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Customizing the spatial distribution and release of
silver for the antibacterial action via
biomineralized self-assembling silver-loaded
hydroxyapatite

Yunping Qiao,” Guangqging Mai,” Yujing Li,® Rengui Guan,® Yanyang Han,?
Wei Cui, €22 Xinglong Wang,? Shiliang Liu,” Shanshan Liu @ ** and Tao He*®

The fabrication of a rationally designed silver-loaded hydroxyapatite (Ag—HA) material to balance anti-
bacterial activity, biological safety and chemical stability is a significant challenge. The key to solving
this problem lies in controlling the release of Ag™ ions. This ambition has been skillfully fulfilled by a
layer-by-layer self-assembly approach via Staphylococcus aureus (S. aureus)-templated mineralization.
The abundant functional groups, namely teichoic acid and carboxyl groups, on S. aureus could induce the
nucleation and growth of Ag—HA because of the strong chelating effect on the Ca®* and Ag" ions. The
spatial distribution of silver in Ag—HA microspheres has been designed by modifying the sedimentary order
of the Ag* and Ca?* ions. The as-prepared samples were characterized by XRD, SEM, EDS, TEM, XPS, FT-
IR and Zate potential methods. The release of Ag* ions was measured by atomic absorption spectrometry.
The results indicate that the derived Ag—HA hybrid antibacterial materials do not only inherit the uniform
size of the S. aureus template well but also exhibit customized spatial distribution and release of Ag™ ions.

1. Introduction

The invasion of microorganisms and viruses not only threatens
human lives and health but also affects social and economic
development. Developing new antibacterial materials is of
great significance for preventing the spread of pathogenic
microorganisms."” Because of safety and durability, inorganic
antibacterial materials (silver, copper, zinc oxide, titanium
dioxide, copper oxide) have greatly attracted the attention of
chemical and biological researchers.® Especially, Ag-based anti-
bacterial materials (Ag", Ag nanoparticles) are widely used in
food packaging, plastic products, paints, coatings, textiles,
medical equipment and medical dressings*”” due to their high
and broad-spectrum antibacterial activity, as well as low toxicity
to mammalian cells.®

However, owing to the photochemical activity, high solubility
and oxidability of silver ions (Ag" ions), the application of silver-
based antibacterial materials is limited. Accurately controlling
the release rate of Ag" ions is crucial to mitigate these drawbacks.
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At present, although loading Ag" ions on an inert matrix (zirconium
phosphate, silica, or zeolite) is the usual approach to inhibit
chemical reactions with the environment or media,”** employing
structural design to control the release of silver from materials is
still in the infancy stage."* For example, Ag" ions were absorbed by
the mesoporous molecular sieve SBA-15'* and also imported to
zirconium phosphate or bentonite materials by the ion-exchange
method;'*"! yet, in these cases, the Ag" ions are released quickly
due to the porous structure and weak interactions, failing to
realize sustained antibacterial action. Moreover, the burst release of
silver increased the concentration of Ag' ions significantly in a
short time, bringing about biological toxicity. In order to decrease
the release rate of Ag" ions, hydrothermal and high-temperature
sintering methods were applied to insert Ag" ions into the zirco-
nium phosphate lattice.®"” However, the high-temperature condi-
tions increased the size of the matrix particles, resulting in an
excessively low release rate of Ag" ions. The antibacterial activity
decreased eventually.

Hence, we believe that designing and synthesizing silver-
based antibacterial materials with controllable silver ion
release rates is the key to balancing antibacterial properties
(antibacterial activity and durable antibacterial), biological
safety and chemical stability. Generally, the release rate of
Ag" ions mainly depends on the following factors: Firstly, the
chemical state of silver (elemental Ag, soluble Ag" ions and
insoluble silver salt) affects the release rate of silver ions.’
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Secondly, the diversity of Ag spatial distribution in the matrix
particles leads to differences in diffusion resistance. Additionally,
large particle and small specific surface also bring about high
diffusion resistance for Ag" ions.'®?° To sum up, precisely
regulating the composition, structure and morphology of Ag-
based antibacterial materials at the molecular level and nano-
scale is the fundamental strategy for achieving the controlled
release of Ag" ions.

