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Hydroxyapatite (HA)-based materials are utilized as a bioactive ceramic for
musculoskeletal reconstruction, owing to their chemical similarities to bone.
However, they do not have any inherent antibacterial properties. Hence, post-
surgical bacterial infection on HA scaffolds may cause osteomyelitis that needs
to be rectified with costlier and more painful revision surgery. Our research
aims to dope HA with transition metal oxides, such as ZnO and MgO, followed
by loading tannic acid (TA) as an alternate antibacterial agent for various
orthopedic and dental applications. The phase and microstructural investi-
gation studies show no adverse effect as a result of doping. The combined
effects of dopants and TA lead to ~ 98% antibacterial efficacy against S.
aureus after 24 h of sample—bacterial interactions. The selected compositions
do not show any adverse effects on the NIH3T3 cell line. In summary, our
work proposes an alternate strategy to fabricate an antibacterial scaffold with
TA-loaded ZnO and MgO-doped HA for various orthopedic and dental appli-

cations.

INTRODUCTION

There has been a global increase in cases of
musculoskeletal disorders, birth defects, war inju-
ries, bone cancer, and other bone-afflicting condi-
tions has which motivated scientists to discover
new, more effective treatments for bone reconstruc-
tion."? Various musculoskeletal disorders result in
a total US$136.8 billion yearly burden to the United
States economy.® The current treatment approach
to skeletal reconstruction is by autologous bone
grafts; however, that needs multiple site surgeries
and may lead to complications.” In this regard,
artificial scaffolds with bone-like material are use-
ful. Hydroxyapatite [HA, Ca;q(PO4s(OH)s] has
been thoroughly evaluated by bone researchers
because of its biocompatibility and chemical simi-
larities to bone.”® Few recent pioneering works
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have investigated the potential of HA with natural
polymers for patient-specific tissue engineering
applications.”® HA has recently been utilized in
different types of additive manufacturing to prepare
complex scaffolds for bone regeneration.'®

Although synthetic HA displays appropriate out-
comes in bone tissue engineering, it does not have
any inherent antibacterial properties and shows
limited osteogenic potential without any further
chemical modifications or growth factor addi-
tion.'*"'° Bacterial infection on the HA scaffold
surface may lead to post-surgical infection and
implant failure, which can lead to costlier, painful
revision surgery and further complications. Addi-
tionally, using antibiotics does not guarantee ade-
quate protection against bacterial strains because of
two reasons: (1) site-specific antibiotic delivery is
challenging, and (2) bacterial resistance to several
antibiotics.'®'® An alternate approach is to dope HA
with various cations, primarily transition metals, to
improve the antibacterial activity at the implanted
site, as they are not cytotoxic at low concentra-
tions.'®1? The flexible crystal chemistry of HA allows
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the doping of metal ions and non-metal ions in the
cationic and anionic sites, respectively.!®?%?! The
addition of dopants into HA not only enhances its
biological activity but also assists in enhancements
in crystallinity and mechanical properties.??2*

The major scientific question posed in this work
is: can we utilize MgO- and ZnO-doped HA with
plant-sourced tannic acid (TA) to fabricate an
alternate antibacterial and cytocompatible scaffold
for various bone tissue engineering applications? In
this work, we specifically selected zinc oxide (ZnO)
and magnesium oxide (MgO) as dopants with HA
due to their inherent antibacterial potential and
positive effects on new bone formation. The novelty
of this work lies in the direct incorporation of plant-
sourced TA on the doped HA scaffolds followed by
the evaluation of biological properties. Zinc (Zn) is
one of the essential trace elements that contribute
to many enzymes regarding bone metabolism.?
Previous Works have reported that HA doped with
Zn ions (Zn?") increases the proliferation and dif-
ferentiation of osteoblast cells, and helps in bone
growth and healing due to injury.?® Additionally,
Zn?* addition to HA leads to antimicrobial proper-
ties against Gram-positive and -negative bacteria
that are found at the implantation location such as
Staphylococcus aureus (S. aureus), Escherichia coli
(E. coli), ete.?

