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Abstract

The application of biphasic calcium phosphate (BCP) in tissue engineering and regenerative medicine
has been widely explored due to its extensively documented multi-functionality. The present study
attempts to synthesize a new type of BCP nanoparticles, characterised with favourable cytocompat-
ibility and antibacterial properties via modifications in their structure, functionality and assemblage,
using dopants. In this regard, this study initially synthesized iron-doped BCP (FB) nanoparticles with
silver subsequently incorporated into FB nanoparticles to create a nanostructured composite (FB ).
The FB and FB g nanoparticles were then characterized using Fourier transform infrared spectrosc-
opy, x-ray diffraction, ultraviolet-visible spectroscopy, and x-ray photoelectron spectroscopy. The
results showed that silver was present in the FB o, nanoparticles, with a positive correlation observed
between increasing AgNO; concentrations and increasing shape irregularity and reduced particle size
distribution. Additionally, cell culture tests revealed that both FB and FB,, nanoparticles were
compatible with bone marrow-derived mesenchymal stem cells (hBMSCs). The antibacterial activity
of the FBg nanoparticles was also tested using Gram-negative E. coliand Gram-positive S. aureus, and
was found to be effective against both bacteria. The inhibition rates of FB 5, nanoparticles against

E. coliand S. aureus were 33.78 £ 1.69-59.03 £ 2.95%, and 68.48 - 4.11-89.09 + 5.35%, respectively.
These findings suggest that the FB, nanoparticles have potential use in future biomedical
applications.

1. Introduction can affect the functionality of related tissues. Cal-
cium phosphate (CaP) nanoparticles, such as hydro-
xyapatite (HA), [-tricalcium phosphate (5-TCP),

tetra calcium phosphate (TTCP), biphasic calcium

Tissue engineering is widely used in tissue grafting
applications due to the high number of patients who

require grafting due to congenital conditions,
trauma, and tumour resection [1-3]. Tissues such as
bone, tooth enamel, dentin, and cementum, contain
significant amounts of ionic substitutions, including
sodium, potassium, and carbonate groups, which

phosphate (BCP), are commonly used in bone tissue
engineering due to their excellent biocompatibility,
biodegradability, and adjustable physicochemical
properties [2, 4, 5]. Especially, BCP, composed of
HA and §-TCP, has been shown to have favourable

©2023 IOP Publishing Ltd


https://doi.org/10.1088/2057-1976/acfcbe
https://orcid.org/0000-0002-6175-5883
https://orcid.org/0000-0002-6175-5883
mailto:nieleifu@yahoo.com
mailto:nielei@xynu.edu.cn
mailto:hukehui@tsinghua.edu.cn
https://crossmark.crossref.org/dialog/?doi=10.1088/2057-1976/acfcbe&domain=pdf&date_stamp=2023-10-11
https://crossmark.crossref.org/dialog/?doi=10.1088/2057-1976/acfcbe&domain=pdf&date_stamp=2023-10-11

10P Publishing

Biomed. Phys. Eng. Express9 (2023) 065016

properties (i.e., biological activity and adjustable
degradation rate) in bone regeneration [6-8].

Notably, although BCP has several favourable
properties, its mechanical properties, osteoinductiv-
ity, cytocompatibility, and osteoconductivity proper-
ties need to be further enhanced to be efficiently
employed in artificial bone repair [4]. Indeed, improv-
ing the above properties will help to ensure that com-
plex tissue repair and regeneration occur more
efficiently. It is also crucial that the BCP possesses
inherent antibacterial properties since there is a risk of
infections due to exposure to contaminated implanted
medical devices or scaffolds, leading to biofilm forma-
tion and localized inflammation issues [9]. Therefore,
scaffolds with excellent antibacterial properties pro-
vide a significant advantage in the clinical stage.

Many metal nanoparticles, such as silver (Ag), zinc
oxide (Zn0O), and titanium dioxide (TiO,), have strong
antibacterial properties and low toxicity toward mam-
malian cells and have been widely applied in a range of
areas [2, 10-12]. For instance, Li et al [13,] prepared
porous silver-incorporated calcium phosphate nano-
composites to make them possess antibacterial func-
tions for active antibacterial bioprotective mask
applications. Varun et al [14,] also synthesized Ag-
BCP microclusters with excellent antibacterial activity
using the double emulsion method. Iron (Fe) is an
essential trace element that plays a vital role in bone
metabolism and is found in high concentrations in
human bone tissue [15, 16]. Iron is also essential for
functioning enzymes and cytochromes and helps reg-
ulate various physiological processes. Studies have
shown that bone density increases when the iron con-
tent in their environment is higher and decreases when
the iron intake from food is reduced, which leads to
bone fragility and increases the risk of osteoporosis
[17, 18]. Insufficient iron intake also affects the differ-
entiation and mineralization of osteoblasts and the
synthesis of collagen fibers, which are necessary for
mineralization [17, 19]. Iron also affects collagen
synthesis and vitamin D metabolism, and abnormal
iron concentrations can affect osteoblast activity and
cause abnormal bone metabolism [20, 21]. It is there-
fore implied that iron plays a role in bone regeneration
by influencing the synthesis of collagen fibers [15].

