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Purpose: This research was conducted to develop an easy and safe method for synthesizing zinc oxide nanoparticles (ZnO NPs) with
the aim of enhancing the efficacy and biosafety of ethanolic Cedrus libani (CL) extract and its aqueous fraction (ACL), as a potential
preclinical candidate for anti-arthritis applications.

Methods: UV-visible spectrophotometry, Fourier transform infrared spectroscopy, field emission scanning electron microscopy,
energy dispersive X-ray spectroscopy analysis, dynamic light scattering, and zeta potential were used to characterize the synthesized
ZnO NPs. The optimal synthesis conditions were determined by evaluating the effects of reaction parameters. The anti-arthritis effect
was investigated in vitro using albumin denaturation and human red blood cells (HRBCs) membrane stabilization tests. Additionally,
Franz cells were used to determine the ex vivo permeability; carrageenan-induced paw edema, C-reactive protein measurement, and
erythrocyte sedimentation rate were used to study the in vivo anti-arthritis effect. Biosafety was assessed through acute and subacute
dermal toxicity tests.

Results: Both CL and ACL could synthesize ZnO NPs with 71 and 44 nm diameters, respectively. In vitro, synthesized ZnO NPs
showed superior anti-arthritis effects compared to sodium diclofenac and plant extracts, with the ICsy values for the albumin
denaturation test being10.84 and 11.93 pg/mL for CL-ZnO NPs and ACL-ZnO NPs, respectively. The ICs, values for the HRBCs
membrane stabilization assay were 9.74 and 14.8 pg/mL for CL-ZnO NPs and ACL-ZnO NPs, respectively. The ex vivo permeability
study showed high permeability (946.8 pg/h/cm?). In vivo, both synthesized ZnO NPs demonstrated significant inhibition of
carrageenan-induced edema, and performed better than sodium diclofenac and plant extracts, with maximum inhibition of 85.96
+14.21% (CL-ZnO NPs) and 92.97+6.43% (ACL-ZnO NPs). Acute and subacute toxicity evaluations revealed no adverse effects.
Conclusion: The green synthesized ZnO NPs from both CL and ACL had high permeability, superior efficacy, and biosafe which
make them a promising natural product for managing arthritis conditions.

Keywords: anti-inflammatory, zinc oxide nanoparticles, Franz cells, human red blood cell membrane stabilization, HRBCs, albumin
denaturation, carrageenan-induced rat paw edema, C-reactive protein, CRP, erythrocyte sedimentation rate, ESR, acute dermal toxicity,

sub-acute dermal toxicity

Introduction

Inflammation is the physiological reaction of living tissues to the presence of a chemical, biological, or physical agent in
the body.! An appropriate inflammation response helps to restore tissue structure and function as well as cellular
homeostasis.> At the molecular level, inflammation is a highly complex process mediated by a complex network of
signaling molecules, including cytokines (IL-1p, IL-6, TNF-a), prostaglandins, leukotrienes, nitric oxide, and reactive
oxygen species. These mediators contribute to vasodilation, immune cell recruitment, tissue damage, and pain. In chronic
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inflammatory diseases such as rheumatoid arthritis, these signaling pathways become dysregulated, leading to progres-
sive tissue destruction and systemic complications.*”

According to the effectiveness of removing the foreign agent or injured tissues,* there are primarily two types of
inflammation: acute and chronic.” Many chronic diseases like rheumatoid arthritis are pathophysiologically linked to
prolonged inflammation.* According to the World Health Organization (WHO), rheumatoid arthritis (RA) affects 0.3% to

2% of people worldwide, with an increase of 113% since 1990, and women are three times more likely to get it than

1’1’161’1.6

Non-steroidal anti-inflammatory drugs (NSAIDs) and glucocorticoids are examples of traditional anti-inflammatory
medications. Even though NSAIDs are helpful in lowering inflammation, they can lead to serious adverse effects,
particularly in the gastrointestinal (GI) tract, such as small intestine mucosal injury.” Other risk factors associated with
NSAIDs include genetic variations, elevated blood pressure, edema, hepatic or renal dysfunction, hyperkalemia,
accelerated asthma, and an increased risk of bleeding.&9 On the other hand, glucocorticoids inhibit leukocyte function
and reduce inflammation, but they come with their own set of long-term administration side effects and risks.'°

It is becoming more and more important to check for and develop alternative anti-inflammatory medications due to
the drawbacks and possible risks of these abovementioned traditional medications.'" Investigating medicinal plants,
which have been utilized for a long time in conventional medical systems and have demonstrated promise as effective
therapeutic agents, is one intriguing direction. Medicinal plants are becoming increasingly popular, as a considerable
portion of the world’s population now relies on medicinal plants for their health.*'? Due to the presence of secondary
metabolites, natural plant compounds with anti-inflammatory qualities have been found in several investigations.13 Due
to the phytochemicals obtained from plants’ extensive distribution, chemical variety, known biological potentials, and
safe toxicological profiles when compared to allopathic medications, the search for effective anti-inflammatory pharma-

ceuticals from traditional herbal medicine is gaining interest.'*!?
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One of these medicinal plants is Cedrus libani (CL), which has been used in ethnomedicine in Lebanon, Syria, and
Turkey to cure or control a broad spectrum of illnesses in humans.'® CL is a 1500-1800 m-high mountain evergreen
conifer tree. Native to Lebanon, western Syria, and the western south of Turkey.'” In Turkey, CL syrup tar is applied
externally to wounds and cuts and is used to treat internal sores such as ulcers. Asthma and other upper respiratory
diseases were also treated by CL-tar inhalation. In addition, there were several traditional uses for wood oil, such as
curing leprosy and respiratory tract diseases. Additionally, toothaches were managed using CL.'® The effect of using CL
and CL extract fraction for the treatment of inflammatory conditions has been proved in previous studies.'®"?

Plant raw extracts have encouraging biological properties, but they still have a number of issues that need to be solved
before they can be used in clinical applications. These issues include poor stability, poor solubility, low absorption, short
biological half-life, and quick elimination.”® Even though phytochemicals have the potential to be bioactive, questions
concerning their efficacy, safety, and quality still exist.?' To increase the phytochemicals’ bioavailability for therapeutic
usage, recent research has concentrated on creating formulations for plant delivery systems that not only safely carry
plant extracts but also increase their therapeutic efficiency.?” In this regard nanotechnology has emerged as a promising
tool to overcome these limitations.”’

Green nanotechnology represents one of the most favored methods for the production of nanoparticles and contributes
to an important symbiosis between phytomedicines and nanotechnology.”® Its eco-safety, cost-effectiveness, energy-
efficiency, and easy large-scale manufacturing of nanomaterials make it a practical technology for synthesizing variously
sized and shaped nanoparticles.”* There are many benefits for phytomedicines in using nanoscale drug delivery methods,
such as improving absorption, regulating sustained release, minimizing adverse effects, and masking unpleasant tastes or
odors; they also improve solubility, permeability, and stability. These benefits raise the general efficacy, safety, and
acceptance of phytomedicines in clinical practice.” Specifically in inflammatory diseases, nanoparticle-based formula-
tions can enhance the delivery of phytochemicals to inflamed tissues, provide sustained therapeutic action, and reduce
systemic side effects through targeted topical application.?®

Zinc oxide is an inorganic crystalline semiconductor that is relatively cheap. Compared to other metal and metal
oxide nanoparticles, zinc oxide nanoparticles (ZnO NPs) have received a lot of attention because of their exceptional
biomedical characteristics, biosafety, and biocompatibility.”> The FDA has declared ZnO NPs to be a generally
recognized as safe (GRAS) substance.”” ZnO NPs have excellent antibacterial, anti-inflammatory, and wound-healing
capabilities.”® ZnO NPs showed better anti-inflammatory activity compared with other metallic nanoparticles. The ZnO
NPs anti-inflammatory mechanism of action goes back to the inhibition of inducible nitric oxide synthase (iNOS) enzyme
production, preventing the over-expression of inflammatory responses by inhibiting pro-inflammatory cytokines, sup-
pressing myeloperoxidase, which lowers neutrophil activity, blockage of the NF-«xf pathway, decrease the growth and
activation of mast cells, and reducing the expression of the cyclooxygenase 2 (COX-2) gene triggered by LPS. #°

