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therapeutic options for chronic cases. Zinc oxide (ZnO) nanomaterials have emerged as
promising candidates for hepatoprotection due to their antioxidant, anti-inflammatory,
and regenerative properties. However, their potential remains hampered by insufficient ZaONSs
drug loading and controlled release. The current study explores the intercalation of
Naproxen (Nx), a potent anti-inflammatory and analgesic drug, within ZnO stacked

ABSTRACT: Liver diseases pose a significant global health burden, with limited ﬁ

Nx-ZnO SNSs

Nx-ZnO SNSs

nanosheets (SNSs) to address these limitations. Herein, an easy and solution-based ~zuN0s:H:0 NaoH R POF #38.1451
synthesis of novel Nx intercalated ZnO SNSs was established. The obtained Nx ,":o;n;, + .0:.:0:. S LN W
intercalated ZnO SNSs were encapsulated with poly(vinyl acetate) (PVA) to make  °9° e oo g " —
them biocompatible. The synthesized biocomposite was characterized using X-ray bk I N

diffraction (XRD), scanning electron microscopy (SEM), and Fourier transform o % s d % 6 1
infrared spectroscopy (FTIR), which confirm the successful synthesis and intercalation ‘le’;,(;:wrm

of Nx within the ZnO SNSs. The obtained outcomes showed that the configuration of ’ T
ZnO nanosheets was altered when Nx was introduced, resulting in a more organized stacking pattern. An in vivo investigation of
mice liver cells unveiled that the Nx intercalated ZnO SNss had increased hepatoprotective properties. The study’s results provide
valuable insights into using Nx intercalated ZnO SNiss for targeted drug delivery and improved treatment effectiveness, particularly
for liver-related illnesses.

1. INTRODUCTION challenges in controlling the distribution of components within
the nanosheets.

Nevertheless, there is a paucity of reports on the fabrication
of two-dimensional nanomaterials using an easy low-temper-
ature solution-based strategy.'°™"" The easy and solution-
based synthesis approach typically involves straightforward
procedures using readily available chemicals and equipment.
This accessibility allows researchers with varying levels of
expertise and resources to employ these methods, democratiz-

Nanosheets represent a category of two-dimensional nanoma-
terials characterized by their exceedingly small thickness,
typically measured in nanometers and lateral dimensions
spanning from submicrons to micrometers.”” These nano-
sheets are anticipated to serve as a crucial link between the
quantum realm of zero- or one-dimensional nanomaterials and
the three-dimensional expanse of macroscopic bulk materi-

als.>* Significantly, their primary distinguishing characteristic is ing the field of nanoparticle synthesis. Such synthetic

their substantial specific surface area, which renders them approaches are often easily scalable, enabling the production

exceptionally auspicious alternatives for an extensive array of of nanoparticles in larger quantities without significant

applications, especially in the domains of biomedical increases in complexity or cost.”””!

applications.s_g Zinc oxide (ZnO) is a versatile semiconductor material
Various types of nanosheets composed of oxidized characterized by a wide band gap of 3.37 electronvolts (eV)

substrates, such as silicate layers or metal oxides, have been and a substantial excitation binding energy of 60 millivolts

successfully synthesized. Numerous strategies were devised to

produce nanosheets through various synthetic methods. These Received: March 9, 2024

include mechanical exfoliation,'® electrochemical Li-intercala- Revised:  April 16, 2024

tion and exfoliation,""'* direct sonication in solvents,"> wet Accepted:  April 29, 2024

chemical synthesis,'* and chemical vapor deposition (CVD)," Published: May 13, 2024

among others. However, many of these methods entail
multistep processes for hybrid nanosheet fabrication, posing
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Figure 1. Pictorial representation of the synthetic strategy of Nx-P.
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(mV) at room temperature.””~>* While initially employed in
industrial manufacturing, the applications of ZnO nanomateri-
als have significantly expanded into the realm of biology.”**" It
is widely recognized that zinc, an essential trace element, is
prevalent in various body tissues, including the brain, muscle,
bone, and skin. Zinc plays a pivotal role in numerous enzyme
systems, influencing metabolic processes, protein and nucleic
acid synthesis, hematopoiesis, and n<eurogenesis.26_29 Nano-
sized ZnO particles, due to their diminutive size, facilitate
enhanced absorption by the human body, making nano-ZnO a
common food additive. Furthermore, it is essential to note that
the United States Food and Drug Administration (FDA)
designates ZnO as Generally Recognized As Safe “GRAS.”*’
Given these characteristics, ZnO-based nanomaterials have
garnered increased attention in biomedical applications. In
comparison to other metal oxide nanomaterials, ZnO-based
counterparts are not only cost-effective but also relatively less

