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One-dimensional  (1D)  nanostructures  of ZnO  using  atomic  layer  deposition  (ALD)  on  chitosan  (CS)  mod-
ified  carbon  nanotubes  (CNTs)  were  first  introduced  onto  the surfaces  of  biomedical  implants.  When  the
content  of  ZnO  is  not  sufficient,  CNTs  can strengthen  the  antibacterial  activity  against  E.  coli  and  S.  aureus
by  8%  and  39%,  respectively.  CS  can  improve  the  cytocompatibility  of  CNTs  and  ZnO.  The amount  of Zn
content  can  be controlled  by  changing  the  cycling  numbers  of ALD  processes.  This  hybrid  coating  can  not
eywords:
arbon nanotubes
nO
ybrid coating
ntibacterial

only  endow  medical  implants  with  high  self-antibacterial  efficacy  against  Escherichia  coli  (E.  coli)  and
Staphylococcus  aureus  (S. aureus)  of  over  73% and  98%, respectively,  but also regulate  the  proliferation
and  osteogenic  differentiation  of  osteoblasts  by  controlling  the  amount  of  ZnO.

© 2016  Elsevier  B.V.  All  rights  reserved.
urface biofunctionalization

. Introduction

Titanium (Ti) and its alloys are widely used as implant materials
n the dental and orthodontic fields because of their excellent bio-
ompatibility, osteoconductivity and mechanical properties [1,2].
owever, infection associated with implants has already become

ncreasingly serious clinical problems, such as prolonged hospi-
alization, implant failure, and even death [3,4]. In addition, the
ioinert nature is the instinctive defect of Ti-based implants [5].
herefore, researchers have attempted to modify the Ti surface with
anostructure or coatings to improve osteogenesis inducing ability
s well as inhibit bacterial colonization [6–8].

Carbon nanotubes (CNTs) attract attention of many researchers
ue to their unique properties, such as ultrahigh surface areas (up to
587 m2/g) [9], excellent mechanical properties (average Young’s

odulus of Y = 1–1.8 Ta for multiwalled carbon nanotubes) [10]

nd thermal stability (the sublimation temperature can be over
900 K) [11]. Hence, CNTs have attracted broad research inter-

∗ Corresponding author.
E-mail addresses: shuilin.wu@gmail.com, shuilin.wu@hubu.edu.cn,

xwsl1976@163.com (S. Wu).

ttp://dx.doi.org/10.1016/j.apsusc.2016.12.158
169-4332/© 2016 Elsevier B.V. All rights reserved.
est including drug delivery, biological imaging, biological scaffold
and biosensing. CNTs have been reported to exhibit cytotoxicity
over a wide range of bacteria including human pathogens such as
Escherichia coli (E. coli) [12], Salmonella typhimurium [13], Bacillus
subtilis, Staphylococcus aureus (S. aureus), Micrococcus lysodleik-
ticus [14] and Streptococcus mutans [15]. Different antibacterial
mechanisms of CNTs have been proposed. Several studies have
reported that CNTs exhibit antibacterial activity by physical punc-
turing and physical contact with the bacterial cell surface [16].
Other researchers also reveal that CNTs can produce reactive oxy-
gen species (ROS) and increase oxidative stress, killing bacteria
by damaging cell membrane [17]. In addition, CNTs have been
reported to have a promoting effect on osteoblast differentiation
[18]. Price et al. has been first reported the smaller diameter car-
bon nanofibers could increase osteoblast adhesion and decrease
the adhesion of osteoblast-competitive cell line (fibroblasts, chon-
drocytes, and smooth muscle cells) [19]. Carbon nanofibers can
also improve the function of osteoblast and enhance bonding of
orthopedic implants to juxtaposed bone [20].
Although it has been reported that CNTs coated Ti can exhibit
a greater cell adhesion [18] and better antibacterial activity than
non-coated Ti, some studies have reported that pristine CNTs can
inhibit cell proliferation [21], improve the level of oxidative stress
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n cell [22,23] and even cause cell death [24,25]. Chitosan (CS) has
een used in many coating systems due to its biocompatibility,
iodegradability, non-toxicity, ability to link to and deliver growth
actors and excellent film-forming property [26,27]. To improve the
iocompatibility of CNTs, oxygenous groups were first introduced
nto the surface of CNTs and then grafted with CS [28–30].