Previous studies have demonstrated that Cedrus libani possesses significant anti-inflammatory activity and that the
aqueous fraction of the extract exhibited superior efficacy compared to the ethanolic extract.'™'? Based on these findings,
we conducted this research to develop an easy, cost-effective, and safe method for synthesizing two nano-formulations
using CL extracts: CL-ZnO NPs (loaded with the CL ethanolic extract) and ACL-ZnO NPs (loaded with the aqueous
fraction), with the aim of enhancing their efficacy, bioavailability, and biosafety and evaluating whether the enhanced
bioactivity observed in the aqueous extract is retained or amplified when delivered through zinc oxide nanoparticles.
Where no studies have previously been conducted to utilize these extracts for the development of nanostructures and their
preparation in forms suitable for clinical anti-arthritis application.

Materials and Methods

Materials

Chemicals used in this study are Butanol (SCP, United Kingdom), Carrageenan, Chloroform (Eurolab, United
Kingdom), C-reactive protein latex kit (AMSbio, United Kingdom), Ethanol (Schalau SL, Spain), Ethyl acetate
(Sham lab/Fischer, Syria), Diclofenac diethylamine emulgel 1.16% (Vollgel med, MPI Syria), Double-distilled
water, Formaldehyde (Merck, Germany), Hexane (SCP, United Kingdom), Normal salin (M&G, Syria), Ketamine
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(Sigma-tec, Egypt), Sodium chloride (HiMedia Labs, India), Sodium diclofenac (Amoli Organics Pvt., India), sodium
hydroxide (HiMedia Labs, India), Sodium phosphate dibasic dehydrate (sigma Aldrich, Germany), Sodium phosphate
monobasic dehydrate (Acros organics, United States), and zinc acetate dihydrate (HiMedia Labs, India). The equip-
ment’s utilized are atomic absorption spectrometry (Phoenix-986, United Kingdom), Digital Caliper (Gilbert, China),
Electronic balance (Sartoruis AG, Germany), Field emission scanning electron microscopy (Zeiss, Germany), franz
cells (SES GmbHA Analysesysteme, Germany), hotplate magnetic stirrer (snijders, Netherlands), refrigerated tabletop
centrifuge (Hitachi, Japan), Fourier transform infrared spectroscopy (Bruker, Germany), rotary evaporator (Heidolph
Instruments, Germany), Ultra sonic (Hawashin, Korea), UV-1800 spectrophotometer (shimadzu, Japan), V-650 UV
spectrophotometer (JASSCO, Japan), water bath (J.P. Selecta, Spain), and Zetasizer (Malvern Panalytical, United
Kingdom).

Plant Collection and ldentification

Leaves of Cedrus libani were gathered from trees on the campus of the University of Aleppo. Botanical identification
was performed by Dr. Ahmad Jaddouh of the Faculty of Agriculture. After being cleaned with distilled water and allowed
to dry in the shade for three days, the leaves were ground and stored in airtight container away from light, heat, and
moisture. A voucher specimen with the number CLL-V36 was deposited in the pharmacognosy and phytochemistry
department, faculty of pharmacy, Aleppo university, Syria.

Preparation of Extracts

The ethanolic leaf extract was prepared by macerating 30 g of the leaves in 100 mL ethanol 70% with continuous stirring
at room temperature for 24 hours, and the leaves were re-extracted according to the previous method for three times. The
dry extract (CL) was obtained by using a rotary evaporator set at 40°C. It was then kept in sealed containers at —10°C.
The CL aqueous (ACL) fraction, which has already demonstrated the best anti-inflammatory efficacy among the other
fractions, was also prepared.'® To do this, 2 g of the ethanolic extract were weighed, suspended in 100 mL of distilled
water, and extracted using various polar solvents, including hexane, chloroform, ethyl acetate, butanol, and distilled
water, respectively. The aqueous fraction was then collected, dried at 40 °C using a rotary evaporator, and kept until
needed. '7*°

Green Synthesis of ZnO NPs

Zinc oxide nanoparticles were synthesized utilizing CL and ACL extracts. To determine the optimal conditions for the
synthesis reaction, the effects of the following parameters were examined one by one: the temperature, pH, extracts-to-
zinc-acetate-dihydrate ratio, the concentration of zinc acetate dihydrate, and reaction time. And the final optimized
synthesize method was as follows: adding CL ethanolic extract 2% solution that prepared freshly from the dried CL
extract previously mentioned dropwise to a zinc acetate dihydrate solution at a 4/40 ratio with continued stirring. After
ten minutes, a 2 M sodium hydroxide solution was used to adjust the pH to 10. The mixture was then stirred and heated at
60°C for 4 hours, during which the color gradually changed from oily green to brown, indicating zinc oxide precipitation.
After centrifuging for five minutes at 10,000 rpm, the precipitate was washed with ethanol and double-distilled water as
part of the purification procedure. The brown precipitate was then dried at 60°C for 24 hours, to obtain CL-ZnO NPs. The
same steps were used to synthase ACL-ZnO NPs from ACL aqueous extract 2% solution that prepared freshly from the
dried ACL extract.

Characterization of ZnO NPs

The synthesized nanoparticles were characterized using UV-visible spectrophotometry, dynamic light scattering (DLS)
and zeta potential, Fourier transform infrared spectroscopy (FT-IR), field emission scanning electron microscopy
(FESEM), and energy dispersive X-ray spectroscopy analysis (EDX).
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UV-Visible Spectrophotometry
Utilized to verify the generation of zinc oxide by measuring the nanoparticle precipitate after it has been resuspended in
double-distilled water within the wavelength range of 200 to 800 nm.*

Dynamic Light Scattering (DLS) and Zeta Potential
The synthesized ZnO nanoparticle’s size was ascertained using DLS after resuspending in double-distilled water. Zeta
potential was determined to quantify the charge on the surface and colloidal stability of the biosynthesized ZnO NPs.*!

Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR was utilized to verify the incorporation of plant extract into ZnO nanoparticles and to take into account the role
that functional groups play in the interactions between biological molecules and metal oxide particles. Using the
potassium bromide pellet technique, an FTIR spectrophotometer validated the FTIR spectra at 1 cm ! motion. The
frequency array was considered with a wave range of 4500-300 cm '.*°

Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-Ray Spectroscopy Analysis
(EDX)

To verify the size, shape, and to identify and quantify the elemental composition of the synthesized ZnO nanoparticle, an
FESEM with 5 kV acceleration voltages associated with energy dispersive X-ray spectroscopy was used.*

In vitro Anti-Inflammatory Activity

The anti-inflammatory effect of CL-ZnO NPs and ACL-ZnO NPs was tested using human red blood cells (HRBCs)
membrane stabilization assay and the albumin denaturation assay.'®?

HRBCs Membrane Stabilization Assay

CL-ZnO NPs and ACL-ZnO NPs were evaluated for their protective effects on heat-induced HRBCs hemolysis using
a slightly modified version of Shinde et al’s methodology.'®

Preparation of RBCs Suspension

Five milliliters of healthy, non-smoking, non-alcoholic participants’ blood were drawn to make the red blood cell suspension.
These subjects had not taken any chemical drugs for at least two weeks. The participant’s approval was taken before the
experiments. After collecting the blood in heparin tubes and centrifuging it for 5 minutes at 3000 rpm, the plasma was
removed and replaced with an equal volume of isotonic phosphate buffer (pH 7.4). Following the mixing, the washing
procedure was carried out twice. Isotonic phosphate buffer was added after washing to create a 40% red blood cell
suspension. The buffer solution is made up of 1 L of distilled water, 1.15 g of NaH,POy,, 0.24 g of Na,HPO,, and 9 g of NaClL.

