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Herein, we demonstrate a facile and green rapid approach for the synthesis of uniform poriferous
hydroxylapatite [Ca;o(PO4)s(OH),, HA] and poriferous silver nanoparticle (Ag NPs)-decorated
hydroxylapatite (HA@AgQ) nanocomposites with excellent antibacterial properties. All the nanocomposites
were fully characterized in the solid state via various techniques such as X-ray powder diffraction (XRD),
transmission electron microscopy (TEM), Fourier transform infrared spectroscopy (FTIR), automatic
specific surface area and porosity analysis (BET) and field emission scanning electron microscopy
(FESEM). The results show that HA has a porous rod-like structure, which the HA@Ag nanocomposites
retained, and the surface of HA was loaded with globular-like Ag NPs with an average diameter of about
5.8 nm, which exhibit a well-crystalline state. The experimental parameters such as pH, the molar ratio
of HA and Tollens' reagent, and reductant have a significant effect on the size and distribution of the Ag
NPs. Moreover, the antimicrobial activities of HA and HA@AgQ against Escherichia coli (E. coli),
Pseudomonas aeruginosa (P. aeruginosa) and Staphylococcus aureus (S. aureus) were evaluated via
broth dilution, filter paper diffusion, optical density (ODggo) and electron microscopy observation. The
as-prepared HA@Ag nanocomposites exhibit excellent antibacterial activities, especially for S. aureus.
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1. Introduction

With economic and technological progress, a multitude of
microbiotic and antibacterial agents have been developed for
the treatment of infectious diseases. Despite their low inci-
dence, infection due to S. aureus or E. coli is a common clinical
problem.'* However, pathogenic microorganisms still threaten
public health and cause millions of infection-related sicknesses
annually.*® The antibacterial property of silver has been known
for several centuries due to its inhibitory effect on the growth of
bacteria,”® long-term activity’ and lack of bacterial resistance
risk.'® However, it is reported that a high concentration of silver
can kill human cell lines, such as lymphocytes, monocytes and
human mesenchymal stem cells, which is in the range of 1-2.5
pg mL~ ' Furthermore, some authors suggested that silver
concentrations higher than 10 ug mL ™" can be toxic to human
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The minimum inhibition concentration (MIC) of HA@Ag is only 3.9 ug mL™.

cells.”* With the development of fabrication strategies for
novel nanomaterials and nanostructures,'**® Ag-loaded nano-
composites have been regarded as a very broad-spectrum anti-
microbial agent,"”*® which can encourage their potential
applications in various fields such as food preservation,
clothing, fabric, cosmetics, biomedicine and water purifica-
tion."**® The sterilization effect of Ag-loaded nanomaterials
mainly depends on the release of silver ions.**> To maintain
their antibacterial property, Ag nanoparticles (NPs) need sup-
porting matrices to retain their features.**>* Therefore, it is
essential to design and prepare some novel Ag-loaded nano-
structures for newer possibilities with this antibacterial agent.
To date, several types of Ag-incorporated nanomaterials have
been reported, and Ag NPs immobilized on different types of
inorganic and organic substrates have been demonstrated to
exhibit enhanced and prolonged antibacterial perfor-
mances.***® For example, Ag-graphene nanocomposites,**~** Ag-
oxide nanocomposites®**?* and Ag-macromolecules.**** More-
over, Ag-loaded nanocomposites can prevent the uncontrollable
growth and aggregation of Ag NPs. However, although these
silver-containing materials have attracted significant interest in
recent years, they are difficult to apply practically in the human
body due to their non-biocompatibility.

