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ABSTRACT

Nanoscale metal-organic frameworks have attracted significant attention from
the research community due to their tailorable composition and structures, high
porosity, and facile surface modification. The development of targeted nanoscale
drug delivery systems (DDSs) is important in improving target specificity, reducing
side effects, and enhancing the therapeutic efficacy of drugs. At the same time,
toxicological studies are crucial in the development and safe use of novel DDSs to
eliminate unforeseen health risks. Such analyses investigate nano-biointeractions
and evaluate potential cytotoxic, genotoxic, or immunotoxic effects. In this study,
we synthesized nano-sized luminescent fluorescein 5-isothiocyanate (FITC)-labeled
zeolitic imidazolate framework-8 (ZIF-8) nanoparticles through a simple chemical
approach. Basic characterization studies of the nanoparticles were performed using
X-ray diffraction, scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and photoluminescence (PL) analysis. SEM and TEM analysis
confirmed the dodecahedral shape of the nanoparticles with an average size of
65-70 nm. The fluorescent emission from FITC-labeled ZIF-8 nanoparticles
corresponded to the typical emission of incorporated FITC in the ZIF-8. The PL
emission spectrum confirmed the incorporation of FITC into the ZIF-8, thereby
offering fluorescence probing of the nanoparticles. In addition, we investigated
the in vivo toxicity profile of FITC-labeled ZIF-8 nanoparticles in 6-8-week-old
Swiss albino mice to establish safe dosage limits. The results of hematological,
biochemical, inflammatory, antioxidant, and immunotoxicity markers, as well as
histopathological evaluation, showed no significant toxicity at moderate doses of
FITC-labeled ZIF-8 nanoparticles. Thus, FITC-labeled ZIF-8 nanoparticles can be
safely employed as a suitable drug delivery platform for in vivo applications, such as
in cancer therapy.
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1. Introduction

The emergence of nano-based drug delivery
systems (DDSs) marks a significant advancement
in pharmaceutical science and medicine.
Nanotoxicology is a novel and growing research
area that studies the toxicological profiles of
nanomaterials in living organisms. It explores
the physicochemical and biological properties of
nanomaterials, as well as the alterations caused
by these materials within organisms and their
mechanisms of action. Assessment of toxicity is a

crucial step in the development of new drugs for
clinical applications. It bridges the gap between
innovation and responsible clinical translation,
ensuring that these DDSs are both effective
and safe for human use. Toxicological studies
before the administration of potential new drugs
occupy a significant part of the non-clinical
tests recommended by the regulatory agencies.
Among the two broad categories of toxicity
evaluations (in vitro and in vivo studies), in vivo
studies occupy the most relevant position as
they investigate the adverse effects of chemicals
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within an intact, living organism, such as a laboratory animal.
Generally, in vivo studies provide adequate and reliable data
to comprehend the absorption, distribution, metabolism, and
excretion of nanomaterials. In vivo studies are irreplaceable as
variations in biological responses of nanoparticles invalidate
the extrapolation of in vitro study results. Toxicological studies
help identify the potential side effects of newly developed drugs
as they can be detrimental to the immune system, genome
integrity, and key organ functionalities. Species-, organ-, and
dose-specific toxicity of the new drugs are identified through
preclinical toxicity testing on different biological systems" and
the levels of toxicity are investigated through quantitative and
statistical analysis.

Toxicological evaluations can be performed using different
toxicological assays, which strictly adhere to Good Laboratory
Practices. Toxicity assays measure the relationship between
the dose of the administered drug and the potential toxic
responses in different organs of laboratory animals. The design
of the study and the selection of the experimental protocol
must provide sufficient information to evaluate the risks and
safety of the new drug. Toxicological studies also evaluate the
accumulation of the administered material in a specific organ
or tissue. The toxicity of nanoparticles in in vivo systems can be
determined through acute and sub-acute toxicity evaluations.
Sub-acute toxicity evaluation can be conducted for a period of
14 or 28 consecutive days with daily administration of the test
compound through intraperitoneal (IP) or intravenous routes
in rodents.?

DDSs based on metal-organic frameworks (MOFs) have
gained significant attention in recent years due to their high
surface area, tunable porosity, potential for functionalization,
and stimuli-responsive behavior. MOFs are composed of metal
ions or clusters coordinated to organic ligands, forming porous
crystalline structures. These properties make them ideal
candidates for controlled, targeted, and efficient drug delivery.
Zeolitic imidazolate framework-8 (ZIF-8) is a type of MOF
composed of zinc jons and 2-methylimidazolate linkers. It is
particularly notable for its high porosity, thermal stability, and
pH-sensitive degradability, making it a promising candidate for
drug delivery, biosensing, and therapeutic applications. ZIF-8
is pH-sensitive and degrades under acidic conditions, such as
the tumor microenvironment or inside lysosomes. This makes
it ideal for the targeted release of therapeutics. Paclitaxel-
loaded ZIF-8 nanoparticles have been reported for their
promising potential in prostate cancer treatment.® ZIF-8 has
been demonstrated to be a promising carrier for pH-responsive
controlled drug release and for achieving high drug loading of
doxorubicin (DOX).* In vitro imaging in HeLa and A549 cells
confirmed high uptake and enhanced contrast, validating the
use of fluorescently labeled ZIF-8 nanoparticles in bio-imaging
applications. ZIF-8 has been extensively studied in vivo for its
potential in drug delivery, imaging, and cancer therapy. BALB/c

Biomaterials Translational

mice with subcutaneous tumors were injected intravenously
with 6-carbofluorescein-labeled iron (II, I1T) oxide encapsulated
in ZIF-8° A multifunctional ZIF-8 nanoplatform was
developed for the co-delivery of DOX, radiotherapy agents,
and targeting ligands for colorectal cancer therapy using
C57BL/6 mice bearing HT-29 tumors.® The biodistribution
and metabolism of manganese-doped ZIF-8 were investigated
in vivo” MCF-7 tumor-bearing nude mice were used to
evaluate the in vivo photothermal effect of gold encapsulated in
ZIF-8/DOX nanocomplex.® The well-defined pores, high pore
volume, outstandingly high surface area, superb drug loading
capacity, and prominent pH-triggered release behavior make
ZIF-8 a perfect drug delivery platform. In this study, the ZIF-8
nanoparticles were labeled with a non-toxic fluorescent dye,
fluorescein 5-isothiocyanate (FITC), as luminescent probes,
to achieve high sensitivity in tracing the carrier nanoparticles
using fluorescence spectroscopy, thereby understanding their
behavior during in vitro and in vivo applications. In addition,
we investigated the in vivo toxicity profile of FITC-labeled
ZIF-8 nanoparticles in 6-8-week-old Swiss albino mice to
ensure the safe dosage limit of the nanoparticles. The toxicity
profile of the nanoparticles was compared with the widely
studied alkylating agent cyclophosphamide (CP), whose
toxicological and pharmacological effects are predictable and
reproducible in various animal models. The characteristics,
including mutagenic and clastogenic properties (causing DNA
damage and chromosomal aberrations), inhibition of humoral
and cell-mediated immunity (making it a benchmark for
testing immunotoxicity), and suppression of bone marrow cell
production (affecting the production of blood cells), make CP
an ideal positive control for toxicity evaluations. In this study,
the in vivo toxic effects of different doses of nanoparticles after
daily IP injection over 14 consecutive days were evaluated. The
results were compared with untreated and CP-treated mouse
models.