Due to its biocompatibility, biodegradability and thermal
stability, hydroxyapatite (HA) is not only an excellent candidate
for bone repair and drug delivery but also a suitable inert
matrix for Ag" ions.*'”>* For example, as a tooth or bone
repairing material, HA doped with Ag" ions can inhibit the
formation of bacterial membranes and mitigate the risk of
wound infection.”® The common methods for preparing
Ag-loaded HA (Ag-HA) antibacterial materials are ion
doping”® and surface deposition.>>*” However, neither of these
methods has achieved controllable Ag" ion distribution and HA
particle morphology. This work provides a self-assembling
biomineralization approach to customize Ag-HA nanoparticles
with different spatial distributions of Ag, based on which the
controllable release of Ag" ions can be realized. The particle
size of the synthesized Ag-HA antibacterial nanoparticles was
uniform and controllable owing to the microbial template.
Microbial cells (bacteria, fungi, and microalgae) display uni-
form morphology and size, which are dominated by genes and
do not change under different culture conditions. On the other
hand, the surface of microbial cells is usually negatively
charged,”®*® and the functional groups (carboxyl, amino, sulfhy-
dryl, and hydroxyl) on the surface can form strong chemical bonds
with metal ions, thus providing sites for the heterogeneous
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nucleation and growth of inorganic compounds. In addition,
being a mature microbial technology, microbial cultures ensure
the large-scale preparation of microbial cells. Therefore, micro-
organisms are the ideal templates for preparing inorganic
particles with uniform size and morphology. So far, yeast and
Escherichia coli (E. coli) cells have been employed as templates to
prepare hollow spheres, zinc oxide tubes, zirconia and titanium
dioxide porous structure.>*** Nevertheless, the preparation of an
Ag-HA antibacterial material with the controllable spatial distri-
bution of Ag to regulate the release rate of Ag" ions has not been
reported. For the construction of Ag-HA antibacterial materials
with the controllable spatial distribution of Ag, Staphylococcus
aureus (S. aureus), the surface of which contains abundant teichoic
acid and carboxyl groups, was used as the template. These
functional groups have a strong chelating effect on Ag" and
Ca”" jons and can induce nucleation. The Ag” and Ca*" ions were
alternately deposited on the S. aureus templates layer by layer. The
spatial distribution of Ag in a single Ag-HA microsphere was
customized by modifying the order of Ag" and Ca** ion addition.
Consequently, Ag-HA antibacterial materials with different
release rates of Ag' ions were obtained. This work provides a
new perspective and strategy for the development of advanced
HA-based biomedical materials with antibacterial properties.

2. Experimental details

2.1 Preparation of silver-loaded hydroxyapatite antibacterial
nanoparticles

The traditional microbial experiment technology was applied
for the S. aureus culture.’® The core-shell structured Ag-HA
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Fig. 1

7596 | Mater. Adv, 2022, 3, 7595-7605

The preparation of antibacterial Ag-loaded hydroxyapatite (HA) by the ionic layer-by-layer self-assembly method with S. aureus as the template.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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antibacterial nanoparticles (Ag-HA-HA, HA-Ag-HA, HA-HA-Ag)
with different spatial distributions of Ag were prepared by ionic
layer-by-layer self-assembly method at room temperature, as
shown in Fig. 1, by employing S. aureus as the template.

The specific experimental procedures were as follows
(Fig. 2):

Step 1: 20 mL S. aureus culture (~10° CFU mL ") was mixed
with 10 mL AgNO; (0.01 g mL™"), 10 mL Ca(NO3), (0.225 M),
and 10 mL Ca(NO;), (0.225 M) under mechanical stirring to
obtain the S;, S}, and S| suspensions, respectively.

Step 2: The S;, S| and S| suspensions were mixed with
80 mL Na,HPO, solution (pH = 12), and the mixtures were stirred
for 20 min to form the S,, S, and S} suspensions, respectively.