Examining the Ability of Synthesized ZnO Nanoparticles to Stabilize RBCs Membranes

A series of dilutions of each plant extract, synthesized ZnO NPs, and sodium diclofenac (DS) as the standard medication
were prepared using the phosphate buffer previously indicated. Saline solution was employed as a negative control, and
the following concentrations were used: (50, 25, 12.5, 6.25, and 3.125 pg/mL) for plant extracts and ZnO NPs, (100, 50,
25, 12.5, and 6.25 pg/mL) for DS. Each of the two sets of centrifuge tubes held 5 milliliters of test sample, 4.85
milliliters of isotonic buffer solution, and 0.15 milliliters of 40% RBC suspension. One of the groups was placed in a 54
°C water bath for 20 minutes. The other group was placed inside the frigid. Following a 7-minute, 3500 rpm
centrifugation of the tubes, the supernatant’s absorbance was measured at 560 nm. The ability of the plant extract and
synthesized ZnO NPs to stabilize the membrane was determined in percent by the Eq. (1).

A2 — A1
7 =1—-—F 1 1
protection% (A3 —Al) x 100 (1
Al: Absorbance of unheated test sample.

A2: Absorbance of heated test sample.

A3: Absorbance of heated negative control sample.
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Determination of Albumin Denaturation
The effects of plant extracts, ACL-ZnO NPs and CL-ZnO NPs on albumin denaturation were assessed utilizing a slightly
modified version of the methodology used by Kumari et al.*?

A reaction mixture containing 0.2 mL of fresh egg white’s albumin, 2.8 mL of isotonic phosphate buffer (pH 7.4), and
2 mL of the samples at the following concentrations were prepared: 150,100, 50, 6.25, 3.125 ug/mL for CL, 50, 25, 12.5,
6.25, 3.125 pg/mL for ACL, 150, 100, 50, 6.25, 3.125 pg/mL for CL-ZnO NPs, 50, 25, 12.5, 6.25, 3.125 pg/mL for
ACL-ZnO NPs, and 150 pg/mL for DS as the standard drug. After 20 minutes at 37 °C, the mixture was incubated for
5 minutes at 70 °C. The absorbance was measured at 660 nm following cooling. Eq. (2) was utilized to determine the

extract’s and the synthesized ZnO NPs percentage capacity to shield proteins from denaturation.

1

protiction%s = 1 — (a—) % 100 @)
a

al: Studied sample absorbance

a2: Negative control absorbance

Preparation of ZnO NPs Gel

To prepare a gel with a concentration of 1% of CL-ZnO NPs and ACL-ZnO NPs, 1 g of nanoparticles was combined with
67 mL of distilled water and vortexed for 5 minutes. Then 1.5 g of carbopol 934 was added and the mixture was stirred
for 2 hours. Next, 30 mL of 70% ethanol and 0.5 mL of tricthanolamine were incorporated. For the preparation of 1%
plant extract gels, 1.5 g of carbopol 934 was mixed with 67 mL of distilled water and stirred for 2 hours. Subsequently,
30 mL of 70% ethanol, 1 g of plant extract, and 0.5 mL of triethanolamine were added. This gel formula preparation
method was previously developed in our laboratory.

Ex vivo Permeability Determination

The percutaneous absorption of the CL-ZnO NPs and ACL-ZnO NPs gels was evaluated using the static Franz diffusion
method. With the use of a thermostatic water jacket around the cell, 10 mL of phosphate buffer (pH 7.4) solution was
equilibrated at 37 °C to form the receptor compartment. A magnetic stirrer was used to continuously stir the buffer
solution inside the diffusion cell. A piece of cellulose filter with pore dimensions 0.45 um was placed between each
compartment, with a mean exposed area of approximately 1.76 cm?. Within the receptor compartment, 1 mL of the
solution was removed to maintain sink condition at certain time intervals (0.5, 1, 2, 4, and 6 hours). Immediately after the
sample was removed, the same volume of the buffer solution was added.** Atomic absorption spectrometry (AAS) was
utilized to determine Zn concentration of the samples at wavelength 239 nm with flame type air-acetylene. The analytical
measurements were performed using a standard Zn solution (10 pg/mL) diluted in phosphate buffer.

In vivo Anti-Inflammatory Activity
The anti-inflammatory effect was evaluated by carrageenan-induced rat paw edema, c-reactive protein (CRP) determina-
tion, and erythrocyte sedimentation rate (ESR).

Animals Used in Experiments

Female Wistar Albino rats weighing between 100 and 150 g were procured from the Aleppo University Faculty of
Pharmacy’s animal laboratory. Free access to food and water was granted to them. The temperature ranged from 22 to 25
°C, with a 12-hour light-dark cycle. The Ethics Committee of Aleppo University’s Faculty of Pharmacy in Syria accepted
the study’s protocol (registration number: 20/VII 31.11.2023). All experiments and procedures conducted in this study in
accordance with the public health guidelines outlined in the Guide for the Care and Use of Laboratory Animals (2011).

Carrageenan-Induced Rat Paw Edema

The procedure for inducing rat paw edema with carrageenan was followed as previously described.'®*> The rats had
a 12-hour fast with unrestricted access to drinking water. They were divided into six groups, each containing 5 female
rats. The initial volume of each rat’s right paw was measured before the experiment began. Paw edema was induced by
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injecting 100 puL of newly made 1% carrageenan suspension in normal saline into the right paw’s ankle joint. An hour
before the induction of paw edema, approximately 0.3 g of the gels were topically applied to the right rat’s paws.*® The
paw volume was measured every hour for four hours after the carrageenan injection by a digital caliper. The inhibition
percentage of paw edema was calculated hourly using the designated Eq. (3).

e Group 1: blank gel was applied (negative control)

e Group 2: diclofenac emulgel 1% as standard was applied (positive control)
e Group 3: CL extract 1% gel was applied

e Group 4: ACL extract 1% gel was applied

e Group 5: CL-ZnO NPs 1% gel was applied

e Group 6: ACL-ZnO NPs 1% gel was applied

inhibtion% = 1 — <M> % 100 3)

van — vbn

Vas: sample paw volume after injection

Vbs: sample paw volume before injection

Van: negative control paw volume after injection
Vbn: negative control paw volume before injection

C-Reactive Protein (CRP) Determination

Following the administration of carrageenan for four hours, blood was obtained via puncturing the retro-orbital plexus
under light anesthesia with ketamine on a dry Eppendorf tube, then serum was separated. By using a latex immuno-
turbidimetry kit, the serum levels of CRP were quantitatively measured, and the agglutination was countified by
spectrophotometer. Furthermore, in order to ascertain the CRP normal range under our test settings, we measured the
CRP of three normal female rats at the same age.”’

Erythrocyte Sedimentation Rate (ESR)

The ESR was measured using the Westergren method four hours after the carrageenan was administered. Under mild
anesthesia, blood samples were obtained by puncturing the retro-orbital plexus into tubes containing trisodium citrate.
The erythrocyte settling speed was measured in mm/h while Westergren tubes were positioned vertically for a duration of
one hour. The ESR of three normal female rats at the same age was also measured to determine the normal range.*®

Acute Dermal Toxicity

The OECD Guidelines 402 were followed in the acute dermal toxicity investigation.>” For the tests, female Wistar albino
rats weighing between 100 and 180 g were utilized. The females used were non-pregnant. The animals were split up into
four groups; each group consists of five rats:

e Group 1: control group

Group 2: blank gel
Group 3: CL-ZnO NPs gel
Group 4: ACL-ZnO NPs gel

Initially, an electric clipper was used to shave 10% of the rats’ body surface area in the dorsal region. The shaved area
was then topically treated with gels at a dosage of 2000 mg/kg. After that, the treated skin was wrapped with non-
irritating tape and gauze dressing for 24 h. In contrast, the control groups received the same treatment that is, gauze
moistened with physiological saline applied to their skin.** The animals were watched at 0.5, 2, 4, and 24 h post-
application. The dressings were taken off after 24 hours, and the animals were monitored for a period of 14 days. On
the day of application and daily thereafter, the animals’ weight and total individual feed intake were recorded. The
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animals were also watched for alterations in behavioral patterns, clinical symptoms, necropsy findings, and mortality. The
outcomes were then compared to those obtained from the blank gel and control groups.