Zinc  oxide (ZnO) has been widely used as a broad-spectrum bac-
ericidal agent, which can resist almost all bacteria [31,32]. Zinc
on and ROS generated from ZnO were considered to be the two

ajor factors to inhibit bacteria [33,34]. In addition, Zinc is one of
he trace elements which can influence the proliferation and the
ifferentiation of the osteoblasts [35,36].

Atomic Layer Deposition (ALD) was first developed by Sun-
ola and Antson in 1970s [37]. Based on two successive and cyclic
equentially self-limiting half-reactions, this technique can be used
o produce thin films and overlayers in a layer-by-layer mode in
anometer range on substrate surfaces. Compared to other vapor
eposition methods, ALD can precisely control the thickness of
eposited film at the Ångstrom or monolayer level [38]. In addition,

ts low deposition temperature (even down to room temperature),
llowing this technique applicable for heat-sensitive substrates
such as polymer and biomaterials) [39].

Here, multiwalled carbon nanotubes (CNTs) were first treated
ith acid and then modified with chitosan. Subsequently, the

arbon nanotubes/chitosan composites (CNTs/CS) were deposited
nto the alkali-heat-treated Ti (named AHT) surface by elec-
rophoretic deposiotn (EPD). ZnO nanofilms with different contents
f ZnO were deposited by ALD. This hybrid coating on Ti is expected
o combine the positive properties of CNTs, chitosan, and ZnO
o achieve more effective antibacterial efficiency as well as tun-
ble cell behaviors. The biofunctionalization mechanism can be
chematically illustrated in Scheme 1.

. Materials and methods

.1.  Sample preparation

.1.1.  Pretreatment of Ti samples
Ti disks with a diameter of 6 mm and a thickness of 2.5 mm

ere first mechanically polished using various grades of abrasive
arbide papers. Subsequently, the physical polished samples were
hen cleaned with ethyl alcohol and deionized water via sonication.
hese samples were dried in air, followed by chemical etching in
ixed solution of H2O/HNO3/HF with volume ratio of 5:4:1 accord-

ng to the literature [40], and then rinsed with deionized water
everal times. Alkali-heat-treatment was introduced on etched Ti
urface with 4M NaOH at 80 ◦C for 90 min  (named AHT). These pre-
reated Ti disks were collected and washed using deionized water
dequately, and then stored for further use.

.1.2. Purification and functionalization of CNTs
Multiwalled CNTs with an average outer diameter of over 50 nm

nd a length of 10–20 �m were purchased from Chengdu organic
hemicals Co. Ltd, Chinese Academy of Sciences (Chengdu, China).
n order to remove carbonaceous impurities and bulk CNTs, pur-
hased CNTs were first annealed at 450 ◦C in air for 90 min. After
nnealing, 1 g of CNTs were added into 120 mL  of mix  acid solu-
ion (H2SO4-HNO3, v:v = 3:1) according to the literature [41], and
ltrasonicated for 3 h. The mixture was stirred at room temperature
or 36 h. Subsequently, the acid treated CNTs were filtered using a
.22 �m mixed cellulose filter paper and washed thoroughly with
eionized water until the pH of washings reached to 7, and then
ried at 60 ◦C under vacuum for 24 h.
ience 400 (2017) 14–23 15

2.1.3. Electrophoretic deposition (EDP)
75 mg  of chitosan (�95%, Mw = 179.17, Aladdin) was  slowly

added  into a mixed solution containing 145 mL  of 0.1% acetic acid
and 5 mL of ethanol. 150 mg  of acid modified CNTs was then added
into this mixture and ultrosonicated for 1 h. The obtained mixtures
was then magnetically stirred (1000 r/min) for next 24 h. EPD pro-
cess was  maintained for 30 s with an deposition voltage of 30 V.
During this course, the AHT samples and a platinum plate were
used as cathode electrode and anode electrode, respectively. The
distance between two  electrodes was 10 mm.  The obtained sam-
ples (CNTs/CS) were immediately rinsed with deionized water and
then dried overnight at room temperature.

