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Abstract

Mycophenolic acid (MPA) has promising anticancer properties; however, it has limited clinical applications in vivo due to hydrophobic
nature, high first-pass metabolism, lack of targeting, efc. These associated problems could be addressed by developing a suitable delivery
vehicle, inhibiting the first-pass metabolism and additive/synergistic pharmacodynamic effect. Thus, MPA loaded highly stable lipid polymer
hybrid nanoparticles (LPNs) were developed and investigated with the combination of quercetin (QC), a CYP 450 inhibitor cum anticancer.
LPNs of MPA and QC (size; 136 + 12 and 176 + 35 nm, respectively) demonstrated higher cellular uptake and cytotoxicity of combination
therapy (MPA-LPN + QC-LPN) compared to individual congeners in MCF-7 cells. In vivo pharmacokinetics demonstrated 2.17 fold higher
T, value and significantly higher pharmacodynamic activity in case of combination therapy compared to free MPA. In nutshell, the

combinatory therapeutic regimen of MPA and QC could be a promising approach in improved breast cancer management.

© 2019 Elsevier Inc. All rights reserved.
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Mycophenolic acid (MPA) is an immunosuppressant drug
mainly produced by Penicillium brevicompactum, P. roqueforti, P.
stoloniferum and other fungal species. " MPA is mainly used as an
immunosuppressant, arthritis and other autoimmune disorder, 710
via selectively inhibiting enzyme inosine monophosphate dehy-
drogenase (IMPDH) resulting in reduced de novo synthesis of
lymphocytes.3’”’12 In-addition, the IMPDH was also reported to
play a vital role in cancer,”-'* highlighting the importance of MPA
as an anticancer agent.”'* Moreover, Zheng et al reported that
MPA exhibited potent agonist activity against peroxisome
proliferator-activated receptor gamma (PPARY) which has a central
role in the inhibition of proliferation of cancer cells.® Furthermore,
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inhibition of cancer cell proliferation, metastasis inhibition and
induction of apoptosis by MPA were also reported in some other
studies.">™"” In spite of promising anticancer potential, the clinical
application of the MPA is severely hindered owing to lower oral
bioavailability and dose-dependent off targeted side effects.'®'?
Moreover, MPA is primarily metabolized via cytochrome P450
into inactive metabolite 7-O-glucuronide (MPAG) resulting in
reduced bioavailability and pharmacodynamic efficacy. Shirali et al
and Look et al developed PLGA and liposome nanoparticles with
improved in vivo bioavailability and efficacy of MPA against skin
transplantation and systemic lupus erythematosus (SLE),
respectively.”?' Hwang et al reported biomedical applications,
including drug delivery, of MPA loaded iron oxide nanoparticles.**
However, very few reports are available indicating amelioration in
anticancer efficacy of MPA. There is no report available with a
function of improved bioavailability and reduced metabolism. In
line with this, the development of MPA lipid polymer hybrid
nanoparticles (LPN) and co-delivery of quercetin (a known CYP
450 inhibitor) could be the best way to improve the MPA's
bioavailability and anticancer efficacy. LPNs have been widely
used to deliver bioactive molecules for the treatment of various
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diseases including cancer because of the following advantages:
favorable stability in biological environments, decrease drug doses,
sustained drug release ability and reduce toxicity. LPNs are
reported as advanced delivery vehicle over the conventional
metallic or polymeric nanoparticles due to three distinct functional
components: 1) a hydrophobic biodegradable polymeric core
(PLGA) to encapsulate poorly water-soluble drugs with higher
loading yield and sustained release of encapsulated drug; 2) an
inner lipid monolayer enveloping the hydrophobic core, the main
function of which is to confer biocompatibility and to promote drug
retention inside the polymeric core; and 3) a hydrophilic polymer
stealth layer (PEG) outside the lipid shell which can augment the
nanoparticles stability and body circulation lifetime. >

Quercetin (QC), a flavonoid, is reported to have diverse
pharmacodynamic actions such as antioxidant, anti-inflammatory,
antiaging, anticancer, hepatoprotective and cardioprotective, efc. >’
In addition, QC demonstrated to have cytochrome P450 (CYP450)
enzyme inhibitory properties which could play a vital role in the rapid
metabolism of MPA.?®?° Thus, the co-administration of QC with
MPA may augment the therapeutic efficacy of MPA by increasing
the bioavailability of MPA and synergistic cytotoxic effects. Nano
preparations of these drugs further increase the efficacy by increasing
the bioavailability, targeted delivery and higher tumor accumulation
(through increased vascular permeability).