xic.”"”* Consequently, they have demonstrated remarkable
potential in diverse biomedical applications, including
anticancer therapies, drug delivery systems, antibacterial
agents, diabetes treatment, anti-inflammatory interventions,
wound healing, and bioimaging.z*%"}’?”34

To unlock the full biomedical potential of ZnO-based
nanomaterials, their capabilities can be augmented by coupling
them with biomolecules, including various antibiotic medi-
cations.>® In nature, interactions between biomolecular pairs
with distinct high affinities are widespread. When one of these
biomolecular entities conjugates with the nanoparticles, the
resulting biofunctional nanomaterials can selectively adhere to

the complementary biomolecular entity.** This principle has
underpinned the development of numerous applications
employing biofunctional nanoparticles, including but not
limited to pathogen detection, protein purification, and toxin
removal.””**

Naproxen (Nx), a nonsteroidal anti-inflammatory drug, is
widely used for its analgesic and anti-inflammatory proper-
ties.”” However, its clinical use is limited due to the potential
hepatotoxicity associated with its prolonged or high-dose
administration. Hepatotoxicity, characterized by liver injury
and dysfunction, is a significant concern in the therapeutic use
of Nx.** Therefore, there is a need for strategies to enhance the
hepatoprotective potential of Nx while minimizing its adverse
effects.

Commonly employed techniques for modifying the surface
of ZnO nanoparticles involve treatments such as silanization,
amine coating, and the use of polymeric agents like poly(vinyl
alcohol) (PVA) and chitosan.”' These methods are applied to
address solubility challenges.”” By employing these coating
agents, the dispersion of nanoparticles in biological fluids can
be significantly enhanced, thereby improving their antimicro-
bial effectiveness. Moreover, these coatings protect ZnO
nanoparticles, rendering them suitable for biolabeling
applications.*

A hydrophilic cationic polymer called poly(vinyl alcohol)
(PVA) finds extensive applications in various biological
contexts, including antimicrobial properties and as carriers
for drugs. PVA enhances the colloidal stability of nanoparticles,
promoting cellular internalization through electrostatic inter-
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Figure 2. (a) SEM image of ZnO NSs, (b) SEM image of Nx-ZnO SNSs, (c) EDX elemental mapping of Nx-ZnO SNSs, and (d) scheme of the

formation of Nx-ZnO SNSs.

actions with membrane proteins.*”** Studies have shown that
modifying ZnO with PVA can improve their performance by
regulating nucleation based on molecular weight and
concentration. Additionally, the physical properties of ZnO
nanoparticles undergo variation with PVA coating, leading to
enhanced antibacterial activity.*® This suggests that PVA can
mitigate nanoparticle solubility issues through surface mod-
ification.

In this respect, the current work was devoted to developing
an easy low-temperature solution-based approach to synthesize
Nx-based ZnO NSs-based biocomposite with enhanced
biological potential. A two-step method was employed to
obtain bioconjugated stacked ZnO nanosheets. First, a
coprecipitation method was adopted to obtain ZnO NSs at
low-temperature, followed by the dropwise addition of Nx. The
introduced Nx not only enhanced the biological potential but
also led to the stacking of preformed ZnO nanosheets. By
employing suitable characterization methods, the structural
and physicochemical properties of the intercalated nanosheets
were investigated. Furthermore, an in vivo investigation of mice
liver cells was demonstrated to provide insights into the
potential of this nanomaterial-based approach for hepatopro-
tection. The findings of this study could contribute to the
development of safer and more effective therapeutic inter-
ventions for liver diseases associated with inflammation and
oxidative stress.

