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Objective: The study was designed to investigate the therapeutic potential of lactobionic
acid (LA) conjugated quercetin (Q) loaded organically modified silica nanoparticles (LA-Q-
ORMOSIL) with bulk quercetin to mitigate cyclophosphamide (CP) induced liver injury.
Methodology: Q-ORMOSIL nanoparticles were synthesized and characterized using UV-Vis
spectroscopy, TEM, Zeta sizer, FTIR and EDX. Further, encapsulation efficiency and in vitro
release kinetic study was done. Q-ORMOSIL nanoparticles surface were modified with
lactobionic acid, a ligand for the asialoglycoprotein receptor on the hepatocyte surface. The
hepatoprotective effects of Q-ORMOSIL and LA-Q-ORMOSIL nanoparticles were evaluated
in vivo. Cyclophosphamide (20 mg/kg/day, i.p) was co-administered for seven days with bulk
quercetin (50mg/kg/day) and quercetin nanoparticles (50ung/kg/day). After seven days, the
number of biomarkers for liver function test and oxidative stress were determined in liver
homogenate. Histopathological changes were also analyzed in control and treated liver tissues.
Results: Physiochemical characterization of LA-Q-ORMOSIL nanoparticles depicts that the
particles formed were of approx. 80 nm, spherical, monodispersed in nature and showed sustain
drug release in in vitro study. Our results further suggested that Q-ORMOSIL and LA-Q-
ORMOSIL nanoparticles significantly decreased tissue TBARS, ROS levels and ALT, AST,
and ALP activities compared to CP induced group. On the other hand, tissue antioxidant levels
(GSH, GST, and catalase) showed a significant increase in LA-Q-ORMOSIL treated group
compared to the CP treated group confirming its high therapeutic efficacy during liver injury.
Conclusion: Targeted nanoquercetin demonstrated a significant hepatoprotective effect
compared to bulk quercetin against CP-induced hepatotoxicity and it considerably reduced
bulk quercetin dose level to many folds. Bulk quercetin has low bioavailability and thus,
from obtained data we suggest that LA-Q-ORMOSIL nanoparticles provide high therapeutic
value in protecting experimental animals against CP-induced liver injury. We also propose
multifunctional dye-doped LA-modified ORMOSIL nanoparticles for future studies in facil-
itating nanoparticles uptake to hepatocytes for liver diagnosis and treatment.

Keywords: quercetin, ORMOSIL nanoparticles, cyclophosphamide, hepatoprotection,
lactobionic acid

Introduction

Cyclophosphamide(CP) is well known for its wide spectrum of clinical implication
like anticancer and immunosuppressive activities." Despite its therapeutic value, its
uses are often limited for the reason that it exhibits a number of toxic effects like
hepatotoxicity, and nephrotoxicity, etc.> The mechanism behind the hepatotoxic
effects are not fully understood but cytotoxic effects are attributed due to its
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metabolic products. Cyclophosphamide metabolizes hepa-
tic cytochrome P450 enzymes, which yields phosphora-
mide mustard and acrolein.® Phosphoramide mustard
moiety is responsible for its therapeutic action considering
its anticancerous effects but acrolein moiety is toxic.
Acrolein gets metabolized further by glutathione sulthy-
dryl groups, forming mercapturic acid that is eliminated in
urine. This mechanism is directly associated with the
increase of cellular oxidative stress and the generation of
ROS by decreasing glutathione level.* Aldehyde dehydro-
genase also metabolizes acrolein and generate O, radicals
which play an important role in the induction of lipid
peroxidation.” It has been reported that cyclophosphamide
exposure results in increased oxidative stress and gener-
ates biochemical changes. Overproduction of oxidative
stress and free radicals results in the damage to liver
cells that might further be leading to cell death. Various
naturally obtained moieties including liquiritigenin,®
silymarin’ arjunolic acid® and dioscin® shown to possess
hepatoprotective effects. Similarly, quercetin is also a
naturally obtained moiety and has both antioxidant as
well as anti-inflammatory  properties.  Quercetin
(3,5,7,3,4-pentahydroxyflavone), is a flavonoids and is
found mainly in vegetables, fruits, tea, olive oil, and
other dietary sources.'® The therapeutic effect of quercetin
has earlier been reported where quercetin protects oxida-
tive stress against UV light,'" hinders angiogenesis and

carcinogenesis.'>'?

Quercetin act as a scavenger of reac-
tive oxygen species and inhibits lipid peroxidation.'* It has
been reported that the treatment with quercetin signifi-
cantly decreases liver enzymes in chloroform-induced
liver injury in rats, thus supporting the argument that
quercetin has both antioxidant and hepatoprotective
effects.’ It has been reported that 20% of orally adminis-
tered quercetin was absorbed in rats'®!” and over 90% of
intraperitoneally administered quercetin was metabolized
after one hour.'® Rapid metabolism, low solubility, and
less bioavailability are the major shortcomings associated
with the quercetin. Thus, a novel drug delivery system
might be an effective strategy with target specificity to
improve its bioavailability and therapeutic efficacy.
Nanotechnology opens new opportunities for the admin-
istration of drugs. Advancement in the nanomedicine helps
to develop a carrier system which can deliver drugs to the
target sites by targeting specific moiety on the cell surface.
Various nanoparticles like inorganic nanoparticle, liposo-
mal, polymeric, albumin and others nanoparticles have been
developed to deliver drugs to a specific site. Among various

types of nanoparticle, silica nanoparticles are versatile in
nature due to its inert property and also act as a good carrier
for biological materials like enzymes and genetic material.
It provides numerous sites for different molecules to attach
on its surface like amino thiol, hydroxyl, and carboxyl
groups for targeting specific delivery of drugs."
Lactobionic acid (LA) is an aldonic acid classified as oli-
gosaccharide. Upon enzymatic hydrolysis it breakdowns
into galactose and gluconic acid. Lactobionic acid serves
as targeted moiety and ligand for the asialoglycoprotein
receptor (ASGPRs), which are widely present on the sur-
face of hepatocytes. This receptor shows a high affinity
towards galactose containing moiety helpful in targeted
drug delivery.?”