Present work described the preparation of MPA encapsulated
lipid polymer hybrid nanoparticles (MPA-LPN) and quercetin
encapsulated lipid polymer hybrid nanoparticles (QC-LPN) and
further extensively characterized (in vitro and in vivo) for efficient
breast cancer management. The co-administration of MPA-LPN
and QC-LPN has demonstrated higher bioavailability, reduced off-
target toxicity, higher tumor accumulation, and higher anticancer
activity. As demonstrated by the breast cancer management, co-
administration of MPA-QC through nano formulations may be
further utilized for other cancer treatment and/or to improve solid
organ transplant outcomes with minimized drug toxicities. To the
best of our knowledge, this is the first-ever attempt to improve the
bioavailability and efficacy of MPA through co-administration
with QC for the treatment of breast cancer disease.

Methods
Preparation and characterization of nanoparticles

The reported nanoprecipitation method was used for the
preparation of LPNs.***! Briefly, the aqueous phase was prepared
by dissolving Pluronic® F-68 (7.5 mg), soya lecithin (2.25 mg) and
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(poly-
ethylene glycol)] (0.225 mg) in 4% ethanol-aqueous solution. To
prepare the organic phase, poly (D, L-lactide-co-glycolide) acid
(7.5 mg) and MPA (0.75 mg) were dissolved in 1 mL acetone. For
better dispersion of the lipid molecule, the aqueous phase was heated
to 60 °C temperature for some time. Afterward, the organic phase
(dropwise) 1 mL/min was added into aqueous phase in bath
sonicator at fixed sonication then the reaction mixture was stirred for
1.5 h at 300 rpm. Subsequently, the organic phase was evaporated
by rotavapor from reaction mixture then acquired nanosuspension
was lyophilized and characterized using various techniques which
were furnished in the supplementary information (section

$2.1).'%32735 Simultaneously, QC loaded LPNs were also prepared
individually using the same procedure as above. The procedure to
evaluate the encapsulation efficiency, drug release, and stability has
been furnished in the supporting information (sections S2.2-S2.4).

In vitro cell culture experiments

Cells

MCF-7 (ATCC, USA) human breast cancer cell lines have
been used to perform the in vitro cell culture experiments. ATCC
protocols were followed for the media preparation and culture
conditions. For cell uptake and apoptosis analysis, 50,000 cells/
well were seeded in 6-well culture plate whenever. However,
10,000 cells/well in 6 well plates (Costars, Corning Inc., NY,
USA) were used to determine the cell viability of MCF-7 cells
through MTT assay. %’

In vitro cytotoxicity assay

The cytotoxic effect of various samples was evaluated in MCF-
7 cell lines using the MTT assay. The MCF-7 cell were seeded to 96
well plate and incubated overnight as per the ATCC protocol. After
attachment of cells new media containing free MPA, free QC, free
MPA + free QC (1:1 molar ratio) and various LPNs (MPA-LPN,
QC-LPN, and MPA-PLN + QC-LPN) in separate wells were
added at concentrations of 10, 20, 40 and 60 ug/mL each. Viable
cells of mitochondria reduce tetrazolium component (MTT) into an
insoluble formazan. These formazan crystals were dissolved
DMSO and optical density (OD) of the samples was measured at
540 nm.?” OD has a linear relationship with the number of viable
cells and the cell viability was evaluated by Eq. (1):

Relative cell viability
= (Sample Absorbance/Control Absorbance) x 100 (1)

Cell uptake

For cell uptake analysis, 50,000 cells/well in a 6-well plate were
incubated overnight for the cell attachment. After attachment, the
cells were exposed to free Coumarin-6 (C-6) and C-6 loaded LPNs
(equivalent to 1 pg/mL C-6) for 2 h. Afterward, the medium was
eliminated and cells were rinsed (twice) using PBS (pH 7). The
cells were fixed with 2.5% (v/v) glutaraldehyde (Sigma, USA),
washed, and observed under the confocal laser scanning
microscope (CLSM, Olympus FV1000).%’

Annexin V apoptosis assay

Further to confirm the cytotoxic effect, apoptosis assay was
performed in the MCF-7 cell line using annexin V binding based
standard phosphatidylserine externalization. MCF-7 cell lines
with a fresh medium having different preparations (free MPA,
free QC, free MPA + free QC, MPA-LPN, QC-LPN, and MPA-
LPN + QC-LPN) were incubated for 6 h at 37 °C temperature
and 200 rpm. After that, cells were rinsed three time with HBSS
and stained with annexin V-Cy3.18 conjugate (AnnCy3) and 6-
carboxyfluorescein diacetate (6-CFDA) as per the standard
protocol of manufacturers (annexin V-Cy3™ apoptosis detection
kit, Sigma, USA). Subsequently, 6-CFDA and AnnCy3 dyes in
the cell were observed using CLSM under green and red
channels, respectively. The red and green fluorescence in stained
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cells reflected live and necrotic cells, respectively; however, cells
showing both red and green fluorescence were considered as
apoptotic. Further, a quantitative estimation of apoptosis was
also carried out in the form of an apoptotic index in which a ratio
of red and green fluorescent cells was calculated.”’