Step 3: 10 mL Ca(NO3), solution (0.225 M), 10 mL AgNO;
solution (0.01 g mL ") and 10 mL Ca(NO;), solution (0.225 M)
were separately added dropwise to the S,, S}, S} suspensions
under stirring to form the S;, S3, and Sj suspensions,
respectively.

Step 4: 10 mL of a Na,HPO, solution (0.14 M and pH = 12)
was added dropwise to S;, S5, and S4 to prepare the S,, S}, and
S} suspensions, respectively.

Step 5: 10 mL Ca(NO3), solution (0.225 M),10 mL Ca(NO3),
solution (0.225 M) and 10 mL AgNO; solution (0.01 g mL %)
were added dropwise to solutions S, S}, and S) to obtain the
Ss, S5, and S% suspensions, respectively.

Afterward, the S5, S5, and S7 solutions were centrifuged
respectively, and a sodium chloride solution was added to the
supernatant. No precipitation was observed, indicating that the
Ag' ions were loaded on hydroxyapatite completely.

Step 6: The Ss, Si, and S? solutions were centrifuged at
4500 rpm for 3 min and washed three times with 30 mL
absolute ethanol, respectively. Afterwards, the particles were
dissolved in 30 mL polyethylene glycol-400 by the ultrasonic
dispersion method. The dispersions were heated at 220 °C
for 10 minutes followed by centrifugation for 3 minutes at
4000 rpm. The precipitates were washed three times with
absolute ethanol. Finally, the precipitates were dried at 60 °C
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to obtain the three silver-loaded hydroxyapatite powder samples,
namely Ag-HA-HA, HA-Ag-HA, and HA-HA-Ag.

2.2 Sample characterization

The as-prepared samples were characterized by X-ray diffraction
(XRD, Rigaku Smart Lab III), scanning electron microscopy (SEM,
JEOL JSM-7900F), energy-dispersive spectroscopy Mapping (EDS,
OXFORD, ULTIM EXTREME), transmission electron microscopy
(TEM, JEOL JEM-2100F), X-ray photoelectron spectroscopy (XPS,
Thermo ESCALAB 250xi), Fourier transform infrared spectroscopy
(FT-IR, SHIMADZU IRAffinity-1S) and Zeta potential analysis
(Zetasizer Nano force potentiometer, Malvern Nano-ZS90).

2.3 Antibacterial activity measurements

The release of Ag was studied by atomic absorption spectrometry
(AAS, TAS-990super). The measurement details are described in
the ESIt (ESL T Release of Ag). The minimum inhibitory concen-
tration (MIC),>® minimum bactericidal concentration (MBC), the
kinetics of inactivation and microbial growth inhibition (ESL
inhibition zone experiment)®” were evaluated to characterize the
antibacterial performance.

3. Results and discussion
3.1 Zeta potential

In order to monitor the deposition of the ions on the template
surfaces, the Zeta potential was measured at each step (Fig. 3).
Taking the HA-Ag-HA particles as an example, the Zeta potentials
of the particle surface in the S. aureus solution, and the S}, S5, S%,
S}, and S% solutions were measured, respectively. As shown in
Fig. 3, all the particles were negatively charged, and interparticular
repulsion could effectively inhibit particle aggregation. When the
HA-Ag particles were prepared without the S. aureus templates
according to the procedure described in the experimental section
(ESI,# Ag-HA prepared by the co-precipitation method), the HA-
Ag nanocrystals agglomerated greatly (Fig. S1, ESIT), indicating

(a) Ag-HA-HA
4 . Transfer into g,
§.aureus _AgNOy Na:HPO. o Ca(NO:): Na;HPO. 5 Ca(NO:): Heat treatmenty, o yy y
Step 1 Step 2 Step 3 Step 4 Step § Step 6
(b) HA-Ag-HA
s S Transfer into g,
- AUreus Cﬂ(NO-‘E ! Na:HPO. AgNOs > Na:HPO. Ca(NOs): Heat treatment o HA-Ag-HA
Step 1 Step 2 Step 3 Step 4 Step 5 Step 6
(¢) HA-HA-Ag
) s Transferinto ¢ » S Ss”
S. aureus Ca(NOs), S Na:HPO. Ca(NO.\)z’ Na:HPO. o, AgNOs > —>Heat treatment HA-HA-Ag
Step 1 Step 2 Step 3 Step 4 Step 5 Step 6

Fig. 2 Schematic of the step-by-step procedure of preparing the Ag—HA antibacterial particles: (a) Ag—HA-HA (b) HA-Ag—-HA and (c) HA-HA-Ag.
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Fig. 3 . Zeta potential during the preparation of the HA-Ag—HA sample.

that the participation of the S. aureus templates effectively inhib-
ited aggregation.