In the present study, organically modified silica
(ORMOSIL) nanoparticles were used to encapsulate quercetin
and further lactobionic acid immobilized by chemical conju-
gation on nanoparticle’s surface for the targeted drug delivery
to the hepatocytes. Thus, we hypothesized that lactobionic
acid conjugated quercetin loaded ORMOSIL nanoparticles
may increase quercetin solubility, improves its bioavailability
and may be useful in the treatment against cyclophosphamide-
induced hepatotoxicity.

Materials And Methods

Materials

Quercetin(Q),triethoxyvinylsilane(TEVS),3-aminopropyl
triethoxysilane(APTES), lactobionic acid (LA), N-hydr
oxysuccinimide(NHS), 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide (EDC) were purchased from Sigma
Aldrich Chemicals (USA), n-butanol, Tween 80 from
Loba Chemie and all other reagents used were of high

purity and analytical grade.

Methods

Synthesis Of Quercetin Loaded ORMOSIL
Nanoparticles (Q-ORMOSIL)

Q-ORMOSIL nanoparticles were synthesized by a reported
nanomicelles method with some minor modification.?!
Nanoparticles were synthesized using the nonpolar core of
Tween80/1-butanol/water micelles. In brief, ORMOSIL
nanoparticles were prepared by taking 20 mL of double-
distilled water and 404 pl of tween 80 and 800 pl of
n-butanol dissolved in it with magnetic stirring at 600 rpm
for 5 min. Quercetin was dissolved in dimethylformamide
(DMF) and 60 pl was added into the above mixture with
constant magnetic stirring at 600 rpm until a clear solution
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was obtained. In case of the void nanoparticle, 60 pL of
DMF only, was added in place of quercetin. 200 pL of
triethoxyvinylsilane was added to the above solution and
stirred for 1 hr until the solution became clear. Lastly, 10 pL
of 3-aminopropyltriethoxysilane was added into the system
and stirred for 48 hrs using magnetic stirrer. The entire
reaction was performed at the room temperature. The
formed nanoparticles were dialyzed with a dialysis mem-
brane (12 kDa cut off, Sigma) for 2 days to remove free
unreacted molecules from the reaction mixture. The final
product was lyophilized and stored at 4°C for further use.

Surface Modification Of Q-ORMOSIL

Surface modification was done using a reported method
with minor modification.?? In brief, lactobionic acid
(2.1mM, 752.43mg), EDC (2.1mM, 402.54mg), NHS
(2.1mM, 241.5mg) were taken in equal molar equivalents
concentration and dissolved in 10 mL, 0.02 mM phosphate
buffer (pH 6.0) with magnetic stirring for 3 hrs. After 3 hrs,
lactobionic acid (LA) gets activated and used for further
modification. Then equimolar equivalent of Q-ORMOSIL
was taken and activated LA was slowly added in a dropwise
manner with vigorous stirring. The whole solution was
slowly stirred for 3 days at the room temperature. The
formed nanoparticles were dialyzed with a dialysis mem-
brane (12 kDa cut off, Sigma) for 2 days to remove free
unreacted molecules from the reaction mixture. The final
product was lyophilized and stored at 4°C for further use.

Physical Characterization Of Nanoparticles
UV-Visible Spectrophotometry

UV-Visible spectrophotometry was performed to obtain a
characteristic absorption peak of quercetin and synthesized
nanoparticles over a range of 200 to 800 nm using UV
3000" spectrophotometer (LabIndia, Mumbai, India).
Fourier Transform |Infrared (FTIR) Spectroscopy
Measurements

FTIR was performed to determine the functional groups
present in the synthesized nanoparticles. FTIR spectra of
quercetin, Q-ORMOSIL, and void ORMOSIL nanoparticles
were obtained (ALPHA, BRUKER, Germany). Briefly, sam-
ples and KBr were mixed and compressed into thin pellets.

1

The scanning range was 5004000 cm = with resolution

cm . Each sample were measured and recorded in triplicate.

Particle Size Distribution
The average particle size and size distribution of the

synthesized nanoparticles were determined using
Nanosize 90ZS (Malvern instrument, UK) at CSIR-
Central Drug Research Institute (CSIR-CDRI), Lucknow,
India. The measurements were carried out using disposable
cuvette and keeping the temperature at 25°C throughout the
experiment. Prepared nanoparticles were diluted with triple
distilled water and measured using a Zetasizer.

Transmission Electron Microscopy (TEM) And Energy
Dispersive X-ray (EDX) Analysis

Size and morphology of the synthesized nanoparticles were
examined using TEM (JEOL JEM 1400, JEOL Ltd, Japan)
at CSIR-CDRI, Lucknow. One drop of quercetin loaded
ORMOSIL nanoparticle were put on the carbon-coated
copper grid and an excess amount of sample was removed
carefully followed by negative staining using 2% phospho-
tungstic acid, air-dried the samples for some time and
viewed under the transmission electron microscope. EDX
(energy-dispersive X-ray) (JEOL, Japan). Studies were car-
ried out to know the elemental composition ORMOSIL
nanoparticles.

X-ray Diffraction (XRD) Analysis

XRD analysis of synthesized ORMOSIL nanoparticles
was done in XRD with, Cu Ka radiation (A = 1.54 nm)
in the 20 range of 20-80 operate data voltage of 40 kV and
a current of 30 mA.