Inosine-5"-monophosphate dehydrogenase (IMPDH) assay

The IMPDH inhibitory activity of various test samples was
determined using the IMPDH assay kit (Biomedical Research
Service & Clinical Application, USA). Mechanistically, iodoni-
trotetrazolium (INT) reduced into INT-formazan through an
NADH-coupled reaction, and absorbance was recorded at
492 nm. IMPDH activity was measured in the MCF-7 cell line
by treating with DMSO (control), 10 uM free MPA, and 10 uM
MPA-LPN after 24 h of incubation.™

In vivo pharmacokinetics

Animals, dosing, collection and quantification

In vivo pharmacokinetics of MPA and QC NPs were evaluated in
female SD rats of 200-250 g weight, provided by the central animal
facility, NIPER, India. Animals approved by the Institutional
Animals Ethics Committee (IAEC1717), NIPER, SAS Nagar, were
maintained and treated following the guideline of the National
Institutes of Health. Before the experiments, familiarization of
animals was carried out at 25 =2 °C temperature and 50-60%
relative humidity under the natural environment (light/dark) for one
week. Animals were kept on fasting overnight before the start of the
experiments and were allowed water ad libitum. After that, animals
were arbitrarily divided into 7 groups (5 animals in each group). A
different group of animals received i.p. free MPA (25 mg/kg), free
QC suspension (25 mg/kg), combination of free MPA and free QC
(25 mg/kg MPA and 25 mg/kg QC), MPA nanoparticles, QC
nanoparticles and combination of MPA and QC nanoparticles
(25 mg/kg equivalent to MPA and QC). At different time intervals
0.5, 1, 2, 6, 12, 24, and 48 h) blood samples (approximately
0.3 mL) were collected from the tail vein into heparinized micro-
centrifuge tubes. After each sampling, 1 mL dextrose—normal saline
was administered orally to partially compensate the electrolyte level
and central compartment volume. The blood samples were
centrifuged at 10,000 rpm for 10 min and 4 °C temperature for
the separation of plasma and later stored at —80 °C for further
analysis.9’14’3°’39’40 MPA and QC quantification in the collected
plasma samples was carried out using quantitative HPLC®"*';
detailed procedures of quantification have been furnished in the
supplementary information (Section S3).

Pharmacokinetic data analysis

For this study kinetic data of plasma concentration vs time were
investigated by one compartmental model using Kinetica™-
software (Thermo Fisher Scientific, USA). Essential pharmacoki-
netic conditions such as area under the curve (AUC)®, maximum
plasma concentration (Cy,,) and time to reach half of the
maximum plasma concentration (77,,) were determined.***

In vivo antitumor efficacy and tissue distribution

DMBA (7, 12-dimethyl[a] benzanthracene) induced breast tumor-
bearing female SD rats were employed for evaluating the antitumor
efficacy of free MPA, free QC, free MPA + free QC, QC-LPN,

Table 1

The characteristic features of prepared MPA-LPN and QC-LPN.
Parameters MPA-LPN QC-LPN
Average zeta size (nm) 136.11 £ 12.4 176 + 34.65
Average zeta potential (mV) -32.12 +3.14 -38.5 + 3.65
PDI 0.017 = 0.002 0.185 £ 0.018
TEM size (nm) 125 163

Shape Spherical Spherical

MPA-LPN, and MPA-LPN + QC-LPN. Breast tumors were induced
by oral administration of DMBA solution in soybean oil (45 mg/kg) to
female SD rats (200-230 g) at weekly intervals for three consecutive
weeks. Measurable tumor size was observed after 10 weeks of the last
dose of DMBA. Tumor-bearing animals were separated and randomly
divided into seven treatment groups. The first group of animals
received the saline solution and served as the control, while other
groups of animals received free MPA, free QC, free MPA + free QC,
MPA-LPN, QC-LPN and MPA-LPN + QC-LPN. The administered
dose of the MPA and QC was 25 mg/kg in all samples. During the
study, tumor width (W) and length (L) were recorded with an
electronic digital caliper and tumor size was calculated using the
formula (L x W?/2). All the formulations were i.p. administered in a
repeated dose (once in 3 days) and tumor growth was monitored up to
30 days. After the 30th day of treatments, the rats were sacrificed and
the tumors were detached and washed with cold PBS. The size of
tumors was noted. In sacrificed rats, the amounts of MPA and QC in
various organs were also determined. 9374344