This journal is © The Royal Society of Chemistry 2018
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Hydroxylapatite [Ca;o(PO,)s(OH),, HA] is a well-known
calcium phosphate ceramic, which is the major component in
bone and teeth.* Significantly, HA possess high biocompati-
bility. When bone is fractured or a cavity is formed in a tooth,
synthetic HA powder is frequently used as substitute material. It
has also been reported that porous HA shows both osteoin-
ductivity and directly bonds to living bone when implanted in
bone defects.”” In some cases, composite materials such as
synthesized HA/polymers or metals are used for better
mechanical integration as well as bioactivity when implanted in
the body, which provide an excellent platform for the existing
bone to grow.”* However, the lack of antibacterial property in
HA restricts its direct application in the biomedical field.**
Thus, in recent years, numerous of HA-based composites pos-
sessing antibacterial properties have been reported. For
example, spark plasma sintered HA-ZnO ultrafine composite,*
electrophoretic-deposited HA-Cu nanocomposite coatings,**
HA/ZnO/CNT nanocomposite,* alginate/HA bio-
nanocomposite film.*® These composites combine the advan-
tages of HA as a carrier and the antibacterial activities of the
loaded component. As is well known, silver is the most effective
inorganic antimicrobial; therefore, the references about Ag and
HA nanocomposites are also abundant. However, to the best of
our knowledge, most of these reported composites are in the
form of coatings, fibers and films.*>* Specifically, the research
on hybrid powders, especially Ag NPs loaded on the surface of
HA is rare.*>* In fact, composite particles have broader appli-
cations as antibacterial additives in disinfectant powder, fluid,
and polymer filler. Thus, it is still a significant task to prepare
Ag/HA nanocomposite particles with high dispersibility and
excellent antibacterial activity, through a convenient liquid
phase chemical method.

Herein, we adopted the hydrothermal method for the prep-
aration of porous HA, and then successfully achieved HA@Ag
nanocomposites using a simple liquid chemical reduction
method. We investigated the effect of experimental conditions
on the morphology and size of HA and HA@Ag, and the amount
of loaded Ag NPs. The structure and morphology of the ob-
tained samples were measured via various techniques such as
X-ray powder diffraction (XRD), field emission scanning elec-
tron microscopy (FESEM), transmission electron microscopy
(TEM), Fourier transform infrared spectroscopy (FTIR) and
automatic specific surface area and porosity analysis (BET). The
antibacterial activity of HA and HA@Ag against the Gram-
negative bacteria Escherichia coli (E. coli) and Pseudomonas aer-
uginosa (P. aeruginosa) and Gram-positive bacteria Staphylo-
coccus aureus (S. aureus) were testified via broth dilution, filter
paper diffusion, optical density (ODgoo) and cellular micro-
scopic observation.

2. Experimental
2.1 Reagents

AgNO;, calcium nitrate (Ca(NO;),-4H,0), phosphorus pent-
oxide (P,05) and ethyl alcohol (C,H;O0H) were purchased from
the Chemical Reagent Corporation of the Chinese National
Medical Group (Beijing, China). Tannic acid, glucose, ammonia
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(NH;-H,0, 25-28%) and sodium chloride (NaCl) were
purchased from Tianjin Kemiou Chemical Reagent Co. Ltd.
(Tianjin, China). Nutrient agar and broth medium were
purchased from Beijing Aoboxing Biotechnology Corporation
(Beijing, China). All reagents were used as received without
further purification. E. coli, P. aeruginosa and S. aureus bacteria
strains were purchased from the China General Microbiological
Collection Center (CGMCC). Distilled water was used
throughout the experiment.

2.2 Instruments and characterization

XRD patterns were collected on an X'pert Philips diffractometer
equipped with Cu Ko radiation (1 = 1.5418 A), and operated at
40 kv and 40 mA. TEM images were obtained using a JEOL JEM-
100CX transmission electron microscope. FTIR spectra were
obtained on an AVATAR 360 Fourier transform infrared spec-
trometer. BET analysis was conducted by nitrogen adsorption in
a nitrogen adsorption apparatus (Micromeritics, ASAP
2020M+C). The BET surface area (Sper) was determined via the
multipoint BET method using the adsorption data in the rela-
tive pressure (P/P,) range of 0-1. The samples were degassed at
150 °C prior to the nitrogen adsorption measurements.