Initially, the surface of the S. aureus template is negatively
charged due to the teichoic acid on the surface. After adding
Ca(NOy), (S} solution), the Ca®* cations are chelated by the teichoic
acids on S. aureus (Ca®>*@S. aureus), and the potential increases.
With the addition of Na,HPO,, in the S’ solution, the OH™ and
PO,>” ions react with the Ca®>" ions on the S. aureus to form HA@S.
aureus. The excessive PO,>~ ions decrease the surface potential of
the particles obviously. Afterwards, with the addition of AgNO3, in
the S} solution, the Ag" ions precipitate on the particle surface
(AgsPO/HA@S. aureus) owing to the PO,>~ ions. The excessive Ag*
ions slightly increase the surface potential. After adding Na,HPO,
again, in the S, solution, the PO,*" ions react with the Ag* ions on
the particle decreasing the potential again. Finally, when Ca(NO3),
is added, the S% solution demonstrates substantially increased
potential due to the deposition of Ca*" ions.

Although biotemplate routes have been extensively applied
for the preparation of inorganic nanostructures,’>***%% the
controllable space distribution of certain metal ions (Ag") in
inorganic carrier particles has not been realized through the
simple biotemplate method. Intentionally utilizing the natural
functional groups on the templates as nucleation sites to induce
inorganic nanostructures is an effective approach to controlling
the distribution of ions. In this work, the Zeta potential results
showed that the Ca**, PO,*~ and Ag" ions were deposited on the
S. aureus templates alternately. The formation of the Ag-HA
particles was carried out by the layer-by-layer mineralization of
ions on the S. aureus templates (Fig. 4). The strong chelation of
S. aureus to the metal ions (Ca®* or Ag® ions) provides the

Fig. 4
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nucleation sites for HA-Ag particles due to the teichoic acid
and carboxyl groups, followed by the layer-by-layer encapsulation
of the S. aureus templates by the ions.

3.2 FT-IR

FT-IR spectroscopy is a reliable technique to analyze the
chemical bonds or functional groups involved in proteins, fatty
acids, carbohydrates, nucleic acids, and lipopolysaccharides of
bacteria. In order to further confirm the biotemplate role of S.
aureus, the FT-IR spectra of the precipitates Ag'@S5. aureus from
the S; suspension, Ca>*@S. aureus from the S} suspension and
S. aureus were collected after freeze drying (ESL{ FT-IR),
respectively (Fig. 5). Herein, we focused on the three bands
located at 1398.9 (L), 1223.7 (L) and 1134-980 (L;) cm ™',
which correspond to different groups,’® as demonstrated in
Table 1. The L; band was derived from the COO™ groups.
Compared with the spectrum of S. aureus, the L; bands of both
Ag'@S. aureus and Ca®>*@S. aureus had shifted to lower wave-
numbers, indicating that the Ag* or Ca®* ions interacted with
the COO™ groups. Besides, the L, band of Ca**@s5. aureus was
split into two bands due to the chemical interactions between
Ca®" and phospholipids. The L; band of Ag*@S. aureus had
shifted to a lower wavenumber because of the chemical inter-
actions formed between the Ag" ions and phospholipids.*®
Therefore, the FT-IR results confirm that the Ag* and Ca** ions
were anchored on the S. aureus templates via different absorp-
tion mechanisms. Both Ag* and Ca®>* ions apparently interact
with the functional groups on S. aureus, which effectively
provides nucleation sites for Ag-HA particles. Thus, Ag-HA

S.aureus

Ag-rich-1HIA

Illustration of the layer-by-layer assembly of ions on the S. aureus template.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Assignments of the absorption bands

Band Wavenumber (cm™') Assignment

L, 1398.9
L, 1223.7
L, 1134-980

COO™ groups in amino acids, fatty acids
P=—0O0 of phosphodiesters in phospholipids
P—0 in DNA, RNA and phospholipids

nucleates and grows on S. aureus templates and encapsulates
them finally.

