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Investigation of Antibacterial Activity and Cell Viability of Ag/Mg
and Ag/Zn Co-doped Hydroxyapatite Derived from Natural
Limestone
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ABSTRACT: Improving the antibacterial activity to avoid infections 140
sy I sacaoveansy [ 25502.5Mg co-doped HAp

and keeping the biocompatibility at a safe level of HAp-based 1301
materials is highly important for biomedical applications. In this work,

we investigate the antibacterial activity of 2.5Ag/2.5Mg co-doped £ "]
HAp and 2.5Ag/2.5Zn co-doped HAp toward Escherichia coli bacteria. z
Moreover, their biocompatibility for osteoblastic cells (MC3T3-E1 2
cells) was also evaluated. The physical properties were characterized =
with necessary characterization tools such as X-ray diffraction, ©

scanning electron microscopy, transmission electron microscopy,
and Brunauer—Emmett—Teller. Both 2.5Ag/2.5Mg and 2.5Ag/2.5Zn
co-doped HAp consist of hydroxyapatite (HAp) and beta calcium
triphosphate (B-TCP) phases. The antibacterial test reveals that
2.5Ag/2.5Mg co-doped HAp or 2.5Ag/2.5Zn co-doped HAp has an
outstanding antibacterial activity with a killing rate of 99 + 1%. More
importantly, the cell viability for osteoblast cells with 2.5Ag/2.5Mg and 2.5Ag/2.5Zn co-doped HAp promotes the proliferation
much more effectively than 2.5Ag-doped HAp or 5Ag-doped HAp.
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1. INTRODUCTION

Hydroxyapatite (HAp), one member of the calcium phosphate
family, has received much attention due to its broad potential
applications such as bone graft, dental implant, and so on.'
Biocompatibility and biodegradability are two critical proper-
ties that a HAp-based material must possess for biomedical
use. For a practical application, like surgery, the antibacterial
capability is essential to prevent infection after treatment.”’

concentration, which is called cytotoxicity.'> Moreover,
Costescu et al. have also reported that too high Ag-ion
concentrations could decrease the performance.'* Based on
this consideration, it is important to control the Ag
concentration in the HAp matrix at a safe level but at the
same time Ag-HAp also should have great antibacterial
capability and cell viability. Incorporating a second metal
into the Ag-HAp system, known as the co-doping technique, is

Unfortunately, pristine HAp has a low capability to deactivate
bacteria.” Therefore, improving the antibacterial activity to
avoid using antibiotics and keeping the biocompatibility safe
for human tissue is an essential task for researchers and
scientists.

In the last few decades, numerous reports investigated how
to improve the antibacterial properties of HAp by a doping
technique with different metal ions such as silver, copper, zinc,
magnesium, and so forth.”~® Among them, silver (Ag) is the
most widely used as a dopant to enhance not only the
antibacterial activity but also antifungal capability.”'* Ag ions
have a vital role in interacting with the cell membrane of
bacteria via electrostatic attraction and then leading to the
destruction of the cell membrane.'' At a low concentration, the
Ag ions would replace some of the Ca ions in the HAp matrix
without changing the crystal structure.'” Unfortunately, a Ag-
doped HAp material could be toxic to the cells at a high Ag

© 2021 The Authors. Published by
American Chemical Society

7 ACS Publications

one of the best strategies to achieve that aforementioned goal.
Because the human bone consists of several metal ions such as
Zn and Mg, they have potential to improve the osteoplastic
cell 1516

In the previous work, we have successfully synthesized HAp
by utilizing natural limestone as the calcium source.’
Limestone, one of the most abundant minerals on earth,
possesses a high calcium content (ca. 40%) with the benefit of
low cost as compared to the chemical synthesis. The
antibacterial activity of that HAp was also highly enhanced
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by doping with 5% Ag metal ions. Although its antibacterial
activity was great, Ag is well known as a high-cost material and
has toxicity issues for the human body. Therefore, it is
important to reduce the Ag content in order to lower the cost
without degrading the antibacterial activity. In this work, we
further investigate the antibacterial activity of HAp by
incorporating two metal ions simultaneously (2.5Ag/2.5Zn
and 2.5Ag/2.5Mg co-doped HAp). Moreover, the biocompat-
ibility of co-doped HAp materials as one of the critical
properties for bone graft is also tested and compared for
osteoblastic cells (MC3T3-El cell). We find that both 2.5Ag/
2.5Zn and 2.5Ag/2.5Mg co-doped HAp have a great
antibacterial activity of 99 + 1%. More importantly, the
incorporation of Zn or Mg significantly improves the cell
viability especially at a high concentration of 300 yg/mL.

