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ABSTRACT: Infections associated with medical devices have become a major concern. The adhesion of bacteria to the devices’
surfaces during the initial 24 h is believed to be a “decisive period” for implant-associated infections, which pose key challenges to
optimal antiadhesion of microbes in this period. Herein, we have designed and constructed a (heparin/chitosan) ,—
(polyvinylpyrrolidone/poly(acrylic acid)),, [(HEP/CHI),—(PVP/PAA),,] multilayer film by layer-by-layer self-assembly.
Assembly of the underlying (HEP/CHI),, multilayer film is based on electrostatic interactions, showing the properties of contact
killing of bacteria. Deposition of the top (PVP/PAA);, multilayer film is based on hydrogen bond interactions. The PAA
molecules are then cross-linked to form anhydride groups by thermal treatment at 110 °C for 16 h. Therefore, it shows a top-
down degradable capability in the determined period, leading to almost no adhesion of bacteria in 24 h. Our system combining
the adhesion resistance and the contact killing properties shows an enhanced antibacterial capability through targeting the
“decisive period” of implantation may have great potential for applications in medical implants, tissue engineering, etc.
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1. INTRODUCTION

Microbial infection is one of the most serious problems in the
field of medical devices, particularly in implants."” Approx-
imately more than half of all nosocomial infections are
attributed to implant-associated infections, leading to the
death of at least one million persons in the US per year.>?
Even worse, the extraction of contaminated implants is
generally the only option for eliminating infections due to
the lack of suitable treatment.’

The adhesion of bacteria on the surface of implants is the
first and key step for late formation of bacterial colonization
and the biofilm, which is a big threat to the long-term success of
the implants. How to design and construct a surface for
controlling bacterial adhesion has therefore become a research
hotspot. The adhesion of bacteria is a very complicated process,
and it basically includes two stages:> (I) an initial, rapid, and
reversible interaction; (II) a slowly irreversible adhesion
through specific and nonspecific interactions. Consequently,
three main strategies have been developed.® The first one is a
surface with “adhesion resistance” properties. Polymers such as
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poly(ethylene glycol) (PEG),*” poly(ethylene oxide) (PEO)
brushes,® and polyvinylpyrrolidone (PVP)>'® are used to
modify materials for creating superhydrophilic and nonfouling
surfaces.'’ Recently, the superhydrophobic surfaces have also
been studied for resisting bacterial adhesion.'*"® However, the
effectiveness of these adhesion resistant surfaces could be
decreased and even totally lost because of instability of
molecules or contamination by the conditioning substances
under the physiological environment.'* The second strategy is a
“contact-killing” surface, where the surfaces are capable of
killing bacteria through direct contact. The surfaces could be
prepared by grafting,"> covalent linking,'®'” or self-assembly'®
of antimicrobial compounds, among which quaternary
ammonium compounds'® have been widely investigated. A
major problem with this kind of surface is the covering of dead
bacteria’s bodies, which could significantly reduce the efficiency
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of the contact-killing. And it could even trigger immune
response and inflammation.”® The third strategy is a “biocide
leaching” surface. Coatings that actively release antibacterial
agents, such as antibiotics*** and silver ions,*>** can reduce
bacterial adhesion and eradicate infection. However, the
growing number of bacteria that show resistance to antibiotics
and the side-effects of antibiotics on mammal cells or tissues are
the main limitations.”®> Many efforts have been made to
combine these two or even three strategies together for higher
antibacterial efficiency. For instance, Jiang and co-workers have
reported a switchable polymer system, which shows antimicro-
bial ability due to cationic molecules. More importantly, the
dead bacteria can be released when the cationic derivatives are
hydrolyzed to nonfouling zwitterionic polymers.”>*® However,
the continuous attack and contamination by the proteins and
microbes in in vivo conditions could limit its long-term
application.