Toxicity study

To study the in vivo toxicity of developed nanoparticles different
blood biochemical marker concentrations were performed. Blood
specimens of sacrificed were taken in the heparin-containing (40 IU/
mL of blood) microcentrifuge tubes, by cardiac puncture. For the
separation of plasma, sample tubes were centrifuged for 10 min at
10,000 rpm. The spectrophotometric method was used by respective
diagnostic kit protocol (Accurex biochemical Pvt. Ltd., India) to
determine the concentration of various toxicity markers [e.g. blood
urea nitrogen (BUN), creatinine, aspartate aminotransferase (AST),
and alanine aminotransferase (ALT)].>7#*%

Statistical analysis

The data were stated as the mean of three separate experiments
with error bars shown as a standard deviation. One-way analysis of
variance was carried out using GraphPad Prism for all data sets and
P < .05 was reflected statistically significant.

Results
Preparation of nanoparticles and characterization

The lipid-polymer hybrid nanoparticle of MPA and QC was
successfully prepared. DLS analysis suggested the critical quality
attributes such as particle size of prepared MPA-LPN and QC-LPN
which was found to be 136.11 + 12.4 and 176 + 34.65 nm,
respectively, while the respective zeta potentials were recorded as
—32.12 £ 3.14 and -38.5 + 3.65 mV (Table 1). The size distri-
bution curves of MPA-LPN and QC-LPN were shown in Figure 1,
C and D, respectively. Polydispersity indices (PDIs) of MPA-LPN
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Figure 1. TEM images of prepared (A) MPA-LPN, (B) QC-LPN both on the scale of 200 nm; particle size distribution (C) MPA-LPN, (D) QC-LPN.

and QC-LPN were 0.017 + 0.002 and 0.185 + 0.018, respective- The FTIR analysis of free QC, free MPA, bare LPNs, QC-LPNs
ly, further confirming the development of monodisperse and and MPA-LPNs was shown in Figure 2, A and these observations
narrow size distribution of the nanoparticles. In addition, TEM indicated that there was no significant intermolecular interaction
demonstrated the formation of spherical and smooth-surfaced that occurred in free MPA, free QC, bare LPN, MPA-LPN, and
MPA-LPN and QC-LPN with the particle size 125 and 164 nm, QC-LPN. However, the encapsulation of the drugs into the LPNs
respectively (Figure 1, A and B). was determined by quantification studies using HPLC. The XRD
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Figure 2. (A) FTIR pattern of free QC, free MPA, bare LPNs, QC-LPN and MPA-LPN. (B) XRD pattern of A: MPA-LPN, B: QC-LPN, C: LPN without the

drug, D: free QC and E: free MPA.

analysis of free QC, free MPA, bare LPNs, QC-LPNs and MPA-
LPNs was also carried out (Figure 2, B). The characteristic peaks of
free QC and free MPA confirmed their crystalline structure in the

respective PXRD spectrum, whereas no peaks were observed in the
case of QC-LPN and MPA-LPN confirmed the presence of MPA
and QC in their molecular form into the LPNs.
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Figure 3. (A) Effect of MPA concentration on encapsulation efficiency (%) in
the case of MPA-LPN. (B) Drug release profile of MPA-LPN and QC-LPN,

Table 2
Freeze drying of MPA-LPN using various cryoprotectants at a fixed
concentration (5%, w/w).

Cryoprotectants Without freeze drying With freeze drying
Mannitol

Size (nm) 136.11 + 12.4 143.0 + 8.2
Ri 1.05 + 0.04
RS N

Sucrose

Size (nm) 136.11 = 12.4 153.5 £ 13.9
Ri 1.42 + 0.09
RS b

Trehalose

Size (nm) 136.11 + 124 1522 £ 8.6
Ri 1.12 + 0.07
RS N

Ri, redispersibility index; RS, reconstitution score. Values are presented as
mean = SD (n = 3).

# Redispersible within 20 s with mere mixing.

" Reconstitution requires high shear vortexing for 2 min.