Due to these biological properties of Zn?*, we
selected it as one of the dopants in this work. The
other important transition metal for new bone
formation is Mg?*, which acts analogously as a
growth factor during the early phases of osteogen-
esis and encour ages bone development 31-33 Addi-
tionally, both Mg®* and Zn?" are essential nutrlents
and are connected to biological apatite. Mg?* plays
an important role in the defined movement of the
musculoskeletal systems. Furthermore, it acceler-
ates bone formation and revitalizes mesenchymal
stem cells to prompt osteogenic dlfferentlatlon
Previous works demonstrated that Zn?*- and Mg?*-
doped HA leads to differentiation of the mesenchy-
mal stem cells to bone-forming osteoblast.>* 3" This
study aims to use MgO and ZnO co-doped HA as an
alternate antibacterial scaffold by directly incorpo-
rating the drug. In this regard, we have selected a
natural medicinal compound, TA, instead of com-
mercially available synthetic drugs. The utilization
of natural medicinal compounds to treat various
diseases is gaining momentum in clinical research
due to their abundance and fewer side effects
compared to many available synthetic drugs. A
recent report indicated that one in every five US
adults 3prefers to use natural medicinal com-
pounds.®® TA is a form of natural polyphenol
compound found in fruits and teas.®* Because of
the pyrogallol group, TA has executed good antibac-
terial and anti-oxidant characteristics, which con-
tribute to its versatile biomedical applications.***!
TA forms complexes with various metals and also
adheres to the surface of several substrates.*?~*°
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Hence, it has been widely utilized in dental
implants. Previous works have also reported that
TA is Widely utilized as a green cross- -linker and
helpful in improving the corrosion resistance of
HA.**

There is a knowledge gap in the existing litera-
ture investigating the effects of direct incorporation
of TA in doped HA for various bone-related appli-
cations. Our work aims to bridge that gap. The
objective of this study is to design a novel scaffold
with ZnO and MgO co-doped HA followed by the
direct incorporation of TA for bone tissue engineer-
ing. The hypothesis is that the combined effects of
TA, ZnO, and MgO will incorporate antibacterial
efficacy without compromising cytocompatibility.
Our results indicate successful fabrication of ZnO
and MgO Co-doped HA followed by TA loading. The
designed multifunctional scaffold shows enhanced

antibacterial efficacy without compromising
cytocompatibility.
EXPERIMENTAL

Sample Fabrication

The ZnO and MgO doping in commercial HA powder
(NEI, USA) were carried out using 0.25 wt.% and 1
wt.%, respectively, by 2 h of ball milling at a speed of
80 with a 1:2 powder-to-ball ratio. The ZnO (Cas #
1314-13-2; 99.9%) and MgO powder (Cas # 1309-48-
4 > 96.0%) used in this study were purchased from
Alfa Aesar. The doping amount was selected according
to previously reported optimization studies and cor-
responding mechanical and biological results.!**>*6
The powders were pressed uniaxially for 2 min using a
hydraulic press. As previously mentioned, the pressed
powders were sintered at 1250°C, with a 2-h holding.*”
Here, the undoped HA will be denoted as HA, the ZnO-
doped HA samples will be referred to as ZHA, the
MgO-doped HA samples will be denoted as MHA, and
the ZnO and MgO co-doped samples will be referred to
as MZHA.

Measurement of Densification
and Dimensional Shrinkage

The bulk density and theoretical density of the
samples were measured to quantify the densifica-
tion after sintering. The volume shrinkage was
calculated by measuring the dimension change for
volume after sintering concerning the volume of the
green compacts. The radial and longitudinal shrink-
age were similarly measured with the change of
diameter and height after sintering (n = 3).”

