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ARTICLE INFO ABSTRACT

Keywords: Bacterial infections and related complications are predominantly responsible for the failure of artificial bio-

ZnO materials assisted tissue regeneration in clinic. In this work, a hybrid surface system is applied to prolong the

Quantum dots drug release duration from dug-loaded titania nanotubes and thus to prevent Ti implants-associated bacterial

Drug delivery infections. This feature is endowed by conjugating folic acid (FA) onto the surface of ZnO quantum dots (QDs)-

i‘;tis]f::;z{;y NH, via an amidation reaction. Titania nanotubes (TNTs) loaded with vancomycin (Van) are capped by these FA

Infection prevention functionalized ZnO (ZnO-FA) QDs that keep stable in normal physiological environments but dissolves to Zn**
in the mildly acidic environment after bacterial infections as validated by the drug release profile. The anti-
bacterial ratio of TNTs-Van@ZnO-FA QDs against Staphylococcus aureus is enhanced from 60.8% to 98.8%while
this value is only increased from 85.2% to 95.1% for TNTs-Van once the pH value of the environment is de-
creased from 7.4 to 5.5. This is due to the synergistic effects of Van and Zn? * because the gradual dissolution of
ZnO-FA caps on TNTs with the decrease of pH value can induce the acceleration of both Van and Zn?* release. In
addition, this TNTs-Van@ZnO-FA system also exhibits excellent biocompatibility because of the folic acid and
sustained release of Zn ions. Hence, this surface system can be potentially used as a promising bioplatform on Ti-
based metallic implants to prevent bacterial infection with a long-lasting effect.

1. Introduction implantation is preferred, which is commonly conducted via anti-

biotics-loaded bone cement clinically [9,10]. Vancomycin (Van), peni-

Since 1950s, Ti-based alloys have been commonly applied as or-
thopaedic implant materials for hard tissue repair or reconstruction
because of their desirable mechanical strength, corrosion resistance,
and biocompatibility [1-4]. However, implant failure arising from post-
surgery infection is one of the most serious complications after surgery
[5]. Antibacterial biomaterials exhibit the greatest potential to prevent
bacterial infections [6-8]. Clinically, antibiotics treatment is usually
prescribed to prevent infection-related complications, but systemic
drug administration, regardless of whether it is intravenous, in-
tramuscular, or topical, exhibits some shortcomings such as low drug
solubility, uncontrolled pharmacokinetics, and serious side-effects on
non-target tissues. Therefore, local antibiotics delivery to the sites of

cillin, and antimicrobial peptides have been applied for this purpose
because they can mitigate inflammation and inhibit bacteria growth
[11,12]. Owing to their excellent biocompatibility, large specific sur-
face area and tubular structure, titania nanotubes (TNTSs) have attracted
much attention of biomaterials scientists and orthopaedic surgeons
because these characteristics can favor the loading of drugs or anti-
bacterial agents [13,14]. In addition, uniform TNTs arrays can be easily
produced on the surface of Ti-based alloys [15-17].

However, the loaded drugs in pure TNTs alone can result in a rapid
release [18-20], which leads to the overdose within a short time at
local area and is not beneficial for long-lasting prevention of bacterial
infections. Therefore, the ideal drug-loading system on implants should
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meet the practical requirements, i.e., the system can tune the drug re-
lease behaviors according to the degree of infections. Great efforts have
been made to cover TNTs loaded with drugs to improve the drug release
behaviors [14,17,21,22].

Considering the local acidification induced by bacterial infections,
ZnO nanostructures can be applied for the encapsulation of drugs due to
their gradual dissolution in acidic environments [23,24]. In addition,
zinc is a necessary trace element in human body, which plays a sig-
nificant role in human and cell development [25,26]. Recent studies
report that zinc ions have good antibacterial properties [27,28], but
excessive zinc ions can lead to cytotoxicity [29,30]. ZnO QDs are sen-
sitive to pH change, i.e., they are stable at normal physiological pH but
dissolved in acid environments [31,32]. The amount of zinc ions in the
dissolving process is not too much to cause cytotoxicity. In addition,
ZnO QDs are inexpensive and can be prepared easily. These super-
iorities make ZnO QD a satisfactory candidate as a gatekeeper to fab-
ricate pH-responsive drug-loading system for enhancing the surface
antibacterial ability [33-36].

