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ABSTRACT: This work presented a highly efficient anti-
bacterial Ti-surface which was grafted with poly(N-hydrox-
yethylacrylamide) (PHEAA) brush and further decorated with
triclosan (TCS). The modified surfaces were characterized
using contact angle measurements, X-ray photoelectron
spectroscopy, and attenuated total reflectance Fourier trans-
form infrared. The antibacterial performance of the modified
surfaces was evaluated using the Streptococcus mutans and
Actinomyces naeslundii attachment test. The Ti surface with
PHEAA brush (Ti-PHEAA) was able to resist the adhesion of
the bacteria, while the TCS-decorated Ti surface (Ti-TCS)
showed the capability of killing the bacteria adhered on the
surface. As we coupled the TCS to the PHEAA brush, the surface showed highly efficient antibacterial performance due to the
combination of the resistance to the bacteria adhesion and its activity of killing bacteria.

KEYWORDS: antibacterial surface, poly(N-hydroxyethylacrylamide), surface grafting, triclosan, resistance to bacterial adhesion,
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■ INTRODUCTION

The adhesion and proliferation of bacteria on a material’s
surface and the subsequent formation of biofilm create
challenges in healthcare, such as surgical equipment in hospitals
and medical implants.1,2 For example, the implant-associated
infections resulting from the adhesion of bacterial and
subsequent biofilm formation are a major cause of morbidity
and mortality.3 Great efforts have been made to prevent the
adhesion of bacteria and subsequent biofilm on a material’s
surface. Bacterial adhesion on the surface is a complex process
determined by the nature of bacteria, the surrounding
environment, and the property of the material’s surface. The
design and exploration of antibacterial materials have been a
long-standing effort, and many strategies have been presented
to prevent the bacteria colonization on the material’s surface.
There are two strategies to design the efficient antibacterial

surface: one is to realize the antibacterial capability by killing
the bacteria adhered on the surface, and the other is to achieve
the antibacterial effect through the resistance to adhesion of
proteins and bacteria on the surface.4−8 Teaching biocides to
kill the adhered bacteria on the surface is the common method
for the design of antibacterial materials. However, a major
disadvantage of teaching biocides is that they subsequently end
up in the environment, which would bring out adverse effects.
Hence, it is suggested to be used prudently.9,10 Moreover,

ammonium cation polymers, such as poly(2-dimethylaminoeth-
yl methacrylate) (DMAEMA)11,12 and poly(4-vinylpyridine)
(4VP),13 have been widely used as antibacterial materials by
leading to the death of contact bacteria. Metal ions, such as Ag+

and Cu2+, are popular antibacterial materials which cause the
death of adhered bacteria. The materials will lose their
antibacterial effect when the metal coating is dissolved
completely from the surface.14,15 Furthermore, the widespread
use of metal as an antibacterial coating could release metal ions
into the environment, which has potential implications for
human health and the environment.16,17 For the antibacterial
surface, the accumulated dead bacteria on the surface would
dramatically decrease its antibacterial efficiency in most cases.
It is crucial to develop environmental friendly and long-term

antibacterial materials. Recently, the prevention of bacteria
adhesion by the modified polymer layers has attracted attention
increasingly. The polymers used as antibacterial coating mainly
include hydrophilic polymers, zwitterions polymers, and
superhydrophobic polymers and amphiphilic coating.18−20

Among the hydrophilic polymer, the polyethylene glycol
(PEG) systems are popularly used as antibacterial materi-
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als.21−23 Its antibacterial performance was attributed to the
hydration layer created via hydrogen bonds to inhibit protein
adsorption and bacterial adhesion. As an alternative, zwitter-
ionic polymers showed effectively antiadhesion performance
because of the formation of hydration constructed by the
zwitterionic head.24−28 The design of antibacterial materials
based on superhydrophobic surfaces is another strategy. The
superhydrophobic surfaces can significantly reduce the amount
of adhered bacteria, which could be removed easily from the
surfaces compared with that on hydrophilic or hydrophobic
surfaces.29,30 However, the efficiency would dramatically
decrease with the extension of time due to the fully wetting
and the entrapped air at the surface.31,32