2. Materials and methods

2.1. Synthesis of fluorescein 5-isothiocyanate-labeled
ZIF-8 nanoparticles

The procedure reported by Cravillon et al’ was employed
with slight modifications for nanoparticle synthesis. We used
zinc nitrate hexahydrate (Zn[NO,] -6H,0) (SRL Zinc Nitrate
Hexahydrate extrapure AR, 98%, Sisco Research Laboratories
Pvt Ltd, India) as the metal source, 2-methylimidazole (HMIM)
(2-Methylimidazole pure, 99%, Sisco Research Laboratories
Pvt Ltd, India) as the linker, and high-performance liquid
chromatography-grade methanol (Merck Methanol Lab
Reagent LR Grade, 99%, Merck India Ltd, India) as the
solvent. The Zn(NO,),-6H,0O and HMIM solutions in methanol
were prepared separately in two clean glass beakers (1.5 g of
Zn[NO3]2-6HZO and 3.34 g of HMIM in 50 mL of methanol,
respectively). Then, 1.5 mL (2.0 mg/mL) of FITC solution
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(Sigma Aldrich, USA) was added slowly to the zinc nitrate
solution under vigorous stirring (1,000 rpm) for 5 min.
Upon adding the FITC solution, a color change to yellow
was observed in the Zn(NO,) -6H,O solution. Subsequently,
the HMIM solution was added in a dropwise manner to the
Zn(NOS)Z-6HZO solution under vigorous stirring. After the
addition of HMIM, the yellow solution turned milky within
2 min, indicating the formation of ZIF-8 nanoparticles. The
stirring process was allowed to proceed for 2 h, and the
resulting colloid was centrifuged at 12,000 rpm at 4°C for
30 min (Eppendorf 5804 R, Eppendorf AG, Germany) to
obtain a pale-yellow precipitate. The precipitate was washed
three times with methanol to remove unreacted reactants and
then kept in a thermostatic hot air oven overnight at 50°C
to get a yellow crystalline powder of FITC-labeled ZIF-8
nanoparticles.

2.2. Characterization of the nanoparticles

The crystallinity of the powder was analyzed using an X-ray
diffractometer (Bruker AXSD8 Advance, Massachusetts, United
States of America [USA]). The Brunauer—-Emmett—Teller
surface area and pore size distribution were evaluated through
gas adsorption studies using a surface area and pore size analyzer
(Quantachrome Instruments NOVAtouch®LX2, Anton-Paar,
USA). The nanoparticle size and morphology were studied
using scanning electron microscopy (SEM; NOVA Nano SEM
450, FEI, USA) and transmission electron microscopy (TEM;
JEM-2100F, JEOL USA, Inc., USA). Photoluminescence (PL)
emission was investigated using a fluorescence spectrometer
(Horiba FluroMax®-4, Horiba Scientific, USA).

2.3. Animal housing and husbandry

The animal model for the in vivo study consisted of 48 adult
male Swiss albino mice (6-8-week-old, 24-28 g) obtained
from the animal house of the Department of Biochemistry,
University of Kerala. The animals were housed in separate
polypropylene cages with stainless steel grill lids and
maintained under standard conditions at an ambient
temperature of 22 + 3°C and relative humidity of 50 + 10%
with a 12:12 h light/dark cycle throughout the experimental
period. The animals had access to the commercially available
standard pellet diet (Amrut Laboratory Animal Feed, Krishna
Valley Agrotech LLP, India) and filtered drinking water
ad libitum. They were acclimatized for one week before the
experiment started. Individual animals were identified using a
picric acid mark on the body. Each animal cage was recognized
with specifications, including name, experiment number,
animal number, commencement date of the experiment,
and end of the experimental period. The experimental
protocols were reviewed and approved by the Institutional
Animal Ethics Committee (IAEC), University of Kerala
(Registration Number-218/GO/ReBi/S/2000/Committee
for the Purpose of Control and Supervision of Experiments
on Animals [CPCSEA]) constituted per the guidelines of the
CPCSEA, Department of Animal Husbandry and Dairying,
Ministry of Fisheries, Animal Husbandry and Dairying, India.
The TAEC sanction order number for the animal study was
IAEC-KU-03/2012-13-BC-AA(31).
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2.4. Toxicity evaluations

The toxicity of the nanoparticles was evaluated using acute and
sub-acute toxicity studies according to the guidelines of the
Organization for Economic Co-operation and Development
in the animal house, Department of Biochemistry, University
of Kerala, following Good Laboratory Practices. Adult male
Swiss albino mice (24-28 g) were acclimatized to laboratory
conditions for seven days before the beginning of the
experiment. Each animal was given a unique identification
number and fur marked with picric acid. Before administering
nanoparticles, the animals were weighed using a calibrated
balance. The weight of the animals, as well as their food
and water consumption, was recorded daily throughout the
experimental period. The time for providing the feed was
fixed, and the animals were observed in their cages daily for
mortality and any signs of toxic effects. The effect of treatment
on the general health of the animals, body weight, and behavior
was also recorded. Mice were deprived of feed for 6 h before
and 3 h after the administration of the test compound.

Acute toxicity was measured in vivo after the administration
of a single high dose. In our study, different groups of mice
were administered IP injections of various dosage levels
of nanoparticles (25, 50, 100, 500, and 1,000 mg/kg body
weight).'” The observations of behavioral changes were made
at 10, 30, 60, and 120 min, as well as at 4, 6, and 24 h. Animals
were evaluated for signs of toxicity, lethargy, behavioral
modifications, morbidity, body weight changes, and food
consumption. The mortality in each group was recorded after
seven days. At the dosages of 500 and 1,000 mg/kg body weight,
a 100% mortality rate was observed, whereas only 50% mortality
was observed at a dose of 100 mg/kg body weight. No mortality
was reported at low dosages, such as 25 and 50 mg/kg body
weight. Based on the observations, the lethal dose-50 (LD, )
value was determined to be 100 mg/kg body weight.