Nevertheless, the unmodified ZnO QDs cannot cover the TNTs di-
rectly and are easily swallowed by cells [37,38]. Thus they are not
conducive to the growth of osteoblasts. Folic acid (FA) plays a sig-
nificant role for human to make DNA, RNA, and amino acids that are
required for cell division [39-41]. Furthermore, FA has many chemical
groups that can form metal complex with metal particles [35,42].
Therefore, in this work, we have developed a pH sensitive surface
gatekeeper system on TNTs, in which ZnO QDs are chemically co-
ordinated by FA and subsequently grafted onto TNTs. The fabrication
process and related release mechanism are schematically illustrated in
Scheme 1.
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2. Materials and method
2.1. Preparation of Ti samples

Pure titanium plates (§ = 2mm, @ = 6 mm) were first mechani-
cally polished with SiC sandpaper of various grades then cleaned with
deionized water and ethanol using an ultrasonic cleaner. The over-dried
samples were chemically etched in mixed solution of HF, HNO5; and
H,0 with volume ratio of 1:4:5. The TNT arrays were synthesized on a
two-electrode DC anodization system in the electrolyte contained
ethylene glycol, NH4F, and H,O at 60 °C for 1 h. The anodization vol-
tage was 30V and fluoride concentration was 0.03 M [16,17]. Then,
the obtained TNTs were annealed at 450 °C for 2 h and subsequently
washed with ethyl alcohol and deionized (DI) water. Finally, these
TNTs samples were dried in a vacuum oven for further use.

2.2. Synthesis of ZnO QDs

Zinc acetate (440 mg, 2.0 mmol) and magnesium acetate (44 mg,
0.2 mmol) were dissolved in hot ethanol (30 mL) under vigorous stir-
ring. In a separate flask, NaOH (100 mg, 2.5 mmol) was dissolved in
refluxing ethanol (10 mL). The solutions were then cooled down in an
ice bath. Subsequently, the NaOH solution was then rapidly injected
into the flask containing zinc acetate and magnesium acetate. The
mixture was stirred for 8 h for particle growth, and the resulting
transparent quantum dots 02 dispersion showed green emission under
UV lamp excitation (365 nm). Finally, these ZnO QDs were precipitated
using hexane as a nonsolvent and washed with ethanol three times
followed by drying in a vacuum oven.
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Scheme 1. The schematic illustration of fabrication process of TNTs-Van@ZnO-FA system and synergistic bacteria-killing triggered by pH.
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2.3. Synthesis of amine-grafted ZnO QDs

ZnO QDs (100 mg) were dispersed ultrasonically in anhydrous N, N'-di-
methylformamide (DMF, 15 mL). After adding 3-Aminopropyltriethoxysilane
(APTES, 50 pL), the solution was stirred at 120 °C for 15 min and followed by
centrifugation, then washed with DMF to collect the amine-functionalized
ZnO (ZnO-NH,) QDs.

2.4. Synthesis of ZnO QDs-conjugated FA coating

The FA modified ZnO QDs were carried out by following process.
Briefly, FA (1.0 mg) was dissolved in 0.5 mL of dimethyl sulfoxide
(DMSO), then 1.0 mg 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) was added into the above FA solution and stirred
for 30 min to obtain activated FA solution. Next, the as-prepared acti-
vated solution was added into 10.0 mL of 1 mg mL™ 1 ZnO-NH, QDs
aqueous solution with continuous stirring for 6 h at room temperature.

2.5. Drug loading and release study

A solution of vancomycin (Van) (10 mg/mL) was prepared in DI
water as the model drug. The as-prepared TNTs samples were immersed
into Van solution, for 2 days to load drugs and followed by drying in air.
The samples were named TNTs-Van.