Encapsulation efficiency and in vitro drug release of nanoparticles

Encapsulation of a drug into the nanoparticle plays a very
important role in further clinical applications. MPA and QC
concentrations were optimized to optimum particle size and PDI
and higher drug encapsulation efficiency (% E.E) of nanopar-

Table 3
Freeze drying of MPA-LPN using mannitol at different concentrations.

Cryoprotectant Without
freeze drying

With freeze drying

Concentration (%, w/w)

Mannitol 0 2.5 5 10
Size (nm) 136.11 £+ ND 151.3 =+ 147.0+ 141.7 =
12.4 10.4 8.2 8.6
Ri - ND 1.09+006 1.05 = 1.03 =
0.04 0.05
RS ~ c b a a

Ri, redispersibility index; RS, reconstitution score; ND, not determined due to
incomplete redispersion of cake. Values are presented as mean + SD (n = 3).
* Redispersible within 20 s with mere mixing.

® Redispersible within 1 min.

¢ Reconstitution requires high shear vortexing for 2 min, but the cake was
not completely redispersed.

Table 4A
Characterization of MPA-LPN after six months of accelerated stability
studies.

Parameters Initial Final

Particle size (nm) 147.0 £ 8.2 153.08 + 20.14
PDI 0.017 + 0.003 0.021 + 0.032
Zeta potential (mV) -23.8 £5.18

—27.12 +2.32

Ease of reconstitution é

Physical appearance Intact fluffy cake Intact fluffy cake

Values are presented as mean = SD (n = 6).
? Redispersible within 20 s with mere mixing.

Table 4B

Characterization of QC-LPN after six months of accelerated stability studies.
Parameters Initial Final

Particle size (nm) 182 £22.4 174.04 = 21.61

PDI 0.172 £ 0.014
Zeta potential (mV) -342 +3.21
Ease of reconstitution &
Physical appearance

0.154 = 0.029
-31.6 +28

a

Intact fluffy cake Intact fluffy cake

Values are presented as mean + SD (n = 6).
* Redispersible within 20 s with mere mixing.

ticles. It has been confirmed from Figure 3, A that minimum
encapsulation occurred at 15 (%, w/w) and maximum at 5 (%, w/
w) of MPA respective to PLGA weight. On the other hand, the
maximum encapsulation efficiency (78.23%) of QC was found at
7.5 (%, wiw) of QC with respect to the PLGA weight.

The release of MPA and QC from the prepared LPN is shown
in Figure 3, B. The releasing rate of MPA was initially high up to
12 h in which around 60% of the drug came out followed by a
sustained release up to 48 h with the release of a total 90% MPA.
Quercetin release from QC-LPN (Figure 3, B) was also initially
high up to 24 h during which 45% of the drug was released;
however, the release rate became very slow after 24 h.

Freeze-drying of LPNs

Different properties viz. reconstitution nature, size ratio
and physical appearance of freeze-dried LPNs are shown in
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Figure 4. Uptake of (A) free C-6 and (B) C6-LPN by MCF-7 cells. (a) Green fluorescence of C-6. (b) Corresponding DIC images. (¢) Overlay of a and b, and (d
and e) vertical and horizontal line series analysis long the white line of image c. (C) Cell cytotoxicity of free QC, free MPA, combination of free MPA + free QC,
QC-LPN, MPA-LPN and combination of MPA-LPN + QC-LPN after 24 h. Each data point represented as mean + SD (n = 4).

Tables 2 and 3. Mannitol and trehalose (5%, w/w) resulted in
the formation of intact, voluminous, fluffy and easy to
redisperse cake, while the cake was not integral in the case
of sucrose as cryoprotectant. A significant increase in particle
size was observed following the freeze-drying without any

cryoprotectants while the difference was insignificant when
various cryoprotectants were used in different concentrations.
Based on the appearance, the redispersibility index and
reconstitution score, mannitol (5%, w/w) was selected as an
optimized one.
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Figure 5. Apoptosis assay of free QC, free MPA, combination of free MPA + free QC, QC-LPN, MPA-LPN and combination of MPA-LPN + QC-LPN against

MCF-7 cell line.

Accelerated stability of LPNs

Accelerated stability studies of MPA-LPN and QC-LPN
were carried out for 6 months at 25 + 2 °C and RH 60 + 5% as
per the ICH guidelines. Freeze-dried LPN of MPA and QC
showed no change in terms of shrinkage of cake or any other
change in physical appearance. Insignificant (P > 0.05) in-
creases in the zeta potential, particle size, and PDI of prepared

nanoparticles were found after the 6 months of the testing period
(Tables 4A & 4B).