The death of the bacteria is because the binding
with the RNA and DNA leads to their condensation,
thus making their transcription (i.e. crucial for protein
synthesis and cell proliferation) by ribosomes difficult
[22]. The antibacterial effect of nanoparticles can be
influenced by size, shape, nanostructure, and chemical
modification. Furthermore, it has been reported that
the substitution of metal ions in CaP-based nano-
particles also shows powerful antibacterial effects,
such as selenium-substituted hydroxyapatite (Se-HA)
nanoparticles. We have already shown that Se-HA
nanoparticles display excellent biocompatibility and
inhibit specific bacterial strains of interest [5]. Silver is
also stable in body fluids and can be used in
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antibacterial implants because its ions can easily bind
to bacterial DNA and RNA, resulting in bacteria
death [22,23].

In this study we synthesised nanostructured iron-
doped biphasic calcium phosphate nanoparticles with
in situ incorporated silver via an easy and rapid pre-
cipitation method and characterized the physico-
chemical properties of the nanoparticles. The
cytocompatibility of the prepared nanoparticles was
also evaluated. Furthermore, the antibacterial activity
against Gram-negative E.coli and Gram-positive
S. aureus was also investigated, and the results showed
that the prepared nanoparticles had the potential for
antibacterial applications in tissue engineering and
regenerative medicine (Scheme 1).

2. Materials and methods

2.1. Chemicals

Calcium chloride (CaCl,) and iron (IIT) chloride hexahy-
drate (FeCl;-6H,0) were obtained from Kermel Co., Ltd.
Ammonium dihydrogen phosphate ((NH4),HPO,),
99.0%) was obtained from Shanghai Macklin Biochem-
ical Co., Ltd. Silver nitrate (AgNO5) was obtained from
Tianjin Tiangan Chemical Technology Development
Co., Ltd Ammonium solution (NH3.H,O, 25~28%) was
purchased from Ron Reagent Co., Ltd Millipore water
was prepared in the lab (Milli-Q50 SP Reagent Water
System, Millipore Corporation, MA, USA). All chemicals
used in this paper were analytical grade procured from
commercial sources and used as received.

2.2. Synthesis of iron-doped biphasic calcium
phosphate (FB) nanoparticles

The FB nanoparticles were synthesized based on
methods described in our previous papers with some
modifications [24, 25]. First, a mixed solution of CaCl,
and FeCl;-6H,0O (solution A, concentration), and
(NH,),HPO, solution (solution B, concentration)
were prepared, respectively. A volume of solution B
was added to a 50 ml solution A, in a three-neck flask,
to achieve the mole ratios highlighted in table 1 and
stirred for 4 h. Then, the pH of the stirred solution was
adjusted to 11 using concentration ammonium solu-
tion, and stirred continuously for an additional
30 min, with precipitate formation observed. After
that, the precipitates were collected and washed thrice
using Millipore water. The washed precipitates were
then dried to constant mass at 120 °C for 8h in a
vacuum oven to obtain FB nanoparticles. Different FB
nanoparticles were synthesized, according to table 1.

2.3. Synthesis of FB nanoparticles incorporated with
silver (FBAg)

Next, FB nanoparticle powder was dispersed in 100 ml
Millipore water in a three-neck flask, and the AgNO;
was added slowly to the mixture. The mixed solution
was stirred for 4 h at room temperature (RT), with the
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Scheme 1. Schematic illustration of the preparation of iron-doped biphasic calcium phosphate (FB) nanoparticles and FB
nanoparticles incorporated with silver (FB,g), the released silver ions from nanoparticles could produce free radicals to cause reactive
oxygen species and damage bacteria. The obtained FB g nanoparticles with excellent cytocompatibility and antibacterial properties

could be used for diverse biomedical applications.

Table 1. The designation of iron-doped biphasic calcium phosphate
(FB) nanoparticle.

