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Glioblastoma multiforme (GBM) is the most aggressive malignant tumor of
the brain. It has different glutamate receptor types. So, these receptors can be a
suitable target for GBM treatment. The current study investigated the antican-
cer effects of bovine serum albumin (BSA)-Baicalein @Zn-Glu nanostructure
mediated-GluRs in human glioblastoma U87 cells. BSA-Ba@Zn-Glu hybrid
nanoparticles (NPs) were set and considered transporters for Baicalein
(Ba) active compound delivery. BSA-Ba@Zn-Glu NPs were synthesized by a
single-step reduction process. The successful production was confirmed
through transmission electron microscopy (TEM), dynamic light scattering
(DLS), Fourier transform infrared spectroscopy (FT-IR), and hemolysis test.
The cytotoxic efficacy and apoptosis rate of the nanostructures on U87 glio-
blastoma cells were investigated by 3-(4,5-dimethylthialzol-a-yl)-2,5 diphenyl-
tetrazolium bromide (MTT) and flow cytometry assays, respectively. The
synthesized BSA-Ba@Zn-Glu nanostructures with a diameter of 142.40 + 1.91
to 177.10 + 1.87 nm and zeta potential of —10.57 + 0.71 to —35.77 + 0.60 mV
are suitable for extravasation into tumor cells. The drug release from the BSA-
Ba@Zn NPs showed controlled and pH-dependent behavior. In vitro results
indicated that the BSA-Ba@Zn-Glu NPs significantly reduce cell viability and
promote apoptosis of U87 cancer cells. It revealed the cytotoxic effect of the
Baicalein and an increase in cellular uptake of nanoparticles by Glu receptors.
Zn NPs were synthesized based on a green synthesis method. BSA NPs were
used as a nano-platform for Glu conjugation and Ba drug delivery. BSA-

Ba@Zn-Glu NPs induce cytotoxicity and apoptosis in human brain cancer cells

Abbreviations: AIC, Akaike's information of variance; Ba, Baicalein; BSA, bovine serum albumin; BSA-Ba NPs, Baicalein-loaded BSA NPs; BSA-
Ba@Zn NPs, Zn NPs hybridized with BSA-Ba NPs; BSA-Ba@Zn-Glu NPs, Glu-conjugated BSA-Ba@Zn NPs; DLS, dynamic light scattering; DMEM,
Dulbecco's Modified Eagle's Medium-high Glucose; DMSO, dimethyl sulfoxide; FBS, fetal bovine serum; FESEM, field emission scanning electron
microscopy; FT-IR, Fourier-transform infrared spectroscopy; GBM, glioblastoma multiforme; GluRs, glutamate receptors; KARs, kainate receptors;
KBr, potassium bromide; LE%, loading efficiency percentage; MSE, mean squared error; MTT, 3-(4,5-dimethylthialzol-a-yl)-2,5 diphenyltetrazolium
bromide; NMDA, , N-methyl-D-aspartate; AMPA, AMP-activated protein kinase; PBS, phosphate-buffered saline; PDI, polydispersity index; RBCs, red
blood cells; Z-average, average hydrodynamic diameter.
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1 | INTRODUCTION

Glioblastoma multiforme (GBM) is the most common
primary malignant brain tumor and the most aggressive
malignancy. The majority of patients die within 15-
18 months, and less than 5% of them are alive at 5 years
from diagnosis.[l’ﬂ Glioblastoma can migrate into the
healthy brain tissue, resulting in cancer spreading.m
Furthermore, these tumors are also resistant to conven-
tional treatments such as chemotherapy and radiation
therapy.!”!

Nanotechnology is considered a new promising tool
for cancer diagnosis, treatment, and targeting of cancer
cells.l® Drug delivery across the blood-brain barrier
(BBB) toward brain tumors is a key concerning issue
owing to the low permeability of active compounds. BBB
mostly limits the entrance of all large molecules and
more than 98% of small molecules into the brain tissue.”!
Nanoparticles (NPs) have attracted much interest
because of the potential to avoid problems related to viral
vector vehicles. Their physicochemical adaptability lets
for tailoring of the NP surface for tumor targeting.!®
Bovine serum albumin (BSA) NPs are unique nanostruc-
tures for drug delivery because they are readily available,
non-toxic, non-immunogenic, biocompatible, and biode-
gradable. They have many physical and biological advan-
tages, including the inherent tendency to cancerous and
inflamed tissues, being flexible in the body, better solubil-
ity, and bioavailability of therapeutic agents, in particu-
lar, lipophilic drugs, as well as they can protect the drug
against destruction and inactivation by immunological
and pharmacological effects.”’

Green synthesis of metallic NPs has several advan-
tages over conventional methods such as safety, cost-
effectiveness, eco-friendliness, and biocompatibility.['>!*!
In the current study, the Zn NPs were fabricated via
green synthesis approach. This is one of the most
attractive nanoparticles in medicine that have unique
electrical, optical, catalytic, and photochemical properties
with antimicrobial and antioxidant activity, which may
lead to apoptosis and inhibition of cancer cell growth.[u]

It is known that glioma cells express inotropic gluta-
mate receptors (GluRs), such as AMPA, N-methyl-D-
aspartate (NMDA), and kainate receptors (KARs).[!3!4

(U87) in a dose-dependent manner. Finally, this nanostructure could be served
in targeted drug delivery in vivo studies and applied along with other strategies
such as X-ray irradiation as combinational therapies in future studies.