A good strategy for the design of an antibacterial material
would be to combine the substance with resistance to bacterial
adhesion and antibacterial moieties to improve and prolong the
antibacterial activity.33−38 However, it is crucial to explore
stable and long-term antibacterial materials with both the
properties of repelling bacterial attachment and contact-killing
bacteria. Poly(N-hydroxyethylacrylamide) (PHEAA) was an
electrically neutral, biocompatible, thermo-tolerant polymer
and exhibited effective resistance to proteins and bacteria
adhesion attributing to the stronger association with interfacial
water, which was reported by Zhao and Zheng.39 While the
simple polymer brush coating could not show complete
prevention of bacterial adhesion, unfortunately, a small amount
of adhering bacteria may form a mature biofilm and cause a
fatal consequence. Triclosan (TCS) is a widely used broad-
spectrum antibacterial agent with immediate and persistent
antibacterial effectiveness.40,41 In this paper, we report a highly
efficient antibacterial Ti-surface with stable and potential long-
term antibacterial performance, which was grafted with a
poly(N-hydroxyethylacrylamide) (PHEAA) brush and further
decorated with triclosan (TCS). The PHEAA brush on Ti
surface was prepared using surface-initiated atomic transfer

radical polymerization (SI-ATRP), and the TCS was covalently
attached to the PHEAA brush. The antibacterial performance of
the modified surfaces was evaluated using the Streptococcus
mutans and Actinomyces naeslundii attachment test.

■ EXPERIMENTAL SECTION
Materials. Commercially pure grade 2 Ti discs with a diameter of

10 mm and thickness of 1 mm were purchased from Northwest
Institute for Nonferrous Metal Research (Xi’an, China). 3-Amino-
propyltriethoxysilane (APTES, 206.35 g/mol, 97%), bromoisobutyryl
bromide (BIBB, 229.9 g/mol, 99%), and ethyl 2-bromoisobutyrate
(EBIB, 195.05 g/mol, 98%) were purchased from Aladdin Chemistry
Co. Ltd. N-Hydroxyethylacrylamide (HEAA, 115.13 g/mol, 98.0%)
was supplied by TCI (Shanghai) Development Co., Ltd. Tris[2-
(dimethylamino)ethyl]amine (Me6TREN, 230.4 g/mol, 99%) was
donated by Alfa. 5-[Chloro-2-(2,4-dichlorophenoxy)phenol] (Triclo-
san, TCS, 289.54 g/mol, 97.0%) was purchased from Shanghai Kayon
Biological Technology Co., Ltd. Oxalylc chloride (126.93 g/mol, 98%)
was supplied by Shanghai Chemical Reagent Co. All the reagents
mentioned above were used as received. Copper(I) bromide (CuBr,
98.5%, Shanghai Chemical Reagent Co Ltd.) was purified by stirring in
acetic acid, washing with acetone and ethanol, and then drying under
vacuum. Triethylamine (TEA, 101.19 g/mol, 98%) and all other
solvents were purchased from Shanghai Chemical Reagent Co. Ltd.
and purified according to standard methods. Deionized water purified
by a Millipore water purification system to give a minimum resistivity
of 18.2 MΩ·cm was used in all experiments. Argon gas was of high-
purity grade.

Preparation of Antibacterial Surfaces. The procedure of
preparing the antibacterial Ti surfaces is shown in Scheme 1. Prior
to the surface modification, Ti discs were polished with a series of SiC
abrasive papers of 360, 600, 1000, 1500, 2000, 2500, and 3000.42 The
polished Ti discs were cleaned ultrasonically for 10 min in DI water,
sodium hydroxide aqueous (5.0 wt %), acetone, petroleum ether,
isopropyl alcohol, and DI water in that order. Then, the discs were
dried at room temperature to obtain Ti−OH substrates.3

The freshly prepared Ti−OH discs were immersed in the toluene
solution of 3-aminopropyltriethoxysilane (APTES, 2.5 vol %) at room