Nanoparticles FB-1 FB-2 FB-3 FB-4 FB-5

(Ca+Fe)/P* 1.67 1.67 1.67 1.67 1.67
Ca/Mg" 0.05 0.10 0.15 0.20 0.25

* Mole ratio.

resultant precipitates collected and subsequently dried
to constant mass at 60 °C for 4 h using a vacuum oven.
A nanostructured FB,, was obtained (Scheme 1).
Different FB,, nanoparticles were synthesized by
adjusting the mass ratio of FB nanoparticles and
AgNO; (table 2).

2.4. Dynamic light scattering (DLS) analysis

The size distribution of FB and FB,g nanoparticles in
water was examined at 20 °C by Dynamic Light
Scattering (DLS, Malvern Zetasizer 3000E). The sam-
ple was dispersed in water and sonicated for 1 h, and
each measurement was performed in triplicate.

2.5. Transmission electron microscopy (TEM)
analysis

Samples of FB and FB,g nanoparticles were dispersed
in ethanol and sonicated for 2 h, and then a copper
grid was dipped into the above solutions and dried
under an infrared lamp. Transmission Electron
Microscopy (TEM, Tecnai G2 F20) was also used to
investigate of FB and FB,,

nanoparticles.

morphologies

2.6. Scanning electron microscopy (SEM) analysis
The morphologies of FB and FB,, nanoparticles were
also observed with a cold field emission scanning
electron microscope (SEM, Hitachi, S-4800). The
dried nanoparticles were adhered to the sample table
using a conductive glue and then spray coated with a
thin Pt conductive layer on its surface before SEM
observation.

2.7.Fourier transform infrared spectroscopy (FT-
IR) analysis

The specific chemical groups in FB and FB,, nanopar-
ticles were confirmed using FT-IR (ThermoFisher,
Nicolelis5). The sample powders were mixed with
KBr, ground, and pressed into thin sections, and the
KBr was measured as a blank control. FT-IR spectra
were obtained using the SEM at an accelerated voltage,
so spectra within the range between 4000 and
500 cm ™' were obtained at a spectral resolution of
lem™!

2.8. Ultraviolet-visible spectroscopy (UV-vis)
analysis

The diffuse reflectance spectra of FB and FB,,
nanoparticles were investigated using Ultraviolet-
visible Spectroscopy (UV-vis, PerkinFlmer, Lambda
950), equipped with an integrating sphere attachment.
The sample was operated in the 200—800 nm range at
298 K for the optical diffuse reflectance (DRS) spectra.

2.9. X-ray diffraction (XRD) Analysis

Both FB and FB,, nanoparticles were analyzed by
x-ray diffraction (XRD). The tested samples were
sprinkled as evenly as possible on the glass slide and
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Table 2. The designation of iron-doped biphasic calcium phosphate nanoparticles

incorporation of silver (FB ).

Nanoparticles FBag—1 FBag—2 FBag—3 FBag—4 FBag—5
AgNO3 30 60 90 120 150
FB nanoparticles” 200 200 200 200 200

* mg.

® sample FB-4 was used for the preparation of FB .

stacked inside the hole of the glass slide. X-ray powder
diffraction (XRD) patterns of samples were collected
using an x-ray diffractometer (Rigaku Smartlab 9 kW),
operating at 45 kV and 200 mA with Cu Ka radiation
(XA = 1.5406 A) and a spinning sample holder. XRD
data were acquired in the 26 range of 10°-70° at a step
increment of 0.05°.

2.10. X-ray photoelectron spectroscopy (XPS)
analysis

Both FB and FB,g nanoparticles were also measured
by X-ray Photoelectron Spectroscopy (XPS, K-Alpha
0.05 eV, Thermo Scientific) to obtain their elemental
composition. The nanoparticles powder was sprinkled
and covered on the tape evenly, the aluminum foil was
used to press the sample (around 6 MPa), then the
aluminum foil was peeled, and the sample was placed
in a clean sealing bag and tested by XPS analyzer.

2.11. CCK-8 assay

The human bone marrow-derived mesenchymal stem
cells (hBMSCs, ATCC®PCS-500-012"™) were used to
evaluate the cytocompatibility of FB and FBAg nano-
particles. Cells were cultured according to ATCC
protocols, and cells at passage five were used for the
subsequent experiments. First, a certain amount of FB
and FBag nanoparticles were added into the cell
medium, and no agglomeration phenomenon was not
observed under optical microscopy. The final nano-
particle concentrations for testing were adjusted to
100, 250, and 500 pug ml ™!, The viabilities of the cells
cultured with nanoparticles were quantitatively inves-
tigated by the Cell Counting Kit-8 (CCK-8) assay, and
the CCK-8 assay was operated according to the CCK-8
Cell Proliferation Assay Kit protocol. Finally, the
absorbance at 450 nm was measured by using a
microplate reader to quantify the degree of cell
proliferation. The cultured cells without adding nano-
particles as the control group.

