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Abstract

Background — The field of nanomedicine has attracted
much interest and is now serving as the impetus for many
revolutionary advances in the pharmaceutical industry.
Objectives — In the current exploration, we intended to
fabricate the zinc/sodium alginate/polyethylene glycol/p-
pinitol nanocomposites (ZSP/D-Pin/NCs) and evaluate their
antimicrobial and anticancer properties against MG-63
cells.

Methods - ZSP/D-Pin/NCs were synthesized and charac-
terized using several techniques and their cytotoxicity was
examined against osteosarcoma MG-63 cells and normal 3T3
cells using the MTT assay. The levels of oxidative stress and
apoptotic protein were examined using assay kits and fluor-
escence staining.

Results and Conclusion - The findings of several charac-
terization studies revealed the development of agglomer-
ated and crystalline ZSP/D-Pin/NCs. The antimicrobial assay
demonstrated that ZSP/D-Pin/NCs substantially inhibited the
growth of pathogens. Additionally, the MG-63 cell viability,
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which was exposed to several doses (1-20 pg) of ZSP/D-Pin/
NCs, showed a remarkable decrease at various time periods,
i.e., 24,48, and 72 h without showing toxicity in 3T3 cells. The
results of the fluorescence staining assay demonstrated that
ZSP/D-Pin/NCs considerably increased apoptosis in the MG-
63 cells by triggering oxidative stress. The antioxidants were
reduced and upregulated the Bax and caspase expressions
in ZSP/D-Pin/NC-treated MG-63 cells.

Keywords: nanomedicine, zinc nanoparticles, microbial
infection, osteosarcoma, p-pinitol

1 Introduction

Nanotechnology is a popular study area in modern mate-
rials science [1]. Nanomaterials have recently been widely
identified with distinctive characteristics and spectacular
abilities, as they open the door for conducting transdisci-
plinary studies and resolving many practical issues [2,3].
The rapid increase of drug resistance in pathogens can be
due to the overuse of antibiotics. Infections by bacteria are
problems when it comes to therapy. The upsurge of anti-
biotic-resistant microbial infections has been one of the
most significant public health complications in recent years
[4-6]. The nanomedicine’s exceptional qualities, such as
their small size, high surface area, and strong mechanical
stability, make them ideal for use in medicine for features
like antibacterial activity [7].

Cancer is a serious illness worldwide, as it is the
second-leading cause of mortality [8]. In children and
young adults, osteosarcoma is a widespread and aggressive
tumor of the bone. Patients’ mobility is severely restricted
by osteosarcoma, which frequently affects the distal femur,
proximal tibia, and humerus [9]. Osteosarcoma has a high
mortality rate and unfavorable prognosis, commonly due
to metastasis to the lung and cancer recurrence. Patients
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with localized osteosarcoma tumors have a long-term sur-
vival rate at 5 years of about 60%, and lung metastasis at
the time of diagnosis drastically lowers it to 20%. Addition-
ally, during the past 30 years, the effectiveness of the treat-
ment has remained constant due to chemotherapeutic
drug resistance and low selectivity. Tumor recurrence
and lung metastases are the primary causes of osteosar-
coma therapy failure [10]. In order to combat osteosar-
coma, innovative and effective treatments are urgently
needed. Cancer treatment is made harder by the fact that
conventional diagnostic procedures only discover cancers
at advanced stages. Unlike other tumors, osteosarcoma has
a complicated cytology that does not respond to traditional
radiation and chemotherapy, and the adverse effects of
several chemotherapeutic drugs are very dangerous [11,12].

Biomedical researchers are looking at ways to treat
cancers despite several obstacles, such as poor oral bioa-
vailability, insufficient water solubility, and non-specific
biological transport and targeting [13]. Researchers have
long been drawn to nanomedicine because of its practical
uses for inexpensive drug delivery to specific organs, tis-
sues, or cells for the treatment of cancer or for biocarriers
that can traverse the blood-brain barrier. Nanoparticles
(NPs) have a vast surface area and surface functionaliza-
tion, which makes it easier to load drugs into them. Addi-
tionally, nanocomposites have recently developed rapidly
for their exceptional properties and use in the medical
field [14,15]. Zinc is one of the most important biometals
in the human body [16]. Zinc and other biodegradable
metals have lately received a lot of interest in tissue engi-
neering [17]. Due to their distinctive optical and chemical
characteristics, zinc NPs have received a lot of attention.
Chemically, zinc has an abundance of ~OH groups on its
surface, which allows it to slowly dissolve in both acidic
and strongly basic environments (such as those seen in
tumor cells and their surrounding tissue) [18].

