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ABSTRACT: It is commonly known that silymarin, a phytocon-

stituent obtained from the Silybum marianum plant, has hepatopro- Pore Ll [
tective and antioxidative properties. However, its low oral E— = T T —— -

bioavailability and poor water solubility negatively impact its

therapeutic efficacy. The goal of the present study was to determine T

the efficiency of the Cordia myxa extract-based synthesized zeolitic @%ﬁ\ — A
imidazole metal—organic framework (CME@ZIF-8 MOF) for .(o (ostatne s Jp A Andndon s

increasing silymarin’s bioavailability. A coprecipitation technique o~ S-. Improved hematology
was used to synthesize the CME@ZIF-8 and polyethylene glycol- —— 1 Trmproved serum biochemistry
coated silymarin-loaded MOFs (PEG-Sily@CME@ZIF-8) and a Oxidative damage fmproved istopatholosy
complete factorial design was used to optimize them. The crystalline gb

size of CME@ZIF-8 was 14.7 nm and the size of PEG-Sily@CME@  [guinesres| W Antoridant |

ZIF-8 was 17.39 nm. The loading percentage of the silymarin drug in
CME@ZIF-8 was 33.5%. The optimized formulations were then characterized by ultraviolet—visible (UV—vis) spectroscopy, X-ray
diffraction, Fourier transform IR spectroscopy, surface morphology, gas chromatography—mass spectrometry, and drug release in an
in vitro medium. Additionally, a rat model was used to investigate the optimized formulation’s in vivo hepatoprotective effectiveness.
The synthesized silymarin-loaded CME@ZIF-8 MOFs were distinct particles with a porous, spongelike shape and a diameter of
(size) nm. Furthermore, the designed silymarin-loaded PEG-Sily@ CME@ZIF-8 MOF formulation exhibited considerable silymarin
release from the synthesized formula in dissolution investigations. The in vivo evaluation studies demonstrated that the prepared
PEG-Sily@ CME@ZIF-8 MOFs effectively exhibited a hepatoprotective effect in comparison with free silymarin in a CCl4-based
induced-hepatotoxicity rat model via ameliorating the normal antioxidant enzyme levels and restoring the cellular abnormalities
produced by CCl4 toxication. In combination, biologically produced CME@ZIF-8 may promise to be a viable biologically based
nanocarrier that can enhance the loading and release of silymarin medication, which has low solubility in water.

1. INTRODUCTION barriers to SIL utilization include its water-based solubility-
related bioavailability (0.5 g/L), high metabolism in extended
phase II, quick excretion in bile and urine, and ineffective
intestinal resorption.”” There have been several attempts to
solubilize SIL, but none of them have had any positive
pharmacological outcomes.” The novel nanotechnology
technique may be crucial in improving the bioavailability”~ "
and pharmacological effects of substances, particularly plant-
based substances."

Drugs with low water solubility can be administered using a

Herbal medicines, also referred to as phytopharmaceuticals,
have historically been utilized extensively in many nations to
manage and cure a variety of medical conditions. Due to their
accessibility and a wide range of therapeutic uses, herbal
medicine has become increasingly popular in modern medicine
on a global scale.” However, plant extracts and phytocon-
stituents typically have poor in vivo efficiency because of their
high molecular sizes and/or limited lipid solubility, which
make them poorly absorbable and have less bioavailability.”*

The milk thistle (Silybum marianum (L.) Gaertn) seed variety of technologies, such as solid dispersion, a decrease of
contains a combination of flavonolignans known as silymarin
(SIL). The primary active substance in this extract is silibinin, Received: October 27, 2023
which is made up of silybin A and silybin B in a 50:50 ratio, Revised:  November 20, 2023
along with silydianin, isosilycristin, isosilybin A, isosilybin B, Accepted:  November 22, 2023
silycristin, and taxifolin.’ SIL is a crucial hepatoprotective Published: December 7, 2023

element used in clinics due to its diverse properties for liver
fibrosis as antioxidant and anti-inflammatory. The main
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Figure 1. (a) UV absorbance spectrum of CME@ZIF-8, silymarin, and PEG-Sily@ CME@ZIF-8; (b) drug release pattern from PEG-Sily@ CME@

ZIE-8 of ZIF-8 at different pH.

the drug crystalline size,'” the use of excipients (complexing
agents, lipid formulations,'* surfactants, etc.) to increase
solubility,”> and, more recently, utilizing nanoparticles as
vehicles for the gradual and regulated release of pharmaceut-
icals,"®"” which also provides a way to solve the issues of
availability and resistance while lowering the side effects.'®
Targeted medication delivery using nanomaterials is crucial for
diseases where the necessary dose cannot be given as usual, for
example, because of poor blood flow to hard tissues."” The
potential for biomedical uses of drug-loaded nanomaterials is
particularly intriguing. Among their advantages are the
following: their nanometric size allows for easy modification/
functionalization of their surface and control over their
physicochemical properties.'” It also minimizes the potential
for bioaccumulation in water media®® and can reduce the
toxicity of some drugs, allowing for optimal dosage.”' The
ability to synthesize them with various morphologies to
replicate the biological milieu in which they are delivered is
another benefit.”

There is considerable potential in porous materials like
MOFs when used as nanocarriers for drugs. MOFs are a kind
of polymers formed with the coordination of organic and
metallic ligands that can form a decidedly porous structure
with customized sizes and shapes.'®® As a result of the use of
different organic ligands and metal centers during their
synthesis, plenty of MOFs are obtained having diverse
physicochemical properties and crystalline forms."

MIL-100, which was employed as a carrier to release
ibuprofen, was the first framework used as a carrier for
treatment.”” As a carrier of S-fluorouracil,®® doxorubicin,** and
ibuprofen,” which are anti-inflammatory and anticancer drugs,
new frameworks were produced recently, such as MIL-53'°
and Ui0-66."° Polydopamine®” and poly(acrylic acid)
(PAA)*® are synthetic and natural polymers that have been
used to modify the levels of MOFs and other carriers. In plenty
of cases of drug delivery, this modification has revealed better
outcomes.