For sub-acute toxicity studies, animals were divided into six
groups (a control group, four treated groups, and a positive
control group), each containing six mice. Nanoparticles in
different fractional doses of the LD50(1/4O, 1/20,1/10,and 1/5)
in phosphate-buffered saline (PBS) were administered through
IP injection at a prefixed time daily to the different groups of
mice (Groups II-V) for 14 consecutive days. In contrast, the
control (Group I) was treated with PBS alone.!' The positive
control (Group VI) was administered with a single IP injection
of CP (40 mg/kg body weight) 18 h before sacrifice. The animals
were sacrificed on the 15" day by cervical dislocation, after
which blood, skin, and vital organs were collected. The blood
samples were analyzed for biochemical and hematological
parameters. Organs such as the liver, kidney, skin, and spleen
were examined for macroscopic lesions and were fixed in 10%
neutral buffered formalin for histopathological examination
using hematoxylin and eosin (H&E) staining.

2.5. Evaluation of the biodistribution of nanoparticles

A total of 12 Swiss albino mice were administered with FITC-
labeled ZIF-8 nanoparticles (10 mg/kg body weight) in PBS
through IP injection. After the injection, the animals were
sacrificed by cervical dislocation at different time intervals (4,
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8, 12, and 24 h, n = 3 at each time point). Blood and internal
organs were collected for further studies. Saline was added
to each organ tissue with a threshold volume to its weight
and homogenized using a mortar and pestle, followed by
centrifugation (Eppendorf 5804 R, Eppendorf AG, Hamburg,
Germany) at 12,000 rpm for 10 min to collect the supernatant.
The fluorescence intensity of these supernatants was measured
using a spectrofluorimeter (Horiba FluroMax®-4, Horiba
Scientific, USA) at excitation and emission wavelengths of
485 nm and 528 nm, respectively.'? For comparison, a standard
fluorescence curve of FITC in methanol was prepared.
The concentration of the FITC-conjugated nanoparticles
in different organs can be quantitatively determined by
comparing the obtained fluorescence intensity of supernatants
with the standard fluorescence curve of FITC.

2.6. Analyses of enzymes, oxidative stress markers, and
protein content

The cyclooxygenase (COX)-2 assay was performed using
the thiobarbituric acid (TBA) method.* Lipooxygenases
(LOX; 5-LOX and 15-LOX) were assayed using the method
described by Axelrod et al,'* and myeloperoxidase (MPO)
activity was estimated with the method proposed by Bradley
et al’® Nitric oxide synthase (NOS) was quantified using the
method described by Salter et al.'® The level of catalase (CAT)
was assayed using the method from Claiborne et al’s' study,
and superoxide dismutase (SOD) was measured following
the method from the study conducted by Kakkar et al.'® The
reduced glutathione (GSH) content was determined through
the procedure described by Patterson et al,'” and the level
of glutathione-S-transferase (GST) was estimated with the
method proposed by Habig et al?® The activity of glutathione
peroxidase (GPx) was determined with the method from
Mohandas et al’s** study, while that of glutathione reductase
(GRd) was measured with the procedure of Carlberg et al?
The levels of lipid peroxidation, indicated by malondialdehyde
(MDA) content, in different tissues were measured using the
TBA-reactive substances (TBARS) assay as described by Buege
and Aust? Protein quantification was performed using the
method described by Lowry et al**

2.7.Evaluation of the biochemical parameters

Blood samples from mice in each group were collected in
polypropylene tubes without anticoagulants. The clotted blood
samples were then centrifuged at 3000 rpm for 15 min to separate
the serum. Serum glutamic-oxaloacetic transaminase, serum
glutamic-pyruvic transaminase, alkaline phosphatase (ALP), acid
phosphatase (ACP), N-acetyl-cysteine-activated creatine kinase
(CK), and lactate dehydrogenase (LDH) activities were assayed
using commercially available kits (Agappe Diagnostics Ltd.,
Switzerland), per the manufacturer’s instructions. The amount
of urea, uric acid, creatinine, and bilirubin was determined using
a semi-automated clinical chemistry analyzer (Agappe Mispa
Viva, Agappe Diagnostics Switzerland GmbH, Switzerland).

2.8. Hematological parameters

Hematology and clinical chemistry studies were performed on
mouse blood samples obtained at the time of euthanasia. Blood
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samples were collected in ethylenediaminetetraacetic acid-
coated tubes using cardiac puncture. Different hematological
parameters, including white blood cell (WBC) count, red
blood cell (RBC) count, hemoglobin (Hb), and platelet (PLT)
count, were estimated. The percentage of lymphocytes and
neutrophils was also determined. All these parameters were
determined using an automated hematological analyzer (ABX
Micros 60, HORIBA ABX SAS, France).

2.9. Evaluation of the pro-inflammatory cytokines

Immunotoxicity was evaluated by estimating pro-inflammatory
cytokines, such as interleukin-6 (IL-6) and tumor necrosis
factor-alpha (TNF-a), in the serum of different groups of
mice using enzyme-linked immunosorbent assay kits (Origin
Diagnostics and Research, India).

2.10. Histopathological evaluation of the vital organs

The control and treated animals were sacrificed at the end of the
study period, and the organs, including liver, kidney, skin, and
spleen, were rapidly dissected and washed in sterile PBS. The
isolated organs were trimmed into small pieces and preserved
in 10% neutral buffered formalin for 24 h. The specimens were
successively dehydrated using 70%, 95%, and 100% alcohol for
1, 2, and 3 h, respectively, with alcohol replaced every hour.
Tissues were then defatted by treating twice with xylene, each
for an hour. Infiltration and impregnation were performed
by treating thrice with paraffin wax, each time for an hour.
Paraffin L-shaped molds were prepared and the specimens
were cut into 5-6 um thick sections using a rotary microtome
(Leica RM 2235, Leica Biosystems Nussloch GmbH, Germany)
and stained using H&E. The sections were mounted using
dibutylphthalate polystyrene xylene and the histopathological
evaluation of organ sections was conducted using a microscope
(Olympus CX21i, Olympus Corporation, Japan).

2.11. Statistical analysis

The results were expressed as the mean * standard deviation
of six replicates and analyzed using GraphPad Prism software
(version 8.0, GraphPad Software Inc., USA). One-way analysis
of variance was used for the repeated measurements, and the
differences were considered statistically significant if p<0.05.

3. Results
3.1. Characterization studies

Basic characterization studies of the nanoparticles, including
X-ray diffraction, SEM, TEM, and PL emission spectrum, are
shown in the supplementary file. X-ray diffraction shown in
Figure S1A confirms the typical sodalite morphology of the
nanoparticles, and SEM shown in Figure S1B confirms the
do-decahedral shape of the nanoparticles with an average size
of 65-70 nm. The high-resolution TEM image of FITC-labeled
ZIF-8 shown in Figure S2A confirms the do-decahedral shape of
the nanoparticles with a size of 70 nm. The rings in the selected
area electron diffraction pattern (Figure S2B) correspond to
the different crystal planes of ZIF-8. The PL emission spectrum
of pure ZIF-8 and FITC-labeled ZIF-8 nanoparticles at an
excitation wavelength of 340 nm is shown in Figure S3. Pure
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ZIF-8 nanoparticles did not produce any emission in the visible
region, as indicated by the red line, whereas the FITC-labeled
nanoparticles exhibited a strong emission peaked at 528 nm.
The green emission by FITC-labeled ZIF-8 nanoparticles
corresponds to the typical emission due to the incorporated
FITC in the ZIF-8. Hence, the fluorescence emission spectrum
confirmed the incorporation of FITC into the ZIF-8, thereby
offering fluorescence probing of the nanoparticles.