Phase and Microstructural Investigation

The x-ray diffraction (XRD; Empyrean; PANalyt-
ical) measurement of the samples was performed in
the range, 20° < 20 < 60°, with a step size: 0.015°
(400 s/step). Cu-Kla radiation of 1.54 A was utilized
at a voltage and current of 45 kV and 40 mA,
respectively. Characterization of the functional
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groups of HA, MHA, ZHA, and MZHA was per-
formed by Fourier-transform infrared spectroscopy
(FTIR; Nicolet Is50 FTIR; Thermo Scientific), in the
range of 500-2000 cm~!. The resultant microstruc-
tures after ZnO and MgO doping were analyzed
using field-emission scanning electron microscopy
(FESEM); the images were collected at a voltage of
15 kV with a magnification of x 5000. A layer of
platinum was applied before performing FESEM to
make the samples conductive. To understand the
morphological changes in the powder as a result of
doping, FESEM of HA and ZnO- and MgO-doped
HA was performed. Additionally, energy dispersive
spectroscopy (EDS) was carried out to find the
elemental composition in the undoped and doped
samples.

Tannic Acid Loading and Characterization

An ethanolic solution of TA (98.0%, Millipore
Sigma, St. Louis, USA) was made at a concentration
of 7 mg/mL. This was loaded on top of each scaffold
by pipetting a low amount (30 pug) and a high
amount (560 ug) followed by an assessment of
cytocompatibility and antibacterial activity. The
samples with 30 ug TA are represented by the suffix
T1, whereas the samples with 560 ug TA are
denoted with a suffix T2, with each compositional
notation mentioned before each sample.

Functional groups of TA were identified with
FTIR spectra in the range 500-4000 cm *. A diluted
ethanolic solution of TA was tested in the 200-
400 nm range using ultraviolet-visible (UV-VIS;
Evo0260; Thermo Scientific) to find the characteristic
absorbance peak.

Antibacterial Efficacy Testing

Modified ISO 22196: 2011 Standard for Agar Plate
Colony Count

The measure of the antibacterial activity against
S. aureus was conducted according to the modified
ISO 22196: 2011 Standards, as reported in previous
works.'® The freeze-dried bacterial stock was pur-
chased from Carolina Biological Supply (Burlington,
NC, USA). After bacterial activation, measurements
of the optical densities of bacterial suspensions at
different concentrations were conducted with a UV—-
Vis spectroscopy microplate reader (Accuris smar-
treader 96-T) and compared to the McFarland
standard.'®®! The sterilized samples were put in
24-well plates with 10° CFU of bacteria placed on
top, and then 1 mL broth media was added. The
well plates were incubated at 37°C for 24 h. In the
next step, the samples were moved to glass vials,
mixed with 1 mL phosphate buffer solution (PBS),
vortexed for 15 s followed by serial dilution, and
then 10 uL of the vortexed & diluted solution was

plated on agar plates via streaking. The streaked
plates were then incubated at 37°C for 24 h, fol-
lowed by photography to count the bacterial colo-
nies. The antibacterial efficacy was quantified as
100 — bacterial cell viability (%), where the following
equation defines bacterial cell viability (%):

Bacterial cell viability (%)
:Xtreatemnt/Xcontrol x 100%

Morphological Characterization

Using FESEM, the bacterial morphology was
analyzed and determined. Sample fixation was
performed with 2% paraformaldehyde and 2% glu-
taraldehyde in 0.1 M PBS and then refrigerated
overnight at a temperature of 4°C. In the next step,
rinsing of each sample was performed with 0.1 M
PBS, and ethanolic dehydration was carried out in
concentrations of 30%, 50%, 70%, 95%, and 100%
three times.'®3! The dehydrated samples were
placed inside a fume hood overnight for Hexam-
ethyltiisilizane (HMDS) drying, and then the sur-
face was coated with platinum using a sputter
coater.