Scheme 1. Schematic Representation of the Ti Surface Grafted with a PHEAA Brush and Decorated with TCS
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temperature overnight to obtain Ti-NH2. Afterward, the Ti discs were
ultrasonically washed successively with toluene, dichloromethane,
ethanol, and DI water. After the discs were dried in an argon stream,
the prepared Ti-NH2 disc was soaked in a solution of TEA (0.1 mL,
0.7 mmol) in dry dichloromethane (20 mL). Then, BIBB (0.5 mL,
4.04 mmol) was added dropwise into the solution, and the reaction
was performed at 0 °C for 2 h and kept at room temperature
overnight. The modified Ti discs were taken out and ultrasonically
washed successively with toluene; dichloromethane, ethanol, and DI
water and then dried in an argon stream to obtain the Ti-initiator
surface.43 Subsequently, the PHEAA brush was grafted from the Ti-
initiator surface by SI-ATRP. Typically, a mixture of Ti-initiator disc,
HEAA monomers (1 g, 8.69 mmol), Me6TREN (40 mg, 0.174 mmol),
initiator EBIB (25 μL, 0.172 mmol), and 1:1 ethanol/water (4 mL)
was placed in a glass tube. The mixture was deoxygenated by four
freeze-pump-fill argon-thaw cycles, and during the second cycle, CuBr
(25 mg, 0.174 mmol) was added to the tube under the protection of
argon. The polymerization was kept stirring in the oil bath at 29 °C for
72 h and then stopped by exposure to air. The grafted Ti discs with
PHEAA were ultrasonically washed repeatedly two times with water
and then dried in an argon stream to obtain the Ti surface with a
PHEAA brush (Ti-PHEAA) disc.44,45

The solution of TCS (2.9 g, 10 mmol) in dry dichloromethane (10
mL) containing TEA (2.09 mL, 5 mmol) was added dropwise into the
solution of oxalylc chloride (1.28 mL, 15 mmol) in anhydrous
dichloromethane (5 mL) with stirring under the protection of argon at
0 °C for 2 h. Then, the reaction was maintained for 2 h at room
temperature. After the reaction, the solvent and the unreacted oxalylc
chloride were removed from the mixture by vacuum rotary
evaporation to obtain the product. The Ti-PHEAA or Ti-NH2 disc
was added to the solution of product in anhydrous dichloromethane
under the protection of argon with stirring, and the reaction was kept
at room temperature overnight. Afterward, the modified Ti disc was
taken out from solution and was ultrasonically cleaned with
dichloromethane, ethanol, and ID water, successively, and dried in
an argon stream to obtain the Ti-PHEAA-TCS or TCS-decorated Ti
surface (Ti-TCS).
Characterization of the Modified Ti Surfaces. The static water

contact angle (WCA) on the modified Ti surface was measured by the
sessile drop method using the contact angle measuring system
(OCA20, Dataphysics Instruments with GmbH, Germany). The
measurements were performed using 2 μL of a DI water droplet at
ambient temperature. The value reported is the average of three
measurements taken from different locations of the surface.
The surface composition of the modified Ti discs was characterized

by X-ray photoelectron spectroscopy (XPS) (KRATOS XSAM800)
using Mg K (1253.6 eV) as the radiation source. The spectra were
collected at photoelectron take off angles of 90° with respect to the
sample surface, and the binding energy (BE) scale is calibrated by C 1s
of the hydrocarbon peak at 284.8 eV. Survey spectra were run in the
binding energy range of 0−800 eV, and the spectra of Br 3d, C 1s, N
1s, O 1s, and Cl 2p were collected. In addition, a high-resolution C 1s
spectrum was fitted using a Shirley background subtraction and a series
of Gaussian peaks.
Attenuated total reflectance Fourier transform infrared (ATR-

FTIR) spectra were used to verify that the Ti-PHEAA-TCS was
achieved successfully, and the details of the ATR-FTIR measurement
were shown in the Supporting Information. The morphology of the
modified Ti surface and the PHEAA brush was characterized using an
atomic force microscope (AFM).
Bacterial Attachment. Streptococcus mutans (S. muntans,

ATCC35668) and Actinomyces naeslundii (ATCC35668) were adopted
to investigate the antibacterial performance of the as-modified Ti discs.
Each kind of bacteria was cultured in a medium containing 15.0 mg/
mL tryptone, 5.0 mg/mL soytone, and 15 mg/mL NaCl under
anaerobic conditions at 37 °C for 24 h. After examining the
morphology, the single colonies scraped from tablets were cultured
by continuously passaging until the third generation in the medium of
BHI (brain heart infusion, 10 mL) under anaerobic conditions at 37
°C for 16 h. When the OD value of S. muntans reached 0.30 and that

of Actinomyces naeslundii reached 0.50, the bacteria were used in the
attachment assay.

After 1 h of ultraviolet irradiation, the prepared Ti discs were placed
in a 24-well plate, and then 10 μL of bacteria suspension and 1 mL of
BHI medium containing 1% sugar were added to each well in that
order. Bacteria were incubated with the samples in an incubator for 4
or 24 h at 37 °C, and then, the bacterial solution was removed. The Ti
discs were washed with phosphate buffered saline (PBS, pH = 7.4) 3
times for SEM and fluorescent microscope (FM) imaging. Prior to
being observed using SEM (FEI QUANTA 200), the Ti discs with
bacteria were placed in glutaraldehyde (2.5 wt %) solution for 2 h,
followed by dehydration with graded ethanol solutions of 50%, 60%,
70%, 80%, 90%, and 100% and then dried. The SEM images were
taken on the surface after Au sputtering.