3.2. In vivo toxicity assessment

The in vivo toxicity assessment is usually performed in
animal models using biodistribution studies, analysis of
hematological parameters, estimation of serum enzymes, and
histopathological studies.

3.2.1. Biodistribution studies

Biodistribution studies examine the localization of nanoparticles
in various organs. The typical green fluorescence of FITC
was utilized to estimate the percentage dose of FITC-labeled
ZIF-8 nanoparticles in different organs. The standard curve
and the linear regression equation for the fluorescence of
FITC in methanol are shown in Figure 1. Comparison of
the fluorescence intensity obtained from blood and tissue
supernatants with the standard fluorescence curve yielded
the distribution pattern of nanoparticles post IP injection. In
addition, the time-dependent (4, 8, 12, and 24 h) distribution
pattern of nanoparticles was evaluated.

The percentage dose of nanoparticles in different organs at
various time points is depicted in Figure 2. A significant
proportion of nanoparticles was found in the blood
(34.31 £ 1.67%) at an earlier time (4 h). As time elapsed, the
concentration was found to decrease gradually to 4.53 + 1.05%
at 24 h. A small accumulation was observed in the liver
(3.62 £ 1.08%), followed by the kidney (2.61 + 0.76%), skin
(1.36 £0.29%), and spleen (0.86 + 0.25%). The deposition of the
nanoparticles declined to 0.08 = 0.03% (liver), 0.01 £ 0.009%
(kidney), 0.005 + 0.003% (skin), and 0.006 + 0.005% (spleen)
at 24 h. At all the time points, a maximum distribution of
nanoparticles was detected in the blood, indicating systemic
blood circulation. The results demonstrated that nanoparticles
accumulated in trace amounts in major organs of normal
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Figure 1. Standard fluorescence curve of fluorescein isothiocyanate
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mice and were eliminated systematically. This confirmed the
reduced organ toxicity induced by the nanoparticles.

3.2.2. Biochemical parameters

To study the in vivo toxicological effects of exposure to
nanoparticles, the evaluation of biochemical, hematological,
and histopathological responses was conducted in mice at
different doses. Initially, various biochemical parameters
that contribute directly to detecting, quantifying, and
understanding the noteworthy effects of nanoparticle
exposure to vital organs were investigated. Hepatic injury
can be diagnosed using biochemical markers, such as alanine
transaminase (ALT), aspartate aminotransferase (AST),
ALP, and bilirubin. Elevation in the serum enzyme level and
enhancement in both total and conjugated bilirubin levels
are regarded as relevant markers of liver toxicity and gross
liver function, respectively. When the liver is damaged,
these parameters will be secreted excessively into the
bloodstream.”

Figure 3 shows AST, ALT, ALP, and ACP levels in different
groups of mice. The enzyme ALT is primarily localized to the
cytosol of hepatocytes. AST is present in both mitochondria
and cytosol of a wide variety of tissues, including the heart,
skeletal muscle, kidney, brain, and liver. Therefore, a large
amount of mitochondrial AST is present in serum after
extensive tissue necrosis, and hence it is preferred over ALT
for the diagnosis of liver damage.?*?” ALP is primarily secreted
from the liver and bones; high levels of ALP indicate liver or
bone disorders.”® ACP is a lysosomal marker enzyme produced
in the liver, spleen, bone marrow, and prostate gland. An
elevated level of ACP can be detected during infection
associated with tissue damage.”’ According to the observed
results, no significant increase was found in the AST, ALT,
ALP, and ACP levels in Groups II and III compared to the
control. However, significant increases in ALT and ALP, as
well as notable increases in AST and ACP levels, were observed
in Groups IV and V. The results showed that the nanoparticles
induced little liver toxicity at low doses. Bilirubin also followed
a similar pattern as shown in Figure 4D, where its level was
slightly elevated in Groups IV and V and remained within the
normal range in Groups II and III.
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Figure 2. In vivo biodistribution of FITC-labeled zeolitic imidazolate
framework-8 nanoparticles in Swiss albino mice
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Figure 3. Biochemical marker levels in different groups of mice. (A) Aspartate aminotransferase. (B) Alanine aminotransferase. (C) Alkaline
phosphatase. (D) Acid phosphatase. Data are expressed as mean =+ standard deviation (n = 6).
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Figure 4. Level of renal parameters in different groups of mice. (A) Urea. (B) Uric acid. (C) Creatinine. (D) Bilirubin. Data are expressed as

mean + standard deviation (n = 6).

Notes: *p<0.05; **p<0.01; ***p<0.001; ns: non-significant compared to the control group.

3.2.3. Renal parameters

The levels of renal parameters, such as urea, uric acid, and
creatinine, increase substantially in renal toxicity.*** The
levels of urea, uric acid, creatinine and bilirubin in blood are
respectively shown in Figures 4a-d. The above parameters
exhibited small elevations in Groups IV and V, indicating that
the nanoparticles induced negligible nephrotoxicity even at
high doses. Uric acid was found to be elevated in Groups IV
and V compared to the control, whereas there were no
significant elevations in urea and creatinine up to Group IV.
However, a slight increase in urea and creatinine was observed
in Group V compared to the control. The results demonstrated
that administration of low doses of nanoparticles results in
negligible renal toxicity.

CK plays a central role in maintaining adenosine triphosphate
(ATP) homeostasis. It catalyzes the reversible transfer
of the phosphate group from ATP to creatine, forming
phosphocreatine. It is primarily found in muscle and brain
tissues, where its physiological role is ATP generation for
contractile or transport systems. Elevated CK values are

observed in cerebrovascular diseases, muscular dystrophy,
strenuous exercise, and surgery. LDH is a cytosolic enzyme
present in different tissues, and when a disease or a toxin
damages tissues, LDH is released into the bloodstream. The
levels of CK and LDH (Figure 5) in Groups II and III treated
with lower doses were observed to be close to those in the
control. Both factors were found to be elevated slightly in
Groups IV and V treated with higher doses. Generally, the
elevated serum CK and LDH levels indicate tissue damage
during pathological conditions. The levels of biochemical
parameters in the CP-treated positive control (Group VI)
indicate severe hepatotoxicity, renal toxicity, and inflammation.

