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Purpose: Lipoparticles are the core-shell type lipid-polymer hybrid systems comprising
polymeric nanoparticle core enveloped by single or multiple pegylated lipid layers (shell),
thereby melding the biomimetic properties of long-circulating vesicles as well as the
mechanical advantages of the nanoparticles. The present study was aimed at the development
of such an integrated system, combining the photodynamic and chemotherapeutic approaches
for the treatment of multidrug-resistant cancers.

Methods: For this rationale, two different sized Pirarubicin (THP) loaded poly lactic-co-glycolic
acid (PLGA) nanoparticles were prepared by emulsion solvent evaporation technique, whereas
liposomes containing Temoporfin (mTHPC) were prepared by lipid film hydration method.
Physicochemical and morphological characterizations were done using dynamic light scattering,
laser doppler anemometry, atomic force microscopy, and transmission electron microscopy. The
quantitative assessment of cell damage was determined using MTT and reactive oxygen species
(ROS) assay. The biocompatibility of the nanoformulations was evaluated with serum stability
testing, haemocompatibility as well as acute in vivo toxicity using female albino (BALB/c) mice.
Results and Conclusion: The mean hydrodynamic diameter of the formulations was
found between 108.80 + 2.10 to 405.70 + 10.00 nm with the zeta ({) potential ranging
from —12.70 + 1.20 to 5.90 = 1.10 mV. Based on the physicochemical evaluations, the
selected THP nanoparticles were coated with mTHPC liposomes to produce lipid-coated
nanoparticles (LCNPs). A significant (p< 0.001) cytotoxicity synergism was evident in
LCNPs when irradiated at 652 nm, using an LED device. No incidence of genotoxicity
was observed as seen with the comet assay. The LCNPs decreased the generalized in vivo
toxicity as compared to the free drugs and was evident from the serum biochemical
profile, visceral body index, liver function tests as well as renal function tests. The
histopathological examinations of the vital organs revealed no significant evidence of
toxicity suggesting the safety and efficacy of our lipid-polymer hybrid system.
Keywords: atomic force microscopy, FACS, in vivo, in vitro cytotoxicity, lipid-polymer
hybrid nanoparticles, photodynamic therapy, PLGA nanoparticles, TEM

Introduction

The combination therapy is referred to as the simultaneous administration of two or
more pharmacologically active moieties which can alter the different signaling
pathways in the infectious sites." The anticancer combination therapy has been
proved to be an effective treatment strategy than the delivery of the single drug
modality. This therapy can significantly reduce the side effects, increase the treat-
ment efficacy, and potentially overcome the multidrug resistance, which could be
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a major limiting factor to the success of anticancer
chemotherapy.”* To accomplish an effective enhancement,
both the therapeutic moieties (with the different mechan-
isms of actions) shall be co-localized in the cancer cells. In
such therapeutic systems, the increased potency of the
anticancer drugs can be observed at the lower effective
dose that corresponds to the reduction in the cancer cell
viability or tumor volume as compared to two separate
administered treatments.” The combination of chemother-
apy
a promising strategy for the treatment of the cancer.

and photodynamic therapy has emerged as

Pirarubicin ([2"R]-4'-O-tetrahydropyranyl-doxorubicin;
THP) is an anthracycline derivative that inhibits type II
topoisomerase and DNA polymerase. It is used for the
treatment of a variety of cancers such as head, neck, breast,
and lymphomas. THP is a pyranyl derivative of doxorubicin
involving the generation of reactive oxygen species (ROS).
Due to the presence of the pyranyl group and its lipophilic
properties, it exhibits a more potent anticancer activity and
faster cellular uptake than doxorubicin.* The limitation of
the THP mediated chemotherapy is the indiscriminate dis-
tribution into normal body tissues and organs before its
delivery to the tumor thus causing adverse effects such as
bone marrow suppression and cardiac and renal toxicity. All
these adverse effects limit the use of THP in clinical
settings.” The pharmacokinetic parameters of THP can be
modified by encapsulating it into a nanoparticulate system
thus reducing the side effects and increasing the efficacy of
the system. Nanocarriers composed of PLGA (Poly-D,
L-lactide-co-glycolide) have been investigated to carry the
drugs to their designated site of action. Being biocompatible
and biodegradable, PLGA nanoparticles are interesting vehi-
cles for the systemic delivery of THP.®

Temoporfin (Meso-tetrahyroxyphenyl chlorine; mTHPC)
is one of the most potent second-generation photosensitizers
used for the treatment of a variety of clinical disorders. After
being administered, the mTHPC can be preferentially loca-
lized into the tumor tissue by exploiting the tumor's EPR
(enhanced permeability and retention) effect. After being
activated by a specific wavelength (652 nm), it produces
free radicals and singlet oxygen species that caused the
destruction of cancer cells.” However, its hydrophobic nat-
ure, poor aqueous solubility, and low bioavailability limit its
application in anticancer therapies.® To overcome these
potential issues, the liposomal formulation of mTHPC was
developed where it is encapsulated in a hydrophobic milieu
thus increasing the bioavailability of the drug.