In vitro cell culture experiments

In vitro cellular uptake of LPNs and cytotoxicity assay
Qualitative cell uptake analysis was carried out in MCF-7
cells with C6 loaded NPs and free C-6 (1 pg/mL, 2 h).
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Compared to free C6 (Figure 4, A), a significantly higher
fluorescence was observed inside the cells after 2 h of incubation
with C6 loaded nanoparticles (Figure 4, B). In vitro cell
cytotoxicities of free MPA, free QC, free MPA + QC, MPA-
LPN, QC-LPN, and MPA-LPN + QC-LPN were evaluated on
MCEF-7 cell lines. Figure 4, C revealed that cell cytotoxicity was
more in nanoparticle preparations as compared to free drugs and
their combination against MCF-7 cell lines. Furthermore,
combination treatment of nanoparticles (MPA-LPN + QC-
LPN) has shown significantly higher cytotoxic effect in MCF-
7 cell line compared to individual nano preparation (MPA-LPN
and QC-LPN).

Annexin V apoptosis assay

Apoptosis assay was used for the further confirmation of in
vitro cytotoxicity results in MCF-7 cell line. The Annexin-V
assay was performed and a quantitative analysis of apoptosis
cells was carried out using CLSM by calculating the apoptotic
index. The apoptotic indices of free MPA, free QC, Free
MPA + free QC, MPA-LPN, QC-LPN, and MPA-LPN + QC-
LPN were estimated and mentioned in Figure 5. Apoptosis
indices of LPNs (MPA-LPN; 0.70 and QC-LPN; 0.44) were
found to be higher compared to respective free drugs (MPA; 0.47
and QC; 0.36). Moreover, the apoptosis index (0.91) was
significantly higher in LPNs combination (MPA-LPN + QC-
LPN) compared to the combination of free drugs (free MPA +
free QC, apoptosis index 0.56). These results were consistent
with the results obtained in the MTT assay.

Inosine-5'-monophosphate dehydrogenase (IMPDH) activity

Inosine-5’-monophosphate dehydrogenase (IMPDH) cata-
lyzed step referred to the rate-limiting step in the synthesis of
DNA and RNA precursor (guanosine triphosphate) by convert-
ing inosine monophosphate (IMP) to xanthosine monophosphate
(XMP) using NAD™ as a cofactor. IMPDH has species-specific
properties and inhibitor sensitivities; hence, this enzyme could be
a target for the treatment of various diseases like cancer, graft
rejection, virus, and bacterial infections. Thus, for new drug
design and screening of disease, IMPDH measurement may
serve as a useful tool. The previous reports showed that
expression of IMPDH is more in tumor cells as compared to
the normal ones; hence it may be a potential target for the
treatment of cancer.”'? Here we have studied the effect of free
MPA and MPA-LPN on IMPDH activity in MCF-7 cells. From
Figure 6, A, it is clear that the activity of the IMPDH enzyme was
higher in control than that of free MPA and MPA-LPNs due to
their enzyme inhibitory action which was 2.11 and 5.85 folds,
respectively. Here, significantly higher enzyme inhibition was
observed in MPA-LPN than free MPA.

Pharmacokinetics

Various pharmacokinetic factors after i.p. administration of
free MPA, free MPA + free QC, MPA-LPN, and MPA-
LPN + QC-LPN are summarized in Table 5. Compared to free
MPA, the AUC .y and Ty, values of MPA in the MPA-LPN
group were found to be 2.37 and 1.84 fold higher, respectively.
Similarly, combination therapy of MPA-LPN + QC-LPN dem-
onstrated 1.31 and 1.18 fold higher AUC (., and T/, values,
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Figure 6. (A) Effect of free MPA and MPA-LPN on inosine-5’-monopho-
sphate dehydrogenase activity in MCF-7 cell lines. (B) Plasma concentra-
tion—time profiles of free MPA, MPA-LPN, free MPA+ free QC, and MPA-
LPN + QC-LPN following the i.p. administration in rats.

respectively, as compared to only MPA-LPN for their pharma-
cokinetic profiles after ip. administration (Figure 6, B). The
overall AUC (¢..., and T, values of MPA were increased 3.11
and 2.17 folds, respectively in combination therapy of
nanoparticle compared to fee MPA.