2.12. Antibacterial activity assay

The antibacterial activities of FB,, nanoparticles were
evaluated using Gram-negative E. coli (ATCC 25922)
and Gram-positive S. aureus (ATCC 6538). The single
colony of E. coliand S. aureus on the Luria Bertani (LB)
agar plate were transferred to a liquid LB culture
medium by growing at 37 °C overnight to obtain the
seed culture. FB,, nanoparticles were dispersed in
ultrapure water (500 pg ml~"), and then 100 pl of the

dispersed solution was mixed with 10 ml autoclaved
LB medium, after which 5 pl of seed cultures of E. coli
or S. aureus were inoculated into the medium. After
culturing for 12 h at 37 °C, the optical densities of the
media were measured using a UV-vis spectrophot-
ometer at 600 nm (ODg). E. coli and S. aureus were
cultivated at similar conditions without nanoparticles
and used as the control group (CK). The inhibition
rate was calculated by the following equation:

Kex — Ks

CK

Inhibition Rate (%) = x 100
Where K¢ and K are the absorptions of the control
group and sample group, respectively.

The seed culture medium was diluted into fresh LB
medium and cultured under 37 °C. When the ODg
of the medium reached about 0.6, the broth was dilu-
ted to 105 CFU ml ™" with sterile 0.9% NaCl solution.
After that, the suspension (50 pl) was spread onto a 90
mm-diameter LB agar plate. The wells were then cre-
ated with a hole puncher with a diameter of 4 mm with
30 pl of the prepared nanoparticle solutions subse-
quently added to the wells. The plates were then kept
in an incubator at 37 °C for 12 h, and the size of each
sample’s inhibition zone was subsequently recorded.
The diameter of the inhibitory halo was measured, and
the radius was used in this paper.

2.13. Statistical analysis

The data were expressed as mean + standard deviation
(SD) of three determinations. The statistical package
for the social sciences (SPSS) software (IBM SPSS
Statistics, Version 22.0) was used for the analysis. The
data were analyzed using one-way ANOVA, and a P
value < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Physicochemical characterization of FB and
FB,, nanoparticles

Firstly, the size and size distribution of nanoparticles
are crucial for understanding their physicochemical
characteristics and biological behavior [26]. In order
to evaluate the deposits and conduct biological
research into the biocompatibility of the produced
nanoparticles, testing the homogeneity of the FB and
FB,, suspension was required. DLS test (figures 1(a)-
(b)) was carried out to quantify the size of nanoparti-
cles and their dispersion characteristics. The results
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Figure 1. DLS analysis of prepared (a) FB and (b) FB 4 nanoparticles dispersed in Millipore water. (c) TEM images of FB and FB g
nanoparticles. TEM images of FB-4 and FB,,—4 with higher magnification were shown in the top right corner, and the formed Ag
nanoparticles were indicated using green arrows. (d) SEM images of FB 5, nanoparticles.
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showed that increasing hydrodynamic diameters of FB
nanoparticles were positively correlated with increas-
ing Ca/Mg molar ratios. However, the size distribu-
tion of FBs, nanoparticles was observed to decrease.
For instance, FB-4 and FB-5, which contain higher
molar ratios of Ca/Mg in FB nanoparticles, were not
monodispersed, indicating that a greater degree of
doped nanoparticle agglomeration was present
(figure 1(a)). The narrow size distribution of the FB,
nanoparticles constitutes another finding from this
investigation. FB-4 nanoparticles were incorporated
with the silver due to the minor hydrodynamic
nanoparticle size distribution of FB nanoparticles. The
intensity of nanoparticle distribution was observed to
reduce by ~50% when silver was introduced, with a
similar trend observed when the sizes of the nanopar-
ticles were observed (figure 1(b)). The samples of FBAg
nanoparticles were not monodispersed compared to
FB nanoparticles.