Assessment of Cytocompatibility
Cell Seeding on Sample Surfaces

To assess the effects of doping and TA loading on
cytocompatibility, a cell-material interaction study
was carried out with an NIH3T3 fibroblast cell line
(ATCC, USA). The cell culture experiment used
Dulbecco’s modified Eagle’s medium, supplemented
with 10% fetal bovine serum, and 1% penicillin/
streptomycin.'® The sterilized samples after auto-
clave and drug loading were kept in 24-well plates
and, on each sample top, a cellular density of

20,000-25,000 was seeded followed by the addition
of 1 mL culture media. Each well plate was incu-
bated at 37°C for 24 h within a 5% CO, atmosphere.

MTT Assay and Cell Viability Quantification

The cell viability was quantified using MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetra-
zolium bromide) assay after cell-material interaction
for 1 day and 3 days. First, the samples were moved
to a fresh well plate followed by the addition of 100 uLL
MTT solution and 900 uL of media. The MTT and
media-added samples were incubated for 2 h at 37°C.
Post-incubation, the media was replaced with 600 uL
of MTT solubilizer, and the resultant optical density
(100 uL solution) was measured using the UV-VIS
microplate reader. The cell viability was assessed
from the obtained results. The biological experiments
were carried out in triplicate.*®4?



RESULTS

Doping HA with MgO and ZnO powder using ball
milling followed by hydraulic pressing, sintering,
and obtained representative samples are schemat-
ically shown 1n Fig. 1. Table I displays the bulk
density (g/cm®) and densification shrinkage, vol-
ume, radial, and longitudinal shrinkage (%) after
sintering. The bulk densities were: HA 2.7 £+ 0.1 g/cm
ZHA 2.6 + 0.2 g/lem®, MHA 2.5 + 0.1 g/cm?, and
MZHA 2.8 + 0.3 g/cm?®, while the dens1ﬁcati0n
shrinkage were HA 86.3 + 1.7%, ZHA
82.8 + 2.1%, MHA 86.3 +£3.8 %, and MZHA
88.2 + 2.4%. HA had a volume, radial, and longitu-
dinal shrinkage of 57.2 + 2.5%, 24.3 + 0.4%, and
24.2 + 1.7%, respectively; for ZHA they were:
58.7 + 3.4%, 25.5 + 0.3%, and 25.7 + 4.2%, respec-
tively; for MHA they were: 61.2 + 0.5%,
39.5 £ 0.8%, and 32.1 &+ 6.2%, respectively; and
for MZHA they were: 61.5 + 4.7%, 31.3 + 1.1%,
and 39.1 + 4.2%, respectively.

The XRD results for the sintered samples in the
range 20°-60° are shown in Fig. 2a. The standard
peaks of HA are observed and marked in the figure.
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The HA phase is confirmed from JCPDS #09-0432.2
Doping HA with MgO and ZnO does not result in
any adverse effects on the phase formation after
sintering. The FTIR spectrum presented in Fig. 2b
shows the vibrational modes of undoped and doped
HA in the 500- to 1300-cm™ range. The bending
mode of the PO,3~ group is noticed in the ~ 560—
610-cm ' range. The corresponding stretching
vibrations appear around ~ 970-1100 cm®. The
vibrational mode at ~ 670 cm ! is attributed to
the OH groups.’® Figure 3a, b, ¢, and d displays
the sintered samples under FESEM. There are
distinct grain boundaries, indicating that all the
powder has been fully sintered.?'*? Additionally, no
significant difference in morphology is noticed
across the compositions because of the doping. The
EDS results in Fig. 3e and f show the elemental
analysis of the HA powder and the MgO-doped HA
powder. Peaks of corresponding elements in HA,
i.e., Ca, P, and O are observed in the spectra. The
MgO-doped powder spectra show Mg peaks along
with the peaks of Ca, P, and O, indicating successful
doping with the HA. The FESEM images of the HA
powder and the ZnO- and MgO-doped HA powder
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Fig. 1. Schematic of the sample preparation process starting from doping HA with MgO and ZnO, followed by hydraulic pressing and sintering;
representative images of fabricated doped/undoped samples are shown.