Alginate is a natural polysaccharide and is recognized
as a potential biomaterial due to its superior biocompat-
ibility, biodegradability, nontoxicity, and affordability in
contrast to other materials [19]. In tissue engineering and
regenerative medicine, alginates are frequently employed
as cell scaffolding materials [20]. Polyethylene glycol (PEG)
can be utilized to create a hydrated layer on the surface of
NPs in order to decrease plasma clearance, enhance med-
ication absorption, and avoid macrophage opsonization.
PEG is also more beneficial in the NP drug delivery method
due to its high biocompatibility and hydrophilicity [21].
p-Pinitol is an inositol that occurs naturally in a variety
of plant species. It is particularly abundant in the pulp of
the carob fruit (Ceratonia siliqua) that enables its separation
and industrial production. p-Pinitol is well known to increase
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insulin sensitivity [22]. This natural inositol has been shown
to have positive benefits on several disorders, including
cancer, diabetes, osteoporosis, aging, hepatoprotection, and
neurological diseases [23-27]. In the present exploration,
we aimed to fabricate the zinc/sodium alginate/polyethylene
glycol/p-pinitol nanocomposites (ZSP/D-Pin/NCs) and eval-
uate their antimicrobial and in vitro cytotoxicity activities
against MG-63 cells.

2 Materials and methods

2.1 Chemicals

The following chemicals were bought from Sigma-Aldrich,
USA: p-pinitol, zinc nitrate, sodium alginate, and PEG. The
ELISA test kits used to measure the biochemical para-
meters were supplied by Thermofisher Scientific and
MyBioSource, USA.

2.2 Synthesis of ZSP/D-Pin/NCs

For the synthesis of ZSP/D-Pin/NCs, first p-pinitol was dis-
solved in 20 ml of DMSO, which was then suspended in a
0.1% (wt/vol) solution of zinc nitrate. The mixture was con-
tinuously agitated until the development of the reaction
suspension. The suspension was ultrasonically sonicated
to reduce NPs, and the reaction solution containing zinc
and p-pinitol was then added to the polymer solution,
which was created using PEG and sodium alginate to
coat the generated NPs. The coating process was performed
using the microvolume flow titration technique. The final
reaction mixture was dried using a spray pyrolysis method
following the coating process in order to gather the pow-
dered nanocomposite. The formulated ZSP/D-Pin/NCs were
used for various characterization studies.

2.3 Characterization of fabricated ZSP/D-
Pin/NCs

The UV-visible study was employed to verify that ZSP/D-
Pin/NCs had developed in suspension. With the use of a UV-
vis spectrophotometer (Shimadzu-1700, Japan), the ZSP/D-
Pin/NCs were observed, and absorbance of the reaction
solution at wavelengths between 200 and 1,000 nm was
calculated.
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A spectrofluorimeter (F-2500 FL Spectrophotometer,
Hitachi) was used to measure the photoluminescence spectra
of ZSP/D-Pin/NCs.

The elemental components of the formulated ZSP/D-
Pin/NCs were determined by EDX, and the appearance
and dispersion of ZSP/D-Pin/NCs were determined by SEM.
A Carl Zeiss Ultra 55 FESEM device with EDX was used to
determine the produced ZSP/D-Pin/NCs.

The distribution patterns and average size of the
formed ZSP/D-Pin/NCs were examined using a Zeta Sizer
(Malvern, USA) DLS. The formulated ZSP/D-Pin/NCs were
investigated using an XRD (X’pert Pro PANalytical System)
with a scan range of 20 = 10-80° and Cu-Ka radiation of
wavelength A = 0.1541 nm.

2.4 Antimicrobial assay

By using the well-diffusion technique, the formulated anti-
bacterial effects of ZSP/D-Pin/NCs were evaluated. About
1ml of 5% DMSO solution was used to dissolve the ZSP/D-
Pin/NC sample and utilized as a stock for bacterial strains
such as Staphylococcus aureus, Streptococcus pneumoniae,
Klebsiella pneumoniae, and Streptococcus pneumoniae, and
SDA media was utilized for the fungal strain Candida albi-
cans. After each strain was smeared over the culture
medium, 6 mm wells were made on the surface of the
media, and the wells were loaded with different doses (40,
50, and 60 pg) of formulated ZSP/D-Pin/NCs. The common
antibiotic amoxicillin (30 pg/well) was utilized as a positive
control. After the incubation period, the results were
assessed, and the data were tabulated.