The morphologies of FB and FB,, nanoparticles
were also analyzed using TEM, and the TEM images
were subsequently displayed in figure 1(c). The nano-
particles from all groups were combined to form large
masses at the nanoscale. As the Ca/Mg molar ratio
increases, aggregation increases, and the particles ran-
domly condense in the regions. Numerous aggregated
nano-sized Ag particles are dispersed throughout the
FB nanoparticles, creating a rough surface that can
offer increased surface area and, consequently,

sufficient sites for cell survival. In addition, the SEM
images of the synthesized FB and FB,, nanoparticles
were analysed with their graphs presented in
figure 1(d). It was observed that most Ag nanoparticles
were typically nanorod-like, indicating that these
nanoparticles had a cylindrical shape and were formed
when the particles were synthesized. Additionally,
agglomerated Ag nanoparticles in FBAg-5 indicate
possible sedimentation at higher concentrations. FB g
also showed irregular morphology, which can be affec-
ted by the deposition of the addition of silver. With
increased AgNO; concentration in the FB, it was evi-
dent that irregularly shaped particles with a reduced
particle size distribution emerged. Furthermore, it was
observed that the number of irregular nanorod struc-
tures diminished and turned into a complex structure
atahigh concentration.

FT-IR analysis was undertaken to analyze the
functional groups of FB and FB,, nanoparticles, and
the results were subsequently presented in
figures 2(a)—(b). It was observed that the prominent
peaks of FB nanoparticles were detected at 576 cm ™",
and 1016-1030 cm ™" can be associated with out-of-
plane bending, and asymmetric stretching of phos-
phate groups (PO3 "), respectively. The obtained spec-
tra of PO, is expected and consistent with our
previous report [2]. The peaks observed at 1648 cm ™
and 1436 cm ™' indicated the presence of carbonate
functionalities in the structure [27]. Notably, the
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Figure 2. FT-IR spectra of prepared (a) FB and (b) FB 4 nanoparticles. UV—vis DRS spectra of prepared (c) FB and (d) FB,,
nanoparticles.

spectra of the FB and FB, nanoparticles were not sig-
nificantly different from one another, highlighting the
similarity of the functional groups present. However,
a peak at 941cm™' was observed in FB,, nano-
particles only. This peak is due to the stretching vibra-
tions of the PO}~ with the merging of the two peaks
between 940-1030 cm ™' observed as the concentra-
tion of AgNOj; increases.

As shown in figures 2(c)—(d), the produced FB and
FB,, nanoparticles were examined by UV-vis DRS
spectroscopy. The absorbance can change based on
many factors, such as particle size, a lack of oxygen,
and flaws in the grain structure [28]. The UV—vis DRS
absorption expanded in the range of 200-800 nm,
with the band at A = 520 nm corresponding to the sur-
face plasmon resonance of silver in FB nanoparticles.
All nanoparticles were observed to exhibit ultraviolet
(UV) absorption with the absorption peak observed at
A =340 nm. The UV absorption intensity is especially
noticeable in the most doped nanoparticles in FB. The
absorption peak at A = 340 nm in the UV-vis spectra
of a material can be attributed to the 7 — 7" transition
of C=O0 functional groups [29], which is a character-
istic band of carbonyl compounds. Additionally, it is
essential to note that FB,g nanoparticles exhibited a
slight absorption in the visible region (400-800 nm).
This absorption may be useful in biomedical applica-
tions because it can be advantageous to extend the

optical activation of the nanoparticles, such as photo-
sensitizing agents in photodynamic therapies [30, 31].

XRD analyses determined the crystalline phase of
nanoparticles, and their XRD patterns were displayed
in figures 3(a)—(b). The peaks of HA and 3-TCP were
detected in FB nanoparticles, while the peaks of HA, §-
TCP, and Ag were detected in FB ag Nanoparticles. Evi-
dent diffraction peaks of FB nanoparticles in XRD pat-
terns can be related tothe (002),(102),(211),(310),
(222),and (2 1 3) planes which are consistent with the
typical XRD spectrum of HA (JCPDS No. 9-0432)
[32, 33]. The peaks in the (3 3 —2), (1 0 10), (2 1 10),
and (3 1 0) are consistent with the standard XRD spec-
trum of B-TCP (JCPDS, No. 9-0169) [34, 35]. Addi-
tionally, the broadening of reflection peaks in XRD
patterns for FB nanoparticles indicates the decrease in
crystallinity as the Ca/Mg molar ratio increases.