2.3 Preparation of HA and HA@Ag nanocomposite

For the preparation of HA, firstly, 0.40 g Ca(NO;),-4H,0
(0.67 mol L") and 0.07 g P,0s (0.02 mol L") were separately
dissolved in a mixed solvent (25 mL of distilled water and
alcohol). Then, the Ca(NOj;), solution was injected into
a 100 mL round bottom flask at 60 °C with magnetic stirring for
about 30 min. Secondly, the pre-prepared P,Os solution was
added dropwise into the above Ca(NO3), solution. Meanwhile,
the pH of the solution was tuned to 10 with NH;-H,O. After
reaction for 0.5 h, the resulting solution was sealed in a Teflon-
lined stainless-steel autoclave at 160 °C for 12 h. Finally, the
solution was naturally cooled, centrifuged and washed to obtain
HA.

To obtain HA@Ag nanocomposites, the as-prepared HA (0.13
g) was dissolved in 18 mL distilled water at 60 °C. Subsequently,
5 mL of 0.09 mol L™" Tollens' reagent was injected into the HA
solution; meanwhile, the pH of the solution was adjusted to 12.
After mixing for 20 min, tannic acid (0.01 mol L™, 2 mL) was
added dropwise into the mixed solution, and immediately, the
milky-white solution turned into a dark red-brown suspension.
After 10 min of stirring, the solution was aged for about 1 h.
Finally, the resulting solution was centrifuged and washed to
obtain the HA@Ag nanocomposites. Using the same method,
a series of HA@Ag nanocomposites with different reductants
(namely, tannic acid and glucose), reaction temperatures
(namely, 60 °C, 80 °C, 100 °C), molar ratios (namely, 10: 1,
10 : 3, and 1 : 1; corresponding to Ag contents of 1.07, 3.13, and
9.72 wt%, respectively) of HA to Ag" were prepared by fixing the
quantity of HA in the experiments.

2.4 Antibacterial activity testing

To study the antibacterial activity of HA and HA@Ag, E. coli, P.
aeruginosa and S. aureus were selected as representative
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bacteria. All equipment and materials in the process were
sterilized for about 20 min in an autoclave (0.1 MPa, 121 °C)
before the experiments.*” The minimum inhibitory concentra-
tion (MIC) and minimum bactericidal concentration (MBC)
were used to appraise the antimicrobial activities of the nano-
composites by repeating the serial broth dilution method
several times.*® For the MIC test, a solution containing a certain
concentration of HA@Ag solution (1000, 500, 250, 125, 62.5,
31.3,15.6,7.8,3.9,2.0, 1.0, and 0 pg mL ") was mixed with 20 uL
bacterial suspension at a concentration of 10° colony forming
units (CFU) mL ", then incubated at 37 °C for 20 h. Finally, the
MIC, which is defined as the lowest concentration of sample
that inhibits the visible growth of the bacteria, was determined
via a turbid-metric method after incubation. The MBC is the
minimum concentration of the sample required to kill 99.9%
bacteria after a defined period of incubation. In the test, the
bacterial suspension containing different amounts of HA or
HA®@Ag with a concentration equal or greater than the MIC was
coated on the nutrient agar plate. Subsequently, the bacterial
suspension-treated agar plates were put into a bacteria incu-
bator (37 °C, 20 h). The number of survival colonies was counted
to determine the MBC of HA and HA@Ag.

The antibacterial activity was also studied via the filter paper
diffusion method. Initially, 100 pL bacteria suspensions were
put uniformly on the surface of an agar Petri dish and solidified.
Then, filter paper with a diameter of 5 mm was positioned on
the Petri dish and marked. Subsequently, the sample solutions
with different concentrations were added on the filter paper.
Also, normal saline as a control sample was dropped into the
center of the filter paper. Finally, the agar Petri dishes were put
into an incubator (37 °C, 20 h). The antibacterial effect was
evaluated by the diameter of visible transparent inhibitory zone.