100 pL ZnO-FA solution of 1 mg/mL was coated onto the surface of
TNTs-Van samples by spin-coating method. The process was conducted
on the spin coater (KW-4A) at room temperature with given times.
These samples were named TNTs-Van@ZnO-FA. Drug release from the
both TNTs-Van and TNTs-Van@ZnO-FA was investigated by immersion
specimens (n = 5) were immersed in 100 mL of phosphate buffered
saline (PBS) at 37 °C, and the amount of released drugs was determined
by ultraviolet-visible (UV-vis) spectrophotometry.

The measurements were taken at short intervals during the first 5h
to monitor the initial burst release, followed by testing every 24 h to
observe the long-term release behaviors until all the drugs had been
released to the PBS. The samples were immersed in 10 mL of PBS
(pH 7.4, 6.4, 5.4 and 4.5) in the absence of light. At setting time, 10 mL
PBS were taken out for testing and refreshed by the same volume fresh
PBS. The absorbance at 280 nm was recorded and the corresponding
Van concentration was determined from the calibration curve of Van in
PBS. The percentage of drug release was calculated by dividing the
accumulated amount of released drugs by the total loaded amount. The
total amount of loading drugs was the released drugs at the end of the
experiment when the UV-vis absorption spectra did not change any
more. For each time interval, the samples were tested and the means
and standard deviations were used in the data analysis.

2.6. Characterization

The morphology and composition of the modified surface were in-
vestigated by field emission scanning electron microscopy (FE-SEM,
JSM7100F) and scanning electron microscopy (SEM, JEOL-820 and
JSM6510LV) equipped with energy-dispersive spectroscopy (EDS). X-
ray diffraction (XRD, Rigaku, D/Max-RB), X-ray photoelectron spec-
troscopy (XPS, Thermo Fisher Scientific 250Xi), Fourier transform in-
frared spectroscopy (FTIR, NICOLEF 5700), Transmission electron mi-
croscope (TEM; Tecnai G20, FEI, USA) and selected area electron
diffraction were employed to determine the microstructures of ZnO
QDs.

2.7. Antibacterial tests

Van was only effective against Gram-positive bacteria, especially
sensitive to Staphylococcus aureus (S. aureus). So S. aureus was used to
evaluate the antibacterial activity of the composite coatings using agar-
plating method and cultured with a Luria-Betani (LB) culture medium.
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To test the antibacterial ratio of the samples, different samples were
placed into a 96-well plate, and 200 pL diluted bacterial suspension
(107 CFU/mL) was incubated with LB culture medium (pH7.4,6.4,5.4
and 4.5) in each well. Then, the well plate was cultured in an incubator
at 37 °C for 24 h. Three parallel samples in each group were used for the
antibacterial test, and the untreated Ti samples were served as the
control group. After that, 20 uL diluted bacterial solution were then
coated on the culture dish covered with LB agar, and the samples were
incubated at 37 °C for 24 h. The bacterial colony on the plates was
observed by a digital camera, and the number of colonies was counted.
The antibacterial efficacy was calculated as follows:

(number of CFUs in control group

— number of CFUs in experimental group)

Antibacterial ratio (%) = -
number of CFUs in control group

X 100%

The morphology of S. aureus was observed by SEM. For SEM ex-
amination, these samples were put into 96-well plates with bacteria
suspension. After incubation at 37 °C for 8 h, the bacterial suspension
was removed; the bacteria were fixed with a 2.5% glutaraldehyde so-
lution for 2 h, and then dehydrated in gradient ethanol solution of 30%,
50%, 70%, 90% and 100% for 15 min sequentially. Those samples were
dried at room temperature for SEM.

2.8. Cell culture

Mouse calvarial cells (MC3T3-E1) were cultured in o-MEM
(HyClone) containing 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin solution (HyClone) in a humidified atmosphere of 5%
CO2 at 37 °C, with the medium changed every three days. The culturing
process has been reported in our previously work [43].