2.1.4. Atomic layer deposition of ZnO
In an ALD-ZnO process, a commercial ALD reactor (F-100-41,

MNT Micro and Nanotech Co., LTD, Wuxi, China) was  utilized.
Diethylzinc (DEZ) and deionized water (H2O) were used as Zn and
O precursors, respectively. The temperature of the H2O source was
35 ◦C and DEZ source was kept at room temperature. The delivery
lines and the chamber were heated to 180 ◦C and 120 ◦C, respec-
tively. High purity nitrogen was used as the gas carrier with a flow
rate of 20 mL/min and the ALD reactor was  sustained at a low level
of pressure with a vacuum pump. One complete ZnO ALD cycle
was carried out through the gas filling of DEZ/H2O with a 30 ms
pulse, and then followed by the purge of N2 for 10 s to eliminate the
oversupplied DEZ/H2O and any by-products. We  fabricated three
different groups of samples by changing the ALD cycles of ZnO,
i.e., 30, 100, and 300 cycles. For AHT/ZnO modified group, sam-
ples were named as AHT-ZnO(30), AHT-ZnO(100), AHT-ZnO(100).
For CNT/CS/ZnO coated groups, samples were named as CNTs/CS-
ZnO(30), CNTs/CS-ZnO(100), CNTs/CS-ZnO(300).

2.2. Surface characterization

In  order to estimate the compositions of the hybrids, CNTs
and CNTs/CS scraped from the substrates were characterized by
thermogravimetric analysis (TGA1, Mettler-Toledo). Samples were
heated from 30 to 800 ◦C with a heating rate of 20 ◦C min−1 in N2
flow (40 mL/min) and N2 as the balance gas (20 mL/min). The chem-
ical compositions of the hybrid coatings were further determined
by X-ray photoelectron spectroscopy (XPS, Escalab 250Xi) and a
Fourier transform infrared spectroscopy (FTIR, NICOLET iS10) in
the range from 650 to 4000 cm−1. Field-emission scanning elec-
tron microscopy (FE-SEM, JSM7100F) is utilized to examine the
surface topography of samples. The morphologies of CNTs/CS and
ZnO with different ALD cycles scraped from Ti surface were investi-
gated using a transmission electron microscope (TEM, Tecnai G20).
Water contact angles on samples were measured using contact
angle goniometer (Powereach, JC2000D2) via sessile drop method
at room temperature. Average roughness of samples was examined
using Atom Force Microscope (AFM, Nanoscope IIIa).

2.3.  Zn-loading capacity

To  evaluate the capacity of Zn-loading of hybrid nanostruc-
tures, ALD-ZnO coated samples of different cycles were immersed
in 1M HNO3 for 1 day. The amount of Zn leached to solutions was
measured by inductively-coupled plasma atomic emission spec-
trometry (ICP-AES, Opitmal 8000).

2.4. Antibacterial assay
E.  coli is a kind of Gram-negative bacterium with the largest
number in intestines of many animals and humans and S. aureus
is one of the major sources of implant-associated infection in
orthopaedics [42]. These two  kinds of bacteria were chosen to
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Fig. 1. (a) FT-IR spectra of pristine CNTs, acid treated CNTs, CS and CNTs/CS scraped
Scheme 1. The biofunctionalization mechanism of Zn

ssess the antibacterial ability of the modified Ti samples obtained
bove. They were cultured in Luria-Bertani (LB) medium. Briefly,
ifferent Ti samples were first treated under ultraviolet light (UV,

 = 254 nm)  for 30 min  with pure Ti served as control. Then 350 �L
f diluted bacterial suspension (107 CFU/mL) was added into each
ell to immerse samples. The mixed solution was then incubated

t 37 ◦C in a shaker incubator for 12 and 24 h for E. coli and S. aureus,
espectively. The antibacterial activity against the early adherence
f E. coli and S. aureus was first evaluated by SEM (SEM, JSM6510LV)
nd then quantified by measuring optical density (OD) at 600 nm
ith a microplate reader (SpectraMax i3, Molecular Devices).