All FB,, nanoparticles indicated the face-cen-
tered cubic crystal structure of silver [36, 37], which
matched the peaks that correspond well with (1 1 1),
(2 0 0), and (2 2 0) planes and compared with the
standard powder diffraction card of JCPDS, silver
file No. 87-0720. The theta value corresponding to
the (111) plane in FB,, nanoparticles had the most
dramatic peak among the silver peaks. The HA, (-
TCP, and Ag peaks overlapped in the XRD pattern
for FB,, nanoparticles, indicating that each comp-
onent interacted with the others. It can be stated that

6



10P Publishing

Biomed. Phys. Eng. Express9 (2023) 065016

L Nieetal

a A ﬂ A A HA « BTCP b A HA o BTCP * Ag
| i
- o [oAll & A FB-1 - . A
5 e AWIJ\NIM 5 [ ) b
-‘E.— | r'\ FB-2 -‘!-— | | L
A A A ' S N G \
a -‘“——x___—.q\ww‘lwl‘ u\\w,‘\'\l\_u"“'—ﬁ‘\— ‘a‘ | ||-_,.,-+-_.
= s % e |
2 [~V _\\J\.va\-., iy a wlﬁu'wu‘u‘;_,hw
o |
(™) L 1
2 [P s’ "'w\ \/WAWA“%.I FB-4 3 ; 1 i
E |~/‘J- \ | E il ._1_ - o
[P et Nagriz il | FB-5 | h
— I-.- LY L N -
10 2E| 3’0 4‘0 50 EIU 70 10 2’0 3’0 4‘0 5‘0 60 70
2 Theta (°) 2 Theta (°)
c ols Mame | Atomic% O1s Namo Atomic % O1s e | Messe i
ois on B i |
Cazp 1881 | cam 1378 | Cazp 10.80
- - [ (1 | I
! o FB-1 cis 1422 =S FB-2 |_cw | 1813 5 FB-3 c1s o |
s B ——— = L
- — [ 25 - ws | ||
= Cate = Ca2p 2 }
a @ | ‘B Cazp
Fe2 A c
: g Fe2p g -*p s _ffz" - l
. L \
= : cis P2 = = L I Cls P ||
! Sy ‘!'— —l\,
| 800 700 60 500 40 X0 20 10 O 800 700 600 500 400 300 200 100 O 800 700 600 500 400 300 200 100
Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
i
- 30
! O1s Name Atomic % O1s [ Mame Atomic %
1 [EECT S ST o [ ==
CaZp 8.32 _CTI; — Q—Bﬁ_
- o | P mEmaEs |
= FB'4 gt 135 3 FB'5 Cis 1702 =
o i © R T €
! . T ~ His 243 2
2 z R
[ T 5]
c Ca2p 2] Ca2p
8| Fezp S| Fezp §
E—L— bl et | ‘ w
_— i - ‘ C|15 P2p £ \l | | c1s Prp
i S, \ e
i S ————C —
1 : ; : v v 1 ——
B0 0 mBinzolon ;C:er 3“:“)200 0 g0 70 e s 40 300 200 100 0
9 o Binding Energy (eV)
- - l ;- lmw.- ————— - = -‘.m;““ - - - 2z ;
d O1s o e O1s o O1s
- Ca2p 894 " Cazp 888 -
I FBAQ 1 s I FBAQ 2 - FBA!I 3
I 5 C1s 2085 = Cis 1969 = [ ¢ !
. ) 408 3 Ag3d | [TEaTEm | o Agdd [T
5 [ Agae 285 -.‘.“’ g | | A (3] E. 9 [ ag 1
Fe2p .
:E' E‘ M \ @ Fe2p |
i % Ee i N AR, caz % ke | Ca2p g M| Cazp
- i - A \ 1 ’ 1
£ ".,_,._‘u,\l‘l‘ Cis P2p £ Vi) CI15 PFp E u'—"’”"“.‘Hl Cl"s Pﬁp |
U L——J__,,_Jl‘r = ul,_,JL,_..\_JL_/gI N -|_7‘,&_ J,,\ Lo
H Wi N\ A
| 80 700 00 500 400 300 200 100 0 800 700 600 500 400 300 200 100 B0 700 600 500 400 300 200 100 O
: Binding Energy (eV) Binding Energy (eV) Binding Energy (eV)
1
1
Nar Atomic % | 4
o1s = R o1s e | e | FB. -
{ ) amm | = 8 o
H FBAQ-4 Ca2p 7.53 FBAg 5 CaZp - 7 7\
[ - P2 1198 — | oy
- Ag3d c1s 2088 q Ag3d P!;u il 9 iy [
3 - Fazp 45 3 :E |:c..‘_ 27 || 64 \\\ H
1 ] Faz 538
o Ag3d 682 s M?f 728 E 5 \\\\\
= N
! =y o 5 4 N
@ | Fezp | [ o NN
c l c | Fezp ] Ny
- AJ Caz2 m | o3 B
@ | L o M L @ N
2 L") e o L—M 3, ] &Y\ 1
£ 4 | Cls P2 £ \ < N
! U | 14 Ry
1 A AN
T T T T T T T - T T T T T T T 0 S
800 700 600 SO0 400 300 200 100 O 800 700 600 500 400 300 200 100 O !
Binding Energy (eV) Binding Energy (eV) :
EERES e — = i o = == = i = sl