Entrapment Efficiency (E%)

The entrapment efficiency of the quercetin loaded in the
nanoparticle was determined. To determine entrapment
efficiency, synthesized nanoparticles were separated using
a NANOSEP (100 kD cut-off) membrane filter to remove
free quercetin from the solution, and the amount of free
quercetin was measured spectrophotometrically at 402 nm.
The entrapment efficiency was calculated as follows:

QuercetinTyg
—Quercetingee,
QuercetinTot,

Entrapment Efficiency(E%) = X 100

Where querceting,, is the initial amount of quercetin
loaded in nanoparticles, and querceting,.. is the amount
of unentrapped quercetin in the solution.

In Vitro Release Study

Synthesized nanoparticles were transferred into the mem-
brane dialysis bag (12 kD cut off). Dialysis bag was then
placed in the beaker containing phosphate buffer (pH 7.4)
maintained at 37°C with constant stirring at 100 rpm. After
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a definite time interval, it was centrifuged at 3000 rpm for
10 min. The released quercetin was separated and redis-
persed in 1 mL of DMF and the absorbance was measured
spectrophotometrically at 402 nm. Average values were
taken and the cumulative percentage of drug release was
calculated and plotted against time.

In Vivo Study

Animals

Male Wistar rats weighing 180-200 g were procured from the
animal facility of CSIR-CDRI, Lucknow, India. The rats were
acclimatized for one week before the experiment in the depart-
mental animal house at room temperature of (25 + 2° C) with
12 hrs light/dark cycles. Animal had free access to the standard
chow pellet diet (Altromin,Germany) and tap water. The ani-
mals received humane care as per the guidelines of the
Committee for the Purpose of Control and Supervision of
Experiments on Animals (CPCSEA), Government of India,
and prior permission was permitted from the Institutional
Animal  Ethics Institute  of
Pharmaceutical Education and Research, Raebareli(Approval
no. NIPER/RBL/IAEC/24/August2018)

Committee of National

Experimental Procedure
Animals were divided into five groups of 5 animals each
and treated as below for 7 days -
Group 1 - Normal tap water (Control); (C)
Group 2 - Cyclophosphamide (20 mg/kg, Intraperitone
ally); (CP)
Group 3 - Cyclophosphamide (20 mg/kg), + quercetin
(50 mg/kg i.p.); (CP + Q):

Group 4 CP (20 mg/kg), + Q-ORMOSIL (50 pg/kg),
(CP + Q-ORMOSIL):
Group 5 CP(20 mg/kg), LA-Q-ORMOSIL (50 pg/kg,

i.p.). (CP + LA-Q-ORMOSIL):

Treatment drugs were administered 30 min after CP
treatment.

At the end of the experiment, blood was collected by
cardiac puncture and animals were sacrificed. Blood was
collected in an anticoagulant containing tubes and plasma
were separated by centrifugation at 4°C and used for the
estimation of liver enzymes test and other biochemical
estimation. The liver was surgically removed from the
adhering connective tissues, washed in an isotonic solution
(0.9% NacCl) and stored at —80°C until analysis until use.
The liver tissues (10% w/v) were homogenized in ice-cold
phosphate buffer (pH 7.4) using a homogenizer at 2000g.
The tissue homogenates were then centrifuged at 10,000g

for 10 mins at 4°C. The clear supernatant obtained was
separated and used for the enzymatic assay.

Biochemical Estimation

Liver Function Test

Plasma aspartate transaminase (AST), alanine transami-
nase (ALT), and alkaline phosphatase (ALP) activities
were determined using diagnostic kits on Biochemistry
analyzer (Transasia Bio-Medical Ltd, Erba Mannheim,
EM 200, Mumbai).

Determination Of Proteins

The protein concentration was determined by taking
200uL of liver homogenates. ImL of alkaline copper
reagent [Reagent C = 50mL of Reagent A (2% sodium
carbonate in 0.1 N NaOH) + ImL of Reagent B (0.5%
copper sulphate in 1% sodium potassium tartrate)] were
mixed. After addition of reagent C, the mixture was incu-
bated at the room temperature for 10 mins. ImL of Folin’s
ciocalteau phenol reagent was added and incubated in dark
for 30 mins at room temperature. Bovine serum albumin
was used as the standard in the range of 10-640 pg which
was also treated in the same manner as described above.
The blue color developed was read at 660nm.*

Reactive Oxygen Species (ROS) Assay

This assay performed by the reported fluorometric method
with some minor modification. 10 pl of tissue supernatant
was taken and treated with the 5 L of 5 uM 2,7-dichlor-
ofluorescein (DCFDA) with the addition of 885 uL of
distilled water. The mixture was incubated for 30 mins,
to allow DCFDA to get converted into DCF and the
fluorescence was measured at 485/525 nm. The standard
plot of dichlorofluorescein (DCF) was also prepared and
treated similiarly as above.**

Thiobarbituric Acid Reactive Substances (TBARS) Assay

Lipid peroxide contents of the liver tissue samples were
determined by TBARS assay by taking 100 pL of super-
natant. 750 pL of 0.8% thiobarbituric acid, 100 pL of
8.1% sodium dodecyl sulfate solution, 750 pL of 20%
acetic acid and 300 pl of distilled water was mixed. The
mixture was vortexed and kept in a boiling water bath for
60 mins. The tubes were cooled and centrifuged at
2000rpm for 10 mins. A pink colored complex formed in
the supernatant was read at 535 nm. 100 uM tetra ethoxy
propane solution used as standards in the range of 5-80

. .. 2
uM were treated in a similar manner.?
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Superoxide Dismutase