Sub-Acute Dermal Toxicity
The sub-acute dermal toxicity study was conducted in accordance with OECD Guidelines 410.*° Non-pregnant female
Wistar albino rats, weighing between 100 and 180 g were used for the experiment.

As in the acute toxicity trial, the animals were divided into four groups of three rats each. Each animal was
kept in its own enclosure. The test animals’ fur is removed from their dorsal regions, removing at least 10% of
their surface area, just prior to testing. The gels were administered at a dosage of 1000 mg/kg every day for 21
days. Animals were weighed once a week and were watched daily for any indications of toxicity.

After the 21-day study period, all animals were sacrificed, and blood samples were collected individually in tubes for
clinical chemistry analysis. Biochemical tests were conducted to assess renal, pancreatic, and liver function, alongside
a complete blood count examination. On sacrifice day, a tiny portion of the skin, kidney, and liver were removed and kept
in formalin for a subsequent histological analysis.

Statistical Analysis

All experiments were performed in triplicate. Results were presented as mean + standard devi-ation (SD). Statistical
analyses were conducted using IBM SPSS Statistics (Version 24). The suitability of parametric tests was evaluated by
assessment of normality (Shapiro—Wilk test) and homogeneity of variance (Levene’ s test). For data meeting both
assumptions one-way ANOVA followed by Tukey’s test was done. For datasets violating homogeneity of variance,
Welch’s ANOVA with subsequent Games-Howell post-hoc testing was performed. p<0.05 was considered satatically
significant.

Results
Verification of ZnO NPs Synthesis Visually

The color change after a few minutes of incubation, the solutions of both plant extracts turned from oily green to brown,
signifying the formation of ZnO NPs (Figure 1).

Reaction Conditions Optimization Using DLS
In order to investigate their impact on the response (size) for the CL-ZnO NPs study, the following process factors were
evaluated: temperature (60—80 °C), pH (6—12), CL extract 2% ratio to zinc acetate dihydrate (1/40, 2/40, 4/40, 8/40, and

(A) (B) (€

Figure | Visual appearance of (A) CL ethanolic extract 2% solution (B) CL-ZnO NPs and (C) ACL-ZnO NPs.
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Table | The Reaction Parameters for Particle Size Optimization Derived from DLS Analysis

Temperature °C | pH | E/S Ratio | Zn Precursors Concentration M | Time H | Size nm | PDI

25 10 4/40 0.02 2 268.9 0.277
60 10 4/40 0.02 2 164.6 0.259
70 10 4/40 0.02 2 214 0.272
80 10 4/40 0.02 2 190.9 0.167
60 12 4/40 0.02 2 203.6 0.233
60 8 4/40 0.02 2 5182 0.505
60 6 4/40 0.02 2 1269 0.838
60 10 1/40 0.02 2 4384 0.322
60 10 2/40 0.02 2 350.9 0.297
60 10 8/40 0.02 2 269.9 0.362
60 10 12/40 0.02 2 658.2 0.300
60 10 4/40 0.0l 2 167.9 0.270
60 10 4/40 0.03 2 160 0.239
60 10 4/40 0.02 | 215.2 0.385
60 10 4/40 0.02 4 152.4 0.200
60 10 4/40 0.02 6 169.5 0.346
60 10 4/40 0.02 24 279.5 0.037

Abbreviations: E/S, CL extract/zinc acetate dihydrate; PDI, polydispersity index.

12/40), zinc acetate dihydrate concentration (0.01-0.03 M), and incubation duration (1-24 h) (Table 1). The final
optimized conditions found to be temperature 60 °C, pH 10, E/S ratio 4/40, Zn precursors concentration 0.02 M, and
reaction time 4 h and after that the final optimized conditions were used to ACL-ZnO NPs synthesis.

3585 nm

Abs
1

0 . | i 1 h
20 40 600
Wavelength [nm] Wavelength [nm]

(A) (B)

800

Figure 2 UV-visible spectra for (A) CL-ZnO NPs and (B) ACL-ZnO NPs.
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Figure 3 DLS and Zeta potential analyzes (A) DLS for CL-ZnO NPs, (B) DLS for ACL-ZnO NPs, (C) zeta potential for CL-ZnO NPs, (D) zeta potential for ACL-ZnO NPs.

Characterization of ZnO NPs

UV-Visible Spectrophotometry

The optimized CL-ZnO NPs and ACL-ZnO NPs’ UV-visible analysis is shown in (Figure 2). The spectra of CL-ZnO
NPs and ACL-ZnO NPs show the existence of a significant absorption peak at 358.5 nm and 346 nm, respectively.

Dynamic Light Scattering (DLS) and Zeta Potential

The results are displayed in (Figure 3). CL-ZnO NPs and ACL-ZnO NPs had an average particle size of 152.4 nm and
178.9 nm, respectively, and PDI values of 0.200 and 0.372. As seen in (Figure 3), the zeta potential for CL-ZnO NPs and
ACL-ZnO NPs was determined to be —26.4 mV and —34 mV, respectively.

Fourier Transform Infrared Spectroscopy (FT-IR)

The produced CL-ZnO NPs and ACL-ZnO NPs’ FTIR spectra are displayed in (Figure 4). The (O-H) stretching vibration
is represented by the peaks seen at 3234 and 3540 cm-1 for both synthetic ZnO NPs. The (C-H) stretching vibration of
aliphatic compounds is responsible for the peaks seen at 2853 and 2924 cm-1 for both synthesized ZnO NPs. The peaks
at 1617 and 1638 cm-1 for both produced ZnO NPs are attributable to aromatic (C=0) stretching, while the peaks at 2341
and 2360 cm—1 are associated to the vibration band of alkynes (C=C) stretching. The aromatic CH stretch, the C-OH
stretch, and the CH3 bend are represented by the peaks at 1399 in the synthesized ZnO NPs, 1120 and 617 in the CL-ZnO
NPs, respectively. CL-ZnO NPs and ACL-ZnO NPs show peaks at 906 and 895 cm-1, respectively, corresponding to Zn-
O bending vibrational functional groups, indicating the formation of ZnO particles. The peaks seen at 418 cm-1 in both
synthesized ZnO NPs show the distinctive stretching vibration of the Zn-O bond.

Field Emission Scanning Electron Microscopy (FESEM) and Energy Dispersive X-Ray Spectroscopy Analysis
(EDX)

The surface morphology of ACL-ZnO NPs and CL-ZnO NPs at several magnifications is depicted in (Figure 5).
According to the SEM picture, the majority of the nanoparticles (NPs) in the two produced ZnO NPs have a spherical
shape and have diameters of 44 + 10 nm and 71 + 22 nm, respectively. As seen in (Figure 5), EDX analysis revealed the
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Figure 4 FTIR spectra for (A) CL-ZnO NPs and (B) ACL-ZnO NPs.
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Figure 5 (A) FESEM picture of CL-ZnO NPs, (B) FESEM picture of ACL-ZnO NPs, (C) EDX spectra of CL-ZnO NPs, (D) EDX spectra of ACL-ZnO NPs.

peaks that correlated with the existence of oxygen and zinc signals in ZnO NPs. For CL-ZnO NPs and ACL-ZnO NPs,
the elemental analysis of the nanoparticle produced 62.63% and 75.15% of zinc and 24.82% and 20.09% of oxygen,
respectively.