Baicalein, drug delivery, glutamate receptors, green synthesis, Zn nanoparticles

Hence, GIluRs could be an effective target for efficient
drug delivery for cancer treatment or imaging. Further-
more, natural antioxidants and many phytochemicals,
due to their antiproliferative and pro-apoptotic proper-
ties, have been introduced as anticancer adjuvant
drugs.['>'®! Baicalein (Ba) is one of the most essential fla-
vonoids with several properties, including antiviral, anti-
hepatic, anti-inflammatory, and antitumor effects.!”"]
It also shows antioxidant and inhibitory effects against
glioblastoma multiform.!*”! The suggested mechanism for
induction of apoptosis by Ba is the increase of ROS and
calcium ions, which alter the expression of Bax and Bcl2
genes and their ratios, leading to an increase in cyto-
chrome c and activation of caspase-3, which leads to
inducing apoptosis in cancer cells.?!!

In the present study, BSA NPs were used as a nano-
platform for Glu conjugation, Ba delivery, and simulta-
neously, they were utilized as a reducing factor for the
green synthesis of Zn NPs, which hybridized with BSA
NPs to form BSA-Ba@Zn-Glu as a suggested final nano-
system in this study. The synthesized hybrid nanostruc-
tures that targeted Glu were used to deliver Baicalein to
U87-MG cancer cells. Finally, their effect on cell viability
and apoptosis was evaluated.

2 | MATERIALS AND METHODS

2.1 | Reagents and materials

Zinc sulfate, glutamate (56-86-0), Baicalein, BSA, 1-ethyl-
3-[3-(dimethylamino) propyl] carbodiimide (EDC;
25952-53-8), N-hydroxysuccinimide, Dulbecco’'s Modified
Eagle's Medium-high Glucose (DMEM), fetal bovine
serum (FBS), 3-(4,5-dimethylthialzol-a-yl)-2,5 diphenylte-
trazolium bromide (MTT), penicillin-streptomycin, and
trypsin-EDTA were obtained from Sigma-Aldrich
Co. (St. Louis, MO, USA). Phosphate-buffered saline
(PBS) was prepared in the laboratory. Dimethyl sulfoxide
(DMSO), methanol, and acetone were obtained from
Emertat chimi (Emertat Co., Iran). Annexin V PI kit was
obtained from (Sigma). U87 MG cell line (ATCC HTB-14)
was obtained from Bon Yakhteh Research Institute
(Tehran, Iran).
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2.2 | Green synthesis of Zn NPs

Zn NPs were produced by the redox reaction of zinc
sulfate (ZnSO4-H,0) with BSA as a reducing factor, as
previously described by Gharbavi et al. with some modifi-
cations.[*?! Briefly, 4% w/v BSA, as a reducing agent, was
dissolved in 5 ml PBS (pH 7.4) with 0.2% w/v of zinc sul-
fate, which was maintained at ambient temperature for
10 min under vigorous stirring to achieve a homogenous
solution. Then, the NaOH (1 N) was immediately added
to adjust the pH of the solution to 9 and maintained at
90°C under strong stirring. After 1 h, the color of the col-
loidal solution changed from a colorless to transparent
yellow color. The colloidal solution was centrifuged at
700 rpm for 5 min to remove debris from BSA. Finally,
the obtained colloidal solution was purified by dialysis
using a 12-kDa molecular weight cutoff against ultrapure
water for overnight to remove the excess zinc sulfate and
other precursors.

2.3 | Synthesis of BSA NPs, Baicalein-
loaded BSA NPs (BSA-Ba NPs), and Zn NPs
hybridized with BSA-Ba NPs (BSA-Ba@Zn
NPs)

BSA NPs and BSA-Ba NPs were synthesized by the modi-
fied desolation method.”®! Briefly, 100 mg BSA was
added to 3.5 ml PBS (or 3.5 ml PBS with 0.01% Zn NPs to
prepare BSA-Ba@Zn NPs) and kept at 40-50°C under
vigorous stirring for 15 min. Next, 7 ml Ba solution with
a concentration of 4 mg ml~' (Ba/acetone solution) was
dropwise added to each of the above solutions under con-
stant stirring and dark conditions. After 40 min, 0.05%
w/v EDC was added to the above solution to stabilize and
cross-link the BSA NPs and kept overnight. Finally, the
BSA-Ba NPs and BSA-Ba@Zn NPs were purified by
repeated centrifugation and washed with PBS three
times. BSA NPs were prepared by the same protocol with
acetone instead of Ba/acetone solution.