The antibacterial activity was also studied by the bacterial
growth kinetics in broth media. The detailed steps are pre-
sented in the literature.>*

In addition, the morphology changes in the bacteria treated
with the HA@Ag nanocomposites were estimated by SEM.
Bacterial suspensions (40 pL) and broth medium (2 mL) were
mixed and cultured at 37 °C for about 6 h. Subsequently, 100 pg
mL~' HA@Ag nanocomposite solution was added, and then
continued to be cultured under the same condition for another
6 h. Finally, the bacteria were collected by centrifugation. For
the preparation of bacterial SEM samples, the bacteria were
soaked in glutaraldehyde solution (2.5% w/v) at —4 °C for about
30 min and centrifuged at 6000 rpm for 5 min. Finally, the
bacteria were dehydrate using a series of alcohol solution, and
the collected bacteria were observed by SEM.

3. Results and discussion
3.1 The XRD patterns of HA and HA@Ag nanocomposites

Fig. 1 shows the XRD patterns of the HA (a) and HA@Ag
nanocomposites (b, ¢, and d) with three different molar ratios of
HAtoAg' of 10:1,10: 3,and 1 : 1, respectively. It can clearly be
seen that the samples have multiple diffraction peaks in their
patterns (Fig. 1a-d), and the peaks at the 26 values of 25.9°,
31.8°,32.9°, 34.1°, 39.8°, 46.7°, 49.5°, 50.5°, 53.1° and 64.1° are
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Fig. 1 XRD patterns of HA (a) and HA@Ag nanocomposites with
different molar ratios of HA to Ag* (b) 10 : 1, (c) 10: 3, (d) 1: 1.

assigned to diffractions from the (002), (211), (300), (202), (310),
(222), (213), (321), (004) and (304) lattice planes of HA (JCPDS
no. 09-0432), respectively. Furthermore, as shown in Fig. 1b-d,
the samples present other multiple diffraction peaks besides
the diffraction peaks of HA. The relevant peaks are 38.1°, 44.3°,
64.4°, 77.4° and 81.5°, which are assigned to the diffractions of
the (111), (200), (220), (311) and (222) lattice planes of face-
centered cubic (fcc) silver (JCPDS no. 04-0783), respectively.
Meanwhile, the intensity of the diffraction peaks of Ag was
enhanced gradually with an increase in the amount of silver in
the nanocomposites. The analysis of the XRD patterns
demonstrate that we successfully synthesized the HA and
HA®@Ag composites.

3.2 Morphologies of HA and HA@Ag nanocomposites

Fig. 2 shows the TEM images of HA (a) and HA@Ag nano-
composites with three different molar ratios of HA to Ag" for (b)
10:1,(c)10: 3, and (d) 1 : 1, and the insets are the histograms
of the Ag particle size distribution. From Fig. 2b—d, it is clearly
seen that the amount of Ag NPs loaded on the surface of HA
gradually increased with an increase in the molar ratio of Ag" to
HA. However, when the molar ratio of HA to AgNO; was 1 : 1 (as
shown in Fig. 1d), the particles size of Ag NP size was the
biggest, and some of them were aggregated. Agglomerated Ag
NPs will limit the antibacterial properties of the nano-
composites. Thus, the results show that the perfect HA@Ag
nanocomposites are obtained when the molar ratio of HA to
AgNO; is 10 : 3, and the average diameter of the Ag NPs is about
5.8 nm. It is noteworthy that the black blocky shadows in Fig. 2¢c
are not Ag NP aggregates. That image is unclear and exhibits
a shape more like HA, which is due to the coated HA and out of
focus TEM observation. Meanwhile, from Fig. 2a, it is obviously
seen that HA possesses a porous structure. Compared with the
pristine HA, it is found from Fig. 2b-d that this porous structure
is retained in the HA@Ag nanocomposites although partial HA
surfaces are covered with Ag NPs. Furthermore, it is interesting
to find that the length of HA decreases after the loading of Ag

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 TEM images of HA (a) and HA@Ag nanocomposites with
different molar ratios of HAto Ag* (b) 10 : 1, (c) 10 : 3,and (d) 1 : 1, and
the insets are the histograms of the Ag particle size distribution.