An organometallic structure is formed by nitrogen atoms
from the molecule of the organic ligand imidazole connected
with the centered metal Zn?*. This structure is known as
zeolitic imidazolate framework-8 (ZIF-8 MOF).” It can carry
molecules with high molecular weight, like therapeutic agents
and drugs, due to its advantageous physicochemical character-
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istics, ie., volume and pore size. It remains more stable in
neutral physiological media rather than in slightly acidic media
because it is a pH-sensitive agent. It degrades at around 4.5—5
pH.?® Due to this characteristic, it is capable of specific and
localized release of the therapeutic agent. So, it is used to
release medicine for diseases connected with cell acidification.
In the present research, because of these features, ZIF-8 was
chosen as the carrier of silymarin. As silymarin is poorly soluble
in water and has low bioavailability, its nanoencapsulation
strategy enhanced its solubility, absorption, and bioavailability
and encouraged a longer drug release.”’ Its encapsulated
nanosized structure can pass membrane barriers easily, from
which poorly soluble silymarin cannot pass, which could
improve the weakly water-soluble silymarin’s bioavailability
and absorption.”” A higher absorption rate also means that a
lower dosage of active ingredients (silymarin) is needed to
provide the desired therapeutic effect.”””*

The current study sought to increase silymarin’s bioavail-
ability and absorption by the formulation of the drug in a ZIF-
8 nanocarrier system. To create and enhance the silymarin-
loaded CME@ZIFE-8, a coprecipitation approach was used. In
the nanosize range, the synthesized structure revealed porous,
virtually smooth layered surface particles. Additionally,
competing with free silymarin, the synthesized formulation
demonstrated a notable increase in the solubility of the loaded
silymarin drug in an aqueous medium. Most significantly, in
comparison with free silymarin, the optimized PEG-Sily@
CME@ZIF-8 MOFs effectively enhanced the bioavailability of
the silymarin and demonstrated a higher hepato-ameliorative
effect in a CCl4-treated liver toxicity rat model.

2. RESULTS AND DISCUSSION

2.1. Physicochemical Characterizations. We verified
silymarin loading with CME@ZIF-8 with the help of
ultraviolet—visible (UV—vis) spectra and compared the
silymarin spectra with CME@ZIF-8 and PEG-Sily@CME@
ZIF-8 spectra (Figure la). CME@ZIF-8 showed two peaks at
220 and 229 nm. Silymarin spectra also showed two peaks, one
at 285 nm and the other at 326 nm, which matched with
previous research,”® while PEG-Sily@CME@ZIF-8 spectra
had three peaks at 219, 235, and 285 nm; the peak at 285 nm
of the PEG-Sily@ CME@ZIF-8 spectra confirmed the presence
of the silymarin drug in the MOF structure, while the band
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Figure 2. (a) XRD and (b) FTIR pattern of CME@ZIF-8, silymarin, and PEG-Sily@ CME@ZIF-8.

Table 1. Crystal Size Calculation of CME@ZIF-8 Using the Scherrer Equation

peak no. pos 2(q) intensity fwhm left 2(q)
1 10.32614 24.23 0.36469
2 12.55034 94.46 0.61287
3 13.80734 144.49 0.40085
4 15.48812 30.45 0.26835
S 17.81663 113.98 0.46614
6 26.33577 72.05 0.63679
7 29.20941 25.19 1.17737

b (rad) size (nm) average size (nm)
0.006365 21.87242155 17.39843155
0.010696 13.04057107
0.006996 19.96334937
0.004683 29.87668643
0.008135 17.25079981
0.011114 12.81240396
0.020548 6.972788693

Table 2. Crystal Size Calculation of PEG-Sily@ CME@ZIF-8 Using the Scherrer Equation

pos 2(q) intensity fwhm left 2(q)
1 10.12371 1310.69 0.36857
2 12.99167 1277.58 0.54942
3 14.3358 3008.48 0.36078
4 18.23921 1321.73 0.43041
S 19.61617 539.04 1.26369
6 22.7812 472.83 0.56697
7 26.78043 892.19 0.53588
8 29.2839 528.01 1.78819

b (rad) size (nm) average size (nm)
0.006432 21.69702604 14.70510375
0.009589 14.55283797
0.006296 22.19320514
0.007512 18.69378809
0.02205S 6.379828987
0.009895 14.29336101
0.009352 15.23901971
0.031209 4.591763035

shifting from 220 to 219 nm and from 229 to 235 nm is due to
composite formation. This work supports the previous reports
and confirms the current validity of the data.>>*°

The Fourier transform-infrared (FTIR) spectra of the free
drug silymarin, CME@ZIF-8, and PEG-Sily@ CME@ZIF-8
MOFs are presented in Figure 2b. The pure silymarin FTIR
spectrum showed characteristic bands at 3428 cm™ (O-H,
phenols/alcohols), 2910 cm™ (C—H, alkyl), 1629 cm™ (-
C=O0 stretching), 1452 cm™' (aromatic C=C ring stretch-
ing), 1273 cm™ (C—O stretching, polyols), and 973 cm™’
(C—H bending, alkenes).”” For CME@ZIF-8 characteristics,
peaks are at 2485 cm™' (O—H, carboxylic acid), 2186 cm™
(C=C, alkynes), 1968 cm™ (X = C = Y, isocyanate/
isothiocyanate), 1628 cm™ (C=C, alkenes), 1341 cm™" (S =
O, sulfate/sulfonamide), 850 cm™ (C—H, aromatic stretch out
of plane bend), and 728 cm™' (C—X, chloride) functional
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groups. For PEG-Sily@ CME@ZIF-8 all of the bands are same
as for CME@ZIF-8, but the characteristic bands at 2908 cm™!
(C—H, alkanes) and 3428 cm™" (N—H, amine/amides stretch)
demonstrated the successful encapsulation of the conventional
silymarin drug within CME@ZIF-8 MOFs, as previously
reported.’* ™"