Table I. The bulk density (g/cm®), shrinkage as a result of densification, volume, radial, and longitudinal

shrinkage (%) after sintering, respectively

Sample Bulk den51ty Densification Volume Radial Longitudinal
ID (g/cm ) shrinkage (%) shrinkage (%) shrinkage (%) shrinkage (%)
HA 2.7+ 0.1 86.3 + 1.7 572+ 25 24.3 + 0.4 24.2 + 1.7
ZHA 2.6 + 0.2 82.8 +£ 2.1 58.7 £ 34 25.5 £ 0.3 25.7 +£ 4.2
MHA 2.5+ 0.1 86.3 + 3.8 61.2+ 0.5 39.5 + 0.8 32.1 +6.2
MZHA 2.8 +0.3 88.2 + 24 61.5 + 4.7 313+ 1.1 39.1 +4.2

All samples show a similar range of bulk density and densification (~ 83-88%) after the conventional sintering process. The corresponding
volume, radial, and longitudinal shrinkage data support this observation.
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Fig. 2. (a) XRD peaks of HA co-doped with ZnO and MgO (MZHA), HA doped with MgO (MHA), HA doped with ZnO (ZHA), and undoped HA
(HA), in the range of 20°—60°. The standard peaks of HA are observed and marked in the figure. (b) FTIR spectra of the samples showing

standard peaks of PO,®~ and OH in the 1300-500-cm~" range. The XRD and FTIR images indicate the retention of HA after doping.
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N 4:% o

Fig. 3. FESEM images displaying the morphology of the sintered samples: (a) HA, (b) ZHA, (c) MHA, and (d) MZHA, respectively.
Representative grains in the sintered body are marked with white arrows, (e) the EDS spectra of HA show peaks of Ca, P, and O, (f) the EDS
spectra of MHA show peaks of Mg, Ca, P, and O, (g) morphology of HA powder, and (h) morphology of MZHA powder.

are shown in Fig. 3g and h, respectively. Agglom-
erated powder morphology of varying particle size is
seen in the corresponding images. The FTIR spectra
of TA are shown in Fig. 4a. The prominent peaks
displayed are the OH, C-H, C=0, and C-O bonds.
At ~ 3275 cm !, hydroxyl groups display adsorp-
tion; additionally, an OH stretch is noted near
2211-3277 cm ' and an alkane is observed at
2833 cm ! These spectra agree well with previ-
ously reported works.?® The UV-VIS spectra of TA
are shown in Fig. 4b. The major TA peak is shown
at ~ 271 nm with a weak peak at ~ 214 nm. This

observation is well supported by previously reported
works.?*5 A few other works have reported that, at
a lower pH, the peak at ~ 213 nm disappears but
returns weakly after a pH of 7.5

The cytocompatibility results of the tested sam-
ples are shown in Fig. 5, confirming that no
compositions are cytotoxic according to the ISO
10993 standard.’® On day 1, similar cell viability is
noticed for the HA and HAT2 samples. However, the
MZHAT?2 sample shows a significantly enhanced
cell viability on day 1. On day 3, both the treatment
compositions show enhanced cell viability compared
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Fig. 4. (a) FTIR spectra of TA in the 4000-500-cm™~" range. Standard peaks of TA such as OH, C=0, CH, etc., are observed in the spectra and
marked with *, (b) UV-VIS spectra of TA in the 200-400-nm range show the highest absorbance in the ~ 275-nm region. The FTIR and UV-VIS

spectra agree well with available literature reports.