.5.  Biocompatibility studies

Mouse  calvarial cells (MC3T3-E1) were cultured with �-MEM
HyClone) medium containing 1% penicillin-streptomycin solution
HyClone) and 10% fetal bovine serum (FBS), followed by incubation
n an atmosphere of 5% CO2 incubator at 37 ◦C. The culture medium

as changed every three days. The same culture conditions were
sed in all the experiments.

To  evaluate osteoblast viability, the MTT  assay was utilized. Ti
amples with different hybrid coatings were incubated in 48-well
late with pure Ti samples served as control. Briefly, samples with
C3T3-E1 cells were cultured for 7 and 14 days in 48-well plates.

he culture medium was changed every three days. After removal
edium, 300 �L of the MTT  solution (5 mg/mL  in PBS) was added to

ach well, and the cells were additionally incubated for 4 h at 37 ◦C.
00 �L of dimethyl sulfoxide (DMSO) was then added to each well,
ollowed by shaking at a shaking table for 10 min. The absorbance

as measured at 570 nm using a microplate reader (SpectraMax i3,
olecular Devices). The percentage of cell viability was  determined

rom the absorbance readings and calculated by dividing the values
f the samples to that of the control.

To determine the osteogenic differentiation property of Ti sam-
les with different hybrid nanostructures, the ALP assay was
tilized. The same method mentioned above was used for the cell
ulture with samples and pure Ti as control for a period of 7 and
4 days in 48-well plates. After the culture period, the medium was
emoved. 500 �L/well of diluted Triton X-100 was aliquoted onto
he surface of samples and then incubated at 37 ◦C for 60 min  to
yse the cells. 30 �L of the cell lytic solution was mixed with ALP

tandard solution and then incubated at 37 ◦C for 30 min, followed
y measurement of absorbance at 520 nm.

In  order to evaluate the influence of samples on cells at early
tage, SEM and live/dead staining method were utilized. Samples
from samples. (b) TGA curves of pristine CNTs, acid treated CNTs, CS and CNTs/CS
scraped  from samples.

were first incubated with MC3T3-E1 cells at 37 ◦C for 8 h. For SEM

imaging, cells were fixed onto the surface with 2.5% glutaraldehyde
solution and then dehydrated sequentially in gradient ethanol solu-
tions (30, 50, 70, 90, and 100 v/v%) for 15 min. For the live/dead
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taining, samples were first stained by propidium iodide (PI) for
0 min  and then washed by PBS solution three times. Subsequently,
cridine orange (AO) staining was proceeded in the same way.
he live/dead staining was examined by the inverted fluorescence
icroscope (Olympus, IX73).

. Results and discussion

.1.  Surface characteristics

The FTIR spectra of pristine CNTs, acid treated CNTs, CS and
NTs/CS scraped from the EDP samples indicates the presence of
eaks associated with both CNTs and chitosan. As shown in Fig. 1a,
he spectra of CNTs and acid treated CNTs show no significant
ifference. The peaks at 3450 cm−1 are ascribed to the stretch-

ng vibration of OH superimposed on NH stretching band and
roadened after combined with chitosan. The spectrum of CNTs/CS
ontains characteristic peaks of all the raw material like those of
hitosan and acid treated CNTs, confirming that chitosan has been
uccessfully grafted to CNTs. Peaks at 2930 cm−1 and 2875 cm−1

re attributed to CH2 stretching vibration; the one at 1635 cm−1 is
ttributed to NH2 stretching vibration while the two  peaks at 1381
nd 1424 cm−1 are attributed to C H bending vibration. Another
wo peaks located at 1070 and 1033 cm−1 are associated with the

 O C and C N stretching vibration mode, respectively. Addition-
lly, a new absorption peak at 1586 cm−1 indicates an overlap of
he amide band and the amino group of the chitosan which is
n agreement with literatures [43–45], confirming the successful

odification of the hybrid composed of CS and CNTs on Ti surfaces.
The thermal degradation of CNTs/CS is further confirmed by

GA. As shown in Fig. 1b, the total weight loss of pristine CNTs
nd acid treated CNTs is about 10%, a significant weight loss occurs
t about 670 ◦C, which should be caused by the burning of CNTs.
or CS and CNTs/CS scraped from the EDP samples, slightly weight
oss before 150 ◦C are caused by the evaporation of residual solvent
nd water. Due to the burning of CS, a significant weight loss can
e observed beginning at about 250 ◦C. The thermal degradation
f CS ends at about 600 ◦C. The weight loss of CNTs/CS calculated
etween 250 ◦C and 600 ◦C is about 35%. These results suggested
hat CNTs were coated onto the surface of Ti.