3.2.4. Hematological parameters

Blood, composed of proteins and cells, is the first medium of
contact for intravenously injected nanoparticles, and blood
cells make up 45% of blood volume. Nanomaterial interactions
with blood cells have different effects depending on their
intrinsic characteristics, such as surface chemistry and charge.
Mature blood cells are produced continuously in the body and
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maintained at equilibrium by the hematopoietic system. This
system can be easily disturbed by direct and indirect xenobiotic-
induced damage. Toxic effects on the hematopoietic system result
in alterations of blood and blood-forming tissues. Nanoparticles
may induce inflammatory responses and affect the immune
system activity, leading to variations in blood cell counts.*

Figure 6 shows the blood cell counts in different groups
of mice. There were no significant changes in Hb and RBC
counts in animals treated with lower doses of nanoparticles.
Dose-dependent reduction in Hb count was observed in groups
treated with elevated doses. The observed decrease may be
due to nanoparticle-induced oxidative stress and concomitant
destruction of RBCs. The WBC content was significantly
increased in Groups IV and V, which were treated with higher
doses. This was due to the modulation of the immune system in
response to invading foreign bodies, resulting in phagocytosis.**
A remarkable reduction in the number of PLTs was observed
for Groups IV and V, which is common during inflammation.

Lymphocytes are the primary cells involved in adaptive
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Figure 5. Biochemical marker levels in different groups of mice.
(A) Lactate dehydrogenase. (B) Creatine kinase. Data are expressed as
mean * standard deviation (n = 6).

Notes: **p<0.01; ***p<0.001; ns: non-significant compared to the
control group.
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immunity; they produce antibodies in response to foreign
invaders. They are made in the bone marrow, circulate in the
blood and lymphatic systems, and reside in various lymphoid
organs. Lymphocytes also mediate the four major adaptive
immunologic attributes, including specificity, diversity,
memory, and self/non-self-recognition. The two major types
of lymphocytes are B lymphocytes (B cells) and T lymphocytes
(T cells). The B cells are responsible for humoral immunity
against extracellular pathogens, whereas T cells are responsible
for cellular immunity, which deals with intracellular pathogens.
Neutrophils play a central and essential role in inflammation,*
as neutrophil apoptosis is a crucial step in the resolution of
inflammation. During inflammation, activated neutrophils
adhere to the vascular endothelium and transmigrate to the
extravascular space, releasing reactive oxygen species (ROS),
protease enzymes, and large amounts of chemokines.** ROS
and proteases damage normal tissue and extracellular matrix
proteins.”’ Figure 7 shows the percentage of lymphocytes
and neutrophils. The percentage of lymphocytes exhibited an
insignificant elevation in Group IV, whereas Group V showed
asignificant increase compared to the control group. Regarding
the percentage of neutrophils, a remarkable decrease was
observed in Groups IV and V compared to the control group.
The variations in hematological parameters observed in higher-
dose treated groups may be attributed to the inflammatory
process. Significant variations in the hematological parameters
in Group VI compared to the control group indicated potential
hemotoxicity of CP.

3.2.5. Inflammatory markers

derived from polyunsaturated fatty acids
(PUFAs), are produced through pathways regulated by various
enzymes, including COX-1, COX-2, LOXs (5-LOX, 12-LOX,
and 15-LOX), and cytochrome P450. COX or prostaglandin-
endoperoxide synthase is the enzyme involved in the

Eicosanoids,

formation of prostanoids from arachidonic acid. COX exists in
two isoforms, namely COX-1 and COX-2. In many instances,
the COX-1 enzyme is produced constitutively (e.g., in gastric
mucosa), whereas COX-2 is highly inducible (e.g., at sites
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Figure 6. Blood cell counts in different groups of mice. (A) Hemoglobin. (B) Red blood cells. (C) White blood cells. (D) Platelet. Data are

expressed as mean * standard deviation (n = 6).

Notes: **p<0.01; ***p<0.001; ns: non-significant compared to the control group.
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of inflammation and cancer).®® The fundamental role of
these enzymes is to produce prostaglandins, which serve as
local hormones for inducing inflammation, pain, and fever.
However, COX-2 is primarily responsible for the formation
of prostanoids during inflammation and cancer.*®* LOXs
are non-heme iron-containing dioxygenases that catalyze
the addition of molecular oxygen to unsaturated fatty acids
containing a cis, cis-1,4-pentadiene system, converting them to
epoxides. 4-hydroperoxy cis-trans-1,3-conjugated pentadienyl
moiety is the initial product of this reaction. Based on the
position of the introduced hydroperoxide, the three main
LOX enzymes are designated as 5-, 12-, and 15-LOX. These
enzymes play a key role in cell proliferation, differentiation,
and inflammation. During inflammation, 5-LOX initiates the
biosynthesis of pro-inflammatory leukotriene lipid mediators.
5-LOX also produces anti-inflammatory lipoxins with the
help of 15-LOX.*" Leukotrienes are produced in leukocytes
by the 5-LOX through the oxidation of arachidonic acid and
the essential fatty acid, eicosapentaenoic acid. Lipoxins are
LOX-derived interaction products of arachidonic acid that
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Figure 7. Percentage of leukocytes in different groups of
mice. (A) Lymphocytes. (B) Neutrophils. Data are expressed as
mean + standard deviation (n = 6).

Notes: **p<0.01; ***p<0.001; ns: non-significant compared to the
control group.
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play anti-inflammatory roles. They are generated through
the action of 5- and 15-LOXs during cell-cell interactions
in inflammation via transcellular biosynthesis. Lipoxins are
endogenous anti-inflammatory, pro-resolving molecules that
play a vital role in reducing excessive tissue injury and chronic
inflammation.” In short, the activities of all the enzymes
above are enhanced during inflammation. Figure 8 shows
the enzyme levels in different groups of mice. The activity of
these enzymes in Group II was found to be similar to that of
the control group, while only a slight increase was observed
in Groups III and IV. A sharp rise in the enzyme activities was
observed only in Group V. The inflammatory marker enzymes
were found to be markedly elevated in the positive control
group. The obtained results showed that the administered
nanoparticles induced a negligible inflammatory response at
lower doses.

3.2.6. Oxidative and nitrosative stress enzymes

MPO is a heme-containing peroxidase enzyme found in the
azurophilic granules of the lysosomes of leukocytes, such as
neutrophils, monocytes, and tissue macrophages. It catalyzes
the production of hypochlorous acid from hydrogen peroxide
and a chloride anion. MPO oxidizes tyrosine to a tyrosyl radical,
where hydrogen peroxide functions as an oxidizing agent. It can
also be regarded as a marker and mediator of inflammation and
oxidative stress, as it catalyzes the formation of several ROS.*
Upon neutrophil activation, primary granules containing MPO
will fuse with the plasma membrane to secrete contents into
the extracellular medium. Enhanced MPO activity indicates
increased neutrophil infiltration and inflammation. Nitric
oxide (NO) is another mediator of inflammatory response
due to its ability to influence the phenotype of inflammatory
cells and its contribution to the formation of reactive nitrogen
products.* NO is produced in a reaction catalyzed by NOS, in
which oxygen and L-arginine are converted into L-citrulline
and NO. It is involved in host defense, activation of regulatory
proteins, and direct covalent interaction with functional
biomolecules. It regulates the functional activity, growth, and
death of many immune and inflammatory cell types, including
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Figure 8. Activity of enzyme levels in different groups of mice. (A) COX-2. (B) 5-LOX. (C) 15-LOX. Data are expressed as mean + standard

deviation (n = 6).