with the control. The cell viability increased in the
TA-loaded compositions on day 3 compared to that
on day 1. Since a higher amount of TA loading
(560 ug) does not show any cytotoxicity, it was
selected for further antibacterial efficacy assess-
ment against S. aureus, and the assessment results
are shown in Fig. 6a, b, and c. The agar plate images
(Fig. 6a) show denser colonies in the control HA
sample, whereas a significant reduction in bacterial
colonies is noticed in the treatment MZHAT2 sam-
ple. The quantification of the bacterial colonies
(Fig. 6b) indicates that the treatment sample shows
up to ~ 98% antibacterial efficacy. The FESEM
images (Fig. 6¢) after bacteria culture show a higher
density of bacterial colonies on the control HA
sample. The TA-loaded MgO- and ZnO-doped HA
sample results in a significant reduction in the
colonies. A dotted circle is used in the FESEM
images to mark the bacterial colonies.

DISCUSSION

Clinical Significance of Antibacterial
Scaffolds for Orthopedic and Dental
Applications

Osteomyelitis is a clinical condition, resulting
from the growth of bacteria on the bone implant
surface.'® It is one of the leading causes of implant
failure that may need to be corrected by revision
surgeries.?"%” One recently published clinical study
on patients with orthopedic infection documents
that S. aureus is the major microorganism that
causes bacterial infection in patients after orthope-
dic surgery. S. aureus alone accounts for ~ 38% of
infection in all investigated patients, the highest
among all tested microorganisms.’® Currently,
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0.25 HAT2 .[
MZHAT2 I I
0.20 J.
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Fig. 5. The MTT assay after 1 day and 3 days interactions of tested
samples with NIH3T3 cells indicates that no compositions are
cytotoxic. The MZHAT2 composition shows more enhanced cell
viability than the control on day 1. On day 3, both the treatment
samples show significantly more enhanced cell viability than the
control.

antibiotic treatments are prescribed to patients
with osteomyelitis.

However, antibiotic delivery to a specific surgery
site throws a significant clinical challenge. Addi-
tionally, the emergence of drug-resistant bacteria is
another important concern in this regard.’®%° We
propose an alternate strategy for fabricating bone
tissue engineering scaffolds with inherent antibac-
terial properties, and selected dopants such as ZnO
and MgO with HA, and a natural medicinal com-
pound, TA. The antibacterial results (Fig. 6a and b)
show that the combined effects of dopants and TA
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Fig. 6. Antibacterial efficacy according to modified ISO 22196. 2011 standards after 24 h of sample bacteria interaction shows (a) dense
bacterial colony formation is noted in the HA sample while the treatment samples, i.e. TA- loaded HA, TA-loaded ZnO- and MgO-doped HA
displays a significantly reduced bacterial colony formation on the agar plates, (b) quantification of the bacterial cell viability shows that the
treatment compositions show up to ~ 98% antibacterial efficacy after 24 h of sample—bacterial interactions (**P < 0.0001), (c) FESEM images
show denser bacterial colonies on the control HA sample. The TA-loaded ZnO- and MgO-doped HA sample shows a significant reduction in
bacterial colonies. A dotted circle marks the colonies, and (d) schematic of the antibacterial mechanism due to TA, ZnO, and MgO.

lead to up to ~ 98% antibacterial efficacy against
osteomyelitis causing S. aureus compared to the
control. Assessment of antibacterial efficacy after
direct incorporation of TA into ZnO- and MgO-doped
HA is a novel finding of this study.