The first 24 h after an implantation of a biomedical device
has been considered as a “decisive period”, during which
microbes can easily adhere and colonize on implants.'* The
reason could be the compromised immune system of patients
whose defensive cells show weak bactericidal activities.
Prevention of microbes’ adhesion during this decisive period
is critical and can thus significantly increase the long-term
success rate of biomedical implants.”*” Unfortunately, there are
rarely reports addressing this issue. Ideally, we envision that a
dynamic surface with continuous degradation should maximally
inhibit bacteria adhesion. In theory, the controlling cross-
linking density of a degradable system could be a good way to
create such a dynamic surface. For instance, Rubner et al. have
reported a (PAA/polyacrylamide) multilayer film based on
layer-by-layer (LbL) self-assembly. The film can be thermally
cross-linked, and it would resist deconstruction in a controllable
period through regulating the cross-linking degree.*®

Previously, we have demonstrated a (heparin/chitosan)
(HEP/CHI) multilayer film, showing both reduced bacterial
adhesion and the ability to kill adhered bacteria.'® In the
present study, we have further developed it through
constructing a top-down degradable film onto the (HEP/
CHI) multilayer film for enhanced antibacterial properties. A
multilayer film of (PVP/poly(acrylic acid) (PAA)) based on
hydrogen bond interactions is employed to serve as a top-down
degradable part. The (PVP/PAA) multilayer film is treated by
thermal cross-linking to control the degradation rate. A top-
down degradable film, where the time of degradation is
precisely controlled over 24 h, shows significant advantages,
since continuous removal of the outmost surface totally inhibits
bacterial adhesion. Furthermore, after removal of the (PVP/
PAA) film, the underlying (HEP/CHI) multilayer film will be
exposed and provide contact-killing antibacterial properties for
systemic bacteria circulating in the body.”® We chose PVP and
PAA as the components for the degradable multilayer film for
the following reasons: (1) there are hydrogen bond interactions
between PAA and PVP; (2) PAA can be cross-linked by
thermal treatment to form a degradable anhydride group; (3)
both PAA and PVP have good biocompatibility.**~>* Although
not all biomedical devices can be thermally treated at high
temperature, our multilayer film could be potentially applied to
biomedical devices made by some polymers and metal, such as
steel stents and bone nails. Data of ellipsometry and quartz
crystal microbalance (QCM) confirm the successful con-
struction of the (HEP/CHI),,—(PVP/PAA);, multilayer film.
We found that, after thermal treatment at 110 °C for 16 h, the
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degradation time of the top (PVP/PAA) film can be controlled
over 24 h, leading to almost no bacterial adhesion during the
experiments. After 24 h degradation, the underlying (HEP/
CHI) film is exposed, showing contact-killing properties, as
confirmed by a LIVE/DEAD bacterial viability kit.

2. EXPERIMENTAL SECTION

2.1. Materials. CHI (M,: 410 kDa, 91% deacetylation) was
obtained from Qingdao Haihui Corporation of China. PVP (K value:
29-32), poly(ethyleneimine) (branched PEL, M,: 25 kDa), and PAA
(M, 10 kDa) were purchased from Sigma-Aldrich. HEP (sodium salt)
was obtained from Shanghai Chemical Reagent Company of China.
Trypticase soy agar (TSA) and trypticase soy broth (TSB) were
purchased from Hangzhou Baisi Corporation of China. Staphylococcus
aureus (S. aureus, ATCC 6538) was kindly provided by Prof. Jian Xu
(Zhejiang Chinese Medical University, Hangzhou, China). Ultrapure
distilled water was used from a Millipore Milli-Q system (USA).

2.2. Construction and Degradation of the (HEP/CHI),,—
(PVP/PAA),, Multilayer Film. Silicon wafers and glass slides were
used as substrates and cleaned by Piranha solution (H,SO,/H,0, =
7:3) (Caution: Piranha solution can react violently with many organic
materials and should be handled extremely carefully!).>® Substrates were
first immersed into PEI solution (S mg/mL) for 30 min to form a
precursor layer. For the underlying (HEP/CHI),, multilayer film, the
substrates were alternately dipped in HEP and CHI solution (1 mg/
mL in HAc/NaAc buffer, 0.1 M at pH 4.0) for 10 min and
subsequently rinsed with HAc/NaAc buffer. After that, the samples
were then ready for deposition of the top (PVP/PAA),, multilayer
film. PVP and PAA were dissolved in pure water at 1 mg/mL at
predetermined pH value. After 10 alternate depositions of PVP and
PAA, the (HEP/CHI),,—(PVP/PAA),, multilayer film was con-
structed.