2.5 In vitro assays
2.5.1 Cell collection and maintenance

MG-63 cells and non-malignant fibroblast 3T3 cells were
acquired from ATCC, USA. Then, cells were grown in
DMEM enriched with FBS (10%) at 37°C in a CO, incubator.
After the cells had reached 80% confluency, they were
separated and used for the subsequent tests.

2.5.2 MTT assay

The viability of osteosarcoma MG-63 cells and normal 3T3
cells were exposed to ZSP/D-Pin/NCs and examined at three
different time periods, i.e., 24, 48, and 72 h using the MTT
assay. A 96-well plate containing MG-63 cells and 3T3 cells
separately at a level of 5 x 10% cells were grown for 24h
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before receiving different doses of the produced ZSP/D-Pin/
NCs (1, 2.5, 5, 7.5, 10, and 20 ug) for additional 24, 48, and
72 h. After the treatment, DMEM (100 ul) and MTT reagent
(20 pl) were applied to each well for 4 h. After liquefying
the formed formazan stones in each well with 100 pl of
DMSO, the absorbance at 570 nm was determined.

2.5.3 Analysis of mitochondrial membrane
potential (MMP)

Rhodamine-123 (Rh-123) staining was used to examine the
MMP levels in both control and ZSP/D-Pin/NC-treated MG-
63 cells. The cells were loaded into a 24-well plate and
treated with different doses (7.5 and 10 pg) of ZSP/D-Pin/
NCs 24 h at 37°C. The cells were then stained for 30 min
with Rh-123 at a concentration of 10 ug/ml. The MMP of
both control and treated cells was examined using a fluor-
escence microscope.

2.5.4 Dual staining

The dual staining test was done in order to examine the
apoptotic cell death in both control and treated cells. The
MG-63 cells were loaded on DMEM medium in a 24-well
plate and treated with 7.5 and 10 pg of ZSP/D-Pin/NCs for
24 h. Then, 100 pg/ml AO/EB (1:1) dye was added to each
well to stain the cells for 5 min at 37°C. Finally, apoptotic
cell death was confirmed by observing the cells under a
fluorescence microscope.

2.5.5 DAPI staining

DAPI staining was performed to analyze the altered nuclear
morphology and apoptosis in control and ZSP/D-Pin/NC-
treated MG-63 cells. The cells were grown on a 24-well plate
for 24 h and then exposed to 7.5 and 10 pg of ZSP/D-Pin/NCs
for 24 h. After that, cells were fixed using paraformaldehyde
(4%) for 30 min. After rinsing with saline, MG-63 cells were
stained with DAPI (200 pg/ml) for 30 min. In the following
step, a fluorescence microscope was utilized to observe
chromatin condensation and remodeling in the treated cells.

2.6 Estimation of oxidative stress markers

The cell lysates were prepared using control and ZSP/D-Pin/
NC-treated MG-63 cells by collecting and homogenizing the
cells with saline solution. The levels of the lipid peroxidation
marker TBARS and the antioxidants GSH and SOD in the
control and ZSP/D-Pin/NC-exposed MG-63 cells were estimated
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using the corresponding assay kits as per the protocols
described by the manufacturer (Thermofisher, USA).

2.7 Estimation of apoptotic protein levels
The Bax, Bcl-2, caspase-3, and -9 expressions in the control
and ZSP/D-Pin/NC-exposed MG-63 cells were determined
using the corresponding assay Kkits as per the protocols
recommended by the manufacturer (Thermofisher, USA).
2.8 Statistical analysis

After the values were evaluated with GraphPad Prism soft-
ware, the results are shown as mean + SD of three separate
assays. With a significance level of p < 0.05, one-way

ANOVA and DMRT were employed to analyze the changes
in the values of the treatment groups.

3 Results

3.1 Characterization of formulated ZSP/D-
Pin/NCs

3.1.1 UV-visible spectral analysis

The UV-visible spectra of ZSP/D-Pin/NCs are shown in
Figure 1(a). At various wavelengths (200-1,000 nm), the
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absorbance of the synthesized ZSP/D-Pin/NCs was mea-
sured. The formation of ZSP/D-Pin/NCs was demonstrated
by the maximum absorbance being observed at 369 nm
(Figure 1a).

3.1.2 Photoluminescence (PL) analysis

The PL spectrum of synthesized ZSP/D-Pin/NCs is depicted
in Figure 1(b). The presence of ZSP/D-Pin/NCs was demon-
strated by excitations at 470, 504, 518, and 532 nm caused
by ZSP/D-Pin/NCs. The crystal mode of the synthesized
ZSP/D-Pin/NCs is revealed by the PL spectrum, together
with structural and surface flaws. Exciton recombination
may be seen in the peaks at 470 and 504 nm. Due to
the interstitial oxygen vacancy, blue-green emissions were
detected at 518 nm. In the synthesized ZSP/D-Pin/NCs, the
peak at 532 nm shows the vacancy of singly ionized oxygen
(Figure 1D).