To determine superoxide dismutase activity, 0.2 mL of super-
natant was taken and 1.2 mL of sodium pyrophosphate (0.052
M, pH 8.3), 0.3 mL phenazine methosulphate (186 uM),
0.3 mL of nitro blue tetrazolium (300 puM), nicotinamide
adenine dinucleotide (780mM) and 0.2 mL of distilled water
was mixed well. The mixture was vortexed and incubated at
30°C for 90 seconds. 1 mL of acetic acid was added within 90
seconds and the violet color developed was measured at the
absorbance at 560nm.”°

Catalase Activity

Briefly, the assay was performed by taking 1mL of phhos-
pate buffer (0.01M, pH 7.7), 100uL of the supernatant,
500 pl distilled water and 500ul of 0.2 M H,0,. The
mixture was vortexed properly and incubated for 1 min
at 37°C. 2mL of 5% potassium dichromate and acetic acid
in the ratio of 1:3 was added to stop the reaction. The
entire whole mixture was kept on a boiling water bath for
10 mins and cooled to measure the absorbance at 570 nm.
0.2M hydrogen peroxide (H,0,) was used as a standard in
the range of (2-64) mM by providing the same

conditions.?’

Reduced Glutathione (GSH) Assay

Reduced glutathione was determined using the fluoro-
metric method. The liver homogenate was prepared by
taking 250 mg of liver tissue in 3.75 mL of phosphate-
EDTA buffer and 1 mL of 25% HPO5; which was used for
the precipitation of proteins. The mixture was centrifuged
and 0.5 mL of supernatant was taken and mixed with
4.5 mL of phosphate buffer, pH 8.0. 100 pl of this mixture
was taken and mixed with 1.8 mL of buffer and 100 pl of
o-Phthal-aldehyde solution (prepared in absolute metha-
nol). It was mixed properly and incubated at room tem-
perature for 15 min and the fluorescence was determined
at the emission 420nm and excitation 350nm.*®

Glutathione-S-Transferase (GST) Activity

For GST activity, the stock solution of 1-Chloro-2,4-dini-
trobenzene CDNB was prepared in acetone (3mg/mL)
and then further dilutions were done to obtain the
required concentration (ImM). The required concentra-
tion of glutathione was prepared (0.3mg GSH/mL in
0.2M phosphate buffer, pH=7.4). 20 ul CDNB, 2.9 mL
of GSH were taken in a test tube and mixed with 30ul of
tissue supernatant. While 30uL distilled water was added
in the blank test tube. Absorbance was taken using UV

visible spectrophotometer at 30 seconds interval for
9

3 mins at 340 nm.?
Histopathology
The rats were sacrificed, and liver tissues were preserved
in 4% (v/v) formaldehyde. The livers were processed and
embedded in paraffin wax and 7 um thick sections were
cut using precision rotary microtome (York scientific
Industries Pvt. Ltd., India). These sections were processed
and mounted on slides, stained with hematoxylin and eosin
and examined under an inverted phase-contrast micro-
scope (DMil,Leica).

Statistical Analysis

Results were presented as mean+SD. The data were com-
pared by one-way analysis of variance (ANOVA) followed
by Bonferroni’s test for comparison of multiple groups.
p-values less than 0.05 was considered significant. All
calculations were performed using graph pad PRISM ™
6 software.

Results

Physicochemical Characterization
UV-Visible Spectrophotometry

The spectrum obtained displayed a characteristic peak at
402 nm for quercetin alone and quercetin loaded
ORMOSIL NPs as shown in Figure 2. Further, void nano-
particles do not show any absorption spectrum at 402 nm
which is the characteristic peak of quercetin. Synthesis of
ORMOSIL nanoparticles was done as reported where a
transparent solution of nanomicelles was turned into the
yellowish-orange color when drug combined with the
3APTES (Figure 2), whereas due to the absence of drug
white opaque color solution obtained in case of void
nanoparticles.

Fourier Transform Infrared (FTIR) Spectroscopy
Measurements

FT-IR spectroscopy was performed to determine the pre-
sence of surface and functional groups and the interaction
of the functional group with drug moiety. Surface mod-
ification of Q-ORMOSIL with LA confirmed by FTIR.
Figure 3 displayed spectra of quercetin, Q-ORMOSIL,
and LA-Q-ORMOSIL. Characteristic peaks of quercetin
were detected where O-H stretching was detected at 3375
and 3294 cm ', phenolic O-H bending confirmed at
1362 cm'. The peak at 2928 cm ' represents C-H
stretch. Aryl ketonic stretch C=0 at 1660 cm '. Peaks
at 1609, 1559, 1513 cm™' correspond to C=C aromatic
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ring stretch, also C-H bands were detected at 1312, 931,
801, 706 cm . Peaks which were detected at 1243, 1204,
1161 cm ™' were attributed to C-O stretching in aryl ether
ring, C-0 stretching in phenol ring and C-CO-C stretch
and bending in ketone, respectively. Whereas, peaks at
1068 cm ' and 1115 cm ™' correspond to vibrations of the
Si-O-Si group, indicating that the sample is mainly com-
posed of an inorganic-silica network. The band situated at

1636 cm !

O-H groups, respectively. The vibration of Si-OH causes
1

are attributed to bending absorption of the
the absorption observed around 900 cm . Absorption at
2953 cm ! confirms the presence of C-NH, stretch vibra-
tion. The reaction between ORMOSIL and LA showed
1 .
with

increased absorption and 1636 ¢cm ' having high inten-

some absorption which was detected at 3284 cm

sity, represents NH, vibration and N-H bond formation.
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Figure 3 The Fourier transform infrared spectroscopy of (A) LA-Q-ORMOSIL (B) Q-ORMOSIL and (C) quercetin.