2. MATERIALS AND METHODS

Zinc nitrate (ZnNO,),-6H,0, sodium hydroxide (NaOH),
poly(ethylene glycol) (PEG, 6000), naproxen (Nx), poly(vinyl
acetate) (PVA, 89—98,000, 99% hydrolyzed), carbon tetra-
chloride (CCl,), and ethanol were purchased from Sigma-
Aldrich. Deionized water was used throughout the experiment.

2.1. Synthesis of Nanomaterials. 2.1.7. Step 1. Syn-
thesis of Zinc Oxide Nanoparticles. As the precursor salt,
Zn(NO;),-6H,0 was reduced using NaOH to produce ZnO
NSs. An aqueous solution of 100 mM (2.98 g/100 mL)
ZnNO; was prepared. PEG was then dissolved in the
Zn(NOs;), solution, where the amount of the PEG was equal
to half of ZnNO; (ie., 1.49 g/100 mL). An aqueous solution
of 100 mM (0.5 g/125 mL) of the NaOH was also prepared in
water.

100 mM solution of NaOH was added to the Zn(NO;),
solution by four drops per minute with a constant stirring
speed until the solution turned basic with a pH of 10. The
solution was then heated at 60 °C for 30 min. Afterward,
enough water was added to the solution to turn it neutral. The
solution was finally filtered, and residue was collected. The
residue was dried and calcinated at 500 °C for 4 h.

2.1.2. Step 2. Synthesis of PVA Capped Nx Intercalated
Zn0O SNSs (Nx-P). The solution of ZnO and Nx was prepared
in a fixed ratio (0.025 g/mL) in 20 mL of ethanol. The
solution of Nx drug was added to the ZnO solution drop by
drop with a constant stirring speed. The solution was kept for 2
h poststirring, then centrifuged at the rate of 3000 rpm for 30
min. The product was dried and collected. The loaded amount
of drug was estimated gravimetrically, and it comes out to be
0.69 g/g of the ZnO NSs.

The solution of ZnO-Nx SNSs was prepared in ethanol at a
fixed ratio (4 mg/mL) and stirred for 30 min. The solution of
PVA was prepared (0.06 mg/mL) in 25 mL of water. The PVA
solution was added to the ZnO-Nx SNSs solution. The
obtained mixture was stirred for a further 3 h, and the product
was dried at room temperature. The PVA capped Nx
intercalated ZnO SNSs are named as Nx-P hereafter. The
pictorial representation of a brief experimental procedure is
illustrated in Figure 1.

https://doi.org/10.1021/acsomega.4c02319
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Figure 3. (a) XRD patterns and (b) FTIR spectrum of ZnO NSs, Nx, and Nx-ZnO SNSs.

2.2. Characterization of ZnO-Nx SNSs. The synthesized
materials were characterized using a UV—vis spectrometer
(PerkinElmer, Lambda 25), Fourier transform infrared spec-
troscopy (FTIR) (JASCO FT/IR-6600), X-ray diffraction
(XRD) analysis (D8 advanced Bruker X-ray diffractometer)
(Bruker Germany), and scanning electron microscopy (SEM).

2.3. Experimental Animals and Dose Preparation.
This study was restricted to the group and investigation of data
from 30 male Swiss albino mice Mus musculus domesticus
(average age 8 weeks; body mass 35 g) taken from the
National Institute of Health (NIH), Islamabad. Animals were
housed in various polypropylene cages according to their
treatment regimens and given access to refined water and
standard laboratory pellets as needed. The animal home was
maintained at 22 + 2 °C with a cycle of 12 h of light and 12 h
of darkness. They were lodged together for 7 days before the
beginning of the trial and were categorized into six groups for
the hepatoprotective activity of sample-1 in a whimsical way;
Group I: control group; these animals did not get any sort of
treatment. Twenty-five animals got a single intraperitoneal
(IP) dosage of CCl, (0.4 mL/kg body weight) for stimulation
of disease. Next to the CCl, induction, animals that caused
disease were further categorized into four groups: Group II:
CCl, treated group; Group III: diseased animals that were
treated with oral daily dose (via 18-gauge oral feeding needle)
of CCl, + Nx (400 mg/kg) for 12 consecutive days; Group IV:
diseased animals that were treated with an oral daily dose of
CCl, + ZnO (400 mg/kg) for 12 consecutive days; Group V:
diseased animals that were treated with CCl, + ZnO-Nx (400
mg/kg) for 12 consecutive days; and Group VI: diseased
animals that were treated with oral daily dose of CCl, + Nx-P
(400 mg/kg) for 12 consecutive days. The hepatoprotective
activity was assessed by comparing the levels of various
biochemical components in plasma and compared with the
hepatoprotective effect of CCl,. Enzymes and protein contents
were extracted and estimated by a method mentioned by
Mughal et al.*”’