3.1.3 SEM and EDX analysis

To examine the morphological appearance and elemental
compositions of the developed ZSP/D-Pin/NCs, SEM and
EDX tests were performed, and the results are shown in
Figure 2. The formulated ZSP/D-Pin/NCs exhibited agglom-
erated morphology, which is evidenced by SEM images
(Figure 2a). The occurrence of numerous elements, including
carbon, nitrogen, oxygen, and zinc, was shown by the EDX
analysis of ZSP/D-Pin/NCs (Figure 2b).

(b)

—— ZCP-Ally

Intensity (au)

‘Wavelength (nm)

Figure 1: UV-visible spectrum and photoluminescence (PL) analysis of the synthesized ZSP/D-Pin/NCs. (a) UV-visible spectrum analysis of synthesized
ZSP/D-Pin/NCs revealed the maximum absorbance peak at 369 nm. (b) The results of PL analysis of formulated ZSP/D-Pin/NCs showed several

excitations at 470, 504, 578, and 532 nm, respectively.
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Figure 2: SEM and EDX analysis of the synthesized ZSP/D-Pin/NCs. (a) SEM images of the synthesized ZSP/D-Pin/NCs revealed the agglomerated
morphological appearances. (b) EDX results showed the presence of carbon, nitrogen, oxygen, and zinc elements in the formulated ZSP/D-Pin/NCs.

3.1.4 XRD analysis

The XRD analysis results of the synthesized ZSP/D-Pin/NCs
are shown in Figure 3, which support their purity and crys-
tallinity. The characteristic peaks of the ZSP/D-Pin/NCs were
observed at (100), (002), (101), (102), (110), (103), (200), (112),
(201), and (202), demonstrating their crystalline nature.

3.1.5 DLS analysis

The DLS investigation results, which show the distribution
of the fabricated ZSP/D-Pin/NCs, are shown in Figure 4.
Discrete peaks with average sizes ranging from 100-160 nm
that adhered to the narrower distribution were observed.

3.2 Antimicrobial activity of formulated ZSP/
D-Pin/NCs

The antimicrobial properties of the formulated ZSP/D-Pin/
NCs against pathogenic bacterial and fungal pathogens such
as S. aureus, Escherichia coli, K. pneumoniae, S. pneumoniae,

and C. albicans were investigated by the well diffusion
method, and the results are shown in Table 1 and Figure 5.
The findings demonstrated that the fabricated ZSP/D-Pin/NCs

€01)

Intensity (a.u.)

20 (degree)

Figure 3: XRD analysis of the synthesized ZSP/D-Pin/NCs. The findings of
XRD analysis revealed several peaks, which verify the crystalline nature of
the synthesized ZSP/D-Pin/NCs.
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Figure 4: DLS analysis of the synthesized ZSP/D-Pin/NCs. The results of
the DLS analysis demonstrated the distinctive peak that verifies the
narrow distribution of the synthesized ZSP/D-Pin/NCs with sizes ranging
from 100 to 160 nm.

have substantial antimicrobial properties, as they potentially
inhibited the growth of the tested pathogens. On the growth
plates, higher inhibitory zones were observed around increased
doses of ZSP/D-Pin/NCs (40, 50, and 60 ug) loaded wells. The
increased zone of inhibition was observed against S. pneumo-
niae (14 mm), C. albicans (14 mm), and S. aureus (13 mm), which
were treated with the formulated ZSP/D-Pin/NCs (Figure 5).
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Table 1: Antimicrobial activity of the synthesized ZSP/D-Pin/NCs

Pathogen 40 g 50 pug 60 pug Amx (mm)
(mm) (mm) (mm)

K. pneumoniae 8.5 9.5 9 16

S. pneumoniae 9 13 1 14

E. coli 9 9 9.5 13

S. aureus 13 13.5 14 14

C. albicans " 13.5 14 9

The inhibitory zones (mm) of the tested pathogens are revealed, which
were treated with 40, 50, and 60 pg of synthesized ZSP/D-Pin/NCs. The
varied zone of inhibition was observed around the wells based on the
pathogen characteristics and the concentration of ZSP/D-Pin/NCs.

Variable zones of inhibition are observed (Table 1) based on
the nature of the strains and the concentration of ZSP/D-
Pin/NCs.