NPs, which indicates some HA shrunk or broke. This may be
attributed to the etching effect of Ag" ions.*

From the results of researching different experimental
conditions, we determined the optimum reaction conditions for
the preparation of the HA@Ag nanocomposites. Specifically, the
mole ratio of HA and Ag" of 10 : 3, the reaction temperature of
60 °C, reducing agent tannic acid, and aging time of 1 h (the
data is not shown herein, except for the different mole ratios of
HA to Ag"). Since the sample with an HA to Ag" mole ratio of
10 : 3 exhibited the smallest Ag NP size, and antibacterial
activity increases with a decrease in mean size,*® it was chosen
as the representative sample for the BET analysis and antibac-
terial test.

3.3 FTIR spectra of HA and HA@Ag nanocomposites

Fig. 3 shows the FTIR spectra of HA (a) and HA@Ag nano-
composites with three different molar ratios of HA to Ag" of
10:1 (b), 10:3 (c) and 1 : 1 (d). For the FTIR spectrum of HA
shown in Fig. 3a, the absorption bands at 3572 cm *,
3420 cm™ ', and 1634 cm™ " are caused by the stretching vibra-
tion of the hydroxyl group in the adsorbed water. The strong
absorption band at 1051 cm™* and shoulder peak at 966 cm ™"
are attributed to the bending and stretching of the P-O bond
from the PO,>~ groups, respectively. The absorption bands at
570 cm ™', 604 cm ™' and 469 cm ™' are ascribed to the asym-
metric and symmetric stretching vibration of the P-O bond
from the PO,*” group. There is a weak absorption band for
CO;>” at 1425 ecm ™!, which may be attributed to the presence of
B-type carbonate (CO,;>7) for the PO, -substituted HA.* The
FTIR results are consistent with that reported in the literature,”
which further demonstrates that the blank sample is HA.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances
d
—
S
= b
Q
5
E 469
E
(7]
c
i
= c-HA@Ag(10:3)
d-HA@Ag(1:1)

3000 2000 1000 O
Wavenumber (cm'1)

4000

Fig. 3 FTIR spectra of HA (a) and HA@Ag nanocomposites with
different molar ratios of HA to Ag* (b) 10 : 1, (c) 10: 3, (d) 1: 1.

Compared with spectrum of pristine HA, the FTIR spectra of
HA@Ag (as shown in Fig. 3b-d) are mostly consistent with that
in Fig. 3a, which suggests that the state of the surface chemical
bonding for the Ag NP-loaded HA nanocomposites barely
changed. However, the frequencies of the bands appear to be
red-shifted to lower wavenumbers, especially for the bands
centred at 1050 cm ™. This may be due to the combination of
the Ag NPs with the hydroxyl or PO,*~ groups of HA. Notably,
the intensity of the adsorption bands in Fig. 3b is lower that of
the other samples, which may be because the KBr tablet was not
well prepared, leading to a decrease in the transmittance.