2.4. Estimation of Biochemical Components in Liver.
The level of total protein, total bilirubin, AST, ALT, ALP,
MDA, GSH, Catalase, and LDH in the saline extract of plasma
were assessed by the method designated by Mughal et al.*’

2.5. Statistical Analysis. All arithmetics calculations were
carried out using GraphPad Prism version 5. Each value was
expressed as mean + SEM. A one-way analysis of variance
(ANOVA) with the Bonferroni test was employed to assess the
arithmetical variation among the various groups. At p < 0.05, p
< 0.01, and p < 0.001, values were deemed statistically
significant.

22982

3. RESULTS AND DISCUSSION
3.1. ZnO NSs and Nx-ZnO SNSs Characterization. The

structural features and stacked nature of ZnO NSs were
investigated using electron microscopy analysis. The SEM
image in Figure 2a conspicuously unveiled that the free-
standing ZnO NSs have a nonuniform distribution of length
and width. Upon adding Nx into the synthesized ZnO NSs, the
stacking of ZnO NSs was reformed into highly ordered stacked
arrangements, as displayed in Figure 2b. Elemental mapping
through energy dispersive X-ray (EDX, Figure 2c) of Nx-ZnO
SNSs revealed that all of the elements are uniformly distributed
in the whole structure. The formation scheme of Nx-ZnO
SNSs is given in Figure 2d. The ordered stacking of ZnO NSs
in the presence of Nx might be due to various interactions such
as van der Waals forces, hydrogen bonding, or electrostatic
interactions. These interactions may develop upon the addition
of Nx, which hinders the mobility of ZnO NSs, limiting their
ability to move freely and aggregate randomly. This could
promote a more ordered arrangement of the NSs. Moreover,
the interaction between the electron-rich regions of Nx
molecules and the electron-deficient regions on the surface
of ZnO NSs could induce charge transfer effects, influencing
the assembly of the nanosheets into ordered structures.

In order to examine the compositional purity and effective
formation of the biocomposite, XRD analysis was imple-
mented. As shown in Figure 3a, sharp peaks were observed in
the XRD pattern of the synthesized ZnO SNSs, confirming
their well-crystalline structure. The acquired pattern exhibits
adequate indexing with JCPDS No. 36-1451, denoting the
hexagonal phase of ZnO. An analysis of the XRD patterns of
the constituent elements revealed that Nx lacks distinct peaks
and exhibits an amorphous structure. The Nx addition does
not affect the XRD pattern of SNSs.

The functional characteristics and bond vibrations of the
ZnO NSs, Nx, and Nx-ZnO SNSs were analyzed utilizing FTIR
spectroscopy. FTIR spectrum of the Nx-ZnO SNSs and their
constituent elements are illustrated in Figure 3b.

Due to stretching vibrations of the Zn—O bonds, the
characteristic peak of ZnO NSs was found at $S5 cm™,
indicating the hexagonal phase of ZnO NSs.* The distinct
bands observed in the FTIR spectrum of Nx were located at
3120, 1720, 1600, 1390, 1177, 854, and 673 cm™", which were
assigned to the aliphatic chain’s C—H vibrations, C=0, C=
C, CH;, C—H in-plane, C—H out-of-plane, and C—C (ring
bending), respectively. At 3350 cm™', the O—H stretchin
vibrations were responsible for the characteristic bands.**"
Successful intercalation of Nx into ZnO NSs was confirmed by
the appearance of Nx characteristic bands in the Nx-ZnO
SNSs.

https://doi.org/10.1021/acsomega.4c02319
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The optical properties of synthesized Nx-ZnO SNSs were
investigated using UV—vis spectroscopy. On the UV—vis plots
shown in Figure 4, the intercalation of the Nx shifted the
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Figure 4. UV—vis spectra of ZnO NSs, Nx, and Nx-ZnO SNSs.

absorption toward the red end as compared to sole ZnO NSs.
The ZnO has a band at 272 nm and Nx has two bands at 312
and 333 nm. Moreover, the characteristic absorption bands of
both Nx and ZnO can be clearly seen in Nx-ZnO SNSs, further
evidencing the successful formation of biocomposite.