Notes: **p<0.01; ***p<0.001; ns: non-significant compared to the control group.
Abbreviations: COX: Cyclooxygenase; LOX: Lipoxygenase; OD: Optical density.
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macrophages, T-lymphocytes, antigen-presenting cells, mast
cells, neutrophils, and natural killer cells. NOs are oxidized to
reactive nitrogen species at elevated concentrations, which in
turn mediate the majority of the immunological phenomena.*
Figure 9 shows the activities of MPO and NOS. It was
observed that both parameters were significantly elevated in
Groups IV and V, indicating the inflammation and oxidative
stress induced by the nanoparticles at higher concentrations.

3.2.7. Antioxidant enzymes

Antioxidant systems are effective in stabilizing or inactivating
ROS, as well as the oxidation products of phospholipids and
PUFAs, such as lipid peroxides. These mediate the catalytic
transformation of ROS, such as hydroxyl radical, superoxide
anion radical, hydrogen peroxide, singlet oxygen, NO radical,
and hypochlorite radical, into stable non-toxic molecules.
These systems are critical in preventing oxidative stress and
maintaining optimal cellular health. Various enzymatic and
non-enzymatic antioxidants are involved in the oxidative
defense mechanism to equilibrate the redox potential of living
cells. Major antioxidant enzymes responsible for eliminating
free radicals from the body include SOD, CAT, GPx, GST, and
GRd. For non-enzymatic antioxidants, reduced GSH occupies
a significant position in neutralizing oxidative species in the
intracellular compartments. SOD and CAT are remarkably
efficient in eliciting defense against ROS-mediated damage.*
SOD scavenges superoxide radicals (O,+”) by catalyzing the
conversion of two of these radicals into hydrogen peroxide and
molecular oxygen. This decreases the O,+~ level to prevent cell
damage resulting from its excessive concentration. The oxidized
form of SOD is reduced by superoxide to form oxygen. The
reduced form of this enzyme subsequently reacts with a second
superoxide ion to form peroxide, which takes up two protons
along the reaction pathway to produce hydrogen peroxide.”
CAT scavenges the hydrogen peroxide generated by SOD and
other processes. It is a heme prosthetic group-containing enzyme
that catalyzes the dismutation reaction of H,O, into water and
molecular oxygen. Abnormalities in CAT activity result in
pathogenesis and inflammation, which in turn lead to oxidative
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Figure 9. Activity of oxidative and nitrosative stress enzymes in
different groups of mice. (A) Myeloperoxidase. (B) Nitric oxide
synthase. Data are expressed as mean + standard deviation (n = 6).
Notes: *p<0.05; **p<0.01; ***p<0.001.
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stress.* Figure 10 shows the CAT activity in the liver tissue of
different groups of mice. A small decrease in CAT activity was
observed in all groups compared to the control group, but the
dose-dependent reduction was insignificant in Groups II to V.
The SOD activity of the liver and kidney is shown in Figure 11.
Liver tissue of Groups II and III exhibited only mild changes in
the SOD levels. In contrast, those of Groups IV and V showed
a significant decrease compared to those of the control group.
Regarding the SOD levels in kidney tissue, significant changes
were observed in all treated groups (Groups Il to V).

GSH is a tripeptide with a free sulthydryl group responsible for
the detoxification of peroxides, such as hydrogen peroxide or
lipid peroxides. It, thus, combats oxidative stress by reducing
ROS to harmless forms. During detoxification, GPx activates
the oxidation of GSH into oxidized GSH (GSSG). GSSG will
be recycled into reduced GSH by the enzyme GRd present
in cells.” The reducing power is provided by nicotinamide
adenine dinucleotide phosphate (NADPH), which in turn was
produced by the enzyme glucose-6-phosphate dehydrogenase
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Figure 10. Catalase activity in the liver tissue of different groups of
mice. Data are expressed as mean + standard deviation (n = 6)

Note: **p<0.01; ***p<0.001; ns: non-significant compared to the
control group
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in the hexose monophosphate shunt pathway. It has been  peroxide and organic peroxides by GSH. The activity of
reported that cells with low levels of glucose-6-phosphate  GPx in the liver and kidney tissues is shown in Figure 13.
dehydrogenase are susceptible to oxidative damage. Oxidative  Significant changes in GPx level were observed in the kidney
stress is more severe in RBCs as they lack mitochondria and  for Groups IV and V, whereas Groups II and III exhibited
are devoid of an alternative supply of NADPH. GSH is vital  insignificant variation from the control value. For the liver,
for maintaining the structure of Hb in RBCs. GSH serves as Group V exhibited a sharp decline in GPx level compared to
a sulthydryl buffer that keeps the Hb residues in reduced  the control group. GRd, which uses NADPH as the electron
sulthydryl form. Without adequate levels of GSH, the Hb source, reduces GSSG to GSH.

sulthydryl groups cannot be maintained in the reduced form, o ) o
The activity of GRd is shown in Figure 14, where the levels

in the kidney tissue of Groups II, III, and IV were found to
be appreciably close to those in the control group. A notable
variations in the GSH levels were observed in the kidney decrease in GRd activity was observed in the liver tissue for
tissues in Groups IV and V, whereas in Groups Il and 11, ~GroupsIIL IV, and V.

the GSH levels remained within the normal range. For liver ~ GSH S-transferases are an abundant family of enzymes that
tissues, a remarkable decrease was observed in Group V only. catalyze the conjugation of GSH to foreign materials, usually
The observed depletion of GSH after treatment with higher  resylting in detoxification. They catalyze the conjugation of

doses was probably due to an increased utilization of GSH in  GSH to electrophilic centers on a wide variety of compounds
both enzymatic and non-enzymatic reactions.”*!

leading to the formation of aggregates known as “Heinz bodies”
on membranes as a result of the cross-linking of Hb molecules.
Figure 12 shows the GSH level in the liver and kidneys. Large

via the sulthydryl group, thereby making the compounds
GPx, a selenoenzyme, catalyzes the reduction of hydrogen = more water-soluble. This process detoxifies endogenous
compounds and enables the breakdown of xenobiotics.
The conjugate will then be considerably less toxic than the

A 2S00 B 20007 unconjugated precursor compound.”” The variation in the
20004 level of GST in the liver and kidney of different groups of

g % % 2 1500+ mice is shown in Figure 15. Based on the figure, there was no
2 1500 [l T+ 2 considerable reduction in GST activity in the kidney tissue of
) **i** ©01000- Groups II and III, whereas in Groups IV and V, the activity
§ 1000 § was decreased remarkably. Regarding the GST expression
E s E 500 in the liver, Group II showed activity similar to the control
3. 500+ = group. A modest decline in Group III and sharp decreases in
Groups IV and V were observed. Depleted GSH, GPx, GRd,

- LHMIVY VI 0= LIV VI and GST activities at higher doses suggest increased utilization

of GSH in the cytochrome P450-mediated detoxification
mechanism. The CP-treated group exhibited a depleted level
Figure 12. Reduced glutathione level in tissues of different groups of of all the antioxidant enzymes, indicating potential toxicity.
mice. (A) Liver. (B) Kidney. Data are expressed as mean + standard
deviation (n = 6).