3.4 BET analysis of HA and HA@Ag nanocomposite

To further determine whether the HA and HA®@Ag nano-
composites have a porous structure, we tested the sponginess of
the HA materials and HA@Ag nanocomposites through
nitrogen stripping absorption. The specific surface area of the
HA and HA@Ag nanocomposites was calculated using the BET
method based on the adsorption isotherm data under relative
pressure (P/P,), and the pore size distribution curves of HA and
HA@Ag nanocomposites were plotted using the Barrett-Joyner—
Halenda (BJH) method based on the adsorption isotherms.
Fig. 4 shows the nitrogen stripping absorption curves of HA and
HA@Ag nanocomposite with an HA to Ag" molar ratio of 10 : 3,
and the inset is the pore size distribution curve. It can be seen
that both the neat HA and HA@Ag nanocomposites exhibit an
obvious absorption stripping phenomenon. The specific surface
area of HA and HA@Ag nanocomposites is 32.9 and 35 m”> g/,
respectively. From the BJH pore size distribution, it can be
found that the average pore size of HA is about 17 nm, but a few
pores are around 38 nm. Meanwhile, the average pore size of the
HA@Ag nanocomposites is about 19 nm, with partial pore size
distribution around 38 nm and 60 nm. Depending on the type
of the pore size distribution of porous materials (that is, the
pore size of microporous materials is less than 2 nm, the pore
size of mesoporous materials range from 2 nm to 50 nm and the
pore size of macroporous materials is greater than 50 nm), it

RSC Adlv., 2018, 8, 41722-41730 | 41725
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Fig. 4 Nitrogen stripping absorption curves of HA and HA@Ag
nanocomposite with an HA to Ag* molar ratio of 10 : 3, and the inset is
the pore size distribution curve.

can be inferred that the as-prepared HA is a mesoporous
material, and the HA@Ag nanocomposites are porous mate-
rials. The results suggest that the Ag NP loading has no signif-
icant effect on the surface structure of HA, except for an
enlargement in pore size.

3.5 Antimicrobial activities of HA@Ag nanocomposites

Table 1 shows the MIC and MBC values of the Ag particles, HA
and HA@Ag nanocomposites against E. coli, S. aureus and P.
aeruginosa measured by the broth dilution method. Herein, Ag
particles with an average diameter of 400 nm were prepared
according to our previous work,”® which were not surface
modified by polyacrylic acid (PAA) and used as the control
sample. The porous HA@Ag nanocomposites were prepared
under the optimum reaction conditions, and the average
particle size of the Ag NPs loaded on HA was 5.8 nm. As seen in
Table 1, the MIC and MBC values of the Ag particles against E.
coli, S. aureus and P. aeruginosa are greater than 125 ug mL ™.
Meanwhile, the pristine porous HA could only inhibit the
growth of the three types of bacteria in at a rather high
concentration, but not kill the bacteria thoroughly. In contrast,
the MIC and MBC values of the HA@Ag porous nanocomposites
against E. coli, S. aureus and P. aeruginosa were less than 15.6 ng
mL ™" and 62.5 ug mL ™", respectively. It is obviously demon-
strated that the loading of Ag NPs on HA carrier endows the

Table 1 MIC and MBC values of Ag particles, HA and HA@Ag
nanocomposites®

MIC (ug mL ™) MBC (ug mL ™)

E. coli P. aeruginosa S. aureus E. coli P. aeruginosa S. aureus

Ag 125 250 125 250 500 250
particles

HA 500 1000 250 — — —
HA@Ag 7.8 15.6 3.9 15.6 62.5 7.8

% —: indicates no antibacterial activity was shown.
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HA@Ag nanocomposites with excellent antibacterial activities.
The bacteriostasis and bactericidal action of the nano-
composites is better than that of each component (Ag particles
or HA). The result suggests that the HA@Ag nanocomposites
have excellent properties inhibiting and killing bacteria, which
are especially prominent for the Gram-positive bacteria S.
aureus. Compared with other reported Ag-HA composite
NPs,*>% the as-prepared HA@Ag nanocomposites herein exhibit
superior MIC and MBC values, which may be due to the even
distribution of Ag NPs on the surface of HA. More importantly,
as nanocomposites, the mass fraction of Ag NPs in HA@Ag is
only about 3% (assuming that there is no loss in the reaction
process). Furthermore, the MIC and MBC values of the HA@Ag
nanocomposites is as good as that of Ag/PAA NPs, which have
been previously reported.*® Thus, a lower silver content can
sharply reduce the application cost of the composites as anti-
bacterial agents. Meanwhile, HA as a carrier can improve the
durable antimicrobial property of the composite materials due
to its porous structure for a sustained release effect.