3.3 XRD

The phase composition of the Ag-HA particles Ag-HA-HA, HA-
Ag-HA and HA-HA-Ag was determined by the XRD method.
Further, the transformation of phase composition in each step
was also monitored (ESI, 1 XRD step-by-step). The XRD patterns
obtained at each step of the Ag-HA-HA, HA-Ag-HA and HA-
HA-Ag sample synthesis are presented in Fig. 6.

The XRD patterns of the Ag-HA-HA sample are shown in
Fig. 6a. AgsPO, was formed after loading the Ag" cations and
PO,*” ions (Step2-S,) on the S. aureus templates, but with the
addition of the Ca*" cations and PO, ions (Step3-S;, Step4-S,),
the peaks of the (210) and (211) planes of Ag;PO, gradually
decreased, and the characteristic peaks of planes (002), (211),
(112) of HA gradually appeared. Finally, the characteristic peaks
of Ag;PO, were hardly observed. The XRD patterns in Step1-S;
and Step2-S; of the HA-Ag-HA sample in Fig. 6b indicate that
amorphous HA was formed with the addition of Ca®>" and
PO,’". The characteristic peaks of the (210) and (211) planes
of Ag;PO, in the Step4-S), spectrum suggest that Ag;PO, was
formed with the addition of the Ag" ions (Step3-S3) and PO,*~
ions (Step4-S)). However, with the addition of the Ca®" ions
(Step5-S%), the characteristic peak of Ag;PO, also disappeared.

The reason for the disappearance of the Ag;PO, phase in the
Ag-HA-HA and HA-Ag-HA samples is that the product solubility
constant (Ksp(HA) = (6.3 + 2.1) x 10~°%, 25 °C) of HA is much
lower than that (K,(AgsPO,) = 8.89 x 107, 25 °C) of Ag;PO,,
and precipitation transformation occurs with the addition of
Ca”" (Fig. 7). After an excess of Ca”" ions was added, most Ag;PO,
was converted to HA and Ag' ions. Moreover, in the whole
experiment, the PO, ions were in excess relative to the Ag'
ions, and there were no dissociative Ag" ions in the final
supernatant. Hence, it can be concluded that all the Ag" ions
generated from the precipitation transformation were in-situ
loaded in the HA shell. The Ag" ions were distributed in the
inner HA shell of the Ag-HA-HA sample and the middle HA shell
of the HA-Ag-HA sample. Generally, Ag* ions are easily reduced
to Ag NPs because of strong oxidability. Many efforts have been
devoted to the development of Ag NP-encapsulated porous
materials, such as mesoporous silica and zeolite.">™'**" Liu
et al.** prepared Ag-MMT with high dispersivity, narrow size
distribution and good thermal stability by chemical reduction
and the supercritical ethanol drying method. In this experiment,
the XRD spectra of Ag-HA-HA and HA-Ag-HA showed no
diffraction peaks for any silver phase, indicating that silver
mainly existed in the form of Ag" ions embedded in the HA
framework, and the reduction is avoided effectively.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Determination of the phase evolution during Ag—HA particle pre-
paration using XRD: (a) Ag-HA-HA, (b) HA-Ag-HA, and (c) HA-HA-Ag.

As demonstrated by the XRD patterns of the HA-HA-Ag sample
in Fig. 6c, only amorphous HA was present before Ag" was loaded
(Step5-S5), and Ag;PO, was gradually formed with the addition of
Ag" ions. The XRD pattern of the final HA-HA-Ag sample showed
strong Ag;PO, peaks, indicating that silver in the particles existed
mainly in the Ag;PO, phase, which is different from Ag-HA-HA
and HA-Ag-HA samples. During the preparation of HA-HA-Ag, Ag"
ions are added at the last and reacted with PO,*” ions on the
surface of the particles. There was no further precipitation trans-
formation because trace or no Ca** ions existed in the solution.