Transmission Electron Microscopy (TEM)
Measurement And EDX Analysis

Figure 4A shows the TEM picture of quercetin loaded
ORMOSIL nanoparticle. The average size was found around
80 nm, with spherical morphology. Figure 4C represents the
elemental analysis of the silica nanoparticles using Energy
Dispersive Spectrum (EDX) on the SEM analysis, showing
the peak of silica in their spectrum. Silica has the 14% weight
percentage while the rest of the peaks of the EDS spectrum

correspond to the other (C and O)elements.

Particle Size Distribution

Figure 4B shows the particle size distribution for quercetin
loaded nanoparticles. The average size was found to be
103.5 nm.

The XRD pattern of quercetin nanoparticles was
obtained to check the crystalline characteristic of quercetin
nanoparticles. Figure 5 exhibits characteristic peaks of
Q-ORMOSIL nanoparticles exhibited at a diffraction
angle of 20 =24.6°0 and 27.40 can be inferred to traits
of high crystalline structure.
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Figure 4 (A) Shows transmission electron microscopy analysis of nanoparticles, (B) represents size distribution of nanoparticles, (C) represents EDX analysis. Powder X

ray diffraction.
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Figure 5 XRD spectra of synthesized ORMOSIL nanoparticles.

Entrapment Efficiency

Quercetin was loaded in core of ORMOSIL nanoparticles.
The entrapment efficiency within the nanoparticles was
calculated as 88.38%.

In Vitro Release Kinetics
The nanoparticles showed a slow and sustained quercetin
release at the physiological pH 7.4 in phosphate buffer.
Around 80% of the drug was released from nanoparticles
in 96 hrs study (Figure 6).

Effect Of Quercetin, Q-ORMOSIL And LA-Q-
ORMOSIL On The Plasma Enzymes ALT, AST And
ALP Activities

Plasma ALT, AST and ALP activities increased signifi-
cantly in cyclophosphamide-treated animals compared to
the control group (p<0.05) (Figure 7). Whereas, treatment
with bulk quercetin, Q-ORMOSIL, and LA-Q-ORMOSIL
provided significant restoration of the plasma ALT activity
compared to cyclophosphamide-treated rats (Figure 7A).
In the case of AST, significant inhibition was noted in
Q-ORMOSIL and LA-Q-ORMOSIL treated rats compared
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to cyclophosphamide (Figure 7B). Additionally, a signifi-
cant decrease in plasma AST activity was noted in LA-Q-
ORMOSIL group compared to bulk quercetin and
Q-ORMOSIL treated group (p<0.05) (Figure 7B). Plasma
ALP activity was also reduced significantly LA-Q-
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ORMOSIL treatment compared to cyclophosphamide
group (p<0.05) (Figure 7C).

Oxidative Stress Variable

ROS level was significantly higher in the CP-treated group
than the control group (p<0.05) (Figure 8). Whereas, quer-
cetin alone, Q-ORMOSIL and LA-Q-ORMOSIL treatments
restored ROS level marginally. LA-Q-ORMOSIL treatment
showed a significant reduction in ROS level compared to CP
and CP+Q treated group (p<0.05) (Figure 8A). Further, the
elevated level of ROS also accompanied by an increased
TBARS level. A significant increase in TBARS level was
noted in the cyclophosphamide group compared to the con-
trol group (Figure 8B). There was a significant decrease in
TBARS in quercetin alone, Q-ORMOSIL and LA-Q-
ORMOSIL treated groups compared to cyclophosphamide
group (Figure 8B). LA-Q-ORMOSIL treated group showed a
significant difference in the levels of TBARS compared to
quercetin and Q-ORMOSIL groups (Figure 8B).

300+

*

[N

o

[=]
1

:.ﬁ.:

o

i

Y
[=]
s

e

x
= ;
S
e
=
o
. ,
ez 7
e 7%
e %
&
%
) s
-, 7%
%7
- - %%
= %%
et = | ///
Al

Figure 7 Results represented as mean * SD. (A) ALT, (B) AST, and (C) ALP. Statistical analysis done by one-way ANOVA followed by Bonferroni’s test and results obtained
are significantly different (P <0.05, * vs control group, # vs CP group, @ vs CP + Q group and ($) vs CP + Q-ORMOSIL nanoparticle).

International Journal of Nanomedicine 2019:14

submit your manuscript

8951

Dove


http://www.dovepress.com
http://www.dovepress.com

Nagqvi et al Dove
A B
4000+ * ) 0.5
» 2
5 T S 04- x
S 3000- e T o i # 4
e
= ] b e £ 031 T #@S
£ 2000 S =
© San ] =. 0_2 -
1000_ T I.l.l.ll g 0.1 |
nmu o
(¢)
&
O Y
N
& W
&

Figure 8 Results represented as mean * SD (A) ROS and (B) TBARS. Statistical analysis done by one-way ANOVA followed by Bonferroni’s test and results obtained are
significantly different (P <0.05, * vs control group, # vs CP group, @ vs CP + Q group and ($) vs CP + Q-ORMOSIL nanoparticle).

Administration of CP led a decreased SOD activity in CP
group compared to control (p<0.05) (Figure 9A) and treat-
ment with nanoparticles showed a significant increase in
SOD activity compared to CP group (p<0.05) (Figure 9A).
The antioxidant level of catalase was significantly decreased
in the cyclophosphamide group compared to control
(p<0.05) (Figure 9B) while treatment with quercetin did not
have any effect on catalase activity (Figure 9B). A significant
increase in catalase activity was noted in Q-ORMOSIL and
LA-Q-ORMOSIL treated group compared to cyclophospha-
mide groups (p<0.05) (Figure 9B) while, treatment with LA-
Q-ORMOSIL produced a significant recovery in catalase
compared to quercetin (p<0.05) (Figure 9B).