The cross-linking of the multilayer film was conducted by thermal
treatments: 110 °C for different hours for formation of anhydride
groups or 170 °C for 4 h for formation of ketone groups.**

For degradation experiments, the multilayer films were incubated in
phosphate buffered saline (PBS) buffer at pH 7.4 at 37 °C for a
predetermined time. The samples were then dried for bacterial
adhesion and surface characterizations.

2.3. Antiadhesion of Bacteria Test (Water-Borne Assay). The
multilayer film was immersed into a sterile plastic tube with 10 mL
bacteria suspension (1.1 X 107 CFU/mL, in PBS buffer). The tube was
shaken at 200 rpm at 37 °C for S min, 4 or 24 h. The sample was then
washed gently three times with sterile PBS and immersed into
glutaraldehyde solution (3 vol %, in PBS) at 4 °C for 4 h. After fixation
and dehydration of the bacteria (25, 50, 70, 95, and 100 vol % ethanol
for 10 min each), the sample was characterized by field-emission
scanning electron microscope (FE-SEM, SiRion100).

2.4. Characterization Techniques. Thickness of the multilayer
film was measured by spectroscopic ellipsometry (M-2000D],
Woollam). Continuous wavelength ranging from 124 to 1700 nm
and angles of incidence (65° and 70°) were chosen for the
ellipsometry measurements. The thickness that best fit the multilayer
film can be automatically calculated from ellipsometry instrument.

Surface morphology was measured by atomic force microscope
(AFM, SPA 400, Seiko). AFM was performed in the tapping mode
under ambient conditions, equipped with a silicon cantilever (spring
constant 40 N/m).

FE-SEM (SiRion100) was also used to measure thickness of the
multilayer film. When the desired number of the film was deposited,
after the drying process, the silicon wafers with the multilayer films
were dried and snapped. The cross-sectional images of the multilayer
films were obtained to measure the thickness.

Quartz crystal microbalance (QCM, QCM-E4, Q-Sense) measure-
ments were carried out with an Au-coated resonator. The fundamental
resonant frequency of the crystal was S MHz. The crystal was mounted
in a fluid cell with one side exposed to the solution. A measurement of
LbL deposition was initiated by switching the liquid exposed to the
resonator. PEI (S mg/mL) was allowed to contact with the resonator
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Scheme 1. Schematic Representation of Construction, Cross-Linking, Degradation, and Antibacterial Properties of the (HEP/

CHI),,—(PVP/PAA),, Multilayer Film
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surface for 30 min for a precursor layer. Then, HEP and CHI solutions
were alternately introduced for 10 min with buffer rinsing for S min in
between. Both HEP and CHI were 1 mg/mL in HAc/NaAc buffer and
injected into the fluid cell at a rate of 0.1 mL/min. After fabrication of
the (HEP/CHI),, multilayer film, PVP and PAA solutions were
alternately introduced at predetermined pH value for fabrication of the
(PVP/PAA),, multilayer film.

Attenuated total reflectance (ATR) Fourier transform infrared
(FTIR; E.S.P., MAGNA-IR560, Nicolet Instrument) measurements
were carried out in the range of 3500 and 700 cm™' at room
temperature to analyze the multilayer films. Briefly, the (HEP/
CHI),(—(PVP/PAA),, multilayer film was fabricated onto PTFE
substrates. The film was with or without thermal treatment at 110 °C
for 16 h or 170 °C for 4 h. The ATR-FTIR spectra of the samples were
obtained and analyzed.