XPS is utilized to analyze the chemical compositions of the
ybrid nanostructures. As indicated by Fig. 2a, the elements includ-

ng carbon (C), oxygen (O), nitrogen (N), titanium (Ti) and Zinc (Zn)
re confirmed by the XPS survey scan ranging from 0 to 1200 eV.
he detailed information of C1s, N1s, O1s, Ti2p, and Zn2p is shown
y XPS narrow scan spectra. As shown in Fig. 2b, the C1s peak of AHT
hows a binding energy at 285.5 eV, which is possibly soriginated
rom surface contamination (CO2 and organics in air). After mod-
fied with CNTs/CS, two  dominant peaks at 284.4 eV and 286.5 eV
merge, and the former can be assigned to graphitic C from CNTs
46] while the latter is contributed to C O band from CS [47],
espectively. However, after the deposition of ZnO by ALD, the sig-
als become weaker gradually as the number of deposition cycle

ncreases. After 300 cycles, the thickness of ZnO film deposited onto
NTs/CS is about 10 nm (shown in Fig. 3), the signals assigned to
oth C O and C C become very weak (shown by the fitting curve

n Fig. S1). It is believed that the thicker ZnO film blocks the signals
rom CNTs and CS. As shown in Fig. 2c, O1s spectrum detected from
HT exhibits a widen curve, and the fitting curve displays two peaks
t 530.4 and 532.3 eV (shown in Fig. S2). The former is assigned to
–Metal from titanates on the surface of AHT while the latter is

ue to the contamination. O1 s spectrum obtained from CNTs/CS
odified AHT sample has no O–Metal bond. The dominant is O C

and from CS, and the weak signal of O C bond is caused by sur-
ace contaminations (shown in Fig. S3). The subsequently deposited
ience 400 (2017) 14–23 17

ZnO films gradually blocked the signal of O C band from CS and
enhanced the signal of O Metal bond from ZnO. After 300 cycles,
O C band shows very weak signal while the one of O Metal bond
at 530.4 eV becomes much stronger due to the thicker ZnO film
(shown in Fig. S4). As shown in Fig. 2d, the nitrogen signal at a
binding energy of 399.2 eV is corresponding to chitosan’s amine
groups, and decreases as the thickness of ALD-ZnO film increasing.
As shown in Fig. 2e, the two  peaks of Ti2p detected from AHT are
located at 461 and 465 eV, related to typical titanium dioxides or
titanates [48]. After modified by CNTs/CS/ZnO films, this signal was
fully suppressed. These results demonstrated that CNTs had been
successfully modified with CS. The two peaks of Zn2p at 1022.7
and 1045.5 eV assigned to ZnO shown in Fig. 2f become stronger
as the increase of ALD deposition cycles, indicating the increased
thickness of deposition film. The Zn content increases from 3.25% of
CNTs/CS-ZnO(30) to 37.45% of CNTs/CS-ZnO(300). The similar spec-
tra of C1s, O1s and N1s spectra detected from CNTs/CS-ZnO(30) and
CNTs/CS-ZnO(100) indicate that the low temperature ALD process
cannot change the chemical composition of CNTs/CS composites.