GSH level was significantly decreased in the rats exposed
(p<0.05)
(Figure 9C). A significant increase in the level of GSH was
observed in quercetin, Q-ORMOSIL and LA-Q-ORMOSIL
treatment groups compared to cyclophosphamide-treated
group (p<0.05) (Figure 9C). GST activity decreased in the
CP-treated group (p<0.05) compared to control (Figure 9D)
while treatment with Q and Q-ORMOSIL showed an insignif-
icant recovery in GST level. LA-Q-ORMOSIL provided a
significant increase in GST activity compared to CP alone
treated group (p<0.05) (Figure 9D).

to cyclophosphamide compared to controls

Histopathology

Histopathological changes in processed liver sections were
examined by the use of hematoxylin and eosin staining. As
seen in Figure 10 (Panel A and B) stained section of the
control group showed normal architecture of liver hepato-
cytes cells with no changes in its pathology, but in case of
cyclophosphamide-treated group (Panel C and D) signifi-
cant changes in cell structure, dilation, and congestion of
central vein, sinusoids dilation, presence of neutrophil
infiltration around the cells, ballooning and vacuolization
of hepatocytes in CP-treated rats and also the presence of
binucleated hepatocytes in them were seen. In the querce-
tin group (Panel E and F) absence of dilation and conges-
tion of central vein and sinusoids dilation but ballooning
and vacuolization of cells were seen. Treatment with
Q-ORMOSIL (Panel G and H) decreased dilation and
congestion of cells and reduction in neutrophil infiltration
were observed while in case of LA-Q-ORMOSIL (Panel 1
and J) marked improvement in liver cells were noted and
the normal architecture of liver tissue was restored.

Discussion
Nanomedicine plays an important role in the therapeutics
and targeted drug delivery and has a cutting edge over the
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Figure 9 Results represented as mean + SD. Where (A) SOD, (B) catalase, (C) GSH, and (D) GST. Statistical analysis done by one-way ANOVA followed by Bonferroni’s
test and results obtained are significantly different (P <0.05, * vs control group, # vs CP group, @ vs CP + Q group and ($) vs CP + Q-ORMOSIL nanoparticle).

conventional methods of drug delivery. In the current
study, we synthesized monodispersed, spherical targeted
LA-Q-ORMOSIL nanoparticles for the delivery quercetin,
an effective antioxidant. Figure 1 provides a schematic
overview of nanoparticle preparation, characterization
and its in vivo study. The potential of quercetin as an
effective and potent antioxidant is well known.**?' We
in the current provide data where we report the efficacy
of LA conjugated ORMOSIL nanoparticles against CP-
induced hepatotoxicity. In targeted drug delivery, selective

transportation of drug to targeted tissues, organs, and cells
through a variety of drug carrier attached with their
respective receptors on the cell surface can be achieved
successfully.’> We added an organic group i.e amine, to
the synthesized silica nanoparticles which imparts them a
certain degree of flexibility to the rigid silica matrix, and
leads to enhanced stability of silica nanoparticles against
flocculation/precipitation in aqueous systems. Besides, a
targeted moiety i.e. lactobionic acid(LA) is easily conju-
gated in the organic arm of ORMOSIL nanoparticle’s
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Figure 10 Rat liver histopathology (H&E) from: (A and B) control showing normal architecture of liver cells; (C and D) cyclophosphamide showing dilation and congestion
of central vein and sinusoids, neutrophil infiltration, vacuolization of hepatocytes and presence of binucleated hepatocytes; (E and F) CP + Q shows dilation and congestion
of central vein and sinusoids; (G-J) CP+ Q-ORMOSIL and CP+ LA-Q-ORMOSIL shows marked improvement in liver cells.
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surface. We thus recommend the use of such kind of
modification in future studies which might open the oppor-
tunity for further fabrication with other diagnostic/thera-
peutic/bio-targeting agents and makes them amenable as
“multimodal” nanoparticles.

Quercetin helps in the protection against ROS gener-
ated by toxicants. It has been reported in earlier studies
that quercetin is effective in protecting the liver from
injuries.*>* Thus we planned to investigate the protective
value of quercetin against CP induced liver injury when it
is encapsulated in an ORMOSIL nanocarrier and adminis-
tered at a very low dose (1000 times lower than bulk
quercetin  dose). In our study, quercetin alone,
Q-ORMOSIL and LA-Q-ORMOSIL nanoparticles were
used as treatment regimens, while nanoparticles were pre-
pared to increase the bioavailability and solubility of quer-
cetin in the system. The study demonstrated that quercetin
loaded ORMOSIL nanoparticles provided
hepatoprotection compared with quercetin alone against
CP. Q-IRMOSIL was further conjugated with lactobionic
acid (LA) using coupling reaction, where LA is a glyco-

significant

sylated moiety and a well-known ligand for the asialogly-
coprotein receptor (ASGPR) on the hepatocyte surface.
Targeted delivery for quercetin improved its solubility
and bioavailability in hepatocytes cells to provide hepato-
protection at 1000 times low dose level i.e. 50pg/kg/day
compared to bulk quercetin i.e. 50mg/kg/day alone. Our
conclusion is supported by the data from this study parti-
cularly various blood parameters, biochemical (including
oxidative stress) and histopathological studies.

Synthesis of ORMOSIL nanoparticles was carried as
reported in literature where nanomicellar solution was
turned into the yellowish-orange color on the addition of
drug quercetin, whereas in void nanoparticles, a white
color solution appeared. Presence of quercetin in nanopar-
ticle was confirmed by UV- visible spectroscopy where
quercetin and quercetin loaded nanoparticles shows its
absorbance peak at a wavelength of 402 nm. In the case
of void nanoparticles, no peak was observed at a wave-
length of 402 nm. The characteristic peak of quercetin at
402 nm confirmed that drug was successfully loaded inside
the reverse micellar core of ORMOSIL nanoparticles.