A LIVE/DEAD BacLight bacterial viability kit (L-7012, Invitrogen)
was used to determine bacterial cell viability. This test evaluate the
structural integrity of bacterial membrane. After 24 h degradation, the
multilayer films and control glass slides were incubated with S. aureus
and stained according to the kit protocol. After careful wash, the
samples were sealed with tin foil and observed by confocal laser
scanning microscope (CLSM, ACAS, Ultima, Meridian Instruments).

All data were obtained from at least three independent experiments
with five parallel samples and expressed as mean + standard deviation

(SD) and typical images.

3. RESULTS AND DISCUSSION

We aimed to design an enhanced antibacterial film through
combining adhesion resistance and contact-killing strategies, as
shown in Scheme 1. The multilayer film comprises two parts:
(I) the top (PVP/PAA),, film is a top-down degradable part
that can resist the adhesion of bacteria for 24 h, since the first
24 h after the implantation of biomedical devices is a critical
period for bacterial adhesion, colonization, and formation of the
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biofilm; (II) the underlying (HEP/CHI),, film is a stable part
for killing bacteria through contact type, endowing the surface
with continual antibacterial properties.

3.1. Construction of the (HEP/CHI),,—(PVP/PAA),o
Multilayer Film. We first built the (HEP/CHI),, film on
substrates. As shown in Figure 1, the thickness of the (HEP/
CHI), multilayer film increased linearly with 80.78 + 4.31 nm
for 10 bilayers number. In these depositions, the electrostatic
adsorption is the main driving force."® PVP and PAA were then
alternately deposited onto the (HEP/CHI),, film based on the
hydrogen bond interaction, where PVP is the electron donor
and PAA is the electron acceptor. It is reported that pH value
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Figure 1. Ellipsometry measurement of the (HEP/CHI),,—(PVP/
PAA),, multilayer film. The (HEP/CHI),, film was constructed under
HAc/NaAc buffer (0.1 M, pH = 4.0), and the (PVP/PAA) ,, films were
deposited at different pH values.
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has a very important influence on the hydrogen bond
interaction. We thereafter built a (PVP/PAA), multilayer film
at pH 2.5, 3.0, 3.5, 4.0, and 4.5 to determine the influence. All
the films were constructed successfully, showing exponential
growth, except for the film built under conditions of pH 4.5, as
seen in Figure 1. However, growth of the multilayer film
strongly depended on pH value. The lower the pH value of the
solution, the faster the growth and the thicker the multilayer
film obtained. This is a typical observation on the multilayer
film based on hydrogen bonding. Similar growths were found
by Ma et al.*® in the build-up of (PVP/PAA) film and by Gu et
al® in the assembling of (PEO/PAA) film. Such a thick
thickness is generally due to the “in and out” diffusion
mechanism®” and the increase of surface roughness with the
number of deposited layers.>® The (HEP/CHI),,—(PVP/
PAA),, multilayer film constructed at pH 3.0 was selected for
the following experiments.

QCM with dissipation monitoring and AFM were used to
follow the growth of the multilayer film as complementary
characterizations. The change of QCM frequency confirmed
successful construction of the (HEP/CHI),,—(PVP/PAA),,
multilayer film, showing a linear growth of the (HEP/CHI),,
film and following an exponential growth of the (PVP/PAA),
film (Figure 2). The hydrogel nanofilms could be simulated
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Figure 2. QCM measurement of construction of the (HEP/CHI),,—
(PVP/PAA),, multilayer film at pH 3.0: (@) frequency curve; (M)
thickness curve of the multilayer film.