To  investigate the morphology of CNTs before and after modifi-
cation, TEM is applied. Fig. 3a shows CNTs after acid treatment, it
can be seen that the wall of the as-received CNTs is smooth. After
modification with CS and EDP on Ti surface, uneven coating on CNTs
can be clearly observed in Fig. 3b (as indicated by the red arrows),
further demonstrating that CNTs have been successfully modified
with CS. The ALD-ZnO on CNTs at 80 ◦C is shown in Fig. 3c, d, and
e. After 30 cycles, a uniform and smooth thin film less than 2 nm
can be observed (Fig. 3c) on CNTs. The deposition with 100 cycles
can produce a thin film with a thickness of about 5 nm (Fig. 3d).
Once the numbers of deposition cycles are increased to 300, the
corresponding thickness of ZnO films is increased to 10 nm (Fig. 3e).
The selected area electron diffraction (SAED) patterns of CNTs/CS,
CNTs/CS-ZnO(30), CNTs/CS-ZnO(100) and CNTs/CS-ZnO(300) are
shown in the insert images, respectively (Fig. 3a–e). The SAED pat-
tern reveals the polycrystalline nature of CNTs/CS-ZnO samples,
confirming that ZnO films were successfully deposited onto the
surface of samples.

The  surface morphologies of the samples after alkali-heat-
treatment, EDP coated with CNTs/CS, ALD coated with 30, 100,
300 cycles of ZnO have been characterized by FE-SEM. As shown
in Fig. 4a, after alkali-heat-treatment, the surface of Ti specimens
shows a rough multilayer nanoscale mesh crosslinking structure
with pores diameter of about 100–200 nm,  which provides a rough
and high surface area. Fig. 4b shows the morphology of sam-
ples coated with CNTs/CS. CNTs are entangled on the surface and
wrapped in CS, forming a network with pore structure. The distribu-
tion of CNTs is uniform which may be due to the electrically charged
nature of chitosan. After ZnO deposition, the wall thickness of CNTs
increases and the surface becomes rougher as the deposition cycle
numbers increased. The wall with 30 cycles ALD-ZnO on CNT is
smooth, compared to those with 100 and 300 cycles. After 100 and
300 cycles of ALD-ZnO deposition, numerous tiny particles can be
seen on CNTs and CS (shown in FE-SEM and high magnification
images inserted in Fig. 4c–e).

3.2. Antibacterial tests

As  shown in Fig. 5a, compared to those samples without ZnO,
ZnO modified samples have higher antibacterial ratio. Moreover,
samples with CNTs/CS-ZnO exhibited a better antibacterial prop-
erties than AHT-ZnO ones. The antibacterial ratio against E. coli
of AHT-ZnO(30) and CNTs/CS-ZnO(30) is about 35% and 43%,

respectively. Similarly, the antibacterial ratio against S. aureus
of AHT-ZnO(30) is smaller than CNTs/CS-ZnO(30). Samples with
CNTs/CS exhibited better antibacterial properties than AHT ones.
However, when the cycling numbers of ALD-ZnO increase to 100
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ig. 2. XPS spectra of AHT, CNTs/CS, CNTs/CS-ZnO(30), CNTs/CS-ZnO(100) and CNTs
d)  N1 s region, (e) Ti2p region, (f) Zn2p region.

nd 300, the antibacterial ratio against E. coli and S. aureus increased
o a steady value of over 73% and 98%, respectively.

The morphology and membrane integrity of bacteria can be

valuated by SEM. As shown in Fig. 5b, E. coli on pure Ti has intact
alls. After modified with CNTs/CS and ZnO with different cycles,

acteria corrugated with distorted shapes and incomplete mem-
ranes (red arrows) are shown in Fig. 5b. Similarly, the typical
O(300). (a) Survey scan ranges from 0 to 1200 eV. (b) The C1s region, (c) O1s region,

morphology of S. aureus with a spherical shape and smooth surface
can be observed on pure Ti, shown in Fig. 5b. Although some of S.
aureus maintains the membrane integrity after CNTs/CS-ZnO mod-

ification, bacteria with corrugated membranes (red arrows) and
irregular shape can be observed in Fig. 5b.