2. RESULTS AND DISCUSSION

2.1. X-ray Diffraction Analysis. An X-ray diffractometer
with an accelerating voltage of 30 kV was employed to identify
the crystal structure and phase of co-doped HAp. First, it is
important to discuss the X-ray diffraction pattern of undoped
HAp. As shown in Figure 1, the X-ray diffraction of undoped
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Figure 1. X-ray diffraction patterns of pristine HAp, 2.5Ag-doped

HAp, 5Ag-HAp, 2.5Ag/2.5Zn co-doped HAp, and 2.5Ag/2.5Mg co-
doped HAp.

HAp totally fit to the hydroxyapatite according to JCPDS. 09-
3420. There is no other peak observable which indicates that
undoped HAp has high purity. However, after doping with 5%
Ag (5Ag-doped HAp), there are several new peaks that appear
as compared to that undoped HAp. Those peaks located at
38.4 and 44.5° could be attributed to the presence of Ag metal,
while the other peaks at 31.3 and 33.6° could be assigned to
the presence of the beta calcium triphosphate (f-TCP) phase.
This phenomenon occurred due to the reduction of Ag ions
under a high-temperature process, as we have comprehensively
explained in our previous report.'” Interestingly, when the
concentration of Ag is reduced to 2.5%, the X-ray diffraction
remains identical to that of SAg-doped HAp, but there are no
peaks at 38.4 and 44.5° for 20. Because the Ag concentration is

now significantly lower than that 5Ag-doped HAp, the Ag did
not precipitate as Ag metal; instead, all the Ag ions occupied
the Ca sides in the HAp and or the f-TCP matrix. Both 2.5Ag/
2.5Zn and 2.5Ag/2.5Mg co-doped HAp have X-ray diffraction
patterns that are quite similar to the pattern of that 2.5Ag-
HAp, which consists of HAp and S-TCP phases without any
other impurity. The presence of those phases in a single
material is also known as biphasic calcium phosphate (BCP)."®
The size of the crystallite was calculated based on the Scherer
equation which depended on the full-width half maximum
(FWHM) and diffraction angle (0).” Table 1 lists the

Table 1. FWHM and Crystallite Sizes of 2.5Ag-Doped HAp,
2.5Ag/2.5Mg Co-doped HAp and 2.5Ag/2.5Zn Co-doped

HAp
samples FWHM crystallite size (nm)
2.5Ag-doped HAp 0.230 36.40
2.5Ag/2.5Zn co-doped HAp 0.507 16.18
2.5Ag/2.5Mg co-doped Hap 0.847 9.66

crystallite size of 2.5Ag-HAp, 2.5Ag/2.5Zn, and 2.5Ag/2.5Mg
co-doped HAp. The crystallite size of 2.5Ag-doped HAp was
36.4 nm. However after co-doping, the crystallite size
significantly decreased to 16.18 and 9.66 nm for 2.5Ag/
2.5Zn and 2.5Ag/2.5Mg co-doped HAp, respectively. The
decrease of the crystallite size indicates more defects as the
second metal ions of Zn and Mg were successfully doped into
the HAp matrix.”’

2.2, Electron Microscopy and Element Composition
Analyses. The surface morphologies of 2.5Ag-HAp, 2.5Ag/
2.5Mg co-doped HAp, and 2.5Ag/2.5Zn co-doped HAp were
first recorded using a field-emission scanning electron
microscope. Figure 2a shows that the morphology of 2.5Ag-
doped HAp consists of agglomerated particles. The morphol-
ogy of 2.5Ag/2.5Mg co-doped HAp and 2.5Ag/2.5Zn co-
doped HAp in Figure 2b,c is not much different as compared
to that of 2.5Ag-doped HAp. To further observe more clearly
the microstructure, transmission electron microscopy (TEM)
analysis was further conducted with an accelerating voltage of
200 kV. As exhibited in Figure 2d—f; it is clearly observed that
all samples have a similar irregular shape and contain a lot of
tiny particles.