Doped Hydroxyapatite as a Scaffolding
Material for Bone Tissue Engineering

The demand for skeletal reconstruction among
younger patients is increasing worldwide, owing to
modern and active lifestyles. One statistical predic-
tion indicates an increase in total hip arthroplasty
up to ~ 71% by the year 2030, among which a
significant number of surgeries are expected in
younger patients, who are less than 65 years.?!6!
These statistics indicate the need to fabricate
artificial bone-like scaffolds with a longer service
life. Additionally, the inherent antibacterial prop-
erties of the scaffolds will be helpful in minimizing
the chances of revision surgery. In this regard, our
approach is to dope HA with antibacterial and
osteogenic transition metals, like ZnO and MgO.
Previous works have reported that both these
dopants are beneﬁmal for bone growth after scaffold
implantation.?"?° The phase analysis results, such
as XRD (Fig. 2a) and FTIR (Fig. 2b) of HA and
doped HA indicate that doping with these transition
metals does not cause any adverse effects in terms
of HA phase formation, and similar phases are seen
in both the doped HA and undoped HA samples A
similar observation was reported in previous
works.'®%? When doping HA with catlomc dopants
such as ZnO, and MgO, the cations Zn and Mg?*
replace the correspondlng sites of Ca®" in the HA

structure. Ca?" has a radius of 1.00 A whereas the
radius of Zn?* is 0.74 A and that of Mg2+ is 0.65 A.%3
Prior works have suggested that substituting HA
with smaller cations leads to a reduction in the unit
cell volume of the doped HA compared to undoped
HA.5%%3 However, when the doping amount is
lower, it does not cause any significant secondary
phase formation. Our doping amount was small,
hence no adverse phase formation was noticed in
XRD. A lower amount of doping also does not lead to
any significant changes in the functional groups of
HA and doped HA. This observation of both XRD
and FTIR 1is well supported by previously
works,50:63:64

The microstructural analysis by FESEM (Fig. 3a,
b, ¢, and d) indicates a similar morphology of the
doped and undoped samples. The effect of sintering
is evidenced by distinct grain boundaries in the
microstructure. The densification results (Table I)
agree well with the microstructural observation. A
sintered density of up to ~ 88% is observed in the
tested samples. Previous works on the densification
of HA or doped HA by conventional sintering
indicate a similar range of sintered density for the
tested samples.®® The elemental composition of HA
is confirmed from the EDS spectra (Fig. 3e). In the
doped sample’s EDS spectra, peaks of Mg are visible
(Fig. 3f), which indicate successful doping in HA.
Previous works analyzed the influence of MgO and
7Zn0O doping on the mechanical properties of HA and
tricalcium phosphates. It has been reported that
both dopants s1gn1ﬁcant1y increase the compresswe
strength of HA.¢ MgO is comparatively better in
terms of compressive strength enhancement than
Zn0O. Other works have also reported a similar



observation of compressive strength increase in
MgO-doped 3D-printed tricalcium phosphate after
sintering.®” MgO is a well-known sintering additive
that promotes densification and grain boundary-
strengthening effects.®® This leads to the enhance-
ment in the compressive strength of the MgO-doped
HA.