Note: *** p<0.001.
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Functional damage to cells under oxidative stress is not only
caused by oxygen free radicals or unbalanced redox potential,
but also by the enhanced lipid peroxidation. The oxidation
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Figure 13. Glutathione peroxidase activity in tissues of different
groups of mice. (A) Liver. (B) Kidney. Data are expressed as  Figure 14. Glutathione reductase activity in tissues of different groups

mean + standard deviation (n = 6). of mice. (A) Liver. (B) Kidney. Data are expressed as mean * standard
Notes: *p<0.05; *** p<0.001; ns: non-significant compared to the deviation (n = 6).
control group. Notes: **p<0.01; ***p<0.001.
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of phospholipids and PUFAs results in the formation of
lipid peroxides. Lipid peroxidation is an important index of
oxidative stress,and MDA is one of its degradative products.****
The other product is 4-hydroxy-2-nonenal. The MDA present
in different tissues was measured using the TBARS assay.
Figure 16 shows the MDA levels in the liver and kidneys of
the control and treated groups. Only small variations in MDA
levels in the liver tissue were observed across all groups. In
contrast, a remarkable rise in MDA levels was observed in the
kidney tissue of Group V. The increase in MDA levels in liver
and kidney tissues indicates the formation of hydroxyl radicals,
which are associated with lipid peroxidation in tissues. A sharp
elevation in lipid peroxidation level in the CP-treated group
was observed compared to the control group.

Here, we could observe that at higher doses, there was a
reduction in the activity of potential antioxidant enzymes, such
as GSH and MDA. The metallic nature of nanoparticles, as well
as the presence of transition metals, might have enhanced the
generation of ROS, which led to oxidative stress. This created
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Figure 15. Glutathione-S-transferase activity in tissues of different
groups of mice. (A) Liver. (B) Kidney. Data are expressed as
mean + standard deviation (n = 6).

Note: **p<0.01; ***p<0.001.
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Figure 16. Malondialdehyde level in (A) liver and (B) kidney tissues
of different groups of mice. Data are expressed as mean + standard
deviation (n = 6).

Notes: **p<0.01; ***p<0.001; ns: non-significant compared to the
control group.
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an imbalance between the antioxidants and the free radicals,
where ROS production overwhelmed the cell’s natural defense
mechanisms, leading to a depletion of the activity of major
enzymes.”>* In a state of normal equilibrium, there is a
balance between free radicals that are generated and used.
The uncontrolled production of hydrogen peroxide and
oxide-free radicals results in severe oxidative stress and
disrupts the natural antioxidant systems, thereby reducing
the activity of potential enzymes. A similar study that
administered silver nanoparticles resulted in a significant
reduction in the activities of GST, CAT, and SOD in animal
models.”” The report related to CP-induced toxicity showed
that CP treatment caused lipid peroxidation and suppressed
tissue and serum levels of GSH, GPx, GRd, SOD, and CAT.*
In that study, the biochemical, hematological, and enzymatic
parameters in the CP-treated group indicated severe toxicity
and inflammation. Our investigation proved that, at a lower
dose, the nanoparticles were not associated with any serious
adverse effects.

3.2.8. Immunotoxicity markers

Cytokines are proteins synthesized by different types of
cells, including immune cells. They play a major role in
the modulation and regulation of the immune system.
They also perform pleiotropic functions and are generally
recognized as biomarkers of immunotoxicity.”’ Therefore,
measuring the expressions of cytokines, especially the pro-
inflammatory cytokines, helps in evaluating the nanoparticle-
induced immunotoxicity, where high levels of cytokines are
usually reported. Figure 17 illustrates the expression levels
of two prominent pro-inflammatory cytokines, namely IL-6
and TNF-o, which promote innate immunity and eliminate
pathogens. They activate functions of inflaimmatory cells
during acute inflammatory responses and increase the vascular
permeability, which causes swelling and redness. IL-6 is
responsible for fever reactions, whereas the vasodilator effects
of TNF-a are attributed to the marked hypotension seen in
septic shock. The expression of TNF-o was comparable in
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Figure 17. Expression of TNF-ot and IL-6 in different groups of mice.
Data were expressed as mean * standard deviation (n = 6).

Note: *p<0.05; **p<0.01; ***p<0.001.
Abbreviations: PC: control,
TNF- o:: Tumor necrosis factor-alpha.
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Groups II, III, and IV compared to the control group, whereas
a notable increase was observed in Group V. In the case
of IL-6, a dose-dependent increment of IL-6 was observed
from Groups II to V. The results indicated that low doses of
nanoparticles do not induce immunotoxicity.

3.3. Histopathological analysis

Histopathological analysis allows for the detailed microscopic
evaluation and histological assessment of tissue interactions
with the nanoparticles.® The histopathology of the liver,
kidney, skin, and spleen of the control and nanoparticle-
treated groups is shown in Figure 18.

Histopathological analyses of different organs did not suggest
any acute toxicity in the treatment groups compared to the
control. No apparent histopathological abnormalities or
lesions were observed in the liver, kidney, skin, and spleen

Biomaterials Translational

sections of Groups II and III. Groups II and III exhibited
normal organ texture as in the control group. The liver
section showed hepatic lobules composed of cords of liver cells
separated by sinusoids, and the portal triads were well seen.
Phagocytic Kupffer cells were seen scattered along the walls
of sinusoids. Each hepatocyte had a centrally located nucleus
and a glycogen-rich pink cytoplasm. Hepatocytes were normal,
with no serious signs of inflammatory response. No evidence
of inflammation, necrosis, hemorrhage, or cholestasis in liver
tissue was noted. The kidney sections showed healthy renal
cortex and renal corpuscles, which consisted of Bowman’s
capsules with glomeruli, and the convoluted tubules were
lined by renal epithelium. The renal interstitium was found
to be free from edema or inflammation. The spleen sections
exhibited normal splenic structure with healthy lymphoid
follicles and sinuses, and the white pulp was found to be more

Figure 18. Hematoxylin- and eosin-stained images of liver, kidney, skin, and spleen sections of different groups of mice. Scale bar: 5 wm;

magnification: 40x. [-VI indicate group numbers.
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well-defined than the red pulp. In addition, lymphatic nodules
with germinal centers surrounded by rings of densely packed
lymphocytes were observed. Skin sections exhibited normal
skin histology, with dermis showing hair follicles, sebaceous
glands, and sweat glands. Thus, the histological examination
did not show any adverse symptoms of toxicity in the kidney,
liver, spleen, and skin of Groups II and III. Necrosis was absent
in all the histological samples analyzed.