X-ray diffraction (XRD) analysis demonstrated that the
PEG-Sily@ CME@ZIF-8 MOFs had high crystallinity. Due to
the encapsulation of the silymarin drug in the ZIF-8 crystal’s
pores, CME@ZIFE-8 revealed broad peaks. The CME@ZIF-8
and PEG-Sily@CME@ZIF-8 peaks matched well with ZIF-8
(JCPDS 00—062—1030) and the cubic unit cell confirms it:
=f=y=90°and a=b=c=170116 A.*" The XRD analysis
diffractogram of silymarin showed sharp and intense peaks at
20 = 1246, 16.41, 20.09, 24.64, 27.32, 31.06, and 38.24°,
demonstrating silymarin’s crystalline nature. The characteristic
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Table 3. Molecular Weight, Properties, Formula, and Retention Time for Compounds Identified in Free Silymarin

no. ME compound name mol. Wt (g/mol) RT (m) conc. % properties
1 CH,,0, hydroxymethyl cyclopropane 102.13 6.084 8.06  antioxidant, antifibrotic*®
2 CeH 0O 1,6-Anhydro-f-d-talopyranose 162.41 12.624 7.93  antimicrobial®’
3 C,,H,,0;,  sucrose 342.30 14687 2741  antioxidant™®
4 CeH 005 levoglucosan 162.14 15.616 23.89  antioxidant, antimicrobial®”
S C,H,c05si  methyl 3-([tert-butyl(dimethyl)sily] oxy)-2-methylbutaboate 246.16 17.520 0.52  anti-inflammatory, anticancer®”
6 C¢H,005 1,6-Anhydro-a-d-galactofuranose 16.14 18.194 6.87  antibacterial, antioxidant®
7 CoH},04 4-((1E)-3-Hydroxy-1-propenyl)-2-methoxyphenol (coniferol) 180.2 21.348 1.19  antioxidant®'
8 C;H;,0, palmitic acid, methyl ester 270.5 24.962 1220  antibacterial®
9 CsH3,0, n-hexadecenoic acid (palmitic acid) 256.42 25.808 1.96 antioxidant, anti-inﬂammatot’ys3
10  C,yH3,0, linoleic acid, methyl ester 298.5 28.210 1.45  antimicrobial, antioxidant®*
11 C1oH360, oleic acid, methyl ester 296.5 28.330 445  antimicrobial®®
12 C,H3;,0, methyl (7E)-7-hexadecenoate 268.24 28.460 1.60  antibacterial, antioxidant®®
13 C;gH3,0, oleic acid 282.5 29.237 1.18  antibacterial, antioxidant*®
14 C3H3,0, octadecanoic acid (stearic acid) 282.5 29.734 1.30 antibacterial®”
XRD peaks of CME@ZIF-8 at 20 = 10.05, 12.29, 14.46, 18.08, KA
22.72, 26.94, and 29.76° correspond to the planes of (002), - 3 cos 0

(112), (022), (222), (044), (233), and (244), respectively.”
The XRD analysis diffractogram of PEG-sily@ CME@ZIF-8 at
260 = 10.05, 12.29, 14.46, 18.08, 22.72, 26.94, and 29.76°
indicates the crystalline nature of ZIF-8, while the peaks at
17.81, 31.52, and 36.41° were due to the encapsulation of the
silymarin drug in the ZIF-8 crystal’s pores of CME@ZIF-8
(Figure 2a).

The crystalline size of the synthesized MOFs was
determined by the Scherrer equation, given as*’

48538

where D is the average crystal size of MOFs, K is the constant,
A is the X-ray wavelength, and € is Bragg’s angle, whereas f is
the line broadening at full width at half-maximum (fwhm).**
The average size of crystals of CME@ZIF-8 MOFs was 14.70
nm, Table 1, and the average size of PEG-Sily@ CME@ZIF-8
was 17.39 nm, Table 2. The current work is supported by
Garcia-Palacin et al,** who synthesized ZIF-8 of size between
8 and 33 nm. The PEG-Sily@ CME@ZIF-8 size is higher than
that of CME@ZIF-8 MOFs, which is because of the
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Table 4. Molecular Weight, Properties, Formula, and Retention Time for Compounds Identified in the CME@ZIF-8 MOFs

no. MF compound name mol. Wt (g/mol) RT (m) conc. % properties

1 CyoH350, methyl 8-(2-octyl cyclopropyl) octanoate 310.5 21.722 3.74 antibacterial, antioxidant”’

2 C,7H3,0, hexadecanoic acid, methyl ester 270.5 23.817 36.83 antioxidant”"

3 CgH 40, 1,2-cyclohexanedimethanol 144.21 27.648 0.30 antioxidant, antiproliferative’”

4 CiH3,0, 1,E-11,Z-13-octadecatriene 256.42 27.879 0.28 anticancer’®

S CoH3,0, methyl (9E,12E)-9,12-octadecadienoate 294.5 28.210 3.57 antibacterial, antioxidant71

6 CoH;340, oleic acid, methyl ester 296.5 28.333 19.28 antimicrobial®®

7 C,7H;3,0, 7-hexadecenoic acid, methyl ester, (Z)- 268.4 28.459 6.76 antibacterial, antioxidant®®

8 CoH350, stearic acid, methyl ester 298.5 28.842 27.77 antioxidant, antibacterial”*

9 CsH,, (1-methyl-1-propylpentyl) benzene 204.35 29.017 0.78 anti-inflammatory, antidiabetic®”
10 C13H0, nopyl acetate 208.30 29.266 0.98 antioxidant, analgesic, antipyretic”®

Table 5. Molecular Weight, Properties, Formula, and Retention Time for Compounds Identified in PEG-Sily@ CME@ZIF-8