2.4 | Synthesis of Glu-conjugated BSA-
Ba@Zn NPs (BSA-Ba@Zn-Glu NPs)

EDC and NHS, as coupling reagents, were used in order
to covalently bind Glu at the surface of BSA-Ba@Zn NPs.
1% w/v BSA-Ba@Zn NPs was dispersed in 10 ml PBS and
mixed with 0.25% w/v Glu, 0.5% w/v EDC, and 0.3% w/v
NHS. The pH of the resulting suspension was adjusted to
8.5 by the addition of the bicarbonate buffer and continu-
ously stirred at ambient temperature. After 16 h, the final
formulation (BSA-Ba@Zn-Glu NPs) was ready, and
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excess components were removed by extensive dialysis
membranes (MWCO 12000).124]

2.5 | Physicochemical characterizations
of nanostructures

Physicochemical properties of nanostructures were
characterized by dynamic light scattering (DLS), field
emission scanning electron microscopy (FESEM), and
Fourier-transform infrared spectroscopy (FT-IR) tech-
niques. The average hydrodynamic diameter (Z-average),
polydispersity index (PDI), and charge surface (zeta
potential) of Zn NPs, BSA NPs, BSA@Zn NPs, BSA@Zn-
Glu NPs, BSA-Ba NPs, BSA-Ba@Zn NPs, and BSA-
Ba@Zn-Glu NPs were determined by DLS (Malvern
NanoZS model). Two hundred microliters from each
sample was diluted into 2 ml of deionized water until the
absorbance at 633 nm reached 0.07 + 0.02 units.

FESEM (MIRA TESCAN, Czech Republic) image was
utilized to estimate the size and morphology of BSA-
Ba@Zn-Glu NPs. The samples were covered with plati-
num and observed at 15kV on a scale of 100,000x
magnification.

The chemical structure and composition of all formu-
lations, as well as free Baicalein and free Glu, were char-
acterized by FT-IR (Bruker, Tensor 27). All samples were
mixed and mechanical ground with potassium bromide
(KBr) at a weight ratio of 1:10 to get pellets at 10 Ton
pressure.

2.6 | Loading efficiency

The loading efficiency percentage (LE%) of Ba in
prepared formulations (BSA-Ba NPs, BSA-Ba@Zn NPs,
and BSA-Ba@Zn-Glu NPs) was calculated using the
centrifugation method.*” Briefly, all formulations were
centrifuged at 14,000 rpm for 10 min to determine the
amount of free Ba in the supernatant. The unloaded Ba
was quantified using a UV-Vis spectrophotometer
(Thermo Fisher Scientific) at a wavelength of 330 nm.
Finally, Ba LE% was determined according to the follow-
ing equation:

14
DL%—=——9" 100

Wnanocarrier

where DL% is the drug-loading ratio (%) and Wy, and
Wianocarrier T€present the weight of the entrapped drug
and the total weight of the corresponding drug-entrapped
NPs, respectively.
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2.7 | Invitro release of Baicalein

The release behavior of Ba from all formulations (BSA-Ba
NPs, BSA-Ba@Zn NPs, and BSA-Ba@Zn-Glu NPs)
was evaluated by wusing the sample and separate
(SS) method.[*! All purified and freeze-dried formula-
tions (without free Ba) were dispersed in 1.5 ml of PBS,
pH 7.4 and pH 5.5, and kept at 37°C (120 rpm). At
arranged time intervals, the samples were centrifuged,
and the supernatant was withdrawn to determine the Ba
release amount by UV-Vis spectrophotometer. The sink
condition was maintained by replacing it with an equal
amount of fresh buffer after each withdrawal.

2.8 | Drug release kinetic estimation

To study release mechanism and kinetic, the in vitro Ba
release records were analyzed by fitting them to different
kinetic models, as shown in Table S1. The best kinetic
model was designated based on the lowest values for the
mean squared error (MSE) and Akaike's information cri-
terion (AIC).

2.9 | Hemocompatibility assay

Hemolysis of red blood cells (RBCs) refers to the break-
down of the RBC membrane, which results in the release
of hemoglobin into the blood plasma. As a result, the
hemolytic degree of all formulations must be justified to
support their biocompatibility, which was assessed using
a previously reported approach.[23] The percentage of
hemolysis was estimated using the formula:

Atreated sample — Ancgative control

Hemolysis(%) = x 100

Apositive control — Anegative control

2.10 | Cell viability assay

U87 cells were cultured in DMEM medium supplemen-
ted with 10% FBS at 37°C in a humidified atmosphere
with 5% CO,. MTT assays were used to evaluate the effect
of the prepared NPs on US87 cell viability. U87 cells
(1.2 x 10 cells) were seeded in 96-well plates and treated
with different concentrations (5-30 uM) of the samples
(Zn NPs, BSA NPs, BSA@Zn NPs, BSA@Zn-Glu NPs,
Free Ba, BSA-Ba NPs, BSA-Ba@Zn NPs, and BSA-
Ba@Zn-Glu NPs) after achieving 70%-80% confluency.
Twenty four hours after treatment, each well was

supplied with 20 pul of MTT solution (5 mgml™') and
incubated for 3 h at 37°C with 5% CO,. Next, the MTT
solution was removed, and formazan crystals were dis-
solved in DMSO (150 pl/well). Finally, the absorbance of
each well was measured at 570 nm in a microplate
reader.