Owing to the heating treatment in Step 4, the final Ag-HA-
HA, HA-Ag-HA and HA-HA-Ag samples presented better

Mater. Adv,, 2022, 3, 7595-7605 | 7599
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crystallization. The XRD patterns of all the final samples
showed the (002), (211), (122) and (004) diffraction peaks of
HA, confirming that the final material was HA. However, the
intensity of peaks was very weak and wide. The (211) and (112)
peaks were overlapping, suggesting that the crystallinity of HA
was low or it mainly existed in an amorphous state.

The S. aureus templates play a very important role in realizing
the controllable growth of nanostructures. Carmen Steluta Ciobanu
et al. synthesized antibacterial Ag-doped nano-hydroxyapatite nano-
crystallites at 100 °C by co-precipitation,”® in which HA was
evidently crystalline. Herein, the metal ions (Ca**, Ag") can be
anchored solidly on the S. aureus templates due to strong chelation.
As a result, the ordered arrangement of the crystal structure may be
impeded, resulting in low crystallinity or even an amorphous
structure. In order to verify this point, the co-precipitation method
without the S. aureus templates was used to prepare the Ag-HA
materials (ESL,¥ Ag-HA prepared by co-precipitation method).
It was found that all the Ag-HA samples prepared by the

View Article Online
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co-precipitation method without templates showed apparent crys-
talline phases, including the AgPO, and HA phases (Fig. S2, ESIT).
Therefore, the biomineralization route using the S. aureus tem-
plates can prevent the crystallization of the HA and Ag phases
effectively.

3.4 XPS

In order to further confirm the chemical state and distribution
of Ag, the XPS spectra of the Ag-HA-HA, HA-Ag-HA, and
HA-HA-Ag particles were collected. All three particles contained
Ca, P, Ag, and O elements, as shown in Fig. 8a-c, respectively.
Their corresponding fine Ag3d orbital spectra are shown in
Fig. 8d-f. The two characteristic peaks of the spin orbits
Ag3d;/, and Ag3ds/, were located at 373.5 and 367.5 eV, respec-
tively. The difference between the two characteristic peaks was
6.0 eV, proving that silver existed in the form of Ag(1).****> On the
other hand, for solid samples, the XPS method can reflect
the mole percentage of each element on the ultra-surface in the
depth range of less than 10 nm. The results show that the atomic
ratio of Ca/Ag, P/Ag and O/Ag on the surface (Table 2) increased in
the sequence of Ag-HA-HA — HA-Ag-HA — HA-HA-Ag because
Ag was mainly distributed in the inner layer of Ag-HA-HA, the
middle layer of HA-Ag-HA, and the surface layer for HA-HA-Ag.
In brief, the spatial distribution of Ag was different in the Ag-HA-
HA, HA-Ag-HA, and HA-HA-Ag particles.

3.5 SEM and EDS

The SEM images are shown in Fig. 9. All the particles were
spherical with a uniform diameter of about 500 nm. Each
sphere surface was rough and dense and was stacked in the
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Fig. 8 X-Ray photoelectron spectra of the samples: General spectrum of (a) Ag—HA-HA, (b) HA-Ag—HA, and (c) HA-HA—-Ag. Deconvolution of the

Ag3d XPS peaks of (d) Ag-HA-HA(d), (e) HA-Ag—HA and (f) HA-HA-Ag.
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Table 2 Atomic ratios of the elements on the surface of the samples

Sample Ca/Ag P/Ag O/Ag
Ag-HA-HA 13.3 11.02 54.25
HA-Ag-HA 10.2 8.88 52.16
HA-HA-Ag 8.5 7.54 49.41

form of layered crystals because of the growth habits of HA.
Fig. 10 shows the element distribution in the samples. Nitrogen
(N) distribution shows the information about the S. aureus
templates. The distributions of N, Ca, P and Ag prove that the
synthesis of Ag-HA was based on the S. aureus cell templates.
However, the distribution of Ag in the three samples was
different. The Ag elemental distribution was relatively homo-
geneous on the Ag-HA-HA and HA-Ag-HA particles. The HA-
HA-Ag particles obviously showed local Ag enrichment prob-
ably due to the Ag;PO, particles, according to the XRD results.