In order to make the Nx intercalated ZnO NSs more
biocompatible, the Nx-ZnO SNSs were coated with PVA. The
introduced PVA encapsulated the SNSs into compact
structures, as indicated in the SEM image (Figure S). The
XRD pattern of PVA-encapsulated SNSs proclaimed that the
ZnO phase and crystalline nature remain well intact even after
encapsulation (Figure Sb). The capping of PVA onto Nx-ZnO
SNSs enhances biocompatibility and provides additional
advantages, one of which could be relevant to the applicability
of PVA as a stabilizing agent. It acts as a barrier to prevent the
oxidation of Nx. By capping Nx-ZnO SNSs with PVA, a
protective layer is formed around the SNSs, shielding them
from oxidation and preserving their integrity and functionality
over time. PVA improves the dispersibility of nanostructures in
various solvents and matrices. The hydrophilic nature of PVA
allows for better dispersion in aqueous solutions, which is
essential for applications such as drug delivery, biological
labeling, and nanocomposite synthesis. Improved dispersion
ensures homogeneous distribution and enhances interaction
with other materials or biological systems.

3.2. In vivo Hepatoprotective Activity. The liver
metabolizes substances that enter the body and detoxifies
them. Hepatic damage could happen throughout this
process.”’ The effects on the liver are positioned as the
primary toxicological consequences associated with a variety of
illnesses.”’ Toxic substances cause oxidative damage in the
hepatocytes.> There are numerous medications available to

treat liver disorders.”® Hepatoprotective activity describes a
substance’s or compound’s capacity to defend the liver against
harm and advance its general health.”*>°> Newly synthesized
biocompatible Nx-ZnO SNSs were explored for their potential
hepatoprotective effects.

3.2.1. Effect on Alanine Transaminase (ALT). Intra-
peritoneal administration of CCl, (0.4 mL/kg body weight)
caused a significant upsurge (153.2 + 5.08 U/L) in the level of
ALT as compared to the control (42.4 + 1.93 U/L). High
significant reversal was observed in mice groups when CCI,
was given in combination with Nx (61.74 + 2.96 U/L), ZnO
(654 £ 5.93 U/L), ZnO-Nx (59 + 4.6 U/L), and Nx-P (57.4
+ 6.06 U/L) as compared to CCl, (1532 + 5.08 U/L)
(Figure 6A).

3.2.2. Effect on Aspartate Aminotransferase (AST).
Intraperitoneal administration of CCl, (0.4 mL/kg body
weight) caused a significant upsurge (462.2 + 4.20 U/L) in
the level of AST as compared to the control (84.2 + 1.49 U/
L). A highly significant reversal was observed in mice groups
when CCl, was given in combination with Nx (218.4 + 11.00
U/L), ZnO (2654 + 18.89 U/L), ZnO-Nx (228 + 7.50 U/L),
and Nx-P (168.4 + 10.73 U/L) as compared to CCl, (462.2 +
4.20 U/L) (Figure 6B).

3.2.3. Effect on Alkaline Phosphatase (ALP). Intra-
peritoneal administration of CCl, (0.4 mL/kg body weight)
caused a significant upsurge (303 + 15.5 U/L) in the level of
ALP as compared to control (111.4 =+ 3.61 U/L). Upon the
introduction of CCl, in combination with Nx, ZnO-Nx, and
Nx-P, a highly significant increase of ALP levels was observed
in mice groups with values of 213.8 + 3.68, 196 + 10.90 and
195.6 + 11.4 U/L, respectively, as compared to CCl, (303 =
15.5 U/L). In addition, a significant reversal was noticed in
mice groups that received CCl, in combination with ZnO
(239.8 + 15.5 U/L) (Figure 6C).