2.9. Cytotoxicity evaluation

The cytotoxicity level for cell cultures on samples was assessed
using a 3-[4, 5-dimethylthiazol-2-yl]-2, 5-dipheny] tetrazolium bromide
(MTT) assay. Before the MTT assay, pure Ti samples were served as the
control, and all specimens were incubated in 96-well plates with the
MC3T3 cell was seeded in it. After culturing for 1, 3 and 7 days,
200 MTT pL solutions with a concentration of 5 pg/mL was added to
each well and incubated for 4 h at 37 °C. Then the medium was re-
moved, and 200 pL. of DMSO was added to the well, followed by the
incubation of a color reaction for 15 min at a shaking table. After that,
the supernatant fluid was fetched out to test the optical density with
SpectraMax i3 Platform (Molecular Devices, California, USA) at a wa-
velength of 490 nm. The detail procedure can be found in our previous
publication [44]. All measurements were taken in triplicate.

In addition, at 1 day, the cell fluorescence was detected by cell
staining. At 1 day the cells were washed thrice with PBS (pH = 7.4) and
fixed in 4% formaldehyde solution for 10 min at room temperature, and
rinsed thoroughly with PBS. Then, the samples were stained with FITC-
Phalloidin (YiSen, Shanghai) at room temperature in darkness for
30 min and further stained with 40,6-diamidino-2-phenylindole dihy-
drochloride (DAPI) (YiSen, Shanghai) for 30 min in darkness. The cell
morphology on different samples was examined by fluorescence mi-
croscope (IFM, Olympus, 1X73). The morphologies of cells on samples
were observed by SEM, and the cell fixation process was the same as
bacteria fixation.

3. Results and discussion
3.1. Characterization of TNTs and QDs

Fig. 1A depicts the FE-SEM images of the TNTs prepared on Ti
substrate. The TNTs are orderly and uniform with an inner diameter of
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Fig. 1. (A) Morphological and microstructural characterization of FE-SEM image of TNTs. (B) TEM images of ZnO QDs, (C) XRD patterns of ZnO QDs. (D) TEM images of ZnO-FA. (E) SEM

image of TNTs-Van@ZnO-FA.

about 80 nm. A TEM micrograph of the chemically synthesized ZnO
QDs is presented in Fig. 1B. The TEM micrograph suggests near
monodisperse ZnO QDs with an average size of 3-5nm. The corre-
sponding selected area electron diffraction (SAED) pattern is shown in
Fig. S1, exhibits the highly polycrystalline nature of the as-prepared
ZnO QDs. To further confirm the phase structure of the prepared ZnO,
these ZnO QDs were examined by XRD. In Fig. 1C, the diffraction peaks
are located at 20 = 31.88°, 34.41°, 36.26°, 47.52° and 56.62°, and all of
the diffraction peaks can be clearly indexed to the wurtzite crystal
structure with lattice constant a = 0.325 nm and ¢ = 0.521 nm, which
are attributed to the typical wurtzite structure of ZnO (JCPDS file no.
36-1451) [45-47].

As shown in Fig. 1D, TEM image discloses that FA modified ZnO

QDs are mostly bounded together through FA, which is suitable for
capping TNTs as a gatekeeper, and corresponding high magnification
TEM image is shown in Fig. S2. In Fig. 1E, the entire surface of TNTs is
completely covered by ZnO-FA.

3.2. Phase and morphology examination of the ZnO QDs conjugates

Fig. 2A shows a UV-vis absorbance spectra change of ZnO QDs. ZnO
QDs, ZnO-NH, and ZnO-FA- exhibit the same absorbance at 340 nm
(curve a, b and c). There are no significant differences in the absorption
features. Fig. 2B shows the FTIR spectra of the prepared QDs. For the as-
synthesized QDs, the characteristic absorption bands mainly originate
from the ZnO QDs. As for curve a, the vibration at 425cm™ 1 is
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Fig. 2. Characterization of ZnO-FA Conjugates: (A) UV-vis absorbance spectra of (a) ZnO
QDs, (b) ZnO-NH,, (c) ZnO-FA. (B) FTIR spectra of (a) ZnO QDs, (b) FA, (c) ZnO-NH,, (d)
ZnO-FA. (C) XPS of (a) ZnO QDs, (b) ZnO-NH,, (c) ZnO-FA.