The element composition was investigated by energy-
dispersive X-ray spectroscopy (EDS). The EDS spectra of
2.5Ag-doped HAp, 2.5Ag/2.5Mg co-doped Hap, and 2.5Ag/
2.5Zn co-doped HAp in Figure 3a—c show several peaks,
including phosphor (P), calcium (Ca), oxygen (O), silver
(Ag), zinc (Zn), and magnesium (Mg), which reveals the
presence of metal-ion dopants. It is reasonable that the peak
intensity of Ag, Zn, and Mg is much lower as compared to the
peak intensity of Ca due to a low concentration. Furthermore,
the quantitative EDS results are tabulated in Table 2. The
molar percentage of Ag as a metal dopant in 2.5Ag-doped HAp
was 0.97%, while the molar percentages of Ca, P, and O were
21.86, 13.06, and 64.12%, respectively. As also can be seen in
Table 2, the atomic concentration of Mg and Ag as the co-
dopants in 2.5Ag/2.5Mg co-doped HAp is 0.82 and 0.59%,
respectively. The composition of 2.5Ag/2.5Zn co-doped HAp
is similar to that of 2.5Ag/2.5Mg co-doped with concentrations
of 0.80 and 0.69% for Zn and Ag, respectively. It is found that
the concentration of Ag is slightly lower in both 2.5Ag/2.5Mg
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Figure 2. Scanning electron microscopy (SEM) and TEM images of (a, d) 2.5Ag-HAp, (b, e) 2.5Ag/2.5Mg co-, and (c, f) 2.5Ag/2.5Zn co-doped

HAp.
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Figure 3. EDS spectra of (a) 2.5Ag-HAp, (b) 2.5Ag/2.5Mg co-doped HAp, and (c) 2.5Ag/2.5Zn co-doped HAp.

Table 2. Atomic Percentage Results for 2.5Ag-Doped HAp,
2.5Ag/2.5Zn Co-doped HAp, and 2.5Ag/2.5Mg Co-doped

HAp

samples
2.5Ag-HAp
2.5Ag/2.5Mg-HAp
2.5Ag/2.5Zn-HAp

0.80

Mg

0.82

Ag Ca
0.97 21.86
0.59 2191
0.69 21.79

P

13.06
15.05
14.79

and 2.5Ag/2.5Zn co-doped HAp as compared to that 2.5Ag-
doped HAp.

2.3. BET Analysis. The surface area is one of the important
properties of nano-HAp-based materials because it could affect
the antibacterial properties.9 As shown in Table 3, the surface
area of undoped HAp is only about 21.9 m*/g. After doping
with 2.5% Ag, the surface area greatly improved by 1.7-fold as
compared to undoped HAp. However, the incorporation of Zn
or Mg as the second dopant did not significantly change the
surface area. The surface areas of 2.5Ag/2.5Mg and 2.5Ag/

34187 https://doi.org/10.1021/acsomega.1c05921
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Table 3. Surface Area and Pore Size of HAp, 2.5Ag-Doped
HAp, 2.5Ag/2.5Zn Co-doped HAp, and 2.5Ag/2.5Mg Co-
doped HAp

specific surface area average pore size

samples (m*/g) (nm)
HAp 219 1.6
2.5Ag-doped HAp 37.6 1.7
2.5Ag/2.5Mg co-doped 394 1.6
HAp
2.5Ag/2.5Zn co-doped 38.2 1.7
HAp

2.5Zn co-doped HAp were 39.3 and 38.2 m’/g, respectively.
The pore size of undoped 2.5Ag-HAp and 2.5Ag/2.5Zn or
2.5Ag/2.5Mg co-doped HAp was close to each other with a
range of 1.6—1.7 nm. To further determine the mesoporous
type, the nitrogen absorption—desorption experiment was
performed at a constant temperature. As presented in Figure
4a—c, the curves are quite similar and indicate that our 2.5Ag/
2.5Zn and 2.5Ag/2.5Mg co-doped HAp belong to type IV
mesopore materials.”' Furthermore, the pore size distribution
in Figure 4d—f clearly indicates that 2.5Ag-HAp and 2.5Ag/
2.5Zn co-doped HAp and 2.5Ag/2.5Mg co-doped HAp have
pore sizes below 10 nm, which further confirms the mesopore
properties of our HAp-based materials.

2.4. Antibacterial Activity. The antibacterial capability of
pristine HAp, 2.5Ag-HAp, SAg-HAp, 2.5Ag/2.5Zn co-doped
HAp, and 2.5Ag/2.5Mg co-doped HAp were evaluated toward
Escherichia coli bacteria. Figure S exhibits the photograph of the
bacterial test after 24 h under the dark conditions. The
antibacterial rate is then calculated and plotted in Figure 6.
The pristine HAp showed a low antibacterial activity with a
percentage of 12 &+ 9%. However, the Ag doped-HAp sample
with a low Ag content of 2.5% had much higher activity with a

rate of 61 &+ 9%. As expected, with a higher Ag content, the
SAg-doped HAp sample had a 99 + 1% antibacterial activity.
Interestingly, both 2.5Ag/2.5Zn co-doped HAp and 2.5Ag/
2.5Mg co-doped HAp also exhibited 99 + 1% antibacterial
activity. This result indicates that both 2.5Ag/2.5Zn co-doped
HAp and 2.5Ag/2.5Mg co-doped HAp have great potential for
deactivating E. coli bacteria, which was attributed to more
interaction between metal ions and the bacterial wall
membranes via an electrostatic force or reactive oxygen species
(ROS) to damage the cell membrane.””*