Figure 3. XRD spectra of prepared (a) FB and (b) FBg nanoparticles. (c) XPS spectra of prepared FB nanoparticles, and Fe2p content
for each FB sample were displayed according to XPS results. (d) XPS spectra of prepared FB 4 nanoparticles, and Ag3d content for
each FB,z sample were displayed according to XPS results.

additional AgNOj3-related crystalline phases in FB,,
nanoparticles induced sharper, and broad peaks in

all planes except for the (211) plane.

XPS provided more details on the combination
and integration of the produced nanoparticles. O,

Ca, P, C, N, and Fe were found in the FB nano-
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particles according to the extensive energy range
analysis (figure 3(¢)). A small quantity of observed N
in FB nanoparticles was mainly due to the addition of
(NH,),HPO, and ammonium solution during the
synthesis process. Regarding the FB 5, nanoparticles,
O, Ca, P, C, Fe, and Ag were found in figure 3(d).
With the addition of silver in FB nanoparticles, N
was not detected anymore. The Ag3d signal at 368 eV
(Ag3ds,,) and 373 eV (Ag3ds,,) showed that the
AgNOj; group had already been integrated into the
iron-doped BCP lattice [2, 38]. A peak at 132 eV was
seen in the P2p spectra of all nanoparticles, which
was attributed to the phosphate group. Fe2p has sev-
eral peaks that break into two distinct components,
Fe2p;,, and Fe2p,,,, located at around 712 and
723 eV, respectively [39]. Results from XPS and XRD
demonstrate the coexistence of both silver cations
(Ag") and nitrate anions (NO*7) substituting at FB
nanoparticles. The dominant Fe valence state (Fe*"
or Fe’") changes in accordance with the total
amount of dopant, and it is also observed. They also
confirm that the incorporation the Fe dopant within
the BCP structure was successful.

3.2. Cytocompatibility of FB and FB s, nanoparticles
As for the cytocompatibility evaluation of FB and
FBAg nanoparticles, CCK-8 assay was used to mea-
sure the cell viability and proliferation after culturing
human bone marrow-derived mesenchymal cells
(hBMSCs) with nanoparticles for up to 1, 3, and 5
days for confirming their potential biomedical appli-
cations, and the cells cultured without adding
nanoparticles as the control group. All nanoparticles
showed an increase in the number of viable cells over
days, suggesting the produced nanoparticles are
cytocompatible (figure 4). Notably, as the concentra-
tion of the nanoparticles increased from 100 g ml ™"
to 500 ug ml™!, O.D values at 450 nm decreased,
indicating the decrease in cell number. The addition
of AgNOs into the FB nanoparticles demonstrated a
slight decrease in the cell viability of FB,, nanoparti-
cles. This observation is because the literature has
reported the potential of AgNO; that can harm cell
membranes and interfere with cellular metabolism
when present in high doses [40—42]. Indeed, in these
studies, the researchers found that exposure to
AgNOj; reduced cell viability in a dose-dependent
manner. Contrary to previous studies, we observed
that although cell viability was reduced, the
number of viable cells cultured with FB,, nanoparti-
cles increased over days, highlighting their
cytocompatibility.

3.3. Antibacterial activity of FB and FB,,
nanoparticles

In this study, the antibacterial activity of obtained
FB and FB,, nanoparticles was tested using the
Agar-well diffusion method and liquid cultured