3.3 Effect of ZSP/D-Pin/NCs on the viability
of MG-63 cells

The viability of control and fabricated ZSP/D-Pin/NC-treated
MG-63 cells and non-malignant 3T3 cells is shown in Figure 6.
The treatment of 1, 2.5, 5, 7.5, 10, and 20 pg of prepared ZSP/D-
Pin/NCs remarkably decreased MG-63 cell viability at various

Figure 5: Antimicrobial activity of the synthesized ZSP/D-Pin/NCs. The antimicrobial properties of the synthesized ZSP/D-Pin/NCs were assessed
against several pathogens such as S. pneumoniae, K. pneumoniae, E. coli, S. aureus, and C. albicans. The results indicate that ZSP/D-Pin/NCs substantially

inhibited the growth of the tested pathogens.



DE GRUYTER

Anticancer potential of nanocomposites against osteosarcoma MG-63 cells

(a) MG-63
150+
= 24hrs
© = 48hrs
e
z 1mAr 0= 72hrs
= 50—
e
V .10 g
0 l I 1 I 1
Control 1pg 2.5ug Snug 75ng  10pg 20 pg
(b) 3T3
150
= 24 hrs
= E3 48 hrs
=
'-2.100---;-:,,:-f:m:%== - = 72 hrs
é .
-
= 50
R
0 T T T T T T T
Control 1pg 25pug Spg 75pg 10pg 20 pug

Figure 6: Effect of synthesized ZSP/D-Pin/NCs on the viability of MG-63 cells and normal 3T3 cells. (a) The MTT assay results revealed that the MG-63
cell viability was substantially decreased upon treatment with the synthesized ZSP/D-Pin/NCs at several doses, i.e., 5-30 pg at different time periods
(24, 48, and 72 h). (b) The same dose of synthesized ZSP/D-Pin/NCs did not affect normal 3T3 cell viability; only a slight decrease in viability was

observed after 48 and 72 h of treatment. Values are expressed as mean + SD of triplicate measurements. Data are scrutinized statistically by one-way

ANOVA and DMRT. *p < 0.05 when compared to the control.

time periods, i.e., 24, 48, and 72h. The same doses of ZSP/D-
Pin/NCs did not reduce the viability of 3T3 cells. When com-
pared to 24 and 48 h of treatment, the 72h treatment drasti-
cally reduced the MG-63 cell viability, and a mild reduction
was noted in the viability of 3T3 cells over 48 and 72h of
treatment. The MG-63 cell growth was noticeably decreased
by the higher dosages of the formulated ZSP/D-Pin/NCs, and
the IC50 level of ZSP/D-Pin/NCs was found at 5-7.5 pg for
48-72h (Figure 6).

3.4 Effect of ZSP/D-Pin/NCs on the MMP level
in MG-63 cells

Figure 7 shows the changes in the MMP status in the con-
trol and ZSP/D-Pin/NC-exposed MG-63 cells. The exposure
of MG-63 cells to 7.5 and 10 ug of ZSP/D-Pin/NCs resulted in

significantly less green fluorescence and morphological
changes compared to the control. These findings show
that the MMP status in MG-63 cells treated with ZSP/D-
Pin/NCs are reduced.

3.5 Effect of ZSP/D-Pin/NCs on the apoptosis
in MG-63 cells

The results of AO/EB staining on apoptosis in control and
treated MG-63 cells are shown in Figure 8. As shown in
Figure 8, apoptotic cell death in MG-63 cells was significantly
elevated after treatment with 7.5 and 10 ug of ZSP/D-Pin/NCs
compared to control. The enhanced orange/yellow fluores-
cence, cell damage, and morphological changes in the ZSP/D-
Pin/NC-treated cells reveal the increased number of cells
with apoptosis.
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Figure 7: Effect of synthesized ZSP/D-Pin/NCs on the MMP level in MG-63 cells. Rh-123 staining was performed to analyze the changes in the MMP
level in the control and treated cells. The ZSP/D-Pin/NCs-treated MG-63 cells showed decreased green fluorescence with morphological changes
(yellow arrows) compared to the control, which proves the reduction in MMP levels.

3.6 Effect of ZSP/D-Pin/NCs on the apoptotic compared to the control, the MG-63 cells treated with 7.5 and

cell nuclear morphology of MG-63 cells 10 ug of ZSP/D-Pin/NCs showed an increased presence of apop-
tosis. The ZSP/D-Pin/NC treatment resulted in cell damage,

Figure 9 shows the results of ZSP/D-Pin/NC-induced apoptosis ~ alterations in the cell nucleus, and the development of apop-
in MG-63 cells, which was detected by DAPI staining. When totic bodies, which verifies the occurrence of apoptosis.