2.11 | Apoptosis assay

Apoptosis assay was performed with 10 pM for 24 h post-
treatment to determine the effects of free Ba, BSA-
Ba@Zn NPs, BSA@Zn-Glu NPs, and BSA-Ba@Zn-Glu
NPs on apoptosis of U87 cells. After treatment, the cells
were collected and washed; the pellet was dissolved in
100 pl of annexin V binding buffer and stained with
annexin V-FITC (Biolegend) and propidium iodide
(PI) (Sigma-Aldrich) under the manufacturer's protocol.
Data acquisition and analysis were conducted via
flow cytometry and FlowJo software (Tree Star,
Ashland, OR).

3 | RESULTS

31 | FT-IR

Figure 1a compares the FT-IR spectra of BSA NPs, Zn
NPs, and BSA@Zn NPs to confirm the practical synthesis
of BSA@Zn NPs. The prominent transmittance peaks in
the FT-IR spectrum of BSA NPs were the BSA C—H
vibration band at 2960 cm™!, the amide I band (C=0
stretching) at 1700-1600 cm™), and the amide II band
(C—N stretching and bending of the N—H band) at 1450
and 1550 cm ™ 1.1*”! The FT-IR spectrum of BSA@Zn NPs
shows the peaks shift toward a higher wavelength with
lower peak intensity, which was assumed to be due to the
interaction of BSA with Zn NPs. Also, The FT-IR spec-
trum of Zn NPs revealed several absorption bands in the
spectrum of BSA@Zn NPs. This observation strongly sup-
ported that the Zn NPs were successfully hybridized into
the BSA NP matrix.

Figure 1b shows the FT-IR spectra of free Ba, BSA-Ba
NPs, and BSA NPs. The Ba spectrum exhibits characteris-
tic peaks at 3408.6 cm ' (O—H stretching vibration),
1657.7 cm ™' (C=O0 stretching vibration), and 1390 cm ™'
(O—H bending vibration).1****! Moreover, compared with
FT-IR spectra of BSA NPs, there are some transmittance
peaks that appeared at 1257 and 1390 cm ™' in BSA-Ba. It
may be suggested that the free Ba was successfully loaded
into BSA NPs and produced the BSA-Ba NP formulation.
Likewise, characteristic peaks for free Ba were distin-
guished in the FT-IR spectrum of the BSA-Ba@Zn NPs,
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Fourier transform infrared spectroscopy (FT-IR). (a) FT-IR spectra of Zn nanoparticles (NPs), bovine serum albumin (BSA)

NPs, and BSA@Zn NPs. (b) FT-IR spectra of BSA NPs, Baicalein-loaded BSA NPs (BSA-Ba NPs), and free Ba. (c) FT-IR spectra of BSA@Zn
NPs, Zn NPs hybridized with BSA-Ba NPs (BSA-Ba@Zn NPs), and free Ba. (d) FT-IR spectra of BSA-Ba@Zn NPs, Glu-conjugated BSA-

Ba@Zn NPs (BSA-Ba@Zn-Glu NPs), and free Glu

which also illustrates that the formation was successfully
synthesized (Figure 1c).

In Figure 1d, the spectrum of glutamate (Glu) shows
several characteristic peaks at 3490, 2850, 1690, and
1476 cm !, which are attributed to O—H stretching vibra-
tion, C—H stretching vibration, and carbonyl stretching,
and N—H amino group stretching, respectively. All spec-
trum peaks of the BSA-Ba@Zn NPs appeared in the spec-
trum peaks of BSA-Ba@Zn-Glu NPs, whereas the peak of
the carbonyl group function (1690 cm ') had not
appeared. This observation suggested that the final for-

mulation (BSA-Ba@Zn-Glu NPs) was successfully
synthesized.
3.2 | Particle size and morphology

The average hydrodynamic diameter and zeta potential
for the nanostructures are presented in Figure 2a—d. The
average hydrodynamic size of all formulations was
14240 +1.91 to 177.10 + 1.87 nm (mean + SD). The
average zeta potential of NPs before using glutamate
(BSA NPs, Zn NPs, BSA@Zn NPs, BSA-Ba NPs, and BSA-
Ba@Zn NPs) was —10.57 + 0.71 to —32.00 &+ 2.96 mV
(mean + SD) and after using glutamate (BSA@Zn-Glu
and BSA-Ba@Zn-Glu nanostructures) was —34.23 + 0.35
to —35.77 + 0.60 mV. BSA NPs are significantly different

in comparison to other formulations in terms of size and
Zeta potential, as can be seen in Figure 3a. In addition,
the PDI for all formulations was 0.133 to 0.447, which
indicated that NPs have normal size distribution. Uni-
form distribution and good spherical morphology of the
final formulation (BSA-Ba@Zn-Glu NPs) were confirmed
by FESEM techniques (Figure 3b).

