 288 286 284 282 280 294 292 290 288 286 284 282 280
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Figure 2. High-resolution C;; XPS spectra and their peak fitting curves of the samples. (a) Virgin SIBS, (b) SIBS-g-PCA, (c) SIBS-g-PCA-DNase,

and (d) SIBS-g-PCA-RNase.
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Figure 3. Representative CLSM images of E. coli and S. aureus adhesion on (a) virgin SIBS; (b) SIBS-g-PCA; (c) SIBS-g-PCA-DNase; and (d) SIBS-
g-PCA-RNase samples after exposure to a PBS suspension of bacteria (10° cells mL™") for 60 min. Scale bar is 100 ym. Percentage of occupied area
of adherent E. coli () and S. aureus (f) on various substrates after incubation in growth medium for 60 min. Significant difference (* p < 0.05; ** p <

0.01; and *** P < 0.001).

limited effect on the adhesion of E. coli (SI Figure S3(b),(e)).
So the ability to inhibit bacterial adhesion of SIBS-g-PCA-
RNase should be mainly associated with its high hydrophilicity
(a WCA of ~18°) arising from the RNase moieties (SI Figure
S4).

The initial stage after surgery has been identified as the
period where prevention of biofilm formation is most critical to
the long-term success of an implant.*® Herein, the efficacy of
the nuclease coatings in preventing biofilm formation was
evaluated after incubation in growth medium for 10 h. It has
been confirmed that eDNA could maintain the structural
integrity of biofilms through specific and non-specific
interaction with bacteria, so the removal or de§radation of
eDNA could effectively inhibit biofilm formation.** As shown
in Figure 4, no obvious E. coli and S. aureus biofilms were
observed on SIBS-g-PCA-DNase, while the bacteria readily
formed biofilms on the virgin SIBS references. The bacterial
coverage of E. coli and S. aureus was reduced from ~88.0% and
~68.1% of the virgin SIBS reference to ~0.3% and ~2.6% of
SIBS-g-PCA-DNase, respectively. After the inactivation of
DNase coating, its bacterial coverage of E. coli was greatly
increased (SI Figure S3(c),(f)). Therefore, the enzymatic

18082

activity of DNase moieties was considered the major reason for
inhibiting biofilm development. SIBS-g-PCA-RNase showed a
much lower bacterial coverage, relative to the virgin SIBS
reference. The bacterial coverages were reduced to ~1.5% for E.
coli, while ~21.4% for S. aureus, which demonstrated that SIBS-
g-PCA-RNase was more effective in preventing E. coli biofilm
than S. aureus biofilm. Identification of the antimicrobial
mechanisms of RNase was very important, which would
contribute to the understanding of the proteins involved in
the innate immunity.*” Although the related investigation is
very difficult, it should be clarified through the wide
collaboration of researchers as soon as possible.

Effect of Protein Adsorption on Bacterial Adhesion.
Numerous factors promote bacterial adhesion to the surface,
such as physico-chemical interactions and bacterial surface
biochemical components. Among molecular determinations
promoting bacterial adhesion, proteins are the most function-
ally diverse active components. In this work, BFg adsorption on
the various substrates was investigated. The amount of BFg
adsorbed on the virgin SIBS was ~6.5 ug cm ™. After grafting
with PCA, it was greatly reduced to ~2.8 ug cm™>. After the
immobilization of nuclease, it was further decreased (Figure S).

dx.doi.org/10.1021/am504955g | ACS Appl. Mater. Interfaces 2014, 6, 18078—18086
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Figure 4. Representative CLSM images of E. coli and S. aureus on (a) virgin SIBS; (b) SIBS-g-PCA; (c) SIBS-g-PCA-DNase; (d) SIBS-g-PCA-RNase
surfaces; (e) Relative bacterial adhesion area of E. coli; and (f) Relative bacterial adhesion area of S. aureus after incubation in growth medium
containing 10°® bacterial cells mL™" for 10 h. Scale bar is 100 um. Significant difference (* p < 0.05; ** p < 0.01; and *** P < 0.001).
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Figure S. BFg protein adsorption on (a) virgin SIBS, (b) SIBS-g-PCA,
(c) SIBS-g-PCA-DNase, and (d) SIBS-g-PCA-RNase.

The observed reduction in protein adsorption on SIBS-g-PCA-
DNase can be correlated with its hydrophilicity and negatively
charged property. As for SIBS-g-PCA-RNase, its hydrophilicity
is mainly responsible for protein resistance.

BFg and S. aureus were used to investigate the effect of
protein adsorption on subsequent bacterial adhesion. SI Figures
SS and S6, respectively, present the representative CLSM

18083

images and percentages of adherent S. aureus on the substrates
after preadsorbing with BFg solution. After pretreatment with
BFg solution, the bacterial coverages on the virgin SIBS
reference and SIBS-g-PCA were greatly increased, that was
consistent with the results reported previously.®® This
phenomenon was attributed to the BFg binding protein
expressed by S. aureus®’ In contrast, the bacterial coverage
on the nuclease-functionalized samples had nearly no change
before and after pretreatment with BFg solution because of the
good antifouling properties of nucleases.

Cell Adhesion. A surface tailored to possess antibacterial
performance usually has adverse effects on the interaction with
cells. Herein, the adhesion and proliferation of 1929 cells on
the nuclease-functionalized substrates were investigated. A large
number of L929 cells were readily attached, spread, and mostly
covered with round-shaped cells (Figure 6(a)). In contrast, the
1929 cells were barely adhered and spread on SIBS-g-PCA
(Figure 6(b)). The cell density and total projected area of
SIBS-g-PCA were statistically significantly lower than that of
the virgin SIBS references (Figure 7(A),(B)). Compared to the
virgin SIBS, the cell density and total projected area of SIBS-g-
PCA-DNase had no obvious change. These findings correlate

dx.doi.org/10.1021/am504955g | ACS Appl. Mater. Interfaces 2014, 6, 18078—18086
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(a) (b)
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Figure 6. Representative CLSM images of L929 fibroblast cells on the supports for 24 h incubation and stained for nuclei (blue), actin (red). (a)
Virgin SIBS, (b) SIBS-g-PCA, (c) SIBS-g-PCA-DNase, and (d) SIBS-g-PCA-RNase surfaces. Size of the scale bars: 50 ym.
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Figure 7. Statistical analysis of (A) adherent L929 fibroblast cells density, and (B) quantification of total projected area on (a) virgin SIBS; (b) SIBS-
g-PCA; (c) SIBS-g-PCA-DNase; and (d) SIBS-g-PCA-RNase surfaces. Significant difference (** p < 0.01 and *** p < 0.001) compared with the

virgin SIBS.

with the results of the earlier work that the DNase coating had
no negative effect on the cell adhesion and proliferation.*” The
total projected area of SIBS-g-PCA-RNase was statistically
significantly larger than that of the virgin SIBS reference.

B CONCLUSIONS

In this work, a novel strategy for preventing bacterial adhesion
and biofilm formation by nuclease coating has been proposed.
Surface characterization confirmed the successful immobiliza-
tion of nucleases onto SIBS substrates. The nuclease-modified
SIBS presented good antiadhesion and antibiofilm properties
against E. coli and S. aureus. The enzymatic activity of DNase
could play an important role in inhibiting bacterial infection,
while that of RNase had limited effect on its antibacterial
property. Importantly, nucleases moieties generally did not
present negative effects on 1929 cell adhesion. We believe that
the nuclease coating strategy that does not place a direct
evolutionary pressure on the bacteria to develop resistance will
present a promising approach for imparting both antibacterial
infection and tissue integration to polymeric biomaterials.
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