In addition to the measurement of MIC and MBC values for
the Ag particles, HA and HA@Ag nanocomposites against E.
coli, P. aeruginosa and S. aureus, we also employed the filter
paper diffusion method to test the antibacterial properties of
the HA and HA@Ag nanocomposites for the three types of
bacteria. Fig. 5 shows the inhibition zone photographs of HA
and HA@Ag nanocomposites against E. coli (a and b), P. aeru-
ginosa (c and d), and S. aureus (e and f), respectively. The posi-
tions of HA (1-4) correspond to the concentrations of 1000, 500,
250, and 125 pg mL™ " and the positions of HA@Ag nano-
composites (1-4) correspond to the concentrations of 125, 62.5,
15.6,and 7.8 pg mL ', respectively. As shown in Fig. 5a, ¢, and e,
HA could inhibit the growth of E. coli, P. aeruginosa, and S.
aureus when its concentration was more than 500 pg mL ™', but
the inhibition zones are not very obvious. However, the diam-
eter of the inhibition zone of the HA@Ag nanocomposites, as
shown in Fig. 5b, d, and f, against E. coli, P. aeruginosa and S.
aureus was 19.0 mm, 21.0 mm and 21.0 mm at the sample
concentration of 15.6 ug mL™", respectively. The above test
results intuitively and clearly indicate that the HA@Ag nano-
composites have good antibacterial property, even at a very low
concentration.

To investigate the antibacterial process of HA and HA@Ag
nanocomposites, we tested the bacterial growth curves in liquid
broth media. The time-dependent changes in bacteria growth
were detected via the ODgoo method using a UV-vis spectro-
photometer. Fig. 6 shows the growth curves for the bacteria of E.
coli (A), P. aeruginosa (B) and S. aureus (C) with different
concentrations of HA@Ag nanocomposite treatment for 48 h,
and the control test was the bacteria in broth medium without
HA@Ag nanocomposite treatment. It can be seen from Fig. 6
that the HA@Ag nanocomposites at all tested concentrations
have a strong suppression and killing effect on the proliferation
of the tested strains at a low concentration. For E. coli and S.
aureus (as shown in Fig. 6A and C), the HA@AgZ nanocomposite
completely inhibited the growth of the bacteria during the
whole growth process when their concentration was higher than
the MIC values (7.8 and 3.9 ug mL™"). Specifically, the surviving

This journal is © The Royal Society of Chemistry 2018
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Fig. 5

Inhibition zone photographs of the HA and HA@Ag nanocomposites against bacteria E. coli (a and b), P. aeruginosa (c and d) and S. aureus

(e and f). The positions (1-4) in the top row correspond to HA concentrations of 1000, 500, 250, and 125 ug mL™%, and in the bottom row to
HA@Ag nanocomposites concentrations of 125, 62.5, 15.6, and 7.8 ng mL™?, respectively.

strain number after treatment with the HA@Ag nanocomposite
was much less than that of the normal bacteria. For P. aerugi-
nosa (as shown in Fig. 6B), when the concentration of the
HA@Ag nanocomposite was 30 pg mL ™", the growth of the
bacteria was only delayed through the whole growth process,
and they did not proliferate until the concentration of the
HA@Ag nanocomposite reached 80 ug mL ™. This test result is
consistent with that of the broth dilution method.