with the viscoelastic model by QCM-D analysis software to
obtain the thickness.* The thicknesses of (HEP/CHI),, and
(PVP/PAA),, film in the wet state reached ~159 and ~2008
nm, respectively, as seen in Figure 2. Correspondingly, based
on ellipsometry measurement (Figure 1), the thicknesses of the
multilayer films in the dry state were ~80 and ~701 nm. We
then calculated that the swelling ratio of the (HEP/CHI),, and
(PVP/PAA),, films were 198 and 286%, respectively. Such a
high water incorporation is a typical phenomenon, particular in
the multilayer films based on hydrogen bond interaction.*’
The topographical features of the (HEP/CHI),,—(PVP/
PAA), multilayer film were characterized by AFM. The
micrographs of the multilayer films (n = 3, 6, 8, 10) were
shown in Figure 3. The surfaces were relatively flat and smooth.
Small particles and islets were found in the early stages of the
(PVP/PAA); multilayer film (Figure 3a). The surfaces became
rougher with further deposition of the multilayer films. The
root-mean-square (RMS) roughness (10 X 10 ym) was 4.5 +
0.8,5.6 + 0.9, 8.4 + 2.6, and 12.7 + 3.2 nm for multilayer films
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with 3, 6, 8, and 10 bilayers, respectively, as determined by
AFM. The AFM microimages not only indicated the successful
assembly but also confirmed a relatively homogeneous surface
of the (HEP/CHI),(—(PVP/PAA),, multilayer films.

3.2. Controlled Degradation of the Top (PVP/PAA),
Multilayer Film. LbL assembly based on hydrogen bonds is of
great interest as film disintegration happens upon external pH
changes.*' As in our (PVP/PAA) system, carboxylic acid
groups on PAA, which are used to assemble the film as
hydrogen bond acceptors, were deprotonated above a critical
pH value. Thereby the hydrogen bond interactions between
PAA and PVP were eliminated, leading to a very fast
destruction of the film in a few minutes, as seen in Figure 4
(the multilayer film without thermal treatment). For the
applications in the resistance of bacteria adhesion, controlling
the destruction rate of the multilayer films is thus becoming a
key point.

It was reported that PAA can be cross-linked by thermal
treatment.>* Generally, in low temperature (<150 °C), the
major reaction during thermal cross-linking is the formation of
anhydride groups. In the condition of higher temperatures
(>150 °C), the anhydride concentration decreases and ester or
ketone groups are formed.*>* It is well-known that anhydride
group is easily hydrolyzed, while ester and ketone groups are
stable. We thus think that the destruction of the (PVP/PAA)
film could be regulated through thermal cross-linking at
different temperatures. The (HEP/CHI),,—(PVP/PAA),,
multilayer films were cross-linked at 110 °C for different
time. We also chose a higher temperature 170 °C for stronger
cross-linking.”® PBS buffer at 37 °C was selected to simulate a
physiological condition. As shown in Figure 4, the degradation
rate of the multilayer films was strongly depended on the time
of thermal treatment. The longer the time of thermal cross-
linking, the slower the degradation rate of the multilayer film.
As expected, on the condition of thermal treatment at 170 °C,
the multilayer films was stable with only about 5% thickness
decreased in 24 h, which could be ascribed to the slow release
of PVP molecules. This phenomenon suggested that the
formation of anhydride group by 110 °C cross-linking is
suitable for controlling degradation time of the multilayer films.
One can observe that the multilayer films cross-linked at 110
°C for 16 h is the optimum for control of a complete
degradation of the (PVP/PAA),, multilayer films in 24 h.

FTIR spectroscopy was used to determine the formation of
anhydride and ketone groups during the thermal cross-linking.
Figure S shows the spectra of the (HEP/CHI),,—(PVP/
PAA),, multilayer film with or without thermal treatments. The
multilayer films without thermal treatment showed the
absorption peaks close 3000 and 1709 cm™' that indicated
the carboxyl group in PAA, and absorption peaks at 1595 and
1450 cm™' that indicated the ring vibration of pyridine of
PVP.* In addition, the absorption peaks of 2530 and 1945
cm™ that are assigned to O—H stretching vibration suggested
the formation of stronger hydrogen bonds between PAA and
PVP.** All these absorptions confirmed a successful con-
struction of the (HEP/CHI),,—(PVP/PAA);, multilayer film.
After thermal treatment at 110 °C for 16 h, the disappearance
of absorption peaks at 2530 and 1945 cm™" and the appearance
of absorption peaks at 1210 and 1020 cm ™, which are assigned
to strong C—O stretching vibration, indicated the formation of
anhydride groups.*>***° While in the case of thermal treatment
at 170 °C for 4 h, the absorption peaks assigned to hydrogen
and anhydride bonds were almost disappeared, and a weak
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Figure 3. AFM measurement of topographical feature of the (HEP/CHI),—(PVP/PAA), multilayer film at pH 3.0. Images showed different bilayer
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Figure 4. Thickness changes of the multilayer film in PBS buffer at 37
°C as measured by ellipsometry. The (HEP/CHI)—(PVP/PAA),,
multilayer films were thermally treated at 170 °C for 4h (<), 110 °C
for 40 h (¢), 16 h (¥), and 8 h (A), and nontreatment (@). The
(HEP/CHI),, multilayer films without the top (PVP/PAA),, film was
as control (H).