attributed to the Zn—O bond from the ZnO QDs. The FTIR spectrum of
the FA is presented in curve b, which is characterized by the bands
between 3000 and 3600 cm ™~ ! that are attributed to the vibration ad-
sorption of hydroxyl and primary amino group at 3415 and 3325 cm ™ ?,
the antisymmetric and symmetric stretching vibration of —N—H in

—NH,, groups at 3544 cm ™ !, and the vibration adsorption of —O—H in
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—OOH groups [39]. The adsorption peaks of 1638cm~! and

1606 cm ™ ! belong to the vibration adsorption of the C=0 bond of a
—CONH,, group and the -NH group. The peak at 1485 cm ™~ ! relates to
the benzene ring belongs to FA [48]. For comparison, FTIR spectra of
ZnO-NH, and ZnO-FA are shown in curve ¢ and curve d. In curve c, the
bonding of APTES to the surface ZnO QDs was established by the pre-
sence of bands at 1135 and 1013 cm ™~ ! which were assigned to Si—O
groups, and the two bands at 3442 and 1638 cm ™~ ! are attributed to the
N—H stretching vibration and NH, bending mode of the free NH,
groups, respectively [32,35]. These characteristics have proven that
ZnO QDs has been successfully functionalized by amino. In curve d, the
disappearance of two peaks of NH, at 3442 and 1638 cm ™~ ! could prove
the conjugation of FA onto the surface of ZnO QDs. The typical FA band
located at 1608 cm ™ ! and 425 cm ™~ ! peak of Zn—O bond further imply
the successful conjugation [49].

In Fig. 2C, the peaks located at 1021.3, 531.1 and 284.6 eV were
attributed to Zn 2p, O 1s and C 1 s, respectively. The new peaks at
399.3 eV in both ZnO-NH, and ZnO-FA are attributed to N 1s, further
confirming the conjugation of NH, and FA highly in accordance with
the FTIR result [50,51]. The high-resolution spectra of Zn 2p, O 1s and
C 1s are shown in Fig. S3. Obviously, the binding energy of Zn 2p3,, and
Zn 2p;,5 is 1024.1 and 1046.7, respectively, in accordance with our
previous study [46]. After the addition of FA, the intensity of Zn2p peak
is decreased (comparing Fig. S3A to Fig. S3B) and O1s peak is increased
(comparing Fig. S3C to Fig. S3D), because the ZnO was covered by FA
[50]. In addition, the O1s spectrum in Fig. S3D is wider than in Fig. S3C
due to the introduction of O—C from FA and the fitting curve displays
three peaks in Fig. S3D, i.e., peaks at 530.4 and 531.8 eV correspond to
O—Zn from ZnO and O—C from FA, respectively, while the peak at
531 eV could be due to the contamination. As shown in Fig. S3E, the
Cls peaks of ZnO show binding energy at 285.5 and 288.5 eV, which
are possibly originated from surface contamination (CO, and organics
in air). In Fig. S3F, the high-resolution scan for C1s from ZnO-FA shows
a broad shoulder between 281 and 290 eV, and in the fitting curve, the
peaks at 284.6, 286.4 and 288.2 eV are attributed to —C—C— bond,
—NHCO—bond and —COOH bond, respectively, while the peak at 285.6
is attributed to the contamination. These signals originated from the
functional groups of FA [52,53]. All of these results confirmed that FA
was successfully grafted onto the surface of ZnO QDs.