In vivo antitumor efficacy and tissue distribution

In vivo pharmacodynamic efficacy of developed LPNs was
tested in DMBA induced breast cancer tumor model. Treatment
with combination therapy of MPA and QC loaded LPNs has
demonstrated a significant reduction in the tumor burden in
comparison to free MPA, free QC, and their combination (free
MPA + free QC). Figure 7, A showed the antitumor activity and
tumor burden of free MPA, free QC, free MPA + free QC,
MPA-LPN, QC-LPN, and combination therapy of MPA-
LPN + QC-LPN following the i.p. administration. Combination
therapy of MPA and QC loaded LPN treated animals
demonstrated significant suppression of tumor growth
(P <0.001) as compared to other groups (Figure 7, C). In
combination therapy of MPA and QC loaded LPN, the size of the
tumor (in percent) was found to be 32.5%, as compared to the
control group where tumor size was 154.29% after 30 days of
treatment (Figure 7, B). Furthermore, combination therapy of
MPA and QC loaded LPN showed enhanced survival time of
tumor-bearing rats in LPN treated groups as compared to DMBA
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Pharmacokinetic parameters of LPN upon i.p. administration in rats.

Parameters MPA MPA-LPN MPA + QC MPA LPN + QC LPN
AUC (ng/mL-h) 11,533.79 + 969.5 27,395.9 + 1467.4 15,478.21 + 1004.5 35,898.79 + 2069.5
Cinax (ng/mL-h) 979.3 +89.5 1175.34 = 123 1054.38 + 98.5 1204.39 = 121

Ty (h) 13.07 £ 0.98 24.12 + 1.98 16.79 = 1.1 28.41 +2.7

MRT (h) 18.16 + 1.4 34.01 £ 3.5 22.84 + 1.6 46 = 2.8

AUC, area under curve; Cy,.x, maximum drug concentration; 77, time to reach half of maximum plasma concentration; MRT, mean retention time.
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Figure 8. Toxicity profile of free MPA, free QC, free MPA + free QC, MPA-LPN, QC-LPN, and MPA-LPN + QC-LPN.

control and other groups suggestive of lower toxicity and higher
safety of the developed combinatory strategy. Moreover, the
accumulation of the MPA and QC was also determined in
different organs and compared to the accumulation of the drug in
the targeted tumor tissue. Figure 7, D revealed that MPA and QC
concentrations were more in the tumor compared to the kidneys,
spleen, pancreas, lungs, and heart. However, the maximum
accumulated concentration of MPA and QC was found in the
liver.

In vivo toxicity of profile

The hepatotoxicity is one of the most associated side effects
of conventional treatment. The various biochemical markers
were determined for the toxicity evaluation of developed
nanoparticles.””****> From Figure 8, it is clear that no significant
differences were observed in the plasma concentrations of ALT,
AST, creatinine, and BUN. These studies revealed the more
clinical safety of prepared LPNs. The concentration ranges of
several hepatotoxicity biomarkers (ALT and AST) were

insignificant as compared to control, confirming minimal
toxicity of nanoformulations (Figure 8, A and B). Minimal
hepatic cell damage occurs due to the neutral effect of the LPNs.
Furthermore, no nephrotoxicity was observed due to LPNs as
insignificant changes in the plasma concentration of BUN and
creatinine occurred (Figure 8, C and D). The toxicity profile of
the developed formulations suggested high clinical safety and
suitability.

Discussion

The present investigation reports preparation, optimization,
and characterization of MPA and QC loaded LPNss, individually.
The primary characterization of prepared nanoparticles was
carried out by dynamic light scattering (DLS) and Zeta potential
analysis. Transmission electron microscope (TEM) was used to
further confirmation of morphology of synthesized nanoparti-
cles. DLS generally measures the bigger size of nanoparticle than
their actual diameters because the DLS measures the
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hydrodynamic diameter through the scattering of light from the
hydrated nanoparticle, while TEM measures the size of
nanoparticle through diffraction technique (Table 1).*%*
Moreover, the results obtained from TEM were found to be in
good correlation with the results obtained from zeta sizer.*849
FTIR analysis of free drugs and their nanoparticles revealed the
intact chemical properties of each component (Figure 2, A). The
XRD diffractogram of drug-loaded LPN showed that the
intensity of the characteristic peak of free drug molecules
decreased or was completely concealed confirming their
entrapment in the polymeric core of the LPN (Figure 2, B).””