The fluorescent microscope (FM, Leica Dm4000B Germany) was
also used to evaluate the amount of adhered bacteria on the Ti discs.
Bacteria adhering to sample surfaces were subsequently stained with 1
mL of a Live/Dead Bacterial Viability Kit for 15 min in a dark room at
ambient temperature based on the principle in previous literature.46

The Ti discs with stained bacteria were observed by a FM with 50×
magnification, and the images were taken at λex = 488 nm/λem= 520
nm for detection with a Live/Dead Bacterial Viability Kit, which were
analyzed by Image Plus software.

■ RESULTS AND DISCUSSION
Characterization of the Modified Ti Surfaces. The

WCA of the Ti surface modified in different steps was displayed
in Figure 1, which provided the information on the surface

wettability. The WCA on the hydrophilic Ti−OH surface is
close to zero degrees, and it increased to 40° after the
introduction of APTES, suggesting APTES was successfully
anchored on the Ti−OH surface. After the immobilization of
initiator BIBB, the WCA increased to 87°, indicating that the
initiator was successfully immobilized on the Ti-NH2 surface.
The WCA decreased to 19° after the grafting of the hydrophilic
PHEAA brush onto the Ti-initiator surface. The WCA on Ti-
PHEAA-TCS increased to 56°, and the increase of hydro-
phobicity was attributed to the successful decoration of TCS to
the Ti-PHEAA surface. Similarly, when the Ti-NH2 surface was
decorated by TCS, the WCA increased to 73°.
To confirm the achievement of multistep-modified surfaces,

XPS was employed to measure the surface chemistry
composition. The XPS spectra of modified Ti surfaces and
atomic compositions are shown in Figure 2 and Table 1.
Compared with the XPS spectra of the Ti-NH2 surface, there
was a new peak at 69 eV assigned to Br 3d (the enlarged feature
of Figure 2 was shown in Figure S1 in the Supporting
Information) in the spectra of the Ti-initiator surface. This

Figure 1. Contact angle measurement of the modified Ti surfaces.
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information confirmed that the initiator was successfully
immobilized on the surface. After grafting the PHEAA brush
on the surface, the intensity of the N 1s signal increased, and
the relative content of N increased to 10.9 (at %) from 7.1 (at
%), as shown in Table 1. The atomic ratio of C/O/N was 62.9/
25.7/10.9 from XPS spectra, which is consistent with the
calculated value 5/2/1 based on the molecular formula. In the
high-resolution C 1s spectra of Ti-PHEAA (as shown in Figure
S2, Supporting Information), CO around 288.5 eV was
mainly attributed to amide carbon OC−N in PHEAA. This
is reasonable since the ratio of C−O (N, Br)/CO is 50.3/
25.3, which is almost equally to the value 2/1 in the molecular
formula of HEAA. These results confirmed the successful
grafting of PHEAA on the Ti-initiator surface. In the XPS
spectra of Ti-PHEAA-TCS and Ti-TCS, a new signal at 204 eV

appeared, which was attributed to Cl 2p from TCS and
indicated the successful decoration of TCS on the surface. The
grafting ratio of TCS on PHEAA was estimated to be 16%
according to the atomic concentration of N and Cl in Table 1.
ATR-FTIR was used to monitor the modification in different

processes. The infrared spectra of modified Ti discs in different
steps were displayed in Figure S3, Supporting Information.
After the grafting of PHEAA on the surface, a broad peak
appeared around 3300 cm−1 ascribed to −OH stretching
vibration in PHEAA,45,47 and the intensity of the peak at 1648
cm−1 assigned to the stretching vibration of CO in amide
increased remarkably. These results verified that the PHEAA
brush was successfully grafted on the Ti-initiator surface.