3.3 | Baicalein release behavior and
kinetics

Drug loading amounts of various Ba-loaded nanoparticle
formulations (BSA-Ba NPs, BSA-Ba@Zn NPs, and BSA-
Ba@Zn-Glu NPs) were found at 25.32% + 3.87%, 18.92%
+ 2.46%, and 17.48 + 1.93%, respectively. The in vitro Ba
release from the Ba-loaded NPs (BSA-Ba NPs, BSA-
Ba@Zn NPs, and BSA-Ba@Zn-Glu NPs) was carried out
at 37°C using PBS in pH values of 7.4 and 5.5. Different
pH values were used to simulate the drug release of pH-
sensitive nanostructure in normal and tumor tissue con-
ditions. The release behavior of synthesized nanostruc-
ture is shown in Figure 4a,b, which observed an initial
minor burst release during the first 2h (pH 7.4 & 5.5).
This is followed by sustained and controlled release
between 3 and 72 h, and a plateau phase was reached
after 96 h (Table 1).



60f14 Applied ) GHARBAVI ET AL.
Wl L E Y—Crganometallic
Chemistry
(a) Size (d.nm): % Intensity:  StDev (d.nm): (b) Size (d.nm): % Intensity: St Dev (d.nm):
Z-Average (d.nm): 141.2 Peak 1: 1595 100.0 52.70 Z-Average (d.nm): 149.4 Peak 1: 1935 97.9 1029
Pdl: 0.116 Peak 2: 0.000 00 0.000 Pdl: 0.260 Peak 2: 4467 21 8942
Intercept: 0.943 Peak 3: 0.000 0.0 0.000 Intercept: 0.945 Peak 3: 0.000 0.0 0.000

Result quality : Good

Result quality : Good

Size Distribution by Intensity

Intensity (Percent)
3

Size Distribution by Intensity

7

N
S

>

Intensity (Percent)
3

o

0.1 1 10 1000 10000 01 1 10 100 1000 10000
Size (d.nm) Size (d.nm)
BSA NPs BSA@Zn NPs ——— BSA-Ba NPs BSA-Ba @Zn NPs
—— BSA@Zn-Glu NPs Zn NPs BSA-Ba@Zn-Glu NPs Zn NPs
(c) Mean (mV) Area (%) StDev (mV) (d) Mean (mV) Area (%) StDev (mV)
Zeta Potential (mV): -21.5 Peak1: -215 100.0 828 Zeta Potential (mV): -27.1 Peak 1: -27.1 100.0 6.98
Zeta Deviation (mV): 8.28 Peak 2: 0.00 0.0 0.00 Zeta Deviation (mV): 6.98 Peak 2: 0.00 0.0 0.00
Conductivity (mSlem): 0.0155 Peak3: 0.00 0.0 0.00 Conductivity (mSlcm): 0.00722 Peak3: 0.00 0.0 0.00
Result quality : Good Resultquality : Good
Zeta Potential Distribution Zeta Potential Distribution
400000 400000
300000 300000
e 2
£ 2
3 3
< 200000 S 200000
2 s
° e
100000 100000
-100 0 100 200 -100 0 100 200
Apparent Zeta Potential (mV) Apparent Zeta Potential (mV)
BSA NPs BSA@Zn NPs ———BSA-Ba NPs BSA-Ba @Zn NPs
—— BSA@Zn-Glu NPs Zn NPs BSA-Ba@Zn-Glu NPs Zn NPs

FIGURE 2

Dynamic light scattering (DLS) analysis under optimal conditions. (a, b) Hydrodynamic diameters (average hydrodynamic

diameter [Z-average; nm]) of nanostructure systems. (c, d) Zeta potential (mV) of nanostructure systems by DLS. BSA NPs, bovine serum
albumin nanoparticles; BSA-Ba NPs, Baicalein-loaded BSA NPs; BSA-Ba@Zn NPs, Zn NPs hybridized with BSA-Ba NPs; BSA-Ba@Zn-Glu

NPs, Glu-conjugated BSA-Ba@Zn NPs

As shown in Table 2, the results from empirical Ba
release data were fitted with different mathematical
kinetic models. As indicated, the R?, AIC, and MSE
values of the Makoid-Banakar showed the most fitness
with the experimental data in BSA-Ba NPs and BSA-
Ba@Zn NPs at pH 7.4 media as well as BSA-Ba@Zn-Glu
NPs in both pH media (pH 7.4 and 5.5), whereas Gom-
pertz model was the best model with experimental data
for BSA@Ba NPs and BSA-Ba@Zn NPs at pH 5.5 based
on the R?, AIC, and MSE values.

3.4 | BSA-Ba@Zn-Glu NP
hemocompatibility

The purified RBC samples were incubated with various
concentrations of prepared NPs (BSA NPs, BSA@Zn NPs,
BSA@Zn-Glu NPs, BSA-Ba NPs, BSA-Ba@Zn NPs, BSA-
Ba@Zn-Glu NPs, and Zn NPs) from 1 to 8 mg ml~'. As
shown in Figure 5a, the hemolytic activity of nanostruc-
tures ranged from 4.24% + 0.32% to 11.49% + 0.43%.