3.2.4. Effect on Lactate Dehydrogenase (LDH). Intra-
peritoneal administration of CCl, (0.4 mL/kg body weight)
caused a significant upsurge (995 + 64.94 U/L) in the level of
LDH as compared to the control (329.9 + 19.38 U/L). As
seen with ALT, AST, and ALP, a significant reversal was
noticed in mice groups when CCl, was given in combination
with ZnO-Nx (588.2 + 41.96 U/L) and Nx-P (583.8 + 60.99
U/L) as compared to CCl, (995 + 64.94 U/L). Also, a
significant reversal was observed in mice groups when CCI,
was given in combination with ZnO (626.4 + 53.88 U/L). No
significant change was observed in mice groups when CCl, was
given in combination with Nx (Figure 6D).

3.2.5. Effect on Liver Malondialdehyde (MDA). When CCl,
admitted intraperitonealy (0.4 mL/kg body weight), a
significant upsurge (652.2 + 20.2 mmol/g liver) in the level

Intensity (a.u)

10 20 30 40 50 60 70
20()

Figure 5. (a) SEM image and (b) XRD pattern of PVA-coated Nx-ZnO SNSs.
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of MDA was noticed as compared to the control (46.2 + 4.45
mmol/g liver). A highly significant reduction in MDA levels
was observed in mice groups when CCl, was given in
combination with ZnO-Nx (200.6 + 22.98 mmol/g liver) and
Nx-P (315.6 + 48.11 mmol/g liver) as compared to CCl,
(652.2 + 20.2 mmol/g liver). However, no significant change
was observed in mice groups when CCl, was given in
combination with either Nx or ZnO (Figure 7A).

3.2.6. Effect on Glutathione (GSH). Intraperitoneal
administration of CCl, (0.4 mL/kg body weight) gave rise
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to a significant reduction in the levels of GSH (2.04 + 0.12
umol/g liver) as compared to the control (3.85 + 0.18 ymol/g
liver). A considerable reversal was observed in mice groups
when CCl, was given in combination with ZnO-Nx (3.4 =+
0.09 pmol/g liver) compared to CCl, (2.04 + 0.12 umol/g
liver). When Nx-P, Nx, and ZnO were given in combination
with CCl,, no change was observed in mice groups (Figure
7B).

3.2.7. Effect on Catalase. Intraperitoneal administration of
CCl, (0.4 mL/kg body weight) caused a significant depression
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(112.8 + 3.44 mmol/min/g liver) in the level of Catalase as
compared to the control (182 + 7.76 mmol/min/g liver). A
sharp increase in Catalase levels was observed only in mice
groups treated with CCl, in combination with ZnO-Nx (164.6
+ 12.16 mmol/min/g liver) and Nx-P (163 + 5.43 mmol/
min/g liver) as compared to CCl, (112.8 + 3.44 mmol/min/g
liver). However, when Nx and ZnO were given in combination
with CCly, no significant changes were observed in mice
groups (Figure 7C).

3.2.8. Effect on Total bilirubin. Intraperitoneal admin-
istration of CCl, (0.4 mL/kg body weight) led to a significant
depression (4.28 + 1.5 mg/dL) in the level of Total bilirubin
as compared to the control (2.6 + 0.18 mg/dL). A highly
significant reversal effect was observed in mice groups when
CCl, was given in combination with ZnO-Nx (2.94 + 0.03
mg/dL) compared to the CCl, (4.28 + 1.5 mg/dL). A similar
effect was observed in mice groups when CCl, was given in
combination with ZnO (3.24 = 0.18 mg/dL). When Nx-P and
Nx were given in combination with CCl,, no change was
observed in mice groups (Figure 8A).

3.2.9. Effect on Total Protein. Intraperitoneal adminis-
tration of CCl, (0.4 mL/kg body weight) caused a significant
depression (4.18 & 0.15 g/dL) in the level of total protein as
compared to the control (8.42 + 0.49 g/dL). Exclusively, when
CCl, was given in combination with ZnO-Nx, a highly
significant reversal effect was observed in mice groups, i.e., (6.0
+ 0.53 g/dl) as compared to the CCl, (4.18 + 0.15 g/dL).
Nonetheless, no significant changes in the levels of total
protein were observed when Nx-P, ZnO, and Nx were given in
combination with CCl, (Figure 8B).