Finally, we observed the morphology changes in the original
and treated bacteria through SEM to study the influence of the
HA®@Ag nanocomposites on bacteria. Fig. 7 shows the SEM
images of the normal and treated bacteria with HA@Ag nano-
composite solution (100 pg mL ") for E. coli (a and b), P. aeru-
ginosa (c and d), and S. aureus (e and f), respectively. It can
clearly be seen from Fig. 7a that the original E. coli cells exhibit
uniform and smooth short and rod morphologies, and the
length of the rods is about 2 um. While, as shown in Fig. 7b,
after treatment with the HA@Ag nanocomposite, the rod-like

cells exhibited significant changes, such as much shorter
length and rougher surfaces. Most of the bacteria cells were
destroyed, and some bacteria were even broken into fragments,
which indicates the occurrence of great interactions between
the HA@Ag nanocomposites and bacteria, and as a result,
obvious damage to the bacterial cells. The same phenomenon
can be seen from the comparison of Fig. 7c and d for P. aeru-
ginosa. After treatment with the HA@Ag nanocomposites,
a large amount of sample was attached on the surface of the
bacterial cells, and the bacteria cells were even more damaged.
As the representative Gram-positive bacteria, the normal S.
aureus cells observed in Fig. 7e was in the shape of smooth
spheres with an average diameter of 0.7 um. Whereas, the
treated cells shown in Fig. 7f exhibit great changes, for instance,
membrane deformation and rough surfaces together with the
appearance of cell debris. A similar phenomenon can be seen,
where plenty sample was attached on the surface of the bacteria
cells, and most of the bacteria cells were damaged, and some of

0.41E. coli a (C)  1S. aureus N oy
0.3

0.3 b * ’\b-
S a-control 0.2 a-control
g, 0.2 b-3pg/mL § b-3pg/mL
o ¢-30pg/mL a ¢-30pg/mL
gt © 0.4 d-80pg/mL

c /r‘/ r‘*‘:* —, ¢

0.0 — goreryrer v~

0 8 16 24 32 40 48 0 8 16 24 32 40 48

Time/h

Time/h Time/h

Fig. 6 Growth curves of E. coli (A), P. aeruginosa (B) and S. aureus (C) with different concentrations HA@Ag nanocomposite treatments (b, c and
d) and normal bacteria without HA@Ag nanocomposites treatment as the control test (a).
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Fig.7 SEMimages of the normal and treated bacteria with 100 pg mL~* of HA@Ag nanocomposites solution for E. coli (a and b), P. aeruginosa (c

and d), and S. aureus (e and f).

them even broken into debris. Thus, the changes in the
morphologies of the normal bacteria and treated bacteria by
HA@Ag nanocomposites directly indicate that the HA@Ag
nanocomposites have a significant effect on the survival of the
bacteria.

4. Conclusions

In summary, porous HA with excellent dispersibility and
uniformity was successfully prepared via the hydrothermal
method, and subsequently, HA@Ag nanocomposites with
a porous structure were successfully fabricated via the chemical
reduction method. The optimum reaction conditions for the
preparation of the HA@Ag nanocomposites was determined by
investigating different experimental parameters. Specifically,
the mole ratio of HA to Ag" of 10 : 3, the reaction temperature of
60 °C, tannic acid as the reducing agent, and aging time of 1 h.
The morphology and structure of the HA@Ag nanocomposites
were well characterized using various techniques such as XRD,
ETM, FTIR and BET. The results showed that Ag NPs with an
average diameter of 5.8 nm were decorated uniformly on the
surface of HA, and the porous characteristics of HA were
remained in the HA@Ag nanocomposites. Furthermore, the
antibacterial study showed that the HA@Ag nanocomposites
have excellent antibacterial properties, especially for S. aureus.
Meanwhile, compared with the single component of Ag parti-
cles, the combination with HA sharply reduce their application
cost as an antibacterial agent. HA as a carrier also improved the
durable antimicrobial property of the composite materials due
to its large porosity and specific chemical composition.
Furthermore, based on the well-known hypotoxicity of Ag NPs
and high biocompatibility of HA, the as-prepared HA@Ag
nanocomposites are potential antibacterial materials, which
can be directly applied in the human body.
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