3.5 | BSA-Ba@Zn-Glu NPs reduce cell
viability

The U87 cell proliferation was repressed by all treatments
of Free Ba, BSA-Ba NPs, BSA-Ba@Zn NPs, and BSA-
Ba@Zn-Glu NPs compared with the control after 24 h
treatment. The maximum inhibition was detected at
30 uM. The obtained results indicate that Zn NPs
(concentration of 10 and 30 with ***p < 0.0001), BSA
NPs (concentration of 30 with ****p < 0.0001), and
BSA@Zn NPs (concentration of 10 with *p < 0.05) inhibit
the growth of U87 cells compared with the control
group (Figure 5b). The BSA@Zn-Glu NPs did not
significantly inhibit the growth of these cells compared
with the control at each investigated concentration
at 24 h post-treatment, which may be related to the
decrease of nanostructure toxicity by adding glutamate
amino acid.

Present results revealed that BSA-Ba@Zn-Glu NPs
inhibit U87 cell growth more than BSA-Ba@Zn NPs,
indicating ~ more  uptake of BSA-Ba@Zn-Glu
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TABLE 1 Release profile parameters of the formulations

Cumulative Ba release

Maximum Ba

Ba release

Formulation pH after 2 h (%)
BSA-Ba NPs 7.4 16.385 + 3.019

5.5 21.350 + 4.455
BSA-Ba@Zn NPs 7.4 11.946 + 5.350

5.5 16.333 + 3.772
BSA-Ba@Zn-Glu NPs 7.4 9.255 + 3.483

5.5 18.038 + 4.119

after 24 h (%)
56.588 + 5.102
80.276 + 4.719
52.288 + 4.142
72.258 + 6.496
51.246 + 6.885
70.412 + 1.506

depletion (%)
59.988 + 8.153
84.213 + 4.480
57.094 + 4.614
78.958 + 7.905
56.876 + 3.542
71.321 + 1.542

Release rate (%/h)
0.45
0.56
0.44
0.57
0.45
0.47

Abbreviations: BSA-Ba NPs, Baicalein-loaded BSA NPs; BSA-Ba@Zn NPs, Zn NPs hybridized with BSA-Ba NPs; BSA-Ba@Zn-Glu NPs, Glu-conjugated BSA-

Ba@Zn NPs.

nanostructure into cells due to the high expression of glu-
tamate receptor (AMPA) on the U87 cell. Also, obtained
results showed that BSA-Ba@Zn-Glu NPs inhibited cell
growth more than BSA@Zn-Glu NPs in a dose-
dependent manner. It revealed that the effect of Ba
reduces the viability of U87 cells.

3.6 | BSA-Ba@Zn-Glu NPs induce
apoptosis in U87 cells

The results showed that BSA-Ba@Zn-Glu NPs
(****p < 0.0001), free Ba, BSA-Ba@Zn NPs
(**p < 0.001), and BSA@Zn-Glu NPs (*p < 0.05) treat-
ment caused a statistically higher total apoptotic rate
(early and late apoptosis) in comparison with the control
after 24 h incubation. Treatment of cells with 10 pM
BSA-Ba@Zn-Glu NPs could significantly increase total
apoptosis in U87 cells compared with free Ba, BSA-
Ba@Zn NPs, and BSA@Zn-Glu NPs (Figure 6).

4 | DISCUSSION

Cancer is usually treated by surgery, chemotherapy, and
radiotherapy as conventional therapies. In spite of the
efficacy of these methods, in theory, their nonselective
properties could cause a lot of critical side effects.**"]
Recently, the application of nanosystems, with easy sur-
face functionalization, high biocompatibility, drug deliv-
ery capacity, and cancer targeting, has shown the
potential to reduce these side effects. Among these parti-
cles, zinc nanoparticles are considered safe in both condi-
tions (in vitro and in vivo). Due to their highly
biocompatible and biodegradable features, they could be
considered potent nano-platforms for cancer treat-
ment.[32734

Generally, the green synthesis way of the metallic
nanoparticles provides advancements over chemical