In vitro Anti-Inflammatory Activity

HRBCs Membrane Stabilization Assay

The findings indicate that plant extract nanoparticles are superior to sodium diclofenac and raw plant extracts in terms of
membrane protection, while ACL-ZnO NPs outperform CL-ZnO NPs in terms of protection percentage, with the highest
percentages of 91.71% and 84.56% at 50 pg/mL, respectively (Table 2). For ACL-ZnO NPs and CL-ZnO NPs, the ICsq
was 9.74 and 14.8 pg/mL; for ACL and CL raw extract, it was 10.66 and 23.89 pg/mL; and for DS, it was 37.23 pg/mL
(Figure 6). Statistical comparison of the ICs, values among the study groups revealed significant differences between all
groups, except between CL-ZnO NPs and ACL. All tested samples exhibited significantly lower I1Cs, values compared to
DS, with (p<0.001) for ACL, ACL-ZnO NPs and (p<0.01) for CL and CL-ZnO NPs. The ICs, value of CL-ZnO NPs was
significantly lower than that of CL raw extract (p<<0.01), while the ICsy value of ACL-ZnO NPs was significantly lower
than that of raw ACL extract (p<0.001). Furthermore, when comparing the two nanoparticle formulations, ACL-ZnO
NPs showed a significantly lower ICsq value than CL-ZnO NPs (p<0.05).

Determination of Albumin Denaturation

The synthesized nanoparticles showed inhibitory activity against heat-induced albumin denaturation for both extracts
(Table 3). The efficacy of the nanoparticles was significantly higher than that of the raw plant extracts at the low
concentrations, with ICsy values of 10.84 and 11.93 pg/mL for CL-ZnO NPs and ACL-ZnO NPs, respectively. In
contrast, the ICso values for the raw plant extracts were 13.88 and 13.72 pg/mL, respectively (Figure 7). Statistical
analysis of the ICs, values revealed significant differences among all tested groups, except between the CL and ACL
extracts, where no significant difference was detected. Both CL-ZnO NPs and ACL-ZnO NPs exhibited markedly lower
ICsq values compared to both free extracts (p<0.001). In addition, the ICs, value of CL-ZnO NPs was significantly lower
than that of ACL-ZnO NPs (p<0.05).
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Table 2 The Effectiveness of Zinc Oxide Nanoparticles
Loaded with Cedrus libani Extracts on Heat-Induced
Hemolysis of HRBCs

Treatment Concentration pg/imL Protection %
(Mean £ SD)

CL 50 68.38 £ 0.66*
25 49.25 + 0.35%
12.5 38.55 + 2.06*
6.25 12.13 + 1.34%
3.125 6.32 £ 0.83

CL-ZnO NPs 50 84.56 + |.08*#
25 55.33 £ 2.07%#
12.5 45.6 £ |.6%#
6.25 31.94 & 1.13%#
3.125 1836 + 1.21#

ACL 50 8398 £ 1.01*
25 7823 £ | 42%
12.5 54.07 £ 0.7*
6.25 37.62 = 1.54*
3.125 16.25 + 0.88

ACL-ZnO NPs | 50 9171 £ 0.74%#+&
25 79.97 £ 0.87*%+
12.5 57.9 = 0.7%#+
6.25 39.53 £ 0.75%+
3.125 1551 £ 0.8

DS 100 83.61 £ 0.42
50 50.74 £ 0.6
25 44.13 £ 1.25
12.5 10.68 + [.21
6.25 292 +0.99

Notes: * p<0.05 as compared to DS at the same concentration, # p<0.05 as
nanoparticles compared to raw plant extract, + p<0.05 as ACL-ZnO NPs
compered to CL-ZnO NPs, & p<0.05 compared to DS 100 pg/mL.

Ex vivo Permeability Determination

The results showed that the skin permeation rate at the steady-state (Jss) was 946.8 pg/h/cm?® according to the slope value
of the straight-line equation with R*=0.9953 for the first 6 h for both synthetics ZnO NPs, and the percentage of
permeation was 38.8% for CL-ZnO NPs and 46.64% for ACL-ZnO NPs, respectively, (Table 4 and Figure 8).
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Figure 6 HRBCs membrane stabilization assay IC50 calculation for the synthesized nanoparticles, raw plant extracts, and the positive control.

In vivo Anti-Inflammatory Activity
Carrageenan-Induced Rat Paw Edema
Our study showed that all the synthesized nanoparticles had inhibitory effectiveness against carrageenan-induced edema
in rats, as shown in (Table 5 and Figure 9). The effectiveness of the ACL-ZnO NPs was significantly higher than that of
DS from the second time interval, while CL-ZnO NPs showed a significant difference compared to DS from the third
time interval, where there was a significant difference between the raw plant extract and the nanoparticles only at the
third time interval. The nanoparticles reached their highest inhibitory effectiveness at the third interval, with 85.96% and
92.97% for CL-ZnO NPs and ACL-ZnO NPs, while the inhibitory effectiveness was 31.75%, 66.06%, and 86.66% for
sodium diclofenac and the raw plant extract, respectively, at the same interval.

The effectiveness of the ACL-ZnO NPs was significantly higher than that of DS from the second time interval
(p<0.05), while CL-ZnO NPs showed a significant difference compared to DS from the third time interval (p<<0.001),
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Table 3 The Effectiveness of Zinc Oxide Nanoparticles
Loaded with Cedrus libani Extracts on Heat-Induced
Albumin Denaturation

Treatment Concentration pg/imL Inhibition %
(Mean £ SD)

CL 150 94.53 * 0.46*
100 93.97 + 1.09*
50 79.58 £ 0.77*
6.25 45.25 * 0.68*
3.125 7.67 £ 047

CL-ZnO NPs 150 96.91 * 1.04*
100 94.73 £+ 0.59*
50 82.02 + |.23*%
6.25 51.82 £ |.94%#+
3.125 14.5 + 0.86#+

ACL 50 83.66 + 0.56*
25 70.18 + 0.57*
12.5 45.32 + 0.53*
6.25 33.33 £0.59
3.125 428 £ 0.71

ACL-ZnO NPs | 50 84.53 £ 0.36*
25 74 £ 0.32%#
12.5 56.98 + 0.31%#
6.25 3523 £ 0.62
3.125 581 +0.71

DS 150 3236 +2.79
100 -

Notes: * p<0.05 as compared to DS, # p<0.05 as nanoparticles compared to
raw plant extract, + p<0.05 as CL-ZnO NPs.

where there was a significant difference between the raw plant extract and the nanoparticles only at the third time
interval.

C-Reactive Protein Determination

All the synthesized nanoparticles showed statistically significant effectiveness in reducing CRP values to normal levels
compared to the negative Control (p<0.05). However, there was no statistically significant difference between the
nanoparticles, sodium diclofenac, and the raw plant extracts, as all treatments reduced CRP values to normal levels
(p>0.05) (Figure 10).

Erythrocyte Sedimentation Rate (ESR)
All the synthesized nanoparticles demonstrated statistically significant efficacy in reducing ESR values compared to the
negative control (p<0.05) with ACL-ZnO NPs showing enhanced efficacy (p<0.01), while neither sodium diclofenac nor
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Figure 7 Determination of albumin denaturation IC50 calculation for the synthesized nanoparticles and raw plant extracts.

the raw plant extracts exhibited any statistically significant effectiveness in lowering the ESR values compared to the
negative control (p>0.05) (Figure 11).