3.3. CCl;-Induced Hepatotoxicity and Potential
Preventive Measures. Dry cleaning agents, refrigerants,
and solvents for oils and fats are all used for CCl,. The kidneys
and liver are harmed when CCl, is inhaled. Additionally, CCl,
is a carcinogen for humans.’® The liver serves as our body’s
primary detoxifying organ,”” which is why most toxicological
issues are related to it.”® Hepatotoxicants cause oxidative
damage to liver cells.’” This shows the importance of
researching CCl,-induced hepatotoxicity and potential pre-
ventive measures. The administration of a single CCl, dose to
Balb C mice has led to a highly significant rise in plasma levels
of ALT, AST, ALP, LDH, and MDA. Moreover, it caused a
sharp decline in the level of GSH and Catalase in comparison
to control and Nx, ZnO, and nanoformulations (i.e,, ZnO-Nx
and NX-P).47 When the combination of CCl, and Nx, ZnO,
and nanoformulations (i.e, ZnO-Nx and Nx-P) was given, a
highly significant reversal in ALT and AST levels in plasma was
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observed. A highly significant decrease in the level of ALP was
found when the combinations of CCl, and ZnO-Nx, Nx-P and
Nx were given, as well as a substantial decrease in the level of
ALP was observed when ZnO was given in combination with
CCl,. When the combination of CCl,, ZnO, and nano-
formulations (i.e., ZnO-Nx, Nx-P) was given to the mice, a
highly significant reversal in the level of LDH in plasma was
found. No change in the level of LDH was found when Nx
combination with CCIl, was given to the mice that may support
our hypothesis of the importance of ZnO SNSs combined with
Nx as hepatoprotective compounds. When the combination of
CCl, and nanoformulations (i.e., ZnO-Nx, Nx-P) was given, a
significant reversal in the level of MDA in plasma was
observed. No change in the level of MDA was observed when
Nx and ZnO combination with CCl, was given to the mice,
which, again, support the importance of having Nx and ZnO
SNSs combined together as a potential treatment. When the
combination of CCl, and ZnO-Nx was given, significant
reversal in the level of GSH in plasma was observed. While no
change in the level of GSH was observed when Nx, Nx-P, and
ZnO combination with CCIl, was given to the mice. When the
combination of CCI, and ZnO-Nx was given, a highly
significant reversal in the level of Catalase in plasma was
observed. Furthermore, a significant reversal in the level of
Catalase in plasma was observed with Nx-P; however, no
change in the level of Catalase was observed when Nx and
ZnO combination with CCl, was given to the mice.

CCl, intraperitoneal administration produced a highly
significant drop in hepatic total protein, and a surge in the
total bilirubin was related to control. According to Benahmed
et al,*” when the combination of CCl, and ZnO-Nx was given,
a highly significant reversal in the total bilirubin level in plasma
was observed. Moreover, when the combination of CCl, and
ZnO was given, a significant reversal in the total bilirubin level
in plasma was observed. In contrast, no change in the total
bilirubin level was observed when Nx and Nx-P combination
with CCl, was given to the mice. When the combination of
CCl, and ZnO-Nx was given, a highly significant reversal in the
total protein level in plasma was observed. No alteration in the
level of total protein was observed when ZnO, Nx, and Nx-P
combination with CCl, was given to the mice. The obtained
findings demonstrated the effectiveness of freshly synthesized
nanoformulations (i.e, ZnO-Nx, Nx-P) in treating CCl,
induced hepatotoxicity.

Hematoxylin and eosin (H&E) staining is a common
histological technique used to evaluate tissue morphology and
identify cellular structures under a microscope. H&E staining
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Figure 9. Histopathology of liver. (A) Control; (B) CCl,; (C) CCl, + Nx; (D) CCl, + ZnO; (E) CCl, + ZnO-Nx; (F) CCl, + Nx-P.

was applied to assess the toxicity of various materials whose
microscopic images are shown in Figure 9.