Control 7.5 pg 10 pg

Figure 8: Effect of synthesized ZSP/D-Pin/NCs on the apoptosis in MG-63 cells. The dual staining assay was used to detect apoptosis in control and
ZSP/D-Pin/NC-treated MG-63 cells. The images showed increased orange/red fluorescence in ZSP/D-Pin/NC-treated MG-63 cells (white arrows)
compared to the control, which indicates the presence of an increased number of cells with apoptosis.

Control 7.5 ug 10 pg

b2~ L
/V
=¥ "

Figure 9: Effect of synthesized ZSP/D-Pin/NCs on the apoptotic cell nuclear changes in MG-63 cells. The changes in the apoptotic cell nuclear damages
in the control and treated cells were assessed by DAPI staining. In comparison to the control, the ZSP/D-Pin/NC-treated MG-63 cells showed increased
cell damage, altered nuclei, and the formation of apoptotic bodies (yellow arrows).
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3.7 Effect of ZSP/D-Pin/NCs on the oxidative
stress marker level in MG-63 cells

Figure 10 shows the results of an investigation on the
changes in oxidative stress markers in the control and
ZSP/D-Pin/NC-treated MG-63 cells. The MG-63 cells that
were exposed to 7.5 and 10 pg of ZSP/D-Pin/NCs showed a
substantial increase in the BARS level compared to the con-
trol. Furthermore, SOD and GSH levels in the MG-63 cells
were considerably downregulated by the ZSP/D-Pin/NC treat-
ment when compared to control. These results showed that
ZSP/D-Pin/NCs facilitate oxidative stress-mediated cell death
in MG-63 cells.

3.8 Effect of ZSP/D-Pin/NCs on apoptotic
protein levels in MG-63 cells

The levels of apoptotic protein levels in the control and
treated MG-63 cells were analyzed using corresponding
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assay Kkits, and the results are shown in Figure 11. In the
7.5 and 10 pg of ZSP/D-Pin/NC-treated MG-63 cells, apoptotic
proteins such as Bax, caspase-3, and -9 were significantly
higher than in the control, while Bcl-2 was lower. These
results demonstrated that in MG-63 cells, ZSP/D-Pin/NCs
increased the expression of apoptotic proteins and facili-
tated apoptosis.

4 Discussion

In this work, we formulated ZSP/D-Pin/NCs and character-
ized them using several techniques. UV-visible spectro-
scopy was used to investigate the optical characteristics.
The produced ZSP/D-Pin/NCs displayed a single absorption
band that was caused by the coherent oscillation of the
ZSP/D-Pin/NCs’ free electrons that were triggered by elec-
tromagnetic waves with energy in the visible spectrum
[28]. The location of the wavelength at a maximum absorp-
tion (Anay) in each bimetallic nanosystem relies on the

TBARS SOD
60— a 80
. 60 [
40+ —[—
20 Ta
204
0 T T T 0 T T T
Control 7.5ng 10 pg Control 7.5ng 10 pg
GSH
40
304 a
é 204
= a
-1
10
0 T T T
Control 7.5ng 10 ng

Figure 10: Effect of synthesized ZSP/D-Pin/NCs on the oxidative stress marker levels. Values are expressed as mean + SD of triplicate measurements.
Data are scrutinized statistically by one-way ANOVA and DMRT. * p < 0.05 compared with control.
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Figure 11: Effect of synthesized ZSP/D-Pin/NCs on the apoptotic protein levels. Values are expressed as mean + SD of triplicate measurements. Data
are scrutinized statistically by one-way ANOVA and DMRT. * p < 0.05 compared with control.

atomic makeup of the nanomaterials. Here, the maximum
absorbance of the prepared ZSP/D-Pin/NCs was observed at
369 nm (Figure 1). ZSP/D-Pin/NCs were further character-
ized using XRD in order to investigate the samples’ struc-
ture and phase composition (Figure 3). Figure 2 displays
the resulting images from the FESEM analysis of the pre-
pared ZSP/D-Pin/NCs’ morphology and microstructure.
Currently, nanomedicines are employed extensively in
several areas of medicine, and nearly all of them can be
doped or decorated with substances that have potential
medical applications [29]. It is also recommended to com-
bine two or more components to enhance the therapeutic
qualities of each material separately. NCs formed by con-
jugating NPs with antibacterial or anticancer moieties
or natural compounds have been established as efficient
materials for treating antibiotic resistance [30]. The field of
nanomedicine has attracted a lot of interest and is now
serving as an impetus for numerous evolutionary and
revolutionary advances in the pharmaceutical industry.
Because nanomedicine enhances the selective targeting
of medication to cancer cells through the mechanisms of
active internalization and passive permeation, it is utilized
to treat cancer and bacterial infections. Additionally, nano-
medicine improves cytotoxicity against cancer cells and