Acute Dermal Toxicity
The studied animals did not show any signs of toxicity, skin irritation, or inflammation during the 14-day study period,
and there were no fatalities recorded among the study groups. The results of the study on daily weight changes during the

study period did not show any statistically significant difference (p>0.05) between the study and the comparison groups
(Table 6).

Sub-Acute Dermal Toxicity
No signs of toxicity were observed in the studied animals during the 21-day study period, and no fatalities were recorded.
The study of weekly weight changes showed no statistically significant differences (p>0.05) between the study groups

Table 4 Ex vivo Permeability Study Results
for Synthesized Nanoparticles

Time H Permeability %
ACL-ZnO NPs | CL-ZnO NPs

0.5 2.235 0.745

| 7.835 8.955

2 19.023 18.28

4 3843 27.98

6 46.64 388
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Figure 8 Ex-vivo permeability study results for CL-ZnO NPs and ACL-ZnO NPs.

permeation study for ACL-ZnO NPs

time h

and the control groups (Table 7). The results of the blood and serum tests showed no statistically significant difference

between the values of hemoglobin, red blood cells, white blood cells, platelets, blood sugar levels, liver markers (AST

and ALT), and kidney markers (urea and creatinine) between the study groups and the comparison groups (Table 8). The

results of the biopsy of the liver, kidneys, and skin were normal in all study groups (Figure 12).

Table 5 The Effectiveness

Induced Edema in Rats

of Synthesized
Nanoparticles on the Inhibition of Carrageenan-

Treatment Time Hours | Inhibition %
(Mean £ SD)
DS | 52.01 £2.76
2 4791 £ 178
3 31.75 £ 7.46
4 31.8 +£9.54
CL | 57.28 + 7.43
2 85.76 + 19.49
3 66.06 + 14.14*
4 58.76 + 6.02
CL-ZnO NPs | 58.49 + 9.32
2 82.63 = 1591
3 85.96 = 14.21*
4 7645 £ 21*
ACL | 60.8 = 14
2 87.84 + 9.6l
3 86.66 * 7.89*
4 61.15 £ 12.21
ACL-ZnO NPs | | 69.22 + 549
2 92.01 + 7.39*
(Continued)
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Table 5 (Continued).

Treatment Time Hours | Inhibition %
(Mean £ SD)

3 92.97 + 6.43*
4 76.14 + 13.57*

Note: * p<0.05 as compared to DS.

Discussion

The color change in the solution was used to visually evaluate the synthesis of CL-ZnO NPs and ACL-ZnO NPs. The
solutions of both plant extracts turned from oily green to brown, signifying the formation of ZnO NPs, and a light brown
ZnO NPs precipitate was obtained. The observation was consistent with earlier studies on ZnO NPs production that
found comparable color changes.*' DLS technique was used to investigate the impact of temperature, pH, CL extract 2%
ratio to zinc acetate dihydrate, zinc acetate dihydrate concentration, and incubation duration on the response size for the
CL-ZnO NPs.

In line with earlier research, we found that the reaction pH is the most important parameter in the synthesis of ZnO
NPs.*? With regard to CL extract, we observe that a pH increase led to a decrease in particle size; the ideal size was
obtained at a pH of 10. Particle size increased gradually after that when the pH value was raised. This is due to the fact
that the pH of the solution affects the electrical charge of molecules, which in turn affects their reduction. An
intermediate molecule, such as Zn(OH),, is seen to develop at higher solution pH levels, allowing for the creation of
larger crystallite sizes.*’ The concentration of plant extract was determined to be a second parameter that had an impact
on size. Particle size reduced steadily as the concentration of plant extract increased; the ideal size was at a ratio of 4/40;
beyond that, concentration increased, causing an increase in particle size. Zinc ions have a tendency to cluster and form
bigger particle sizes at lower concentrations of the plant extract due to insufficient capping agent.** When extract
concentrations are high, there is a greater likelihood of intermolecular interactions and collisions, which in turn causes
nanoparticle aggregation.*> Temperature was the other crucial parameter. When the reaction temperature was increased to
60°C, the particle size decreased; however, further temperature increases led to larger particles. These may result from an
elevation in temperature that increases kinetic energy and reaction rate and causes a decrease in particle size. However,
excessively high temperatures may inactivate or reduce the activity of the reductive molecules involved in the synthesis,

Paw edema

100
90
80

* *
* %k
* *

7 *
m DS .
EmCL : S5
CL-ZnO NPs < 4
= g

mACL
2
W ACL-ZnO NPs 1
0
1 2 3 4

time h

inhibition %
O O O O O o

o

Figure 9 Inhibition of carrageenan-induced rats paw edema for the synthesized nanoparticles (CL-ZnO NPs, ACL-ZnO NPs), raw plant extracts (CL, ACL), and sodium
diclofenac (DS). * p<0.05 as compared to DS.
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Figure || Erythrocyte sedimentation rate for the synthesized nanoparticles (CL-ZnO NPs, ACL-ZnO NPs), raw plant extracts (CL, ACL), sodium diclofenac (DS), negative
control, and normal control. * p<0.05 as compared to negative control.

leading to an increase in particle size.***’ The optimal duration for the reaction was found to be 4 hours, and a long

reaction time was found to increase the size, most likely due to increasing grain growth and collisions between particles

that cause aggregation. The effect of reaction time on size appears to be proportionate.*® The concentration of zinc

acetate dihydrate, however, had a minor impact on the size of the particles.

Table 6 Results of Body Weight Changes in the Acute Dermal Toxicity

Test
Treatment Body Weight Changes (g) #
Day | Day 7 Day 14
CL-ZnO NPs 127.418 + 6.94 142.19 £ 10.74 149.774 £ 12.75
ACL-ZnO NPs 131.302 + 32.68 | 142.796 + 25.05 | 151.854 £ 22.52
Blank gel I51 £ 8.74 158.358 + 7.11 166.17 £ 5.10
Negative control | 150.016 +21.73 | 156.298 + 17.31 | 166.9 + 13.39

Note: # (Mean % SD).
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Table 7 Body Weight Changes Results in Sub-Acute Dermal Toxicity Test

Treatment Body Weight Changes (g) #

Week | Week 2 Week 3 Week 4
CL-ZnO NPs 137.16 + 5.84 136.88 * 3.59 146.16 £ 1591 | 144.43 £2.25
ACL-ZnO NPs 132.81 * 6.14 13874 £ 11.2 143.33 £ 9.03 141.72 £ 1.03
Blank gel 172.16 £ 12.88 | 180.22 £ 12.92 | 181.98 + 14.85 | 188.44 £ 14.69
Negative control | 153.99 £19.08 | 158.63 + 18.98 | 162.19 + 21.83 | 162.84 + 22.57

Note: # (Mean * SD).

Table 8 Hematology and Biochemistry Results in Sub-Acute Dermal Toxicity Test

Treatment Hematology (Mean t SD) Biochemistry (Mean £ SD)
Platelets Hemoglobin Erythrocytes Leucocytes ALT AST Creatinine Urea Glucose
10A3/uL g/dl 1076/puL 10A3/uL U/L U/L mg/dl mg/dl mg/dl
CL-ZnO 906.5 + 84.14 | 135 +0.28 7.185 + 0.36 3900 + 1838 53.66 + 6.65 104.33 + 15.56 0.493 £ 0.09 30.33 + 5.68 90.66 + 26.55
NPs
ACL-ZnO 761 282 15 £0.70 745 £ 021 6100 + 2687 41.66 + 4.04 78 £ 10.14 0.48 + 0.07 29 + 458 41.33 £ 8.08
NPs
Blank gel 8145+ 106.7 | 133 +£0.56 751 £0.11 5300 + 848 40.66 £ 14.09 | 76 + 23.64 0.54 £ 0.07 32+£5.19 78 + 68.94
Negative 793 £ 50.86 13.33 £ 0.95 6.95 £ 0.69 4433 £ 1457 475777 88.5 + 12.02 0.43 £ 0.07 245 £ 3.53 79 £ 1272
control