The liver section of Group IV mice consisted of hepatic
parenchymal lobules and portal triads, but showed mild
anisokaryosis and hyperchromatosis. Similarly, no signs of
inflammation, necrosis, hemorrhage, or cholestasis were
observed. The kidney and spleen sections have normal
histology similar to that of the control. The kidney section
showed healthy glomeruli and tubules with abundant
corpuscular space. Furthermore, mild hyperplasia in the dermis
and moderate inflammatory cell infiltration in the hypodermis
were observed. Vascular dilation and edema were detected in
deeper tissue.

The liver cells of Group V exhibited moderate anisokaryosis,
hyperchromatosis, mild inflammatory cell infiltration, and
fatty changes. Kupffer cells were found to be swollen, and
dispersed apoptosis was observed. The spleen section had
normal histology but with slight congestion of the red pulp.
The skin epithelium displayed moderate hyperplasia; dermis
and hypodermis became edematous and showed moderate
inflammatory cell infiltration. In Group V, a moderate level of
inflammation was observed in the kidney, liver, and skin, while
no remarkable changes were observed in the spleen histology.
The observed results matched well with previous reports where
nanoparticle treatment induced severe changes in the histology
of the mice’s organs.®®* The parenchymal cells of the liver in
the positive control group showed mild to moderate nuclear
anisokaryosis. Hepatocytes exhibited cellular dysplasia and focal
infiltration of inflammatory cells. The kidney section showed
loss of normal renal architecture, infiltration of inflammatory
cells, and fatty changes with cell swelling. The interstitial
tissues were edematous, indicating mild glomerulonephritis.
The infiltration of inflammatory cells was visible around the
distorted glomeruli and dilated tubules. Skin epithelium showed
moderate hyperplasia. The dermis and hypodermis became
edematous, showing moderate inflammatory cell infiltration.
The deeper tissue exhibited vascular dilation, while the spleen
section showed diffuse white pulp and distorted lymphatic
architecture, with the lymphoid follicles surrounded by giant
macrophages. The histology of the positive control depicts
typical indications of organ toxicity and inflammation.

4, Discussion

The study revealed that the hematological, biochemical,
inflammatory, antioxidant, and immunotoxicity parameters of
mice injected with lower doses of nanoparticles are comparable
to those of the positive control mice. The histopathological
evaluation of major organs also assured that the FITC-labeled
ZIF-8 nanoparticles did not show any marked toxicity at
lower doses. The results showed a rise in the induced toxicity
parameters when the dosage of nanoparticles increased. This
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may be due to the increased nanoparticles that overwhelm the
body’s natural defense and clearance mechanisms, leading to
cellular stress or death. Higher doses may lead to high oxidative
stress caused by the increased ROS production, damaging DNA,
proteins, and membranes. At lower doses, cells neutralize
ROS using antioxidants, while at higher doses, ROS levels
exceed the cell’s capacity, leading to lipid peroxidation, DNA
damage, and protein denaturation. The nanoparticles can
also physically interact with and damage cellular membranes
at higher concentrations. Excess nanoparticles in phagocytic
cells (e.g., macrophages) can cause lysosomal rupture, releasing
inflammatory mediators. Higher nanoparticle doses provide
an increased surface area for interaction, which enhances
interactions with biological molecules, offering more binding to
proteins (formation of protein corona) and higher potential to
adsorb or catalyze harmful reactions. In addition, higher doses
can also compromise cell membranes and tight junctions in
epithelial/endothelial layers, leading to increased permeability
infiltration, worsening
inflammation. Overall parameters in our study confirm that
the safe dosage limit of the FITC-labeled ZIF-8 nanoparticles is
10 mg/kg for future drug delivery in tumor-bearing mice.

and uncontrolled immune cell

Several studies have demonstrated that ZIF-8 nanoparticles exhibit
minimal toxicity at lower concentrations when administered via
intravenous or IP injections.®*** Mao et al®® reported that nano-
ZIF-8 exhibited lower toxicity both in vitro and in vivo. Kumari et
al® explored the in vivo biosafety of ZIF-8 for intranasal vaccine
delivery. The findings of this study are consistent with previous
reports on the biocompatibility of ZIF-8 nanoparticles. The
current study further supports these conclusions by showing that
FITC-labeled ZIF-8 nanoparticles, when administered to Swiss
albino mice, did not induce marked changes in hematological,
biochemical, oxidative stress, or immunological markers at
lower doses. Additionally, when compared to CP, a known
chemotherapeutic with established systemic toxicity, the FITC-
ZIF-8 nanoparticles exhibited a safer profile. These findings
underscore the potential of ZIF-8-based platforms as safe and
effective vehicles for targeted drug delivery in cancer therapy.

As a limiting case in our study, we faced difficulty in analyzing
the behavioral changes and adaptive immune responses in the
mouse. The qualitative estimation of lipid peroxidation, which
is to be conducted in future studies, could not be performed
using the TBARS assay. In vivo toxicity studies should be
conducted in tumor mice using the carrier and drug-loaded
nanoparticles. This study used only male mice, which may not
have accounted for the sex-specific toxic effects in female mice.
There are certain general limitations in in vivo toxicity testing
in mouse models. The limited genetic diversity of laboratory
mice may not represent the range of responses observed in a
diverse human population from a clinical perspective. Despite
genetic similarities, differences in metabolism, physiology, and
immune response can also result in inaccurate extrapolation of
the results to humans.

5. Conclusions

Fluorescein isothiocyanate-labeled ZIF-8 nanoparticles were
synthesized, and their in vivo toxicity profile was investigated
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in 6-8-week-old Swiss albino mice. In vivo toxic effects were
evaluated for different doses of the nanoparticles, and the
toxicity profile of the nanoparticles was compared with the
toxicity level generated by CP. The results of hematological,
biochemical, inflammatory, antioxidant, and immunotoxicity
markers, and histopathological evaluation showed that the
FITC-labeled ZIF-8 nanoparticles did not result in any marked
toxicity at lower doses. Therefore, ZIF-8 nanoparticles can
be safely employed as a suitable platform for drug delivery in
in vivo cancer therapy.
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