methods as it is environment friendly, cost-effective, and
easily scaled up for large-scale synthesis.''**! Also,
numerous studies described BSA as an appropriate com-
ponent for succeeding biocompatible nanoparticles or
nanostructures. It suggested that the BSA NPs developed
via Zn NPs have several advantages, including antibacter-
ial, anticancer, immunomodulatory, sunscreen, and anti-
oxidant effects. On the other hand, they may be used as
an adjuvant treatment to chemotherapeutic drugs to alle-
viate their toxic effects.**~*! In the present study, all for-
mulations were prepared based on BSA and successfully
hybridized with Zn NPs according to our previously
reported method.!?! The natural active compound, Ba,
was used as a potential anticancer therapeutic agent.
Herein, the Zn NPs were fabricated based on green
synthesis techniques that we introduced as a fast and fac-
ile synthesis method over conventional strategies.l**! BSA
was used as a reducing agent to prepare the Zn NPs. BSA
functional groups, including amine (—NH,), the carbox-
ylic acid (—COOH), hydroxyl (—OH), and thiol (—SH)
groups, can act as active binding sites (covalent or non-
covalent) for multiple therapeutic agents. BSA is a single
chain of polypeptides consisting of 583 residual amino
acids with a molecular weight of 66 kDa. Several studies
have reported that albumin may interact as a ligand with
cellular receptors including glycoproteins Gp60, Gp30,
and Gpl8, secreted protein acidic and rich in cysteine
(SPARC), megaline/cobilin complex, and neonatal Fc
receptors (FcRn).!**~**] The tertiary structure of BSA con-
tains multiple cysteine residues forming 17 disulfide
bonds to produce pattern-specific folding.[46] The protein
is thermally unfolded when heated at 90°C, resulting in
further promotion to break off the disulfide bonds and
then the formation of more —SH groups. Both —SH and
hydroxyl groups in the unfolded structure of BSA could
be possessed a reduction of aqueous zinc ions [Zn (II)) to
metallic zinc (Zn (0)] and result in a color change from
colorless to a very bright and clear yellow color. Further-
more, the synthesized NPs can be conjugated by Glu
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FIGURE 5 Percentage of hemolysis induction (a) and cell viability inhibition (b) after treatment with various concentrations of

nanoparticles (NPs). Values with *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 were regarded as statistically meaningful. BSA NPs,
bovine serum albumin nanoparticles; BSA-Ba NPs, Baicalein-loaded BSA NPs; BSA-Ba@Zn NPs, Zn NPs hybridized with BSA-Ba NPs; BSA-

Ba@Zn-Glu NPs, Glu-conjugated BSA-Ba@Zn NPs

(BSA@Zn-Glu NPs & BSA-Ba@Zn-Glu NPs) to increase
the efficiency of the designed nanostructures. The biolog-
ical rationale for using Glu is their presumed effect on
the interaction with metabotropic glutamate receptors
(mGluR) to mediate intracellularly, resulting in an inhi-
bition of U87 cell growth, as shown in our results.!*”!

The generation of versatile systems with a specific
size and morphological form shows a significant role in
the development of modern drug delivery systems and
their clinical applications.”*”! BSA, zinc sulfate, Ba, and
Glu were used to design and synthesize the suggested
nanostructures. BSA was used as a reducing agent to pre-
pare the Zn NPs and also as a nanostructure system to
develop the final formulation. All elements such as tem-
perature, stirring time, amounts of acetone, and high- or
low-speed addition of acetone were critical factors during
the nanostructure synthesis process, which is a crucial
role in obtaining small NPs with a low PDI, as previously
reported.!*®! The successful synthesis of all NP samples
can be confirmed by FT-IR spectroscopy. Our results
obtained from the FT-IR spectra of the BSA NPs, Zn NPs,

Ba, and Glu are similar to the results reported by previ-
ous studies in other aspects.!?**"%] Peak shifts in
BSA@Zn NPs suggested that BSA had a strong interac-
tion with the Zn, due to the coordination of Zn?" with
the C=0, —NH, and —OH groups of BSA. Also, FT-IR
spectra of Baicalein and glutathione were consistent with
previous studies.[**>* Glutathione increases the stability
of the synthesized nanoparticles by increasing the nega-
tive charge of their surface, thus reducing the aggregation
of nanoparticles.

All of the formulations had a negative zeta potential,
which could be due to the hydroxyl groups in BSA. Fur-
thermore, the zeta potential values of the BSA@Zn-Glu
NPs and BSA-Ba@Zn-Glu NPs were significantly higher
zeta potential values related to the negatively charged
Glu molecules in formulations. Due to electrostatic forces
between the obtained nanoparticles, the very negative
zeta potential values may provide excellent physical sta-
bility in water.

The release profile was defined by considering three
major factors: burst release, maximal Ba depletion
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Treatment groups

Treatment effects of nanostructure loaded with Ba on apoptosis of U87 cells. (a) Cells were incubated with optimum

(as control), free Ba, BSA-Ba@Zn NPs, BSA@Zn-Glu NPs, and BSA-Ba@Zn-Glu NPs at 10 pM concentration for 24 h, and apoptosis was
examined using annexin V-FITC/propidium iodide (PI) staining and flow cytometry analysis. One representative flow cytometry analysis of
apoptosis in U87 cells is shown; fluorescence intensity for annexin V/FITC is plotted on the x-axis, and PI is plotted on the y-axis (Q1,
necrosis; Q2, late apoptosis; Q3, early apoptosis; and Q4, live cells). (b) Statistical analysis of variance of apoptotic cell percentage for all
samples. Value with *p < 0.05, **p < 0.001 and ****p < 0.0001was regarded as statistically meaningful. BSA-Ba@Zn NPs, Zn NPs
hybridized with BSA-Ba NPs; BSA-Ba@Zn-Glu NPs, Glu-conjugated BSA-Ba@Zn NPs

quantity (MBDQ), and release rate (Table 1). The total
cumulative Ba released after 2 h was characterized as the
burst release. The nanostructure system was categorized
as a low burst release. The amount of Baicalein on the
nanostructure system'’s surface has been related to the
quantity of burst release.° As a result, the lower the
burst release, the lower the Ba on the nanostructure sur-
faces. The second factor was the MBDQ, which nano-
structure system based on the BSA NPs could retain a
high amount of Ba inside themselves.*® The third char-
acteristic of release profiles is the rate of release. The rate
of Ba release from the starting point of the ascending part
of the profile to reach the plateau was calculated. As
shown in Table 1, there is no significant difference in the
release rate between pH media. Furthermore, the nano-
structure systems are fitted by nonlinear Gompertz and
Weibull models.*”-*#!