As shown in Fig. S5, the total Zn contents in CNTs/CS-
ZnO(30),  CNTs/CS-ZnO(100) and CNTs/CS-ZnO(300) are 7.3, 16.4
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F ffracti
C les an

a
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ig. 3. Representative TEM images and the corresponding selected area electron di
NTs/CS-ZnO(30) scraped from samples, (d) CNTs/CS-ZnO(100) scraped from samp
nd 95.7 �g, respectively. It has been reported that Zinc ion released
rom ZnO can increase the generation time of the organisms [49]
nd changing the fluidity of the membrane [50] by combining with
on (SAED) patterns of acid treated (a) CNTs, (b) CNTs/CS scraped from samples, (c)
d (e) CNTs/CS-ZnO(300) scraped from samples, scale bar = 50 nm.
cell  membranes of bacteria, which can be schematically illustrated
by Scheme 1. This lead to the destruction of protein structures, the
inactivation and death of cells [51]. It has been reported that the
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ig. 4. FE-SEM images of (a) AHT, (b) CNTs/CS, (c) CNTs/CS-ZnO(30), (d) CNTs/CS-Z
ar  is 1 �m and the scale bar of insets is 100 nm.

OS generation due to the photocatalysis of ZnO also has a great
mpact on antibacterial properties [33]. When light is absorbed,
he negatively charged electrons and positively charged holes are
reated [52]. These electron-hole pairs can generate ROS by react-
ng with oxygen and hydroxyl absorbed on the surface of substrates
nd water. The increased level of ROS causes an enhanced oxidative
tress and can inhibit the proliferation of bacterial cells or kill them
y reacting with organic compounds in microorganisms [32,52].
fter 100 or 300 cycles of ZnO deposited on samples, adequate
ontent of ZnO plays a guiding role of the antibacterial mecha-
ism. Several researches have proved that CNTs can effectively

nhibit the recombination of electron-hole pairs and thus enhance
he photocatalytic activity of ZnO [53–55]. The result mentioned
bove indicated that CNTs/CS could enhance the antibacterial activ-

ty especially with a less content of ZnO. And the content of Zn
nd thus Zn2+ released from samples are tunable by changing the
ycling number of ALD.
0), (e) CNTs/CS-ZnO(300). Insets are high magnification FE-SEM images. The scale

3.3. Evaluation of cytocompatibility

As  shown in Fig. 6a, samples with CNTs/CS and CNTs/CS-ZnO(30)
exhibit no significant inhibition of cell proliferation compared to
pure Ti as control. However, with the content of ZnO increasing,
CNTs/CS-ZnO reduced proliferation over a same period of time,
especially for samples with 300 cycles of ZnO. Although ZnO coated
samples inhibit the cell proliferation with the general trend of
cell viability ratio decrease with ALD-ZnO cycles increase, the cell
viability increases after modified with CNTs/CS compared to AHT
samples with same content of ZnO.

Alkaline phosphatase activity (ALP) is an important marker
for osteogenic differentiation. As Fig. 6b shows, after 7 days of
cell culture, the cells already produce a certain amount of ALP

with a trend of CNTs/CS-ZnO(300) > CNTs/CS-ZnO(100) > CNTs/CS-
ZnO(30). After 14 days, a similar trend is also observed. Samples
with CNTs/CS produce more ALP than AHT with same content of
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ig. 5. Antibacterial activity of different samples against E. coli and S. aureus. (a) An
nO(300) against E. coli and S. aureus. (b) SEM images of the attachment of E. co
NTs/CS-ZnO(300) after incubation at 37 ◦C for 12 and 24 h, respectively. The scale 

nO over a same period of time, indicating that CNTs/CS compos-
tes can enhance synthesis of ALP. These results confirmed that not
nly ZnO significantly increased the ALP activity but also CNTs/CS
oating played an important role in promoting osteogenic differ-
ntiation.