Currently, Ag-based antibacterial materials are obtained by
ion-exchange, co-precipitation, absorption and sintering
methods.®> However, according to the structure and mor-
phology of the final products prepared by these routes, it is still
very difficult to accurately control the particle size, dispersion
and morphology of HA, as well as the spatial distribution of Ag
in the HA particles. Herein, the size and morphology of the HA
particles are precisely customized with uniform dispersion
using the layer-by-layer biomineralization strategy. On the
other hand, altering the order of Ca>" and Ag® ion addition
not only can control the distribution of Ag but also can adjust
the phase of silver.

3.6 TEM

The TEM image of the HA-Ag-HA particle in Fig. 11b shows a
hollow structure, unlike those of Ag-HA-HA and HA-HA-Ag
shown in Fig. 11a and c, respectively. The HA particles in all the
samples were amorphous, which presents low contrast in TEM
images. Hence, the difference in mass thickness contrast is not
obvious for hollow structures. For the Ag-HA-HA particles, the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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high image contrast close to S. aureus in Fig. 11a suggests that
Ag existed in the inner layer since the mass thickness contrast
of Ag is much greater than those of calcium and phosphorus.

Although some Ag;PO, nanoparticles appeared in the TEM
images of the Ag-HA-HA (Fig. 11a) and HA-Ag-HA(Fig. 11b)
particles, there was no Ag;PO, phase according to XRD results.
This is because the Ag element mainly exists in the form of Ag"
ions in the HA framework and only in trace amounts in the
Ag;PO, phase.

3.7 Silver ion release

The controlled release of Ag is critical for optimum antibacter-
ial performance without cytotoxicity. In general, hydrothermal
and high-temperature sintering methods are usually employed
to synthesize Ag-loaded zirconium phosphate materials.
Magana et al.>® synthesized nano-silver-loaded montmorillo-
nite by ion exchange and calcination at 400 or 550 °C. However,
the silver particles loaded in the interlayer congregated at high
temperatures, leading to a decrease in antibacterial activity. On
the other hand, Ag resides mostly on the outer surface of the
material prepared by the ion-exchange method and is quickly
depleted without exerting a long-term antibacterial effect.”*
Hong Wu et al. synthesized self-detoxifying hollow zinc silica
nanospheres with tunable Ag-ion-release-recapture capability
at 500 °C.>> In this study, the Ag-HA antibacterial materials
have been prepared by a simple process and under mild
reaction conditions (room temperature). Ag" ion release from
all the samples was investigated by the AAS method. The results
are shown in Fig. 12. HA-Ag-HA had the highest Ag" release
rate and quantity, both of which were the lowest for HA-HA-Ag.
This can be attributed to the diffusion, dissolution and state of
the Ag" ions. Specifically, silver exists mainly in the form of Ag"
ions in the HA-Ag-HA particles, from which Ag’ ions diffuse
into the aqueous solution easily. The release rate of Ag" ions in
HA-HA-Ag was the lowest because of the particle-specific effect
of the large AgPO, nanoparticles. Therefore, Ag-HA materials
with different Ag phases, particle sizes, and spatial distributions

—_

Fig. 9 The SEM images of the Ag—HA particles: (a, d) Ag—HA-HA, (b, e) HA-Ag-HA, (c and f) HA-HA-Ag.
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Fig. 10 The elemental distribution of the Ag—HA particles: (a) Ag—HA-HA,
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(b) HA-Ag—HA, and (c) HA-HA-Ag.

Fig. 11 The TEM images of the Ag—HA particles: (a) Ag—-HA-HA, (b) HA-Ag—-HA, and (c) HA-HA-Ag.

can lead to different release rates of Ag" ions, which can be tuned
to meet different antibacterial requirements.