reduces cell treatment resistance [31,32]. It is believed
that the use of nanomaterials will revolutionize cancer
treatment and diagnosis. In this sense, zinc NPs have
proven to be one of the most promising choices in nano-
medicine. The release of dissolved zinc ions and the stimu-
lation of ROS, which causes the death of cancerous cells,
are theorized to be the causes of zinc NPs’ enhanced cyto-
toxicity to tumor cells [33].

WHO highlights that antimicrobial resistance is a fore-
most health issue worldwide [34]. It currently poses a
danger to the efficiency of standard infection treatment
and prevention around the world and has grown to be a
global concern. However, in addition to being a challenging
procedure, creating new antibiotics, biological products, or
adjuvant medicines cannot keep up with the increasing rate
of drug resistance. It is essential to find new alternatives since
bacteria can become resistant to both natural and man-made
antibiotics through a variety of methods, rendering them inef-
fective. Consequently, there is a huge demand for new, clini-
cally approved antibiotic medicines. Recently, the delivery of
antibacterial drugs has faced difficulties due to limited bioa-
vailability and drug-related toxicities. Nano-formulations have
emerged as a solution to these issues [35]. Here, our results
demonstrated that ZSP/D-Pin/NCs effectively inhibited the
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growth of the tested pathogens (Figure 5). Combinations of
inorganic and organic NPs known as nanocomposites are
already reported to have reliable antimicrobial activity
[36,37]. The exact mechanisms of antibacterial activity of
Zn0 particles are not well understood yet, although some
statements have been proposed, such as the production of
hydrogen peroxide being the main factor of antibacterial
activity [38] or the binding of ZnO particles on bacterial
surfaces due to electrostatic forces being a mechanism [39].

Zinc is one of the micronutrients that the human body
needs in order to function properly since it is necessary for
the action of several enzymes, including alcohol dehydro-
genase, carboxypeptidase, and carbonic anhydrase, which
are crucial for eukaryotic metabolic processes [40]. Zinc-
based nanocomposites have recently attracted interest in
the biological and pharmaceutical sectors. Combining one
material with another may improve its antibacterial, hydro-
phobic, tensile, and self-cleaning qualities. According to
an earlier report, caprolactam-casein-ZnO-nanocomposite
latexes have shown improved antibacterial activity, greater
flexibility, and characteristics of hydrophobic casein films
[41]. Similarly, we also discovered that the synthesized ZSP/
D-Pin/NCs have strong antimicrobial properties against clin-
ical pathogens (Table 1).

Osteosarcoma is the most prevalent primary bone
cancer worldwide. The primary clinical therapeutic mod-
alities are surgical resection and preoperative and post-
operative adjuvant chemotherapy [42]. However, conven-
tional chemotherapeutic agents have a number of adverse
effects and inadequate targeting, which dramatically lower
patient’s quality of life. The development of targeted pharma-
ceuticals offers novel approaches to treat cancers. Neverthe-
less, some medications have poor absorption, low selectivity,
and poor stability in tumor tissues [43]. Therefore, researchers
have given special attention to novel therapies for cancer treat-
ment. Recently, nanomedicines have demonstrated enormous
potential in the detection, diagnosis, and cancer treatment [44].
Due to their great selectivity between tumor and healthy cells,
the adverse effects are reduced, and the harm to healthy cells
is avoided.

Nano-drug delivery systems for treating osteosarcoma
are characterized by controllable drug release, biocompat-
ibility, targeted changes in cancerous tissue, and better
patient compliance. Insoluble drugs can be carried as
nanomedicines to increase tissue permeability and pas-
sively target cancer locations [45]. The analysis of the cyto-
toxic profile of newly prepared sample drugs or nanome-
dicines is an essential step for successful drug development
[46]. In this work, we analyzed the cytotoxicity of the for-
mulated ZSP/D-Pin/NCs against both MG-63 and non-malig-
nant 3T3 cells. The results showed a substantial diminution
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in the viability of osteosarcoma MG-63 cells but not affected
the 3T3 cell growth (Figure 6). These findings revealed that
ZSP/D-Pin/NCs inhibited the viability of osteosarcoma cells.