3.4. Discussion on the Enhanced Liver Protective
Potential of Nx Intercalated ZnO SNSs. The enhancement
of liver protective potential by Nx (a nonsteroidal anti-
inflammatory drug) intercalation into ZnO SNSs involves
several factors, including the following:

3.4.1. Synergistic Effects. ZnO SNSs are known for their
potential in various biomedical applications due to their unique
properties, such as high surface area, tenable morphology, and
biocompatibility. When combined with Nx, the synergistic
effects of the two materials may enhance their liver protective
potential. Nx’s anti-inflammatory properties can complement
ZnO’s inherent properties, resulting in a more potent
protective effect against liver damage. A plausible explanation
for the synergistic hepatoprotective effect is also addressed.
ZnO nanosheets may possess inherent hepatoprotective
properties by scavenging reactive oxygen species (ROS) and
modulating cellular oxidative stress responses. When combined
with Nx, these effects could be amplified due to the synergistic
action of both agents. The intercalation of Nx with ZnO NSs
may enhance the bioavailability of the drug by overcoming
barriers such as poor solubility or rapid metabolism, resulting
in higher concentrations of Nx at the target site and improved
hepatoprotective effects.

3.4.2. Drug Delivery Mechanisms. The insertion of Nx into
ZnO SNSs could facilitate controlled drug delivery to the liver.
ZnO SNSs can serve as carriers for Nx, allowing for sustained
release and targeted delivery to the liver, where it can exert its
protective effects more efficiently. This controlled release
mechanism could enhance the bioavailability and efficacy of
N, leading to improved liver protection.

3.4.3. Reduced Toxicity. ZnO SNSs have been shown to
possess intrinsic antioxidant properties and low cytotoxicity,
making them suitable candidates for biomedical applications.
By encapsulating Nx within ZnO SNSs, the potential toxic
effects of Nx could be mitigated, thereby reducing the risk of
adverse side effects on the liver and other organs. This
encapsulation may also enhance the stability of Nx, preventing
its degradation and ensuring sustained therapeutic activity.

3.4.4. Cellular Interactions. The unique structure of ZnO
SNSs allows for interactions with biological systems at the
cellular level. The insertion of Nx into ZnO SNSs could
facilitate interactions with liver cells, such as hepatocytes and
Kupffer cells, leading to modulation of inflammatory responses
and promotion of cell survival pathways. These cellular

interactions could contribute to the enhanced liver protective
potential observed with Nx-inserted ZnO SNSs.

Overall, the intercalation of Nx into ZnO NSs enhances the
therapeutic potential of this platform by improving drug
stability, controlling release kinetics, enhancing cellular uptake,
promoting synergistic effects, enabling targeted delivery,
reducing side effects, and facilitating combination therapy.
These advantages make Nx-ZnO SNSs a promising platform
for various biomedical applications, including drug delivery and
therapeutics.

4. CONCLUSIONS

Chronic liver diseases present a substantial health burden on a
global scale, and treatment options are limited. The potential
hepatoprotective effects of ZnO nanomaterials stem from their
regenerative, anti-inflammatory, and antioxidant characteristics.
Nevertheless, their potential continues to be impeded by
inadequate drug dosage and controlled release. In order to
overcome these constraints, the present research investigates
the intercalation of Nx, a highly effective analgesic and anti-
inflammatory medication, within ZnO SNSs. A two-step
solution phase easy approach was utilized herein to obtain
Nx intercalated ZnO SNSs. The study employed various
analytical techniques such as XRD, SEM, and FTIR spectros-
copy to confirm the successful synthesis and intercalation of
Nx within the ZnO SNSs. Our findings revealed that the
stacking of ZnO SNSs was redistributed following adding Nx
into highly ordered stacked arrangements. The obtained Nx-
ZnO SNSs can be successfully encapsulated with PVA to make
it more biocompatible. Furthermore, in vivo experiments using
mice liver cells demonstrated the enhanced hepatoprotective
potential of the Nx intercalated ZnO SNSs. Overall, the
findings of this study provide valuable insights into the design
and development of Nx intercalated ZnO SNSs as a promising
platform for targeted drug delivery and enhanced therapeutic
efficiency, specifically in the context of liver-related disorders.
Overall, the findings of this study provide valuable insights into
the design and development of Nx intercalated ZnO SNSs as a
promising platform for targeted drug delivery and enhanced
therapeutic efficiency, specifically in the context of liver-related
disorders. Our newly developed solution-based strategy can be
extended to obtain NSs of other types of materials. Moreover,
various organic molecules, such as drugs, can be used as sheet
stacking agents with self-incorporation into organic—inorganic
hybrids. More biologically active materials with tunable
properties can be achieved by proper selection of inorganic
material, drug types, and surface modifiers polymers.
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