absorption peak at 1150 cm™' was appeared to indicate the
formation of ketone groups.*

AFM was used to characterize the changes of topographical
feature of the (HEP/CHI),,—(PVP/PAA);, multilayer film
(cross-linked at 110 °C for 16 h) during the degradation. As
shown in Figure 6a—c, the surfaces became corrugated during
the degradation. However, the multilayer films were still
integral and relative smooth by and large. No breakdown or big
holes were observed. The RMS roughness was increased from
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Figure S. FTIR spectroscopy measurement of the (HEP/CHI)—
(PVP/PAA),, multilayer film. The multilayer films were thermally
treated at 110 °C for 16 h or 170 °C for 4 h.

12.7 + 3.2 (before the degradation) to 17.2 + 3.3 (0.5 h) and
212 + 44 nm (4 h) and, then, decreased to 8.0 + 1.1 nm,
which could be ascribed to the exposure of the flat (HEP/
CHI),, film after complete degradation of the (PVP/PAA),
film. These microimages suggested that the progressive
degradation of the multilayer film occurred, rather than the
bulk destruction. This is a key feature to ensure a continuous
bacteria adhesion-resistance in the first critical 24 h after
implantation.

SEM was then used to measure the thickness change of the
multilayer film during the degradation. As can be seen in Figure

dx.doi.org/10.1021/am4000547 | ACS Appl. Mater. Interfaces 2013, 5, 4136—4143
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Figure 6. AFM measurement of topographical features of the (HEP/CHI),,—(PVP/PAA),, multilayer films that have degraded in PBS buffer at 37
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Figure 7. SEM images of water-borne assays of S. aureus adhesion on silicon wafer (al—a3), the (HEP/CHI),, multilayer film (b1—b3), and the
(HEP/CHI),,—(PVP/PAA),, multilayer films cross-linked at 110 °C for 16 h (c1—c3) or at 170 °C for 4 h (d1—d3). Samples were measured after
bacterial contacting for S min, 4 h, and 24 h. Scale bars are 20 ym.
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Figure 8. Fluorescent microscopy images of S. aureus adhesions on bare glass (a) and the (HEP/CHI),,—(PVP/PAA),, multilayer film (b). The
multilayer film was cross-linked at 110 °C for 16 h and then degraded in PBS buffer at 37 °C for 24 h. The green color indicates alive bacteria, and

the red color indicates dead bacteria. Scale bar is 10 pm.

6d—f, before the degradation, the thickness of the multilayer
film was 0.76 + 0.24 pm. The thicknesses were then decreased
to 0.38 + 0.13 and 0.09 + 0.01 um at 4 and 24 h, respectively,
during the degradation. There was almost 50% of the (pvp/
PAA),, film degraded in the first 4 h. The degradation rate then
became slower. After 24 h, according to the thickness, only the
underlying (HEP/CHI),, film was left. These data are
consistent with the data tested by spectroscopic ellipsometry
(Figure 4), again confirming the continuous surface degrada-
tion.