Oxidative stress is a major cause of cancer develop-
ment. This phenomenon is characterized by excessive ROS
production, altered cell metabolism and homeostasis, dys-
regulated gene expressions, and antioxidant instabilities
[47]. Mild oxidative stress is constantly present in tumor
cells, which appears to be beneficial to them and boosts
their growth and metastasis, assisting tumor development
[48]. In carcinogenesis, it is well established that altera-
tions to antioxidant defense mechanisms facilitate tumor
development. However, excessive oxidative stress is detri-
mental to cancer cells; the release of excessive ROS due to
chemotherapy, irradiation, or the innate immune reaction
is cytotoxic and results in cancer cell death [49].

The overproduction of ROS causes higher lipid perox-
idation and TBARS formation, thereby damaging the cell
structure and functions. The increase in TBARS is an indicator
of excessive oxidative stress [50]. The primary defense of
cells against oxidative stress is antioxidants, which maintain
cellular homeostasis by removing excessive free radicals.
GSH and SOD are well-known antioxidants that protect cells
against oxidative damage [51]. Inducing high levels of ROS
production to stimulate lipid peroxidation and apoptosis is
a common strategy in current cancer treatment. Osteosar-
coma cells are frequently resistant to oxidative damage
caused by therapies [52]. In the current study, our outcomes
proved that the ZSP/D-Pin/NC treatment increased the TBARS
(51.91 + 14) while decreasing the SOD (18.37 + 2) and GSH (11.87
+ 3) in the MG-63 cells (Figure 10), thereby facilitating oxida-
tive stress-mediated cell death.

Initiation and development of malignancies, including
osteosarcoma, are profoundly influenced by apoptosis.
Evasion of apoptosis is a common phenomenon in malig-
nancies [53]. Accelerated tumor growth and metastasis are
caused by the deregulation of apoptotic pathways. Apop-
tosis is an important mechanism for protecting tissues
from abnormal proliferation by removing uncontrollably
proliferating cells [54]. Apoptosis can be activated by sev-
eral signaling pathways. Furthermore, mitochondria are
crucial players in activating endogenous apoptotic path-
ways [55,56]. The major chemotherapeutic drugs usually
work against cancer by activating apoptotic mechanisms
in the tumor cells. In the current work, our results of DAPI
and dual staining confirmed the onset of apoptosis in ZSP/
D-Pin/NC-exposed MG-63 cells (Figures 8 and 9). Addition-
ally, ZSP/D-Pin/NCs also diminished the MMP status in
MG-63 cells (Figure 7). Hence, it was clear that ZSP/D-
Pin/NCs could be used to treat osteosarcoma by promoting
apoptosis.
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It is well known that both intrinsic and extrinsic path-
ways play major roles in initiating apoptosis. There are key
regulators in the Bcl-2 protein family that play main roles
in mitochondria-mediated apoptosis. When cells undergo
apoptosis, Bax is required for the permeabilization of the
mitochondrial membrane [57]. It has already been
reported that several anticancer drugs regulate the Bcl-2
family proteins to activate mitochondria-mediated apop-
tosis. Over the past decades, apoptosis induction has
served a crucial role in osteosarcoma treatment, and its
fundamental signaling axis has been extensively studied
[58]. In the MG-63 cells, treatment with ZSP/D-Pin/NCs
triggered Bax (41.61 + 2) and caspase-3 (174.27 £ 15), and
-9 (154.59 + 12) expressions while inhibiting the expression
of Bcl-2 (19.58 + 4). Our findings revealed that apoptotic
signaling in MG-63 cells was induced by the ZSP/D-Pin/NC
treatment (Figure 11). Overall, ZSP/D-Pin/NCs were found
to effectively inhibit viability and promote apoptosis in
osteosarcoma MG-63 cells.

5 Conclusion

We synthesized ZSP/D-Pin/NCs and characterized them
using several techniques. The findings of characterization
studies revealed the formation of agglomerated and crys-
talline ZSP/D-Pin/NCs. The findings of antimicrobial activity
revealed that the formulated ZSP/D-Pin/NCs efficiently
inhibited the growth of various pathogens. Furthermore,
ZSP/D-Pin/NCs substantially inhibited viability, decreased
MMP levels, and promoted apoptosis in MG-63 cells. Overall,
these findings revealed that SP/D-Pin/NCs have strong antimi-
crobial and anticancer properties. In addition, the lack of in
vivo studies is one of the major limitations of this work, and
further experiments still need to be performed in the future in
order to develop ZSP/D-Pin/NCs as talented antimicrobial and
anticancer agents.
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