L Nieetal

bacteria supplemented with nanoparticles, which
worked well to assess the antibacterial activity [43],
against both Gram-positive E. coli and Gram-nega-
tive S. aureus strains. Figure 5 illustrates that FBj,
nanoparticles displayed antibacterial activity even
at low concentrations of AgNO; compared to FB
nanoparticles. The distinct bacteriostatic halos sur-
rounding FB, nanoparticles were observed in disk
diffusion against E.coli and S.aureus. However,
bacteriostatic halos surrounding FB nanoparticles
were not observed (figures 5(a)—(b)). The inhibition
rates of FB and FB,, nanoparticles against E. coliand
S. aureus for 12h were calculated, as shown in
figures 5(c)—(d). The inhibition rates of FB,, nano-
particles against E. coli and S. aureus were 33.78 +
1.69-59.03 £+ 2.95%, and 68.48 + 4.11-89.09 +
5.35%, respectively, which were remarkably higher
than that of FB nanoparticles against E. coli (9.56 +
0.29-13.63 + 0.41%) and S.aureus (14.87 =+
0.59-16.13 £ 0.65%). Figures 5(e)—(f) show larger,
more distinct bacteriostatic halos surrounding FB,,
nanoparticles,  indicating excellent inhibitory
effects against E. coli and S. aureus with inhibitory
zones larger than 1.2 mm. Further evidence that
FBagnanoparticles had a more efficient antibacterial
effect against S. aureus than E. coli was illustrated by
the lower zone inhibition of S. aureus after FB,,
nanoparticles were introduced, compared to the
zone inhibition of E. coli. In addition, the antibacter-
ial effect could be revealed using bacterial suspen-
sion supplemented with nanoparticles after 12 h
growth. The bacterial suspension with FB,, nano-
particles (FByg—1) in the tube shows transparent
liquids compared to FB nanoparticles (FB-1)-added
bacterial suspension. Similar antimicrobial activity
of silver nanoparticles against E. coli and S. aureus
was reported, and they successfully inhibited bacter-
ial growth [44]. The antimicrobial agent most
frequently used is silver. It interacts with proteins’
thiolic (-SH) groups to form S-Ag bonds, which
render proteins inactive [45]. Moreover, at higher
AgNOj; concentrations, the zone inhibition of FB,g
was not noticeably changed, implying that the
antibacterial behavior was not dose-dependent.
Furthermore, the ODgq (figure 5(g)) values showed
that S. aureus bacteria were not observed after 12 h,
when all FB,, nanoparticles, of varying composi-
tions, were introduced. On the other hand, some
E. coli bacteria were retained and survived in the
culture, after 12 h, in the FBAg nanoparticles. This
observation indicated that FB,, nanoparticles con-
stituted a more potent bactericidal agent against
S. aureus compared to E. coli. Regarding that, the
antibacterial ability of FB,g nanoparticles was
increased with the increased content deposition of
silver, which might be due to the fact that more silver
nanoparticles were released from FB,g, nanoparti-
cles, which could prevent the adhesion and growth
of bacteria. Song et al, proved that the silver ions
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Figure 4. The cytocompatibility of prepared (a) FB and (b) FB g nanoparticles was evaluated using CCK-8 after culturing with
hBMSCs for 1, 3, and 5 days, and cells cultured without adding nanoparticles as a control group (CK). “p < 0.05, “p < 0.01.

near the surface of the bacterium could produce free membrane, and bacterial lipase, and induce leaking
radicals, and generate more reactive oxygen species of the intracellular contents of bacteria until bacter-
(ROS), which lead to the damage of bacteria ial death [46]. The synthesized FB,, nanoparticles
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Figure 5. Photos of (a) E. coliand (b) S. aureus grew on nutrient agar LB plates after the addition of FB g nanoparticles for 12 h. Inhibition rate
of (c) FB nanoparticles and (d) FB, nanoparticles treated on E. coliand S. aureus for 12 h. Bacteriostatic radius, as inhibitory halo, of (e)

E. coli, (f) S. aureus after adding FB 5, nanoparticles for 12 h, "p < 0.05, the radius tested from photos of (a), (b). (g) Optical density at 600 nm
(ODgo) of E. coliand S. aureusin the LB medium after 12 h supplemented with FBg nanoparticles, x indicates the bacteria was not found.

have the potential for the fabrication of multifunc-
tional scaffolds in diverse biomedical applications,
such as dentistry, tissue engineering, wound healing,

etc.

4. Conclusion

This study investigated the synthesis of iron-doped
biphasic calcium phosphate nanoparticles (FB) and
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incorporated silver into them to create a nanostruc-
tured composite (FB,,). These nanoparticles were
characterized using various techniques, which
revealed that both silver and nitrate were present in the
FBag nanoparticles, and as the concentration of
AgNO; in the nanoparticles increases, the particles
become more irregular in shape and have a reduced
particle size distribution. Additionally, cell culture
tests revealed that both FB and FB,g nanoparticles
were compatible with bone marrow-derived cells.
These findings suggest that the FB,g; nanoparticles
may have potential use in biomedical applications,
particularly in tissue engineering, due to their anti-
bacterial activity and biocompatibility. The wide range
of structural characteristics among various types of
FBag allows us to tailor the microstructure, morph-
ology, and functional, antibacterial, and biological
features of synthetic materials to create better candi-
dates for biomedical applications.
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