Tannic Acid as an Alternate Antibacterial
and Cytocompatible Agent

The effectiveness of various natural medicinal
compounds to treat clinical disorders is well docu-
mented in ancient Indian medicinal literature,
Ayurveda.'® Modern scientific research has proven
the underlying mechanism by which many of these
natural medicinal compounds show different ther-
apeutic potentials. The use of these natural medic-
inal compounds directly onto bone tissue
engineering scaffolds is gaining momentum in sci-
entific research.’®®! Our strategy has been to use
TA, an extract of tea plants and fruits, after direct
incorporation into HA-based scaffolds. The func-
tional group analysis of TA by FTIR (Fig. 4a) and
UV-VIS spectra (Fig. 4b) agree well with previous
works.?®5* TA has several therapeutic potentials,
such as antimutagenic, antitumor, and anti-oxidat-
ing characteristics. Additionally, it is a known
homeostatic agent. It has also been determined that
TA has chemo-preventive potential.®® Presently, TA
is being evaluated as an organic polymer additive
because it displays bioactive characteristics and
improves the properties of materials for biomedical
uses. It is an active compound when used in
nutritional products and different types of consum-
ables.”®"2 Our approach has been to investigate the
antibacterial properties of TA-loaded ZnO- and
MgO-doped HA against osteomyelitis-causing S.
aureus. The results (Fig. 6a and b) show that a
combination of dopants and TA shows up to ~ 98%
antibacterial efficacy. The effectiveness of TA
against bacteria is expounded by TA’s capability to
pass through the bacterial cell wall up to the
internal membrane, hindering the metabolism of
the cell and, because of this, the annihilation of the
cell.”> Furthermore, the sugar and amino acid
acceptance are inhibited by TA which restricts the
bacteria growth.”* On the other hand, the utilized
dopants, such as ZnO and MgO, also have antibac-
terial properties. ZnO is a transition metal oxide
with a highly oxidative nature, and generates
reactive oxygen species (ROS) as the conduit of
bactericidal action that kills bacteria and also
reduces bacterial adhesion on the Zn®*-containing
surfaces.'® Zn?* damages bacterial cell membrane
permeability and influences the metabolism of
amino acids. Additionally, it reacts with some of
the primary energy groups of proteins, nucleic acids,
and biological enzymes to delay the growth of
bacteria. Zn?* ions stop some metabolic conduits in
bacteria that lead to their death.”®”® Specifically,
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Zn?** binds with PsaBCA transporters inside the
bacteria and hinders the uptake of Mn?* by the
bacteria. Mn?* is an essential element for bacterial
nutrition and also helps in the protection of bacte-
rial cells against oxidative stress.”” One publication
about the antibacterial properties of Mg?* reports
that Mg**-containing bone implants show antibac-
terial efficacy against methicillin-resistant S. aur-
eus, a standard osteomyelitis-producing
bacterium.”® One of the major mechanisms by which
Mg?* shows similar antibacterial efficacy is the
generation of ROS to that of Zn?*. A few previous
works have documented that, after the interaction
of bacteria with Mg®*-containing surfaces, a proton
electrochemical gradient is created that causes
bacterial death by interrupting the synthesis of
adenosine triphosphate.”” The FESEM results
(Fig. 6¢) in our study indicate that the presence of
TA and ZnO and MgO dopants leads to a significant
reduction in bacterial colonies compared to the
control. The proposed antibacterial mechanism is
shown in Fig. 6d.

The cytocompatibility assessment after day 1 and
day 3 indicates that no composition is cytotoxic as
per the ISO 10993 recommended standard.?! The
combined effects of the dopants and TA lead to a
significant increase in cellular viability than the
control (Fig. 5). Hence, TA-loaded ZnO and MgO-
doped HA could be a promising material for various
tissue engineering applications.

Contributions to Science and Direction
to Future Research

The scientific contributions of our work can be
summarized as (1) the utilization of TA-loaded ZnO-
and MgO-doped HA as an alternate multifunctional
scaffold for bone tissue engineering, and (2) the
investigation of antibacterial efficacy of the
designed scaffolds against osteomyelitis-causing S.
aureus bacteria. Future works can be directed
towards long-term biological studies with this
designed alternate system along with the investi-
gation of in vivo bone formation potential.

CONCLUSION

Our work indicates successful fabrication of HA
and ZnO- and MgO-doped HA scaffolds using in-
house uniaxial pressing followed by the assessment
of microstructure and biological properties. The
obtained phase analysis by XRD, FTIR, and
microstructural analysis by FESEM confirms that
co-doping HA with ZnO and MgO does not result in
any adverse effects on the phase formation and
microstructure. Successful densification of the fab-
ricated samples has been confirmed by density and
shrinkage measurements. TA has been used as a
novel alternate antibacterial agent after direct
incorporation on the scaffold surface. The antibac-
terial efficacy measurement against S. aureus
shows ~ 98% antibacterial efficacy due to the
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combined effects of the dopants and TA. In sum-
mary, our work indicates that ZnO and MgO co-
doped HA with TA can be used as an alternate
scaffold for different types of orthopedic and dental
applications.
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