MOFs
no. MF compound name
1 C,-H;,0, palmitic acid, methyl ester
2 CoH3,0, methyl(9E,12E)-9,12-octadecadienoate (linoleic acid)
3 C1oH360, oleic acid, methyl ester
4 C1oH360, methyl(8E)-8-octadecenoate
S C1oH350, stearic acid, methyl ester (octadecenoic acid, methyl ester)
6 CisH,, (1-methyl-1-propylpentyl) benzene
7 C,1H3,0, 3-phenyl propanoic acid, dodec-9-ynyl ester
8 C;sH;3,0, cis—cis-linoleic acid

mol. Wt (g/mol) RT (m) conc. % properties
270.5 24.968 38.15 antioxidant"
294.5 28.216 3.95 antibacterial, antioxidant®
296.5 28.336 17.77 antimicrobial®®
296.5 28.467 7.02 antibacterial, antioxidant71
298.5 28.849 30.02 anticancer’®
204.35 29.025 1.00 -
314.5 29.277 1.15 antimicrobial
280.45 29.287 0.95 antimicrobial, antioxidant®*

encapsulation of the silymarin drug in CME@ZIF-8 crystals, as
mentioned in earlier reports.**”

The morphology of pure CME@ZIF-8 MOFs is like
platelets with a layered surface as shown in scanning electron
microscopy (SEM)*” (Figure 3a) and, according to the SEM of
PEG-Sily@ CME@ZIE-8, revealed a sponge-shaped structure,
which is different from that of CME@ZIF-8 crystals (Figure
3b). A comparison between these SEM images also confirmed
the loading and encapsulation of the silymarin drug with
CME@ZIF-8 MOFs. With the help of histogram analysis, the
average grain size of PEG-Sily@ CME@ZIF-8 and CME@ZIF-
8 nanostructures was calculated using SEM.

In Figure 3c the average grain size of CME@ZIF-8 was
determined to be 821 nm, while the average size of the grains
of CME@ZIF-8 was measured as 760 nm (Figure 3d). These
results matched with previous literature.>

To identify the constituents responsible for the antioxidative
action and to verify the loading of the silymarin drug into the
CME@ZIFE-8 structure, an inclusive analysis was performed, in
which comparison between the retention times and concen-
tration percentage of the compounds was performed with
standard samples using GC-mass spectra from recognized
databases like the PubChem (NIH), Wiley Libraries, Royal
Society of Chemistry, and ChemSpider. This technique was
employed to confirm the validated characterization and
identification of the constituents and ensure the loading of
silymarin drug within the CME@ZIF-8.

The identified compounds within CME@ZIFE-8, silymarin,
and PEG-Sily@ CME@ZIF-8 with their molecular formula and
molecular weight are listed in Tables 3, 4 and S, respectively.
The chromatograms of CME@ZIF-8, silymarin, and PEG-
Sily@ CME@ZIFE-8 are shown in Figure 4. It was observed that
palmitic acid, methyl ester, methyl(9E,12E)-9,12- octadeca-
dienoate (linoleic acid), oleic acid, methyl ester, methyl(8E)-8-
octadecenoate, stearic acid, methyl ester (octadecenoic acid,
methyl ester), (1-methyl-1-propylpentyl) benzene, 3-phenyl

propanoic acid, dodec-9-ynyl ester, and cis—cis-linoleic acid are
the compounds in the GC-MS of PEG-Sily@ CME@ZIF-8 that
were also found in the GC-MS analysis of CME@ZIF-8 as well
as of silymarin, which confirmed the attachment of the
silymarin drug into the CME@ZIF-8 MOF structure. The
functional group and biofunctional compounds are very active
and play a key role in the biological activities, as previously
presented.”’ —>>

2.2. Nanoparticle Entrapment Efficiency (EE%). To
determine the possible application of CME@ZIF-8 as the
hepatoprotective system, the conventional antioxidative drug
silymarin was loaded onto CME@ZIF-8 by a previously used
drug loading method.®® After S h, there was enough drug
loading (33.05%); for poorly soluble drugs this is a significant
percentage of the silymarin drug loading when related to
previous literature.”*®” Hence, for the upcoming era of
silymarin drug loading assays in the CME@ZIF-8 MOF
system, S h of loading reaction is sufficient to reach the peak of
loading capacity. According to our knowledge, in this study, a
first-time plant extract with ZIF-8 MOF nanobiocomposite is
being used for the incorporation of the silymarin drug.
Therefore, this study confirms the significant capacity of ZIF-8
to encapsulate a large amount of silymarin.

2.3. In Vitro Drug Release Study. Silymarin was selected
as a model drug to determine the possible application of
CME@ZIF-8 MOFs as drug nanocarriers because CME@ZIF-
8 is stable under physiological pH 7.4 and decomposes at
acidic pH S. It is important to highlight that although we have
seen regulated delivery at various rates in both pHs, a quicker
release has only been seen at pH 5. At pH S, decomposition
occurs by disassociation of the bonding between the ligands
and the metal ions.”” As a result, it is anticipated that at pH
7.4, the drug release will be significantly lower than at an acidic
pH.”” The drug release rates from PEG-SIly@ CME@ZIF-8 are
slower at pH 7.4 than they are at pH 5. As shown in Figure 1b,
at pH 7.4, for the first 2 h, silymarin-loaded CME@ZIF-8
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Figure 4. GC-MS chromatogram of (a) CME@ZIF-8, (b) silymarin, and (c) PEG-Sily@ CME@ZIF-8.

represented a slow drug release of 13.21%, while for 12 h the
drug-releasing rate was 41.25% and for 24 h it was 51.49%. At
pH 5.0, the silymarin drug release profiles from CME@ZIF-8
exhibited a fast drug release at the starting; in the first 2 h of
releasing it was 23.68%, followed by 76.96 and 85.79% at 12
and 24 h, respectively. In acidic conditions, the silymarin drug
release from CME@ZIF-8 is significantly increased because of
the destruction of CME@ZIF-8 in an acidic environment. Our
research indicates that drug release can be regulated at
physiological pH and that the drug can remain encapsulated
within the CME@ZIF-8 framework. However, under acidic
circumstances, drug release happens more quickly.