The UV-visible spectra of CL-ZnO NPs and ACL-ZnO NPs show the existence of a significant absorption peak at
358.5 nm and 346 nm, respectively. This is attributed to ZnO’s intrinsic band-gap absorption as a result of electrons
moving from the valence band into the conduction band. This phenomenon is known as surface plasmon resonance, and
ZnO NPs are known for their propensity to demonstrate it between 310 and 380 nm.”® The monodispersed character of
ZnO NPs is further demonstrated by the strong peaks. The absorption edge progressively moves to a lower wavelength as
the nanoparticle’s size decreases.*® This implies that the produced ZnO NPs are small in size, with ACL-ZnO NPs being
smaller than CL-ZnO NPs.*

The particle size in colloidal solutions can be determined using the commonly used DLS technique. This technique
was used to determine the average particle size and PDI of the produced ZnO NPs. CL-ZnO NPs and ACL-ZnO NPs had
an average particle size of 152.4 nm and 178.9 nm, respectively, and PDI values of 0.200 and 0.372, indicating that the
produced particles are monodispersed.*”>" In order to know more about the stability of the synthesized ZnO NPs, zeta
potential was performed to identify the surface charges of the ZnO NPs. There will not be any NPs aggregation if the
particles in a suspension have high negative or positive zeta potential values since they will resist one another. In
contrast, there is no force to stop particles from aggregating and coming together if their zeta potential values are
low. Zeta potential levels larger than +25 mV or smaller than —25 mV are typically thought to produce stable
suspensions.”” The zeta potential for CL-ZnO NPs and ACL-ZnO NPs was determined to be —26.4 mV and —34 mV,
respectively, concluding that ACL-ZnO NPs are more satiable than CL-ZnO NPs because the high negative value
supports the particle repulsion and so improves the formulation’s stability.

FTIR spectra through unique bond vibration peaks at limited wavenumbers, potential biomolecules that cause ZnO
reduction, and capping agents for reduced ZnO NPs were found. Moisture or plant phenolic chemicals may be responsible
for the (O-H) stretching vibration peaks. The development of strong aromatic rings and carboxylic acid, which may be in
charge of the synthesis of ZnO NPs. The participation of phytochemicals in the reduction and capping of ZnO NPs is
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Figure 12 Histology results of kidney, liver and skin from left to right respectively, at magnification of (x40). (A) negative control group, (B) CL-ZnO NPs group, (C) ACL-
ZnO NPs group. The histopathology of kidney tissues shows Normal Histopathological appearance of glomeruli surrounded by Bowman’s capsule and proximal and distal
tubules, the liver tissues show the normal histopathology composed of hexagonal geometric structures containing a central vein and portal spaces, with liver cells arranged in
cords separated by sinusoidal vessels. The skin tissues show an absence of any inflammatory signs with a normal appearance of the squamous epithelial cells resting on the
basement membrane, and in the dermis, hair follicles, sebaceous glands, and sweat glands are observed.

responsible for the occurrence of C-H stretching vibration and C=C stretching vibration at the surface. CL-
ZnO NPs and ACL-ZnO NPs show peaks at 906 and 895 cm ', respectively, corresponding to Zn-O bending vibrational
functional groups, indicating the formation of ZnO particles. The peaks seen at 418 cm ™' in both synthesized ZnO NPs
show the distinctive stretching vibration of the Zn-O bond. There have been earlier reports of comparable outcomes® ¢

The size and shape of the produced ZnO NPs were examined using the FESEM. According to the SEM picture, the
majority of the nanoparticles (NPs) in the two produced ZnO NPs have a spherical shape and have diameters of 44 + 10
nm for ACL-ZnO NPs and 71 + 22 nm for CL-ZnO NPs, respectively. The results of DLS and SEM may differ since they
are based on various characterization techniques, and the sample preparation processes are also fundamentally different.
This variation is expected, as DLS measures the hydrodynamic diameter of particles in suspension, which includes the
solvation layer and possible soft agglomerates, whereas SEM measures the physical diameter of dried individual
particles.”’>® The EDX was studied to estimate the elemental composition of the synthesized ZnO NPs. EDX analysis
revealed the peaks that correlated with the existence of oxygen and zinc signals in ZnO NPs it demonstrates that the
synthesized nanoparticle is in the purest form possible.*

The anti-inflammatory impact was evaluated in vitro using the HRBCs membrane protection approach due to the
similarity between HRBCs and lysosomal membranes. By stopping the release of lysosomal contents like proteases,
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which causes more tissue damage, stabilization of lysosomal membranes can be essential in reducing inflammatory
reactions. Stabilization implies that the green-synthesized ZnO-NPs may successfully stabilize lysosomal membranes.>
The findings indicate that plant extract nanoparticles are superior to sodium diclofenac and raw plant extracts in terms of
membrane protection, while ACL-ZnO NPs outperform CL-ZnO NPs in terms of protection percentage. Our study results
are consistent with many previous studies on green synthesized ZnO NPs, where the results showed an effectiveness in
protecting the HRBCs membrane comparable to or superior to the protection effect of sodium diclofenac.®®™®® This may
be due to the synergistic anti-inflammatory effect between ZnO NPs and the capping phytochemicals, such as poly-
phenols and flavonoids. CL leaves are abundant in resveratrol, quercetin, and rutin.'® This phytochemical reduces
inflammation by blocking enzymes such as cyclooxygenase, which lowers prostanoids, leukotrienes, and protein kinase
C levels. It can also stop mast cells from releasing histamine.'®>* While ZnO NPs can reduce inflammation in many
different ways, like inhibiting (iNOS) enzyme production, pro-inflammatory cytokines, myeloperoxidase, and
cyclooxygenase.”” Previous studies showed that ACL fractions have a higher number of phenols and flavonoids than
the ethanolic extract, which may explain the superior activity of ACL ZnO NPs over the CL ZnO NPs."?

Protein denaturation is the source of autoantigen formation in inflammation, and multiple studies show that this is one
of the causes of inflammation.®* Researchers discovered that rheumatoid arthritis may be caused by the autoantigen
generated by protein denaturation.®> Due to that agent that has the ability to protect proteins from denaturation, it may
have an anti-inflammatory effect. The synthesized nanoparticles showed inhibitory activity against heat-induced albumin
denaturation for both extracts. The efficacy of the nanoparticles was significantly higher than that of the raw plant
extracts at the low concentrations. Comparing the two synthesized nanoparticles showed that CL-ZnO NPS have
a significantly higher effect at the low concentrations. While sodium diclofenac did not show any significant effective-
ness at a concentration of 100 pg/mL. Research has shown that green synthesized ZnO NPs are compatible with anti-
inflammatory medications, like sodium diclofenac. Compared to sodium diclofenac, ZnO NPs made from an aqueous
extract of Adhatoda vasica had a greater inhibitory effect on albumin denaturation, according to Dhivyadharshini et al.
Meanwhile, Malaiappan et al found that ZnO NPs made from Catharanthus roseus extract exhibit an albumin denatura-
tion inhibition effect that is comparable to that of sodium diclofenac. This implies that biosynthesized ZnO NPs are
promising anti-inflammatory candidates for application in the future.®®®’

Given the interest in using the formulation of CL-ZnO NPs and ACL-ZnO NPs for biomedical purposes, primarily
topical application, it is necessary to take into consideration the fact that the nanoparticles will release from the gel and
permeate through the intact skin. Therefore, an ex vivo permeation study was conducted using the Franz cell method in
order to estimate the skin absorption perspective of these nanoparticles. The percentage of permeation was 38.8% for CL-
ZnO NPs and 46.64% for ACL-ZnO NPs, respectively. According to the study by Sheferov et al, 58.6% of the
synthesized ZnO NPs had permeated after 7 hours of administration. It was clear that Carbopol 934 contributed to
regulating the release over an extended duration, and this indicates that sufficient ZnO NPs had penetrated following
topical application. This outcome demonstrates that the topical administration of ZnO NPs is a safe and practical
candidate for the parenteral route, thereby decreasing the effects of systemic toxicity. As such, it is suitable for the
treatment of both acute and chronic local inflammatory reactions.**¢%¢°