Antibacterial Assay. Gram-positive bacteria species, S.
muntans and Actinomyces naeslundii, were used to assess the
bacterial attachment on the modified Ti surface. The
antibacterial effect of the modified Ti surface was illustrated
through the comparison of the amount and viability of bacteria
adhered on the surface after a 4 or 24 h incubation. The total
amount of adhered bacteria was evaluated using SEM, as shown
in Figures 3 and 4. A number of bacteria were observed on the
bare Ti and the Ti-TCS surfaces for both S. mutans and
Actinomyces naeslundii. Compared with the bare Ti and the Ti-
TCS surfaces, there were much less bacteria on the Ti-PHEAA
surface. Only a small amount of the bacteria appeared on the
Ti-PHEAA-TCS surface, which demonstrated the efficient
antibacterial capability of Ti-PHEAA-TCS.
The bacteria attached on the substrate surfaces included the

viable and the dead bacteria. The live bacteria appeared in
green and the dead appeared in red in the FM images after the
sample was stained with the Live/Dead Bacterial Viability Kit.
The representative live/dead FM images of the samples
incubated for 4 h are shown in Figure 5, and the corresponding
quantitative analysis is given in Figure 6. Similarly, the results of
the antibacterial assay are shown in Figures 7 and 8 after the
samples were incubated for 24 h.
In Figure 5, numerous S. mutans and Actinomyces naeslundii,

stained primarily green with only a few single red colonies, were
observed on the bare Ti surface, indicating that the viable
bacteria of S. mutans and Actinomyces naeslundii were prone to
attach on the bare Ti surface. The dead bacteria were mainly
due to natural apoptosis during the bacteria growth
process.13,48

Figure 2. XPS survey spectra of the (a) Ti-NH2, (b) Ti-initiator, (c)
Ti-PHEAA, (d) Ti-PHEAA-TCS, and (e) Ti-TCS surface.

Table 1. Elemental Composition of Ti-NH2, Ti-Initiator, Ti-
PHEAA, Ti-PHEAA-TCS, and Ti-TCS Surface Determined
by XPS Analysis

XPS atomic concentration (at %)

samples C O N Br Cl

Ti-NH2 53.1 41.3 5.6
Ti-initiator 61.2 27.6 7.1 4.1
Ti-PHEAA 62.9 25.7 10.9 0.5
Ti-PHEAA-TCS 66.1 24.4 6.2 3.3
Ti-TCS 52.5 35.2 4.2 8.1

Figure 3. SEM images of the amount of (a) S. mutans and (b) Actinomyces naeslundii adhered after a 4 h incubation on the bare Ti, Ti-PHEAA, Ti-
PHEAA-TCS, and Ti-TCS surface.
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In the case of the Ti-TCS surface, there were a great number
of bacteria, of which the minority were viable and majority were
dead. This result demonstrated that the TCS bonded to the Ti
surface exhibited a strong capability of killing bacteria. It was
reported that the TCS forms a stable ternary complex by
interacting with amino acid residues of the enzyme active site to
affect the membrane structure and the function of the
bacteria.49,50 On the other hand, TCS bonded to the Ti
surface still possesses effective antibacterial activity because the
C−Cl bond was not destroyed during the aforementioned
surface modification, while the body of dead bacteria would

accumulate on the Ti-TCS surface with time due to the
hydrophobicity of the surface.
It was generally considered that the hydrophilic surface

possessed effective resistance to protein and bacteria,39,47 which
was also verified in this work. On the Ti-PHEAA surface, the
amount of adherent bacteria was significantly reduced
compared with that on the bare Ti surface. As shown in
Figure 6, the amount of S. mutans on the Ti-PHEAA surface
decreased by 60% and that of Actinomyces naeslundii was
reduced by 68%. The ratio of green/red fluorescence was 9/1
for the two kinds of bacteria, which suggests the approximate

Figure 4. SEM images of the amount of (a) S. mutans and (b) Actinomyces naeslundii adhered after a 24 h incubation on the bare Ti, Ti-PHEAA, Ti-
PHEAA-TCS, and Ti-TCS surface.

Figure 5. Representative fluorescence microscopy images of bare Ti, Ti-PHEAA, Ti-PHEAA-TCS, and Ti-TCS surfaces by live/dead bacteria
staining after a 4 h incubation with (a) S. mutans and (b) Actinomyces naeslundii.