FT-IR spectroscopy was performed to determine the
presence of surface and functional groups and the interac-
tion of the functional group with drug moiety. Peaks
observed at 3375 cm 3294 cm ', 1362 cm ! and
2928 cm ' were characteristic peak for quercetin.
Whereas, in the case of Q-ORMOSIL nanoparticles,

these peaks were not observed which indicated that there
was some modification occur between quercetin and silica
nanoparticle due to which these peaks disappeared and
confirmed the laoding of quercetin inside the nanoparti-
cles. Surface modification of Q-ORMOSIL with LA also
confirmed by FTIR spectroscopy. Amide bond formation
takes place between a carboxylic group of lactobionic acid
(activated by EDC and NHS) with the amine group of
Q-ORMOSIL nanoparticle to form a stable product. It
was confirmed by detecting peak at 3284 cm ' which
represents NH, vibration with increased absorption and
1636 cm™ ' represents N-H bond formation having high
intensity. All the obtained peaks confirm the successful
conjugation of LA on the surface of Q-ORMOSIL and
quercetin encapsulation in ORMOSIL nanoparticles.
Synthesized nanoparticles further characterized by
TEM, DLS, XRD, and EDX. TEM used to determine
size, shape, and morphology of nanoparticles. TEM
image depicts that the average size of quercetin nanopar-
ticles was around 80 nm, and it was monodispersed with
spherical morphology. DLS(dynamic light scattering)
again confirmed the particle size distribution based on
their intensity. The average size was found to be 103.5
nm. The crystalline nature of formed silica nanoparticles
was confirmed by X-ray diffraction analysis. From EDX
analysis we further confirm the presence of silica in the
formed nanoparticles. The entrapment efficiency of quer-
cetin-loaded nanoparticles was around 88.83%, it mea-
sures the percentage of drug that is successfully
entrapped in the nanoparticle carrier. Our data indicated
that ORMOSIL nanoparticles is a good carrier for entrap-
ment and delivering hydrophobic drugs to a greater extent,
ORMOSIL entraps a major amount of drug and prevent
their degradation from the external cytosolic environment.
Whereas, in vitro release study suggest that how much
amount of drug is released in a particular period. The
nanoparticles illustrate a slow and sustained quercetin
release at the physiological pH 7.4 in phosphate buffer.
Around 80% of the drug is released from nanoparticles
within 96 hrs which further confirms that synthesized
ORMOSIL nanoparticles encapsulated quercetin inside
its core and releases the drug in a sustained manner.
Plasma level of ALT, ALP, and AST enzymes is a
marker for the assessment of the liver injury.*
Cyclophosphamide administration generates free radicals
and oxidizes the fatty acids in cytoplasmic membrane
phospholipids, which changes membrane morphology
and function. These changes primarily increase the
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activities of ALT, ALP, and AST in blood.>*” It was
previously reported that quercetin decreases the level of
these enzymes.’® Restoration of these enzymes activities
in cyclophosphamide-induced liver injury group by quer-
cetin might be due to its membrane-stabilizing activity.
The similar results were observed in the present study,
where we observed a significant increase in ALT, AST
and ALP activities in CP administered animals
(Figure 7). Treatment with quercetin alone, Q-ORMOSIL
and LA-Q-ORMOSIL significantly restored these changes
in the plasma. However, a more pronounced increase in
the biomarkers of liver plasma levels was noted following
treatment with LA-Q-ORMOSIL nanoparticles (Figure 7).
Reactive free radicals and oxidants result in cells and
tissues damage.’® Stress generated through the use of
chemotherapeutics may lead to various toxic effect.*’
Oxidative stress induced by CP in the liver results in
hepatotoxicity.®> Determination of ROS, TBARS, and anti-
oxidant enzyme level in liver tissues are an early indicator
of oxidative stress.*! Administration of cyclophosphamide
elevates reactive oxygen species inside the cells due to the
presence of its toxic metabolites which may lead cell
injury.** It was previously reported that quercetin
decreased the level of reactive oxygen species by its free
radicals scavenging action.** We also observed a signifi-
cantly higher level of ROS was significantly in CP-admi-
nistered animals compared to normal controls (Figure 8A),
which suggest that cyclophosphamide administration
caused hepatic oxidative stress. On treatment with querce-
tin, Q-ORMOSIL and LA-Q-ORMOSIL a significant
decrease in ROS level was observed (Figure 8A).
Significant reduction in ROS was also seen in
Q-ORMOSIL and LA-Q-ORMOSIL treated rats. On the
other hand, a more significant reduction was seen in treat-
ment with LA-Q-ORMOSIL nanoparticles (Figure 8A),
which further confirms that LA-Q-ORMOSIL nanoparti-
cles successfully delivered the drug on the targeted site.
TBARS levels indirectly indicate the level of lipid
peroxidation and it was one of the manifestations of stress
induced by the increased level of ROS, which linked with
altered membrane structure and inactivation of enzymes.**
A significant increase in the TBARS level was seen in the
case of CP-treated group compared to control (Figure §B).
Quercetin, Q-ORMOSIL, and LA-Q-ORMOSIL treatment
were also effective in reducing the level of TBARS fol-
lowing co-adminsitration with CP. LA-Q-ORMOSIL trea-
ted group also showed a more significant reduction in the

levels of TBARS compared to CP, quercetin, and

Q-ORMOSIL treatment group (Figure 8B), which further
confirms the more pronounced effects of targeted drug
delivery.