This study evaluated the anti-arthritis activity of synthesized CL-ZnO NPS and ACL-ZnO NPs in vivo, selecting 1%
gel concentration based on prior studies reporting significant in vivo anti-inflammatory effects at this dose, ensuring
consistency and biological relevance.'” The carrageenan induced paw edema test was performed to assess the anti-
inflammatory activity in vivo. Carrageenan injection, which is a seaweed polysaccharide, is a highly sensitive and
dependable technique that researchers commonly employ to assess the anti-inflammatory qualities of medications in
cases of acute inflammation.”® Furthermore, it has been shown that the decrease in inflammation brought on by
carrageenan is a very reliable indicator of the appropriate dosage for patients.'” The course of acute inflammation is
biphasic. The first phase starts with the release of proinflammatory substances (like histamine, serotonin, and kinins),
reactive oxygen, and nitrogen species, which cause edema, hyperalgesia, and erythema in the paw right after subcuta-
neous delivery. While the second phase is related to the release of prostaglandins and cyclooxygenase in 2—3 hours.
According to this hypothesis, the maximum levels of inflammation occur within four hours.”®”" Our study showed that
all the synthesized nanoparticles had inhibitory effectiveness against carrageenan-induced edema in rats. The
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effectiveness of the ACL-ZnO NPs was significantly higher than that of DS from the second time interval, while CL-ZnO
NPs showed a significant difference compared to DS from the third time interval, where there was a significant difference
between the raw plant extract and the nanoparticles only at the third time interval. These findings are in line with prior
research showing that green-synthesized ZnO NPs outperform sodium diclofenac and crude extracts. For instance, ZnO
NPs derived from A. citratum seeds decreased paw edema by 79% after 6 hours of administration, whereas sodium
diclofenac only decreased edema by 65% after 3 hours of application, according to Eya’ane Meva et al’>’* From the
above, we can say that the synthesized nanoparticles give a sustained anti-inflammatory effect that may go to the
interference of ZnONPs with the release of acute and chronic inflammatory mediators and that the persistent anti-
inflammatory activity may be due to the improved permeability and retention effect of zinc oxide nanoparticles in the
edema region.”*

In both acute and chronic inflammatory situations, hepatocytes release C-reactive protein (CRP), an acute phase
protein, in response to interleukin-6 (IL-6) and, to a lesser degree, IL-1 and TNF-a. Rats” CRP increased three to four
times following an injection of substances that cause inflammation, and it peaked four to twelve hours later.”>"” All the
synthesized nanoparticles showed statistically significant effectiveness in reducing CRP values to normal levels com-
pared to the negative control. These obtained results are consistent with Yadav et al and Jayasri et al, who found a similar
CRP reduction after treatment with ZnO NPs. This reduction of acute phase proteins can be attributed to the reduction in
the levels of cytokines by nanoparticles.”®”’

Erythrocyte sedimentation rate (ESR) is an indicator of the erythrocyte’s stability in suspension. The ESR is
a valuable tool for diagnosing inflammatory diseases, particularly rheumatoid arthritis, and is a crucial indicator for
assessing how an animal or a human being reacts to inflammatory and necrotic processes. After the first hour of the
carrageenan injection, the ESR peaked because of the high levels of fibrinogen released in the blood during the
inflammatory process, which makes red blood cells adhere to one another.”>*#! All the synthesized nanoparticles
demonstrated statistically significant efficacy in reducing ESR values compared to the negative control, while neither
sodium diclofenac nor the raw plant extracts exhibited any statistically significant effectiveness in lowering the ESR
values compared to the negative control. An excessive amount of fibrinogen is produced into the blood during the
inflammatory process, which makes red blood cells adhere to one another and raises the ESR. According to Kleemann
et al, quercetin supplementation significantly decreased the amount of fibrinogen during the atherogenic process.
Additionally, Lousinian et al’s study showed that fibrinogen adsorption on ZnO NPs results in structural changes that
lower fibrinogen activity and ESR levels. It is also known that there is an inverse relationship between aggregate size and
specific surface area, meaning that NPs with smaller aggregate sizes have much higher fibrinogen adsorption.®*™

The basis for classifying and labeling substances as well as determining their relative toxicity based on the dermal
route of exposure is an acute dermal toxicity study. To ascertain whether the synthesized nanoparticles are safe for usage
as anti-inflammatory drugs, biological toxicity must be evaluated.® The studied animals did not show any signs of
toxicity during the 14-day study period, indicating that the toxic dose is higher than 2000 mg/kg.*® Our results are
consistent with the findings of Halarnekar et al, who concluded that the green synthesized ZnO NPs from Nigella sativa
are safe for topical use.® The toxicity of most nanoparticles increased with concentration and exposure duration. Since
nanoparticles can enter the bloodstream and reach fetal organs, prolonged exposure through the skin should be
thoroughly investigated for potential clinical anti-inflammatory nanoparticles.*® No signs of toxicity were observed in
the studied animals during the 21-day study period, suggesting that 1% ACL-ZnO NPs and CL-ZnO NPs gels are
potentially safe to use.*” These results are in contrast with Ezealisiji et al’s findings, which conclude that green
synthesized ZnO NPs from Solanum torvum topical chronic application could affect hepatic and renal performance in
rats.®’

Conclusion

The plant extracts of both CL and ACL demonstrated their ability to reduce zinc salts to produce ZnO NPs. The study
revealed that the ideal conditions for synthesizing ZnO NPs using CL and ACL extracts were as follows: a temperature of
60°C, a pH of 10, a plant extract to zinc acetate ratio of 4/40, a zinc acetate concentration of 0.02 M, and a reaction time
of 4 hours. The study also revealed that temperature and pH were the most influential factors on the quality of the
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synthesis, followed by the plant extract to zinc acetate ratio. Meanwhile, changes in time and the concentration of zinc
acetate did not have a significant impact on the quality of the synthesis. The study showed that green synthesis of ZnO
NPs from CL and ACL extracts gave NPs with dimensions of 71 and 44 nm, respectively, and high stability and purity,
according to the results of both zeta potential and EDX.

ACL-ZnO NPs demonstrated greater anti-inflammatory efficacy than CL-ZnO NPs in the albumin denaturation
inhibition test, whereas CL-ZnO NPs demonstrated greater anti-inflammatory efficacy than ACL-ZnO NPs in the
HRBCs membrane stabilization test, and both ZnO NPs outperformed sodium diclofenac and raw plant extracts.
However, the study on the anti-inflammatory efficacy in vivo revealed that the anti-inflammatory activity of nanoparticles
was superior to that of both raw plant extracts and sodium diclofenac, as evidenced by the inhibition of carrageenan-
induced edema. The highest efficacy was found in ACL-ZnO NPs. Furthermore, the ZnO NPs showed higher effective-
ness than both sodium diclofenac and raw plant extracts in reducing ESR values in vivo. In addition, the toxicity studies
showed that the synthesized ZnO NPs are non-toxic and biosafe for clinical use. The excellent stability, high perme-
ability, superior efficacy, and biosafety make them a promising natural product for managing inflammatory conditions.
Although the in vivo results demonstrated promising anti-inflammatory and biosafety properties, future work should
include in vitro cytotoxicity assays to further evaluate the safety profile of the synthesized nanoparticles at the cellular
level, and further studies should be performed in order to demonstrate the long-term use toxicity for potential use of ZnO
NPs in clinics.
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