2.5. Cell Viability. Cytotoxicity and biocompatibility are
extremely important properties for practical biomedical
applications.”> The cytotoxicities of our HAp, 2.5Ag-HAp,
SAg-HAp, 2.5Ag/2.5Zn co-doped HAp, and 2.5Ag/2.5Mg co-
doped HAp were then evaluated by using the MTT assay on
MC3T3-E1 cells. Figure 7 shows the results for different
extraction concentrations of 25, 50, 100, 150, 200, 250, and
300 pg/mL after 72 h of incubation. It is well known that
standard cell viability according to ISO 10993-§ is > 70%.**
The cell viability data in Figure 6 clearly exhibit that almost all
samples have a cell viability over 70% even for the highest
extract concentration of 300 pg/mlL, except for the SAg-doped
HAp sample. At a concentration less than 200 pug/mL, SAg-
doped HAp had cell viability below 70%. However, when the
extract concentration increases to 250 and 300 yg/mL, the cell
viability gradually decreased to 75 + 7 and 68 + 9%,
respectively. These data reveal that 5Ag-doped has high
potential of cytotoxicity effect on the MC3T3-E1 cells. The
calculated cell viability of 2.5Ag/2.5Zn co-doped HAp and
2.5Ag/2.5Mg co-doped HAp for a high extract concentration
of 300 pug/mL were 120 + 2 and 116 + 10%, respectively,
which were much higher than that of SAg-doped HAp (68 +
9%). It should be emphasized that our strategy of replacing
some Ag ions with Zn or Mg metal ions as the second metal
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Figure 5. Photograph images of the antibacterial tests of (a) control, (b) pristine HAp, (c) 2.5Ag-HAp, (d) SAg-HAp, (e) 2.5Ag/2.5Zn co-doped
HAp, and (f) 2.5Ag/2.5Mg co-doped HAp against E. coli. Note: the scale bar is 1 cm.
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Figure 6. Histogram of antibacterial activities toward E. coli in the presences of pristine HAp, 2.5Ag-doped HAp, SAg-doped HAp, 2.5Ag/2.5Zn co-
doped HAp, and 2.5Ag/2.5Mg co-doped HAp.
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Figure 7. Cell viability analysis for pristine HAp, 2.5Ag-doped HAp, SAg-doped HAp, 2.5Ag/2.5Zn co-doped HAp, and 2.5Ag/2.5Mg co-doped
HAp.
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dopant has proved to promote the proliferation much more
effectively than that with 2.5Ag-doped HAp and 5Ag-doped
HAp. The previous studies suggested that the presence of Mg
ions and Zn ions in the HAp structure had an important role in
enhancing the osteoconductivity and resorption properties. >
Based on these results, our 2.5Ag/2.5Zn co-doped HAp and
2.5Ag/2.5Mg co-doped HAp are suitable for biomedical
applications not only due to their great biocompatibility but
also excellent antibacterial activity. Furthermore, our co-doping
strategy in this work has another advantage of reducing the
cost as the price of Mg or Zn metal is much cheaper than the
price of Ag.

3. CONCLUSIONS

2.5Ag/2.5Mg co-doped HAp and 2.5Ag/2.5Zn co-doped HAp
have been successfully prepared using a sol-gel method
followed by thermal annealing at 700 °C. The XRD analysis
revealed that both 2.5Ag/2.5Mg and 2.5Ag/2.5Zn co-doped
HAp possessed HAp and f-TCP phases. The BET analysis
confirmed that our co-doped HAp was a type IV mesoporous
material with a surface area of 40 m*/g and an average pore
size of 1.6 nm. The antibacterial activity test showed that
2.5Ag/2.5Mg co-doped HAp and 2.5Ag/2.5Zn co-doped HAp
had an outstanding bacterium killing rate of 99 + 1% toward E.
coli. More importantly, the cell viability test on osteoblast cells
(MC3T3-E1) revealed that co-doping HAp had no cytotoxic
effect and it was able to improve cell growth. This report shows
that using the co-doping strategy with proper dopants not only
can improve the antibacterial activity but also enhance the
growth of the osteoblastic cells.