2.4. Toxicity of CME@ZIF-8 MOFs. The trial to check the
toxicity of the synthesized CME@ZIF-8 MOFs spanned over 7
days, and in this period, in either the control or the MOEF-
treated groups, no death of rats was seen. The present work
revealed that the intake of 1000 ug/kg dose of CME@ZIF-8
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and PEG-Sily@ CME@ZIF-8 MOFs did not cause mortality in
the model animals, indicating that this may be the highest dose
that does not produce physical changes and is safe. There was
no significant difference observed in the weight of control and
MOF-treated albino rats throughout the study.

2.5. Hematological Parameters. In the present work, it
has been seen that the rats treated with CME@ZIF-8 for 7
days did not show any effect on the blood parameters of the
rats compared to the control group. However, after being
treated with CCl4, the levels of different blood parameters
such as mean corpuscular volume (MCV), white blood cells
(WBC), and lymphocytes (LYM) increased, while other
parameters such as red blood cells (RBC), hemoglobin
(HGB), hematocrit (HCT), mean corpuscular hemoglobin
(MCH), and hemoglobin concentration (MCHC) level
decreased as compared to the control group. The increased
and decreased levels of these parameters in the blood are,

https://doi.org/10.1021/acsomega.3c08494
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Table 6. Hematological Profile of the Rats

treatment group RBC (10°/mm®) HGB (g/dl) HCT (%) MCV (fl) MCH (pg) MCHC (g/dl) WBC (10°*/mm?) LYM (%)
I 7.16 £ 1.22 125 + 1.65  41.03 +£2.60  56.03 +4.07 17.90 + 1.88  220.66 + 8.36 3.53 £ 0.75 77.63 + 8.70
il 3.89 + 12§ 88 + 30 2345 + 733  63.02+283 2117 £ 195  179.00 + 5.16 6.82 + 0.10 99.95 + 1.5
111 7.49 + 1.18 137 + 489 4212 + 809  56.65 + 1.36  18.30 + 1.07  198.00 + 1.41 494 + 0.55 80.10 + 2.55
v 7.04 + 1.46 113 + 342 3540 +£0.83  53.50 £233  19.07 £ 0.75  223.75 + 6.22 4.06 + 1.08 85.07 + 3.07
Vs 5.83 + 1.34 109 +3.09 3292+ 046  60.57 £ 022 1970 £ 0.51  194.75 + 3.30 548 + 125 89.50 + 0.49
VI 6.58 + 1.19 121 + 5.56 41.40 + 2.34 57.70 + 0.49 18.22 + 0.53 204.75 £ 2.21 4.54 + 1.36 82.12 + 1.00
VII 6.85 + 1.11 131 £ 221 4012 + 1.12  54.55 + 0.65 1850 + 0.62  230.75 + 5.06 4.77 + 1.48 82.17 + 1.33
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Figure 5. Comparison of various hematological parameters of the treated rats (a). Comparison of various serum parameters of the treated rats:
alanine aminotransferase (b), aspartate aminotransferase (c), and bilirubin (d).

respectively, due to the oxidative stress and liver malfunction-
ing produced by CCl4. In group 3, after the 7 days of
administration of silymarin in CCl4-treated rats, it was
observed that WBC, MCV, and LYM levels in blood were
decreased and RBC, HGB, HCT, MCH, and MCHC levels in
blood increased; this is because of the protective behavior of
the antioxidative drug silymarin. Groups S, 6, and 7 were
administered 500, 1000, and 1500 ug of silymarin-loaded
MOFs of PEG-Sily@CME@ZIE-8, respectively, for 24 h,
followed by the CCl4 injection. It is observed that nano-
silymarin decreases the CCI4 infection rate and gradually
decreases WBC, MCV, and LYM levels, and gradually
increases RBC, HGB, HCT, MCH, and MCHC levels in the
blood (Table 6). All of the silymarin-loaded drug-treated
groups showed improved results, while the seventh group with
1500 ug showed the best results, in which the values of the
blood parameters were near the control group. The pattern of
hematology parameters’ amelioration at different concentra-
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tions of our synthesized nanosilymarin was 1500 ug/kg bw
>1000 pg/kg bw >500 pg/kg bw. It is revealed that PEG-Sily@
CME@ZIF-8 gave significant results at a concentration very
lower than that of the free silymarin drug (Figure Sa).

2.6. Analysis of the Serum Biochemistry. The levels of
various liver biochemical biomarkers in the serum of all groups
are listed in Table 7. The results indicated alanine amino-
transferase (ALT), aspartate aminotransferase (AST), and
bilirubin elevation after CCl4 treatment when compared to the
control group. In group 3, silymarin (100 mg/kg bw)
treatment decreased the CCl4-induced elevation of serum
biomarkers’” ALT, AST, and albumin levels to levels similar to
those of the control group. ALT, AST, and total bilirubin
concentrations in serum did not differ significantly between
rats treated with CME@ZIF-8 at 100 mg/kg bw alone (group
4) and control rats. The level of these biochemical markers was
successfully restored to the control group by coadministering
of PEG-Sily@ CME@ZIF-8 (nanosilymarin) at low (500, 1000
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Table 7. Serological Parameters of All of the Treated
Groups

treatment group ALT (/1) AST (u/1) bilirubin (mg/dl)

I 44.23 + 2.85 46.22 + 1.32 0.30 + 0.13
11 150.08 + 9.52 156.44 + 10.52 1.82 + 0.08
jiis 51.10 + 1.38 72.99 + 0.77 093 + 0.11
v 50.79 + 7.51 75.24 + 3.81 0.75 + 0.04
\' 95.23 + 4.95 101.58 + 0.66 1.12 + 0.08
VI 78.34 + 1.53 81.26 + 0.64 0.86 + 0.33
VII 61.30 + 1.36 70.74 + 0.68 0.03

ug/kg bw) and 1500 ug/lg bw dosages. The level of hepatic
biomarker restoration was in the order 1500 > 1000 > 500 pg/
kg bw (Figure b—d).