Our data also showed that increased TBARS level is
accompanied by a concomitant decrease in antioxidant
enzyme activities like SOD, CATALASE, GSH, and
GST. SOD prevents stress by converting cytotoxic super-
oxide radicals to H,O, and oxygen molecule. Further
catalase enzyme converts H,O, into a water molecule.
The Inadequate activity of catalase cannot degrade H,0,,
and generate OH radical which results in oxidative injury
to liver cells. It has been reported that treatment with
cyclophosphamide decreases antioxidant enzyme level.*
Quercetin increases antioxidant enzyme level by its anti-
oxidant action where it reduces itself and prevents oxida-
tion of other enzymes.** In the present study,
administration of CP showed decreased SOD activity
whereas in the treated group there is the moderate recov-
ery in SOD activity (Figure 9A). Catalase activity
decreased significantly in CP-administered group com-
pared to the control however, treatment with quercetin
showed an insignificant change in catalase activity.
Treatment with Q-ORMOSIL and LA-Q-ORMOSIL sig-
nificantly elevated the catalase activity (Figure 9B).

GSH is an antioxidant which on reduction protect
against free radicals and other mediators. Similarly, catalase
converts hydrogen peroxide molecule into water and oxy-
gen molecule.*’” GSH has reactive —SH group due to the
presence of cysteine moiety. It works as a non-enzymatic
antioxidant by an interaction between —SH group and ROS.
It has been reported that metabolites of CP conjugates with
GSH enzyme and depletes antioxidant level.*® In the pre-
sent study, GSH level was significantly decreased in the rats
administered with cyclophosphamide compared to controls
(Figure 9C). Significant increase in the level of GSH was
seen in animals treated with quercetin, Q-ORMOSIL, and
LA-Q-ORMOSIL. More pronounced elevation of GSH
level was observed noted in LA-Q-ORMOSIL nanoparticle
treated group compared to other treatment groups
(Figure 9C). GST prevent the cells against peroxidative
damage and clear the metabolites of CP through enzymatic
catalyzed conjugation reaction.*>* In the present study, a
significant decrease in GST activity in CP-adminisitered
rats were seen compared to the control group (Figure 9D).
Whereas, insignificant change was seen on treatment with
quercetin and Q-ORMOSIL nanoparticles. Interestingly we

noted a more pronounced increase in GST activity on
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treatment with LA-Q-ORMOSIL nanoparticles compared
to other treatments (Figure 9D).

Literature suggests that cyclophosphamide causes liver
injury by decreasing antioxidant level and increasing
TBARS in injured tissues.>>*' Our result provides some inter-
esting data suggesting that treatment with quercetin and nano-
quercetin restored the level of antioxidants enzymes and also
decreased ROS and TBARS levels in injured liver tissues
compared to cyclophosphamide-administered animals. These
results supported previous data obtained for the number of
biomarkers in liver function enzymes in the treated and dis-
eased group. The highlight of our study suggest a more pro-
nounced beneficial effect of LA-Q-ORMOSIL nanoparticles
compared to bulk quercetin treated animals. Our findings also
suggest that at very low concentration, anti-oxidant drug quer-
cetin exhibits effective therapeutic efficacy, which may be due
to high encapsulation efficiency and targeted delivery of
ORMOSIL nano-carrier.

Histopathological data confirms that cyclophospha-
mide disrupts the liver cell by causing dilation and
congestion of central vein and sinusoids, CP also causes
neutrophil infiltration around the cells along with vacuo-
lization of hepatocytes. Presence of binucleated hepato-
cyte confirmed the liver injury induced by
cyclophosphamide while, Quercetin loaded ORMOSIL
nanoparticle’s group treatment demonstrated improve-
ment in the liver hepatocytes cells where we noted a
reduced dilation and congestion of cells. Targeted drug-
loaded nanoparticle restored the normal architecture of
hepatocytes. We thus conclude from the data that cyclo-
phosphamide caused liver injury can be more effectively
be reduced by the use of Quercetin loaded ORMOSIL
nanoparticles compared to bulk quercetin.

Conclusion

Targeted nano-quercetin demonstrates a significant hepa-
toprotective effect compared with quercetin alone, against
CP-induced hepatotoxicity and considerably reduces the
quercetin dose to many folds through alleviation of oxi-
dative system. We also conclude that ORMOSIL nano-
particles increase the bioavailability of quercetin by
targeted drug delivery to hepatocytes. Quercetin is
known for its low bioavailability and thus on encapsula-
tion of drug into nanocarrier, recommend that LA-Q-
ORMOSIL nanoparticles provide comparatively higher
therapeutic efficacy in the protection against CP-induced
liver injury compared to quercetin alone. We propose that
in future multifunctional dye-doped LA conjugated

quercetin-ORMOSIL nanoparticles could be used to facil-
itate nanoparticles uptake to hepatocytes for the liver
diagnosis and treatment.

Abbrevations

ALT, Alanine Transaminase; AST, Aspartate Aminotra
nsferase; ALP, Alkaline Phosphatase; GST, Glutathione —S —
transferase; TBARS, Thiobarbituric acid reactive substances;
ROS, Reactive Oxygen species; TEM, Transmission electron
microscopy; FTIR, Fourier transform infrared; EDX; Energy
Dispersive X-Ray Analyzer; ANOVA, One-way analysis of
variance; CP, Cyclophosphamide; DMF, Dimethylformamide;
EDC, I-ethyl-3-(3-dimethylaminopropyl) carbodiimide; LA,
Lactobionic acid; LA-Q-ORMOSIL, Lactobionic acid conju-
gated quercetin loaded organically modified silica nanoparti-
cles; NHS, N-hydroxysuccinimide; ORMOSIL, Organically
modified silica nanoparticles; Q, Quercetin; Q-ORMOSIL,
Quercetin loaded Organically modified silica nanoparticles
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