The results of the hemocompatibility assay demon-
strated that no significant hemolytic activity was
observed in the nanostructure systems, confirming that
the mentioned systems have adequate biocompatibility.
In medical applications, the toxicity of nanostructure

systems is a crucial concern. Previously, it has been indi-
cated that low and high zinc concentrations on cells initi-
ate cancer progression and pose toxic effects, respectively.
The probable mechanism of this cytotoxic effect could be
due to oxidative stress via reactive oxygen species
(ROS).*" In the present study, BSA NPs, BSA@Zn NPs,
and BSA@Zn-Glu NPs have no significant in vitro cyto-
toxic effects in the lower concentrations. Obtained results
demonstrated that the cytotoxicity of the ZnNPs was
reduced when hybridized by BSA NPs (e.g., BSA@Zn
NPs), and it was further reduced by conjugated with glu-
tamate amino acid.®®! On the other hand, BSA-
Ba@Zn-Glu NPs in all used concentrations reduce the
cell viability of U87 cells in a dose-dependent manner in
the current study. These data also suggested that the cell
growth inhibition effect of BSA-Ba@Zn-Glu was due to
the Baicalein in the nanostructure system because
BSA@Zn-Glu did not show a significant cytotoxicity
effect in vitro.

Previous studies on Baicalein (Ba) report anticancer
effects via proliferation inhibition and apoptosis induc-
tion in human GBM U251 cells.l? Liu et al. have
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reported that Baicalein induces autophagy and apoptosis
via the AMPK pathway.[®*! Another study has reported
that reduction of C6 and U87 cell viability occurs by Bai-
calein exposure. Baicalein treatment of U87 cells could
increase apoptotic cell percentage and lead to the release
of cytochrome ¢ from mitochondria.!**! In the present
study, the cytotoxicity rate of BSA-Ba@Zn-Glu nanoparti-
cles with low loading of Baicalein was more compared
with pure drug (free drug 10 pM). Furthermore, BSA-
Ba@Zn-Glu NPs were more involved in reducing cell via-
bility than BSA-Ba@Zn, which could be related to the
increased cellular uptake of BSA-Ba@Zn-Glu NPs by glu-
tamate AMPA receptors on U87 cancer cells. Previously,
the cytotoxic effect of Zinc nanoparticles on glioma can-
cer cells such as A172, U87, A172, U87, LNZ308, LN18,
LN229, and breast, and prostate cancer cells, along with
normal cells has been studied. It has been reported that
Zinc nanoparticles have cytotoxic effects on cancer cells
while posing no cytotoxic effect on normal cells. Zinc
nanoparticles have been shown to cause less influence on
ROS production in normal astrocytes.!”!

It has been reported that loss in the balance of protein
activities leads to increased levels of ROS resulting in
apoptosis death. Accordingly, Zinc nanoparticles present
cytotoxicity in cancer cells due to elevated intracellular
levels of dissolved zinc ions, followed by increased ROS
production, which causes cancer cell death.'*® Our result
showed that the BSA-Ba@Zn-Glu NPs could significantly
induce apoptosis in the U87 cancer cells compared with
other groups (free Ba, BSA-Ba@Zn, and BSA@Zn-Glu
NPs). The apoptosis rate by BSA@Zn-Glu NPs was not
much due to the coating of nanoparticles with glutamate
and reducing their toxicity. Overall, these results suggest
that the final formulation (BSA-Ba@Zn-Glu NPs) pro-
vides promising strategies for reducing cell proliferation
and inducing cell apoptosis.

5 | CONCLUSION

In this study, Zn NPs were synthesized based on a green
synthesis method. BSA NPs were used as a nano-platform
for Glu conjugation and Ba drug delivery. At the same
time, BSA was utilized as a reducing agent for the green
synthesis of Zn NPs, which hybridized with BSA NPs to
form BSA-Ba@Zn-Glu NPs as a suggested nanosystem.
Our study showed that BSA-Ba@Zn-Glu NPs induce
cytotoxicity and apoptosis in human brain cancer cells
(U87) in a dose-dependent manner. It can be concluded
that Zn NPs and Baicalein have synergistic effects in
reducing the survival of U87 cancer cells, and conse-
quently, the presented nanostructure can be a promising

tool for targeted drug delivery and multifunctional bio-
medicine applications.
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