3.8 Antibacterial properties

3.8.1 MIC and MBC. S. aureus was used as the model
bacterium for the antibacterial activity experiments. The MIC
values of the Ag-HA-HA, HA-Ag-HA and HA-HA-Ag particles
were 0.014 wt%, 0.007 wt% and 0.014 wt%, respectively. More-
over, the MBC of the Ag-HA-HA, HA-Ag-HA and HA-HA-Ag
particles were 0.031 wt%, 0.031 wt% and 0.125 wt%, respec-
tively (Fig. 13). HA-Ag-HA possessed the best antibacterial
activity because of its excellent Ag" ion release performance.

3.8.2 Inactivation of S. aureus. Generally, the kinetics of
inactivation is analyzed using the relationship based on the
Chick-Watson model:***”

7602 | Mater. Adv, 2022, 3, 7595-7605

Log (N/N,) = —kt

where N, is the initial S. aureus population, N, is the population
of S. aureus at time ¢, and k is the inactivation constant, which
is the direct measure of antibacterial activity.

Fig. 14 shows the kinetics of the antibacterial activities of
Ag-HA-HA, HA-Ag-HA and HA-HA-Ag, respectively. The bac-
tericidal effect could be mainly attributed to Ag" ion dissolu-
tion. On account of the controlled release of Ag" ions, the
kinetics of inactivation did not ideally accord with the Chick-
Watson model.

When Ag-HA-HA was used to inactivate S. aureus, the
population of bacteria slightly increased in 30 minutes and
then decreased. The delayed bactericidal effect is mainly
brought about by diffusion barriers. Since the Ag" ions are

© 2022 The Author(s). Published by the Royal Society of Chemistry
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to the bacteria, the antibacterial activity can be achieved. The
diffusion resistance was the highest in this case, resulting in
the lowest inactivation rate.

The antibacterial activity of the HA-HA-Ag sample is
ascribed to Ag;PO, nanocrystallites located on the surface of
particles. The exposure-dependent effect and low diffusion
resistance lead to a higher microbial inactivation rate than that
of Ag-HA-HA. This is the reason the antibacterial results
disagree with the Ag' ions release rates of the Ag-HA-HA and
HA-HA-Ag samples.

The HA-Ag-HA particles, in which the Ag" ions exist in the
middle layer of the particles, possessed the highest inactivation
rate. Synthetically, the lower diffusion resistance and easy dis-

Fig. 12 . Ag* concentration with different soaking times(a) and soaking duration(b).
0.14
0.12 4 MiC
MBC
§ 0.10
z
= 0.08-
2
S
£
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@
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Fig. 13 MIC and MBC of Ag-HA-HA, HA-Ag-HA and HA-HA-Ag with
S. aureus as the model bacterium.

distributed in the innermost layer of Ag-HA-HA particles, only
after the Ag” ions spread from the inner layer and are exposed

—=— Ag-HA-HA
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Fig. 14 S. aureus inactivation by Ag—HA-HA, HA-Ag—HA and HA-HA-Ag.

© 2022 The Author(s). Published by the Royal Society of Chemistry

solution of Ag” ions contribute to the highest inactivation rate.

4. Conclusion

A self-assembling biomineralization approach at room tem-
perature was applied to realize the controlled release of Ag"
ions by customizing the spatial distribution of Ag in Ag-loaded
HA (Ag-HA) hybrid materials. In the experiment, S. aureus
templates with abundant teichoic acid functional groups on
the surface could induce the nucleation and growth of HA
because of the strong chelating ability with the metal ions.
The Ag* and Ca®" ions were alternately deposited on S. aureus
templates layer by layer. The spatial distribution of Ag in a
single Ag-HA microsphere was customized by modifying the
deposition order of the Ag" and Ca** ions and precipitation
transformation. This work has not only realized tunable Ag"
release behavior in silver-based antibacterial materials but also
the balance between antibacterial action and biological safety.
A new perspective and strategy for the development of advanced
HA biomedical materials with antibacterial properties are pro-
vided. Besides, durable silver-loaded HA materials with safe
antibacterial properties can also be potential candidates for
antibacterial textiles and antibacterial cosmetics. The develop-
ment of biomedical materials involved in orthopedics, dentistry
and medicine can be promoted using this strategy.

Mater. Adv., 2022, 3, 7595-7605 | 7603
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