2.7. Microscopic Histopathological Examination. The
image (Figure 6) depicts the histological alterations in coronal
slices of the liver stained with hematoxylin and eosin. A
microscopic examination of hepatic tissues of the control
group of rats exhibited normal functions. Untreated rats had
healthy liver structures, including lobule structure, portal
hepatic space, and hepatocytes. Liver tissues treated with CCl4
appeared fatty and pale yellow in color and microscopically
exhibited severe histopathological disorders, including con-
gestion, hemorrhages, pyknosis, nuclear hypertrophy, karyor-
rhexis, karyolysis, ceroid formation, and vacuolar degeneration
(Table 8). However, the typical histological features of the
liver tissues remained conserved with the administration of
CME@ZIF-8 alone at 100 mg/kg bw, as in the control group.
Following coadministration of a reference medicine, namely
silymarin (group 3), the histological changes induced by CCl4
were recovered, and the normal liver morphology with clear
and distinct hepatocytes was apparent. Similarly, hepatopatho-
logical injuries were recovered by coadministration of PEG-
Sily@ZIF-8 (nanosilymarin) at 500, 1000, and 1500 pg/kg bw
doses to CCl4-intoxicated rats. The percentage of hepatocel-

Table 8. Level of Different Histopathological Lesions in

Visceral Liver Tissues of Albino Rats

treatment groups

liver injuries I I III v A% VI VI
congestion B s T = S S S
karyolysis S ++ +++ ++ ++
ceroid formation -+t ++ ++ +++ ++ ++
karyorrhexis B ++ +++ ++ ++
vacuolar degeneration - +4++ A+ HHE HHHE R 4
nuclear hypertrophy R o S I I
hemorrhages - ++ ++ +++ ++ ++
pyknosis B s ++ +++ ++ ++

lular injuries’ amelioration at different dosages of nano-
silymarin was in the order 1500 > 1000 > 500 ug/kg bw.
The current investigation is most related to work previously
reported by the researchers.”*””

2.8. Antioxidant Enzymes in the Liver. Table 9 provides
an illustration of an investigation of the liver antioxidant
enzyme status of treated rats. We observed tissue-specific
damage in the CCl4-treated rats (group two) along with a
significant drop in the number of antioxidant enzymes such as
catalase (CAT), superoxide dismutase (SOD), and peroxidase
(POD). However, rats given silymarin as a conventional
medication together with CCl4 were protected from liver
injury, as shown by a significantly higher level of these
aforementioned markers. The concentration of these anti-
oxidant markers was returned to control group values in
CCL4-treated rats by coadministration with PEG-Sily@ZIF-8
at 500, 1000, and 1500 pg/kg bw dosages. The effect was more
noticeable at a higher dosage of nanosilymarin (1500 pg/kg)
to CCl4-induced rats, and the level of protection attained at
this dose was comparable to that of silymarin plus CCl4
treatment. However, administration of CME@ZIF-8 (100 mg/
kg bw) alone to rats preserved the level of these marker

Wy s g )

@

Figure 6. Histomicrograph showing different pathological changes in the liver of various treated groups of rats. (a) Normal histopathological
pattern; (b) severe histopathological changes such as edema and inflammatory exudate; (c) moderate to severe histopathological changes such as
pyknosis of hepatocytes; (d) mild to moderate histopathological changes such as degeneration of hepatocytes and atrophy of the nucleus of
hepatocytes; (e) severe histopathological change on degeneration of hepatocytes and atrophy of the nucleus of hepatocytes; (f) moderate
histopathological changes on nuclear and cytoplasmic degeneration; (g) moderate histopathological changes on nuclear and cytoplasmic

degeneration.
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Table 9. Antioxidative Enzymes and Oxidative Markers in Liver

treatment group CAT (U/mg) POD (U/mg)
I 6.07 + 0.02 10.27 = 0.24
I 1.39 + 0.38 2.04 + 0.008
1II 4.78 + 0.06 8.06 + 0.003
v 6.47 + 041 9.06 + 0.01
\% 3.36 + 0.39 6.09 + 0.11
VI 4.75 £ 0.19 8.04 + 0.01
VII 5.84 £ 0.17 9.05 + 0.008

SOD (U/mg) TBARS (nM/mg protein) ROS (OD)
543 + 0.01 2540 + 0.15 0.46 + 0.30
1.28 + 0.01 49.31 + 0.09 242 + 0.16
4.31 + 0.03 34.42 + 0.08 0.96 + 0.01
5.30 + 0.09 2745 + 0.21 0.44 + 0.07
3.35 £ 0.03 41.53 + 0.1S 1.73 + 0.18
4.21 + 0.02 34.24 + 0.06 1.06 + 0.08
5.16 + 0.06 26.33 + 0.07 0.17

enzymes compared with control rats. It is observed that a low
dose of PEG-Sily@ZIF-8 exhibited more efficient results in
comparison to a high dose of the conventional drug silymarin.
In this work, the elevation in antioxidant enzymes was
observed in the following sequence: 1500 ug/kg of bw
>1000 pg/kg of bw >500 pig/kg. This work is considered to be
the most relevant and in confirmation with previous
reports.go'81

2.9. Biochemical Indices of the Liver. Table 9 shows
that rats receiving CCl4 had higher levels of biochemical
indices of thiobarbituric acid reactive substances (TBARS) and
reactive oxygen species (ROS) in their hepatic samples than
those in the control group. Coadministration of free silymarin
100 mg/kg bw showed a significant restoration in these
biochemical indices by dismissing the hepatotoxicity produced
by CCI4. On the other hand, coadministering PEG-Sily@
CME@ZIf-8 to CCl4-treated rats at doses of 500, 1000, and
1500 pug/kg bw gradually returned these parameters to those of
control rats. PEG-Sily@CME@ZIf-8 1500 ug/kg bw had
restorative effects on liver parameters that were comparable to
silymarin 100 mg/kg bw. It is observed that a low dose of
PEG-Sily@CME@ZIF-8 exhibited more efficient results in
comparison to the high dose of the conventional drug
silymarin. Moreover, exposure to 100 mg/kg bw dose of
CME@ZIF-8 alone did not have any effect on the tested
biochemical markers in the treated groups.