3.3. The effect of pH on ZnO QDs capping

The dissolution behavior of the as-prepared ZnO QDs was demon-
strated in buffers with different pH (7.4, 5.5), followed by photo-
graphing the QDs and detecting the fluorescence spectra. Fig. 3A
showed the color changes of ZnO QDs conjugates when exposed to the
white light and UV irradiation under neutral and acidic conditions.
Under neutral condition, all samples fluoresce when exposed to UV
light while they show no fluorescence under white light, proving that
ZnO QDs were successfully synthesized. In contrast, the fluorescence of
ZnO QDs conjugates were rapidly quenched when the pH of the buffer
was reduced to 5.5 due to the acid dissolution of ZnO QDs. These results
confirmed the efficiently dissolution of ZnO QDs in an acidic environ-
ment. As shown in Fig. 3B, the emission peak of pristine ZnO QDs is
located at 527 nm under neutral condition while no emission peak
appears under an acidic environment with an excitation of 340 nm,
indicating the acidic dissolution of pristine ZnO QDs. In Fig. 3C, with
the excitation of 340 nm, amino functionalized ZnO QDs also shows
emission peak at 557 nm and the emission peak disappears under an
acidic environment, which could prove that the amination process of
pristine ZnO QDs makes no difference on its fluorescence effect and just
causes a slight redshift [50]. In Fig. 3D, emission peaks at 475 nm can
be observed at neutral condition while the emission peaks of ZnO-FA
disappear under acidic environment, substantiating the pH-sensitive
decomposition of the ZnO-FA. In addition, there exists a peak at 475 nm
in Fig. 3D (curve b), indicating the FA has a little bit protective effect on



Y. Xiang et al.

pH=7.4 pH=5.5

ZnO QDs ZnO-NH2 ZnO-FA ZnO QDs ZnO-NH2 ZnO-FA

White

ZnO QDs ZnO-NH2 ZnO-FA

ZnO QDs ZnO-NH2ZnO-FA

C  3.5x10
ZnO-NH,
3.0x10" 1
2.5x10"
S 2.0x10"
c.": a pH=74
£ 1.5x10"
Z
=
9
1 7
£ 1.0x10"4
5.0x10°
0.0
T T T T
450 500 550 600 650 700
Wavelength (nm)

Intensity (a.u.)

Intensity (a.u.)

Materials Science & Engineering C 85 (2018) 214-224

3.5x10

ZnO QDs

3.0x107
2.5x10"
2.0x10”
1.5x10"
1.0x10”

5.0x10° 4

0.0

T T T T
50 600 650

n

700
Wavelength (nm)

7x10
ZnO-FA
6x10"
5x10"
4x10"
3x10"
2x10”

1x10"

T T T T
500 550 600 650 700

Wavelength (nm)

Fig. 3. (A) Digital photographs indicating acid dissolution of ZnO QDs, ZnO-NH, and ZnO-FA. Fluorescence spectra of (B) ZnO QDs, (C) ZnO-NH,, (D) ZnO-FA, incubated at (a) pH = 7.4,

(b) pH = 5.5 under an excitation of 340 nm.

pristine ZnO QDs under acidic environment, making sure that ZnO QDs
would not dissolve too quickly when the environmental pH changes. All
the results prove that the pH-sensitive ZnO-FA with fluorescence has
been synthesized successfully.

3.4. Drug release behaviors

Fig. 4A and Fig. 4B show the drug release profiles of ZnO-FA capped
TNTs loaded with Van in PBS solution of different pH (7.4, 6.5, 5.5 and
4.5). In the earlier stage, all curves show the same trend of release, i.e.,
burst release. The difference is the release duration and concentration.

Under neutral condition, the burst release ends quickly within 12 h, and
subsequently it almost reaches to a constant concentration of about
195 pg/mL. In contrast, the duration of burst release is about 48 h
under acidic conditions. After that, it becomes slowly and finally tends
to be a stable concentration. Obviously, the equilibrium concentration
is decreased with the increase of pH values. In the solution of pH = 4.5
and pH = 5.5, the release of Van is still increased gradually after
16 days. While in the solution of pH = 7.4 and pH = 6.5, the release of
Van is tiny after 48 h, and it almost has no change after 6 days, which is
due to the fact that ZnO-FA on the surface of TNTs could be dissolved
under acidic environments, i.e., they are stable at pH 7.4 but rapidly

A 400 B
¥
W
300 B cpH=5.5
—_ -
= &)
£ g
S )
& =
2 200 @
3 2
L
& &
on on
£ £
2 100 |
R e e T e T b ———————
0 5 10 15 20 25 0 50 100 150 200 250 300 350 400
Time (h) Time (h)

Fig. 4. The release profile of Vancomycin from TNTs-Van@ZnO-FA system in different buffer.
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TNTs-Va@ZnO-FA

aureus

Fig. 5. (A) Representative images of viable S. aureus grown on different samples after 24 h of culture are shown, (B) Antibacterial activity of TNTs-Van@ZnO-FA in different pH against S.
aureus via agar plating method, *p < 0.05, **p < 0.01, ***p < 0.001, n = 3, (C) SEM morphology of S. aureus seeded on various samples after incubation at 37 °C for 24 h.

dissolve at pH < 5.5), then the drugs loaded in TNTs can be released
smoothly.