4. EXPERIMENTAL SECTION

4.1. Synthesis of 2.5Ag/2.5Zn Co-Doped HAp and
2.5Ag/2.5Mg Co-Doped HAp. Pristine HAp and Ag-doped
HAp were prepared by similar procedures to our previous
report.'” 2.5Ag/2.5Zn co-doped HAp and 2.5Ag/2.5Mg co-
doped HAp were also synthesized by a similar method. First,
5.6 g of CaO obtained by heating limestone (CaCO3) at 900
°C for 5 h was added into S00 mL of deionized (DI) water
under constant stirring. After stirring for several hours,
Ca(OH), was successfully produced. Then, 2.5% AgNO,
and 2.5% Zn(NO,), (denoted as 2.5Ag/2.5Zn co-doped
HAp) or 2.5% Mg(NO;), (denoted as 2.5Ag/2.5Mg co-doped
HAp) was added into that previous solution. After that, 3.1 mL
of phosphoric acid was slowly added under continuous stirring
for 4 h. The obtained gel was then collected by centrifugation.
After the drying process, the sample was annealed in a mufile
furnace at 700 °C for 2 h.

4.2. Characterizations. X-ray diffractometry (D2 Phaser)
was used to investigate the crystal property of 2.5Ag/2.5Zn
and 2.5Ag/2.5Mg co-doped HAp. A field-emission scanning
electron microscope (JSM 6500F) was used to observe the
morphology. TEM (JEOL, 2100) was also further employed to
investigate the microstructure. The element composition was
investigated using EDS and analyzed using an integrated
calibration tool (INCA software, Oxford instrument). Nitrogen
absorption and desorption isotherm experiments were
conducted using Brunauer—Emmet—Teller (BET) analysis
(Novatouch LX2, Quantachrome Instrument) to measure the
specific surface area, average pore size, and pore size
distribution.
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4.3. Antibacterial Activity. The antibacterial properties of
the as-synthesized HAp-based materials were evaluated against
gram-negative bacteria E. coli bacteria. The plate count
technique (ASTM International E3031-15) was used to
evaluate bacterial activity. Bacteria were initially inoculated
overnight at 37 °C in Luria-Bertani (LB) medium. The
bacteria were then diluted in a phosphate-buffered saline
solution. After that, 1 mg of the as-prepared HAp-based
samples was added into 0.5 mL of the diluted bacteria solution
(10* colony-forming unit, CFU) and then was spread on a
petri dish with agar medium. Finally, it was incubated at 37 °C
for 24 h. The bacteria were counted using a colony counter
machine (Rocker galaxy 330, Kaohsiung, Taiwan), and the
results were compared to the control experiment without any
sample or pure bacteria. On the basis of the colony numbers,
the antibacterial activity was determined using the equation
below:

R = [(A — B)/A] X 100%

where R is the antibacterial killing rate (in percent), A is the
average number of bacteria (in CFU) in the control
experiment, and B is the average number of bacteria in the
testing sample. The measurements were repeated three times
to obtain the accurate result.

4.4. Cell Viability (MTT Test). The isolated osteoblastic
cells (MC3T3-El cell line ATCC CRL-2594, Virginia, USA)
were cultured in 75 cm? cell culture flasks containing minimum
essential medium (MEM a, Gibco, Massachusetts, USA)
supplemented with 10% fetal bovine serum (FBS, Gibco,
Massachusetts, USA) and 1% antibiotic-antimycotic (Corning,
New York, USA) maintained at 37 °C in an incubator with a
5% CO, humidified atmosphere. To assess the cell viability
effect, a 500 uL suspension of MC3T3-E1 cells was seeded into
24-well plates at a density of 2 X 10* cells/well and incubated
for 1 day to allow the adherence of the cells. Afterward, the
toxicity of MC3T3-E1 cells was investigated on HAp, 2.5Ag-,
5Ag-, AgZn co-doped, and Ag/Mg co-doped HAp with various
concentrations (25, 50, 100, 150, and 200 pg/mL) of the
extract solution added to each well. Cells without sample
extract dilution were used as a control. Each sample
concentration was prepared in triplicate. After 3 days of
incubation, the medium was aspirated from all wells, and 200
uL of thiazolyl blue tetrazolium bromide MTT (L119139, Alfa
aesar, Massachusetts, USA) solutions was added to each well
and incubated for another 4 h to form formazan. At the end of
the incubation period, the MTT solution was removed, and
300 uL of dimethyl sulfoxide (DMSO, ECHO, Taiwan) was
added to each well. The solution was transferred to a 96-well
plate, and the absorbance was measured at 570 nm using a
microplate reader (Multiskan Go, Thermo Scientific, USA).
The cell viability percentage of each concentration was
calculated by assuming the cell viability of the control as
100%.).
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