3. EXPERIMENTAL SECTION

3.1. Materials. Zinc acetate hexahydrate, 2-methyl
imidazole, polyethylene glycol 2000, dimethyl sulfoxide,
carbon tetrachloride, and the other chemicals used for
serology, oxidative and antioxidant enzymes, and histopathol-
ogy were purchased from Sigma-Aldrich (USA). All chemicals
and reagents used throughout the experiments were analytical
grade or HPLC grade.

3.2. Synthesis of the PEG-Sily@CME@ZIF-8 Compo-
site. For the preparation of PEG-Sily@CME@ZIF-8, the
method was adopted from the previous literature with little
modification.*” 1 g of CME@ZIF-8 was prepared as in our
previous work,” soaked in silymarin solution (200 mg of
silymarin in 40 mL of dimethyl sulfoxide (DMSO)). Then, the
solution was covered and 24 h stirring was done, at room
temperature. Sily-CME@ZIF-8 was synthesized with silymarin
loaded within its structure and a yellowish color yield is
obtained. To remove the adsorbed drug on the exterior surface,
the loaded CME@ZIF-8 was cleaned thrice with methanol and
deionized water (1:1 ratio) and centrifuged at 6000 rpm for 10
min. The supernatant was discarded, and the resulting yellow
particles in the pallet were dried in an oven at 60 °C overnight.
Further PEG was loaded to form the particles that were
biocompatible for in vivo testing. The previously applied
method was used with some modifications.” 250 mg of PEG-
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Sily@CME@ZIF-8 was soaked in 25 mL of 1.6 mM PEG
solution. After agitating for 24 h at room temperature, the
mixture was washed using methanol and deionized water (1:1
ratio) 3 times with the help of a centrifuge machine at 6000
rpm for 10 min. The supernatant was discarded, and the
obtained crystals were dried in a hot air oven for 24 h at 130
°C and stored for further characterization and applications.
The drug loadin% percentage was determined using the
following equation””

drug loading percentage (%)
= (drug weight in sample/total weight of sample)

X 100%

3.3. Characterization. Different characterization techni-
ques were used to confirm the formation of the desired MOFs.
The absorption spectra patterns of CME@ZIF-8, silymarin,
and PEG-Sily@CME@ZIF-8 MOFs were recorded between
the range of 200—800 nm with a spectrophotometer (Agilent
Cary 60 UV—vis). Infrared spectra were recorded to identify
the different functional groups using the Agilent FTIR
Spectrophotometer (Cary 360-ATR) with KBr pellets and a
scanning range from 650 to 4000 cm ™' with a scanning speed
of 32 cm™ and a resolution of 4. For crystallinity
determination, the XRD peaks of the samples were collected
by Bruker D8 using a Cu Ka source (1 = 1.542 A) at 40 kV, 30
mA, and a scanning range of 5—80°. The chemical compounds
in silymarin and PEG-Sily@ CME@ZIF-8 were identified using
gas chromatography—mass spectrometry analysis (GCMS-
QP2010 Plus). To visualize the microscopic morphology of
the products, scanning electron microscopy was performed
using a scanning electron microscope (Cube 10, Emcraft South
Korea).

3.4. In Vitro Drug Release Study. The typical systems for
drug release studies were prepared by suspending 20 mg of
PEG-Sily@ CME@ZIF-8 in 50 mL of solutions (pH S and 7.4
buffers) with 0.1% Tween-20. Then, these suspensions were
left at 37 °C and 250 rpm for 24 h in a shaker incubator.
Aliquots of 2 mL were taken at different time spaces (0.5, 1, 2,
4,6, 8, 12, and 24 h); each time, 2 mL of the sample was taken
from both mediums (pH 7.4 and 5.0) and was replaced by the
same volume of fresh buffer. The amount of the drug released
from PEG-Sily@ CME@ZIF-8 was noted by UV/vis spectros-
copy at 288 nm." The following formula was used to calculate
the release percentage of the silymarin drug™

release percentage (%) = mr/ml

mr is the released amount of drug and ml is the total amount of
encapsulated silymarin.

3.5. In Vivo Studies. 3.5.1. Animal Ethics. Twenty-eight
mature albino rats with weights between 250 and 300 g were
purchased from the Department of Pharmacy, The Islamia
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University of Bahawalpur, Pakistan. All of the animals were
kept inside steel cages, each having four animals. The cages
were kept in air-conditioned rooms with a 12 h light/dark
cycle, 22—25 °C temperature, and 65 + 4% relative humidity.
The rodents were fed a normal rodent diet and given unlimited
amounts of water during the study. The rats were put to prior
acclimatization for 1 week before the experiment. The diet was
withdrawn 12 h before the surgical procedure The University’s
ethical committee gave its previous permission for all research
and experiments, which were conducted in compliance with
the National Institute of Health’s “Guide for the Care and Use
of Laboratory Animals” (NIH publication no. 85—23, 1985).

3.5.2. Dose Selection and Drug Administration. For
studying the antioxidative (hepatoprotective) effects of the
prepared nanosilymarin, all rats were divided into seven groups
(having 4 rats each), and the dosing pattern was used
according to the previously reported study.”