3.3. Antibacterial Property of the (HEP/CHI),,—(PVP/
PAA),, Multilayer Film. The water-borne assay was employed
to investigate the antiadhesion property of the multilayer film.
S. aureus was selected as model bacteria, and a variety of
samples, including silicon wafer, the (HEP/CHI),, multilayer
film, and the (HEP/CHI),(—(PVP/PAA),, multilayer films
that thermal cross-linked at 110 °C for 16 h or 170 °C for 4 h,
were chose for the bacteria adhesion assay. After contacting
with bacteria suspension for 5 min, 4 h, and 24 h, one can
observe that silicon wafer was very easy for bacteria adhesion
even at initial S min. At 4 h, there were a larger number of
bacteria adhering on the silicon wafer and the surface was
almost covered by a layer of bacteria at 24 h, as seen in Figure
7al—a3. In the case of the (HEP/CHI),, multilayer film, the
number of adhered bacteria on the surface was significantly
decreased at S min and 4 h (Figure 7b1 and b2), which could
be due to hydrophilic HEP molecules.'® A few bacteria were
observed on the surface of the (HEP/CHI),, multilayer film
after contacting with bacteria for 24 h (Figure 7b3). Actually,
although HEP and CHI molecules can endow the films with the
adhesion resistance and contact-killing of bacteria, the (HEP/
CHI),, multilayer film can not resist bacteria for a long time,
and bacteria cadavers that had been killed by CHI might be
favorable for late bacterial adhesion. As we expected, the
(HEP/CHI),,—(PVP/PAA);, multilayer film, which was cross-
linked at 110 °C for 16 h, showed an enhanced antiadhesion of
bacteria, as shown in Figure 7cl—c3. There were only few
bacteria adhering on the surface at 5 min, 4 h, and 24 h. While
in the case of the nondegradable (HEP/CHI),,—(PVP/PAA),
multilayer films that were cross-linked at 170 °C for 4 h, there
were lots of adhered bacteria observed at S min and 4 h (Figure
7d1 and d2). After 24 h of contacting, the surface was almost
completely covered by bacteria, as seen in Figure 7d3. The data
thus suggest that continuous removal of the outmost surface is
a key reason to inhibit bacteria adhesion. Such a dynamic
surface could also be applicable in an in vivo environment to
avoid the adsorption of protein or polysaccharide, which
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generally significantly impair the property of adhesion
resistance.*> We thus consider that the degradation gives the
multilayer films advantages as compared with the super-
hydrophilic or superhydrophobic nonfouling surfaces.

After degradation of the (PVP/PAA),, multilayer film, the
underlying (HEP/CHI),, multilayer film will be exposed to the
external environment. It can thus provide contact-killing
properties thereafter.'® To confirm it, a LIVE/DEAD BacLight
bacterial viability kit was used to stain the bacteria. Figure 8
shows bacteria on bare glass or the (HEP/CHI),,—(PVP/
PAA),, multilayer films. Because 24 h of degradation was
allowed to occur before the staining process, the (PVP/PAA),,
multilayer film was already completely removed, leading to the
direct contact between bacteria and the (HEP/CHI),,
multilayer films. One can observe that almost all of the
adhered bacteria had been killed on the multilayer films, as seen
in Figure 8b. As the control, the bacteria on bare glass were
alive (Figure 8a). Such a subsequent contact-killing can thus
endow the multilayer film with continual antibacterial proper-
ties.

4. CONCLUSIONS

The (HEP/CHI),,—(PVP/PAA),, multilayer film based on
electrostatic and hydrogen bond interactions was fabricated via
LbL assembly. The QCM and ellipsometry results verified the
progressive growth of the film. The AFM microimages
demonstrated that surfaces of the multilayer films were
relatively flat and RMS roughness increased slowly with the
growth of the multilayer film. The (PVP/PAA),, multilayer film
can be thermally cross-linked through formation of anhydride
groups, and its cross-linking density can be modulated by time
of thermal treatment. The (PVP/PAA),, multilayer films then
showed a controlled top-down degradation, leading to an
adhesion resistance of bacteria. In addition, after complete
degradation of the top (PVP/PAA),, multilayer film, the
underlying (HEP/CHI),, multilayer film subsequently pro-
vided the antibacterial property of contact-killing. Such an
enhanced antibacterial film may have potential applications in
the field of medical devices, particularly in implants.
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