In encapsulation studies, it is evidenced from Figure 3, A EE
of QC was better as compared to MPA; however, the nature of
both drugs is hydrophobic. The developed LPNs were then
analyzed for in vitro hydrolysis to evaluate the release behavior
of MPA and QC at pH 7.4. Thus, the drug release pattern for
both the drugs demonstrated a slow, uniform, controlled and
biphasic release profile. Initially, more release of the drug may be
due to the quick release of adsorbed and diffused drug from the
surface of LPNs.”'? From Figure 3, B, it is clear that the
releasing rate of QC-LPN was slower than MPA-LPN. It may be
due to QC having less aqueous solubility in pH -7.4 phosphate
buffer compared to MPA-LPN. In cryoprotectants experiments,
mannitol was employed as the optimized one owing to the
formation of the stable network around the LPN leading to
minimal changes in the critical quality attributes of LPNs. In the
stability studies, there was no significant difference observed in
the size and shape of prepared nanoparticles after 6 months of
testing period.”?

The cell cytotoxicity assay revealed significantly higher cell
cytotoxicity of LPNs against MCF-7 cells as compared to free
drugs (MPA and QC) and their combination (free MPA + free
QC) in both concentration and time-dependent manner (Figure 4,
C). Higher cell cytotoxicity of LPNs might be due to more drug
uptake through additional endocytosis pathway and better
stability of MPA in the nanoformulation.***3 While the free
drug (free MPA and free QC) and their combination (free MPA
and free QC) showed poor cell cytotoxicity which might be due
to higher P-gp mediated efflux bypassing endocytosis and less
cell uptake via saturable hNTs (MPA) and OATP1B3 (for QC)
transporter.’® It is clear from Figure 4 that C6 loaded LPNs were
efficiently internalized by the MCF-7 cells within 2 h of
incubation as compared to free C-6 suggesting the efficient
internalization of LPNs by MCF-7 cells. As demonstrated from
Figure 5, apoptosis analysis the combination of LPN (MPA-
LPN + QC-LPN) shown more red fluorescence and apoptosis
index compared to alone MPA-LPN, QC-LPN, free MPA, free
QC and combination of free drug. It may due to more retention
within the cell and higher cellular uptake (through clathrin-
mediated) of nanoparticles.’*>> In another study IMPDH
enzyme inhibition by MPA-LPN revealed the advanced efficacy
of formulation over the free drug that might be due to higher
internalization of nanoparticles compared to the free drugs.”**

The in vivo pharmacokinetic profile of free MPA, free
MPA + free QC, MPA-LPN and combination of MPA-
LPN + QC-LPN was evaluated. These studies shown that the
AUC(.«y and T,, values were found more in case of
nanoparticles and maximum in the combination of MPA-

LPN + QC-LPN. This increment of AUC and T;, values
might be due to two reasons; first sustained release of drug
from nanoparticles and second the increased blood residence
time of MPA due to inhibition of its metabolism through
cytochrome P450 enzyme by QC. Cytochrome P450 is the main
enzyme that metabolized the MPA into inactive MPAG and
AcMPAG and its inhibition led to reduced susceptibility towards
the renal clearance or filtration.>® Treatment with LPN in DMBA
induced breast tumor-bearing rats exhibited a significant
reduction in the tumor burden compared to free MPA, free
QC, and their combination, which might be due to the sustained
release of drugs and significantly higher bioavailability.** >
Higher efficacy may also due to the increased half-life of MPA
by inhibition of MPA metabolism through QC. The increased
therapeutic efficacy of LPN could be attributed to sustained
pharmacokinetic patterns responsible for longer availability of
MPA and QC in the blood compartment and by the virtue of
enhanced permeation and retention (EPR) effect®®!7 En-
hanced efficacy in the case of developed LPN could be attributed
to the higher tumor accumulation due to higher uptake by both
clathrin and caveolae-mediated uptake.5 8,59 Thus, the EPR effect
along with the enhanced selective tumor cellular uptake will
ensure the distribution of drug-loaded LPN in the tumor vicinity,
which, in turn, is expected to enhance the therapeutic efficacy of
the loaded drug with reduced drug-induced toxicity.“’52

In the present report, combination therapy of (MPA-LPN +
QC-LPN) based co-formulation was developed to overcome the
associated hurdles with the individual drugs and the combination
to improve the therapeutic efficacy. The said combination in
LPN posed higher cell cytotoxicity and antitumor tumor efficacy
in contrast to the free drug combination. Moreover, co-
administration of antioxidant supports in alleviating the free
radical-induced oxidative stress generated during the course of
chronic therapy of MPA. The results demonstrated that the
developed LPNs are stable against conversion into free drugs and
are safe for the i.p. administration of both MPA and QC. In
nutshell, the developed formulation strategy poses great potential
for synchronized delivery of co-administered drugs leading to
the increased bioavailability, therapeutic efficacy, and safety
profile of the combination.
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