Group I: Served as control and was fed only with normal
food and clean water.

Group II: Animals in this group were intraperitoneally (ip)
injected with CCl4 in olive oil (1 mL/kg body weight; 3:7 v/v)

Group III: Animals in this group after 24 h of CCl4 (30% v/
v) treatment were intraperitoneally (i.p.) treated with the
reference control drug silymarin (100 mg/kg body weight) for
7 days.

Group IV: Animals of this group were intraperitoneally (ip)
injected with void CME@ZIF-8 nanoparticles for 7 days.

Group V: Animals of this group after 24 h of CCl4 (30% v/
v) were treated with nanosilymarin (PEG-Sily@ CME@ZIF-8,
500 ug/kg body wt.) intraperitoneally (i.p.) for 7 days.

Group VI: Animals of this group after 24 h of CCl4 (30% v/
v) were treated with nanosilymarin (PEG-Sily@ CME@ZIF-8,
1000 ug/kg body weight) intraperitoneally (ip) for 7 days.

Group VII: Animals of this group after 24 h of CCl4 (30%
v/v) were treated with nanosilymarin (PEG-Sily@ CME@ZIF-
8, 1500 ug/kg body wt.) intraperitoneally (i.p.) for 7 days.

After 7 days of trial completion, blood from each rat was
obtained from the jugular vein in two types of tubes.
Ethylenediaminetetraacetic acid (EDTA)-anticoagulated
tubes were used to collect the blood for a biochemical
examination. Blood was collected and centrifuged in tubes at
4000g for 15 min at 4 °C in a centrifuge machine in order to
extract serum for analysis.”* After dissection, immediately the
liver was excised, washed with normal saline, weighed, and
divided into two equal pieces; the one for biochemical and
enzymatic assays was preserved at —80 °C, whereas the other
was stored in 10% formalin solution for histopathological
findings.*

3.5.3. Physical Parameters. The feed intake was recorded
daily. Different physical disorders like diarrhea, abnormal
posture, anorexia, drowsiness, and behavioral changes were
also examined daily. The body weight indexes were measured
based on the initial body weight and final body weight using
the formula final body weight—initial body weight/initial body
weight X 100. The relative liver weight (% of body weight) was
measured.*®

3.5.4. Hematology Parameters. The hematological profile
of each rat from the treated and untreated groups was
evaluated using an automated hematology analyzer. RBC
counts, HGB, WBC counts, MCH, MCHC, MCV, PCV/
(HCT), and lymphocytes were analyzed. The biomarkers for
anemia are RBC, HGB, and HCT, which reflect the efficiency
of hematopoietic tissues. MCV reflects the RBC size. On the

day of sampling, all hematological parameters were assessed
within an hour after blood collection.

3.5.5. Serum Biochemistry Analysis. To evaluate hepato-
toxicity, serum biochemical analysis was accomplished using
standard laboratory techniques with a fully auto-chemistry
analyzer (Beckmen Coulter-AU680). Thereafter, the levels of
serum parameters ALT, AST, and total bilirubin in serum were
determined to monitor the liver functions.

3.5.6. Histopathological Evaluation. For histopathology
evaluation of liver, paraffin-fixed stained slices were used.
Hematoxylin and eosin (H&E) stains were applied after a 4—$
pum thick segment of liver was sectioned from each group of
rats using a microtome, dried, and embedded in paraffin wax.
The slides were well examined by a highly experienced
pathologist to analyze the protective aptitude of PEG-Sily@
CME@ZIF-8 against CCl4-intoxicated liver. A compound
microscope (IRMECO IR-850) at 40X magnification was used
for a thorough examination of the slides and photographed
with a DSC-W810 camera.

3.5.7. Tissue Preparation and Biochemical Analyses. For
the estimation of oxidative and antioxidant enzymes, the frozen
livers were vigorously homogenized in 2 mL of PBS (100 mM,
pH = 7.4) and left for 20 min at 4 °C before centrifugation.
The homogenates were centrifuged at 6000 rpm for S min, and
the supernatant was collected and preserved at 4 °C for further
studies. Oxidative stress biomarkers in the livers such as ROS
and TBARS were determined at 505 and 532 nm, respectively,
while various antioxidant parameters such as CAT, SOD, and
POD were determined at 240,%” 560,°° and 470 nm,*
respectively, by a UV—vis spectrophotometer (752 UV). At
least three readings were noted at intervals of 15 s.

3.5.8. Statistical Analysis. Using IBM SPSS for Windows
version 8.1, the data from each experimental group were
analyzed using the post hoc test and one-way analysis of
variance (ANOVA). The collected data for the nanosilymarin-
treated and control rat groups were presented as mean =+
standard deviation for all measured CBC, serum biochemistry,
and oxidative and antioxidant enzyme parameters. P < 0.05
value was selected as a significant level.

4. CONCLUSIONS

This research work demonstrated the significance of CME@
ZIF-8 MOFs for increasing the absorption, solubility, and in
vivo hepatoprotective effects of silymarin. PEG-Sily@ CME@
ZIF-8 MOFs were fabricated using the coprecipitation method.
In comparison to the plain medication, the optimized PEG-
Sily@CME@ZIF-8 MOF formulation effectively increased the
solubility of silymarin and maintained in vitro drug release for
up to 24 h. Furthermore, the optimized PEG-Sily@CME@
ZIF-8 MOF creation demonstrated better hepatoprotective
effects in a CCl4-induced-hepatotoxicity rat model compared
to the plain drug. This was demonstrated by the effective
reconstruction of normal levels of antioxidant enzymes and the
amelioration of all cellular alterations induced by CCl4
intoxication. Ultimately, our findings highlight the effectiveness
of CME@ZIF-8-based silymarin (nanosilymarin) in enhancing
the pharmacological effects of the poorly soluble medication
silymarin by increasing its solubility and bioavailability.
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