3.5. Antibacterial activity

The antibacterial activities of TNTs-Van@ZnO-FA were analyzed via
the spread plate method (Fig. 5A), and the number of viable bacterial
colony forming units (CFU) is counted to evaluate the antibacterial
ratio (Fig. 5B). As shown in Fig. 5A, when the pH changes from 7.4 to
5.5, the number of bacterial CFU has no visible difference for the
control group (Ti), indicating that the pH variation between 5.5 and 7.4
almost has no effects on the growth of bacteria on Ti. In the case of
TNTs-Van group, it exhibits far less bacteria than Ti group due to the
burst release of Van in an unimpeded way. Furthermore, the number of
bacterial CFU is decreased slightly as the pH value decreases. It has
been reported that most drugs are almost released rapidly from bare
TNTs in the earlier stage [17], thus this group can exhibit higher an-
tibacterial efficacy regardless of the pH variation. Slight decrease of
bacteria number at lower pH value is ascribed to rapid release of the
remaining drugs with the decrease of pH value. As for TNTs-Van@ZnO-
FA group, it exhibits more bacteria than TNTs-Van group under neutral
condition because ZnO-FA as a gatekeeper can block the release of
drugs. As the pH decreases, bacterial number is significantly decreased,
which is caused by the increasing release of drugs with the gradual
dissolution of ZnO QDs under acidic conditions. More acidic environ-
ment will lead to more rapid dissolution of ZnO QDs, resulting in the
release of more drugs from TNTs. This is why when pH is decreased to
5.5, the bacterial CFU number is further decreased significantly.

As shown in Fig. 5B, under neutral condition, the calculated anti-
bacterial efficacy of TNTs-Van group and TNTs-Van@ZnO-FA against S.
aureus is about 85.2% and 60.8%, indicating the ZnO-FA gatekeeper has
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obvious effects to prevent the burst release under neutral conditions.
Comparing the antibacterial ratios of TNTs-Van groups with different
pH, there is a slight increase which could be attributed to the fact that
Van inhibits the synthesis of the cell wall structure of S. aureus and the
pH would not affect Van's effect [43]. On the contrary, the TNTs-Van@
ZnO-FA groups have a significant increasing antibacterial ratio (from
60.8% to 98.8%) with the pH decreasing, i.e., the antibacterial ratio has
been improved over 38% due to the dissolution of ZnO-FA gatekeeper
under acidic environments and the drugs change to a quick release.
These results are consistent with the results shown in Fig. 5A. In ad-
dition, an interesting phenomenon can be found in Fig. 5A and Fig. 5B,
i.e., the antibacterial effect of TNTs-Van@ZnO-FA (98.8%) looks a little
better than the TNTs-Van (95.1%) at pH 5.5, which could be attributed
to the acid dissolution of ZnO QDs into Zn?* (*p < 0.05, **p < 0.01,
***p < 0.001, n = 3). Zinc ions are demonstrated to inhibit multiple
activities of bacteria [54]. It has been reported that Zn?* released from
ZnO can change the fluidity of the membrane by combining with cell
membranes of bacteria, and that ZnO exhibits good antibacterial effect
due to a significant enhancement of the oxidative stress [55,56]. As a
result, the synergistic action of both Van and zinc ions leads to the
destruction of the membrane integrity together, thus inducing better
antibacterial effect. The dissolving progress of ZnO is shown in Scheme
2.