Figure 6. Quantitative analysis of (a) S. mutans and (b) Actinomyces naeslundii adhered on the bare Ti, Ti-PHEAA, Ti-PHEAA-TCS, and Ti-TCS
surfaces after a 4 h incubation. The data were obtained on the basis of the FM images, and they are mean ± standard error, n = 3.
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ratio of live/dead bacteria. It implied that the PHEAA brush
could resist bacteria adhesion to some extent, which was in
agreement with the results in previous literature.45,51 It was
considered that the highly hydrated PHEAA on the surface
presents a large exclusion volume effect which inhibits protein
and bacteria adhesion.52−54

In the case of the Ti-PHEAA-TCS surface, the amount of S.
mutans and Actinomyces naeslundii adhered on the surface was
reduced by 94% and 85%, respectively, compared with that on
the bare Ti. The ratio of green/red fluorescence was 1/5 and 1/
10 for S. mutans and Actinomyces naeslundii, which suggests the
approximate ratio of live/dead bacteria. These analyses
demonstrated that the Ti-PHEAA-TCS surface exhibited a
highly efficient antibacterial capability attributed to the
combination of resistance to bacterial adhesion and anti-
bacterial agent.
To investigate the lasting antibacterial capability of the

modified Ti surface, the results of the antibacterial assay after
the samples incubated for 24 h are shown in Figures 7 and 8.
There were a great number of live bacteria and a small number
of dead bacteria on the bare Ti surface, while a small number of
live bacteria and a great number of dead ones were bestrewed
on the Ti-TCS surface. Compared with the bare Ti surface, the
amount of S. mutans and Actinomyces naeslundii attaching on the
Ti-PHEAA surface dramatically decreased, 89% and 82%,
respectively. The ratio of green/red fluorescence was 10/1 for
S. mutans and 8/1 for Actinomyces naeslundii. In the case of Ti-
PHEAA-TCS, the amount of bacteria adhered on the surface
reduced by 97% for both S. mutans and Actinomyces naeslundii.
The ratio of live/dead was about 1/8 and 1/11 for S. mutans

and Actinomyces naeslundii from the ratio of green/red
fluorescence.
The antibacterial performance of the bare Ti, Ti-TCS, Ti-

PHEAA, and Ti-PHEAA-TCS surface showed a similar trend in
Figures 5 and 7. After a 4 and 24 h incubation, there is no clear
difference in the amount of bacteria on Ti-PHEAA, which
indicates that the Ti-PHEAA surface kept its effective resistance
to bacterial adhesion after a 24 h exposure to the bacteria.
When the results from the 4 and 24 h incubation were
compared, the amount of dead bacteria on the Ti-TCS surface
increased dramatically. However, in the case of the Ti-PHEAA-
TCS surface, there is no observable increase for both the live
and dead bacteria. These results confirmed that the highly
efficient antibacterial capability of the Ti-PHEAA-TCS surface
did not weaken with the longer exposure to bacteria. This
property could be attributed to the covalent attachment of TCS
to the PHEAA brush.

■ CONCLUSIONS

In this work, we presented a highly efficient antibacterial Ti-
PHEAA-TCS surface which was grafted with a poly(N-
hydroxyethylacrylamide) (PHEAA) brush and further deco-
rated with triclosan (TCS). The PHEAA brush was prepared by
SI-ATRP, and the TCS was covalently tethered to the brush.
The modified surfaces were characterized using WCA, XPS,
and ATR-FTIR. The antibacterial performance of the modified
surfaces was evaluated through a bacteria attachment assay, in
which Streptococcus mutans and Actinomyces naeslundii were
used. The Ti-PHEAA surface was able to resist the bacterial
adhesion, while the Ti-TCS showed its activity of leading to

Figure 7. Representative fluorescence microscopy images of bare Ti, Ti-PHEAA, Ti-PHEAA-TCS, and Ti-TCS surfaces by live/dead bacteria
staining after a 24 h incubation with (a) S. mutans and (b) Actinomyces naeslundii.

Figure 8. Quantitative analysis of (a) S. mutans and (b) Actinomyces naeslundii adhered on the bare Ti, Ti-PHEAA, Ti-PHEAA-TCS, and Ti-TCS
surfaces after a 24 h incubation. The data were obtained on the basis of the FM images, and they are mean ± standard error, n = 3.
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death of the bacteria adhered on the surface. The Ti-PHEAA-
TCS exhibited a highly efficient antibacterial capability resulting
from the combination of the resistance of the PHEAA brush to
bacterial adhesion and the antibacterial capability of TCS. After
a 4 and 24 h incubation, the antibacterial capability of the Ti-
PHEAA-TCS surface did not exhibit an observable reduction,
indicating the highly efficient antibacterial capability had
promise to be long-lasting. Therefore, as an environmentally
friendly antibacterial material, Ti-PHEAA-TCS, with high
efficiency and potentially long-term antibacterial properties,
would be a good candidate in biomaterials and biotechnological
applications, especially in dental implants.
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