To further understand the impact of nanostructures on cell, SEM
s utilized to observe the surface of cells incubated on samples. As
hown in Fig. 6c, MC3T3-E1 cells could be observed after 8 h of cell
ulture on samples with different modifications. Cells grow flat on
HT. Similarly, cells spread on CNTs/CS with long threadlike cyto-
lasmic anchored to nanotube bundles. However, cell bodies are
pherical when cultured on nanostructures with different content
f ZnO. As shown in Fig. 6c, thin pseudopods with prolonged thread-

ike cytoplasmic can be observed on CNTs/CS-ZnO(30). Similarly,
ound cell bodies with developed pseudopods can be observed on
NTs/CS-ZnO(100) and CNTs/CS-ZnO(300). These cell morpholo-
ies indicate the fully differentiated osteoblasts embedded in the
one matrix [17]. Although it has been reported that overdosed

n can introduce cytotoxicity since the cytotoxicity of Zn is dose
ependent [56]. The cytotoxicity of ZnO nanostructures can be
inimized by cooperating with CNTs/CS composites and con-

rolling the content of ZnO by changing the cycling number of
erial ratio of Ti, AHT, CNTs/CS, CNTs/CS-ZnO(30), CNTs/CS-ZnO(100) and CNTs/CS-
 S. aureus cells to untreated Ti surface, CNTs/CS-ZnO(30), CNTs/CS-ZnO(100) and
1 �m.  *P < 0.05 and **P < 0.01 versus the Ti group.

ALD.  Compared to Ti, CNTs/CS-ZnO samples provided rougher sur-
faces (shown in Table S1), which have been reported to be good
for osteogenic differentiation and the formation of bone matrix
[57,58]. Compared to Ti, CNTs/CS-ZnO samples provided It has
been reported that CNTs coated Ti could exhibit strong cell adhe-
sions [59]. Researchers have reported that cells attach to material
surface through specific protein [60], rather than directly attach
to the surface [60–64]. Different contents of ZnO deposited on
CNTs/CS samples with hydrophobic surfaces (Fig. S6) may present
less amounts of cells but be conducive for protein adsorption [60].
At the early stage of cell adhesion and proliferation, few cells
are dead on CNTs/CS-ZnO samples (Shown in Fig. S7). Combined
with the results mentioned above, appropriate contents of ZnO
with CNTs/CS exhibit no significant cytotoxicity on cells. However,
increased content of ZnO may  inhibit cell proliferation compared
to samples without ZnO in same periods of time. Many studies
have documented that Zn can regulate bone formation at a cel-
lular level. As an essential trace element, Zn can not only induce

the expression of osteoblast differentiation genes, including osteo-
pontin, runt-related transcription factor 2 and bone sialoprotein
[65] but also stimulate protein tyrosine phosphatase activity [66].
Results mentioned above indicate that ZnO promotes osteogenic
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ig. 6. (a) Cell viability of MC3T3-E1 cells cultured on Ti, AHT, CNTs/CS, CNTs/CS-Z
C3T3-E1 cells cultured on Ti, AHT, CNTs/CS, CNTs/CS-ZnO(30), CNTs/CS-ZnO(100

fter incubated for 8 h. The scale bar is 100 �m for low magnification and 10 �m fo

ifferentiation and produces more ALP in a same period of time
ith more ZnO.

These  results indicate that the increasing content of zinc can
nhibit the cell proliferation but promote osteogenic differentia-
ion. Since the content of ZnO is determined by the tunable cycling
umber of ALD-ZnO process, our results show a facile way  to regular
ell behavior by changing the content of ZnO deposited on CNTs/CS.

. Conclusions

1  D nanostructures of ZnO on CNTs/CS modified Ti are prepared
y using ALD. These novel hybrid nanostructures have been com-
rehensive characterized as well as evaluated for their potential
pplication as an antibacterial material used as Ti implants. The
hickness of ZnO coated and the content of Zn can be controlled by
djusting cycling numbers. The ALD-ZnO modified samples show
ood antibacterial effects and enhanced osteogenic differentiation
bility by increasing the photocatalicity activity of ZnO through
nhibiting the recombination of electron-hole pairs in ZnO by CNTs.
ur results suggest that the antibacterial hybrid nanostructures on
i implants can also regulate the proliferation and osteogenic dif-
erentiation of osteoblasts by controlling the cycling numbers of
LD-ZnO.
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), CNTs/CS-ZnO(100) and CNTs/CS-ZnO(300) for 7 and 14 days. (b) ALP activity of
CNTs/CS-ZnO(300) for 7 and 14 days. (c) SEM images of cells on samples surfaces

 magnification, respectively.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.apsusc.2016.12.
158.
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