To further investigate the morphology and membrane integrity of
bacteria, SEM images were taken from the different substrates after
incubation (Fig. 5C). The typical morphology was a spherical shape,
and the surface was smooth on the control group (Ti). The same intact
morphology was observed on the TNTs-Van@ZnO-FA group at neutral
conditions, indicating that the ZnO-FA gatekeeper was dissolved little
and few drugs were released under neutral conditions. However, S.
aureus show shape change on the surface of TNTs-Van groups, i.e.,
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Fig. 5. (continued)

membrane disruption is observed which are due to the fact that Van
inhibits the synthesis of the cell wall structure of S. aureus. In addition,
compared to TNTs-Van groups, a severe membrane corrugation and
distorted shapes can be observed on the surface of TNTs-Van@ZnO-FA
group under an acidic environment, confirming the better antibacterial
effect of TNTs-Van@ZnO-FA group under acidic environment than
TNTs-Van groups (98.8% to 95.1% in Fig. 5B).

3.6. Cytotoxicity evaluation

The evaluation of cell proliferation on the samples measured by
MTT is shown in Fig. 6. At the early stage (1 day), no significant in-
hibition of cell proliferation is observed on all the samples. For TNTs
samples, an enhanced cell proliferation can be observed as the culture
time increases, resulting from the nanostructure of TNTs is conductive
to cell proliferation. In the case of TNTs-Van groups, a lower cell via-
bility (86%) can be found compared with the control group (pure ti-
tanium), this phenomenon indicates the Van is slightly toxic if over-
dosed (*p < 0.05, **p < 0.01, ***p < 0.001, versus untreated
control (Ti), n = 3) [17]. In addition, during the 1-day to 7-day

incubation periods, the TNTs-Van@ZnO-FA groups show increasing cell
toxicity when compared with other groups, which can be attributed to
the gradual dissolution of ZnO-FA gatekeeper throughout the incuba-
tion periods in vitro, i.e., besides the cytotoxicity of Van with increasing
leaching rate, the ZnO exhibits cytotoxicity after dissolution into free
Zn2 ™ inside cells [57,58].

To investigate the mitosis phase cells, fluorescence morphology was
observed through F-actin/nuclei cell staining after culturing for 24 h.
The results were observed by IFM and are shown in Fig. 7A. The cells on
all samples displays a polygonal and spreading morphology, the an-
tennas of osteoblasts stretch well, and the number of nucleus changes
little, suggesting the good biocompatibility of all samples at early stage
(24 h). To further understand the impact of structures on osteoblasts,
SEM is utilized to observe the surface of cells incubated on samples
(Fig. 7B). The cells spread completely into a spindle shape on Ti and
TNTs with long threadlike cytoplasmic anchored to the surfaces. Si-
milarly, the cell bodies with well-developed pseudopods can be ob-
served on TNTs-Van and TNTs-Van@ZnO-FA groups after 24 h of cul-
ture. These results are in good agreement with the 1-day MTT results
shown in Fig. 6.
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4. Conclusion pH changes, the ZnO can be degraded into Zn®* completely in the
acidic environments and also show antibacterial activity. Thus the an-
In summary, we have fabricated a drug loading platform using a pH- tibacterial activity can be significantly enhanced by the combination of
sensitive ZnO-FA sealed TNTs system, in which the TNTs acted as the Van with ZnO QDs. These advantages make ZnO QDs based pH-re-
loading platform and encapsulated antibacterial drugs of Van. This sponsive system a desirable unique drug loading system for biomedical
system can keep stable at physiological pH because of the protection of application including bacterial induced infection.
ZnO-FA on the surface of TNTs. ZnO-FA can be dissolved under the
acidic environments, thus Van can be released. Furthermore, when the
180 Fig. 6. Cytotoxicity assay of MC3T3-E1 cells viability cul-
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Fig. 7. (A) Fluorescent images of MC3T3-E1 cell cultured on various surfaces for 1 day with actin stained with FITC (green) and nuclei stained with DAPI (blue), (B) SEM morphology of
MC3T3-E1 cultured on various surfaces for 1 day with different pH: (a) Ti, (b) TNTs, (c) TNTs-Van, (d) TNTs-Van@ZnO-FA. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)
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