The present study was focused on the development of
novel lipid-coated biodegradable nanoparticles (LCNP) con-
sisting of a nanoparticle core surrounded by a liposomal
membrane (Figure 1). This nanocarrier system was devel-
oped to provide a synergistic therapy to the cancer cells by
concurrently delivering two different drugs. THP and
mTHPC loaded formulations were evaluated using dynamic
light scattering (DLS) and laser doppler anemometry (LDA)
for size distribution and surface charge, respectively.
Morphological characterizations were carried out using
atomic force microscopy (AFM) and transmission electron
microscopy (TEM). Besides, the in vitro cell viability assay
was conducted using ovarian carcinoma (SK-OV-3) cells
and ICs, values for the THP loaded PLGA nanoparticles,
mTHPC loaded liposomes, as well as lipid-coated nanopar-
ticles (LCNPs), were calculated. In vitro hemocompatibility
using activated partial thromboplastin time (aPTT) and ex-
vivo hemolysis assay was determined. Stability studies in
simulated physiological conditions were also performed.
Acute in vivo toxicity assessment including blood biochem-
istry and histopathological examinations were conducted
using albino female albino (BALB/c) mice.

Materials and Methods

Materials
Pirarubicin ([2"R]-4'-O-tetrahydropyranyl-doxorubicin;
THP) (98% pure) was purchased from Selleckchem
(Absource diagnostics, Miinchen, Deutschland).
Temoporfin (5, 10, 15, 20-tetrakis (3-hydroxyphenyl)
chlorin; mTHPC) was procured from Cayman chemicals
(Hamburg, Germany). 1,2-dipalmitoyl-sn-glycero-3-phos-
phatidylcholine (DPPC); 1,2-dipalmitoyl-sn-glycero-3-phos-
glycol)-5000]
(DPPE-mPEGs000) and 2-dipalmitoyl-sn-glycero-3-phos-

phoethanolamine-N-[methoxy(polyethylene

pho-(1'-rac-glycerol) (sodium salt) (DPPG) were obtained
as gift sample from Lipoid GmbH (Ludwigshafen,
Germany). PLGA (Resomer® RG 503 H, Poly (D, L-lactide-
co-glycolide)) was supplied by Evonik (Essen, Germany).
Poly (vinyl alcohol) (PVA, Mowiol 4-88) was purchased
from Kuraray (Hattersheim, Germany). Polysorbate 80
(Tween 80); 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetra-
zolium bromide (MTT) and 2',7'-dichlorodihydrofluorescein
diacetate (H,DCFDA) were obtained from Sigma Aldrich
Chemie GmbH (Taufkirchen, Germany). Fetal calf serum
(FCS) and Iscove’s modified medium (IMDM) were pur-
(Ebsdorfergrund,
Germany). Dimethyl sulfoxide (DMSO) was procured from

chased from Capricon scientific
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Figure | Schematic illustration of the preparation of lipid enveloped biodegradable nanoparticles.

Carl Roth GmbH & Co. (Karlsruhe, Germany). HPLC grade
Organic solvents (chloroform (CHCI3), methanol (MeOH),
ethanol (EtOH), Ethyl acetate) were obtained from VWR
International (Darmstadt, Germany). Sterile filtered ultra-
pure (PureLab flex-4 dispenser, ELGA Lab water, High
Wycombe, UK) water was used for all the experiments.
Phosphate buffered saline (PBS) pH 7.4 was freshly pre-
pared, sterile filtered, and stored in the fridge for further use.

Cell Culture

The human wild type ovarian adenocarcinoma cell line
(SK-OV-3) was procured from ATCC (American type
culture collection, Manassas, USA). The cell line was
cultivated in the Iscove’s modified Dulbecco’s medium
(IMDM)
Germany) supplemented with 10% fetal calm serum
(FCS) (Sigma-Aldrich/Merck, Darmstadt, Germany) and
MEM non-essential amino acids (Gibco™, Thermo-
Fischer). The cells were cultured at 37°C and 7% CO,
under humid conditions. The medium was replenished

(Capricorn  Scientific, ~ Ebsdorfergrund,

every other day and the cells were grown as a monolayer
and sub-cultured upon 80% confluency.

Preparation of THP Loaded Nanoparticles
THP loaded PLGA nanoparticles and unloaded (blank)
nanoparticles were prepared using the emulsion solvent
evaporation technique as described by Kumar et al.’

Briefly, the THP stock solution was prepared by dissolving
THP in ethyl acetate at a concentration of 1 mg/mL. One
hundred milligrams of PLGA was dissolved in 5 mL of
ethyl acetate containing 2 mg THP. The polymer-drug solu-
tion (organic phase) was then passed through a 0.2 um
nylon syringe filter (Pall Corporation, New York, USA)
and was then added dropwise into the 0.30% or 1% (W/v)
PVA solution (aqueous phase) to prepare two different sized
nanoparticles. The formed o/w emulsion was then homo-
genized at 15,000 rpm using Ultra-Turrax with 18G stain-
less steel dispersing head (IKA-Werke, Staufen, Germany)
for 10 min. One milliliter of chitosan (0.10%) was added to
the formed nano-emulsion. The nanoprecipitation was
amplified by the addition of ultrapure water dropwise to
make up the volume to 30 mL. The organic phase was
allowed to evaporate overnight by continuous stirring at
room temperature to form the nanoparticle suspension.
Similar procedure was followed to prepare the blank nano-
particles except for the addition of the THP stock solution.
The following day, after the complete evaporation of the
organic solvent, the nanoparticle suspension was centri-
fuged at 2000x g for 45 s using Eppendorf centrifuge
4518 (Eppendorf, Hamburg, Germany) to remove any
formed flakes or agglomerates. The resultant pellet was
discarded and the supernatant was washed with water to
separate the unentrapped drug from the nanoparticles. The

washing of the nanoparticles was done twice at 16000x g for
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20 min. The nanoparticles suspension was then freeze-dried
using Christ Beta 1-8LSC lyophilizer (Martin Christ
Gefriertrocknungsanlagen GmbH Osterode am Harz,
Germany) using 0.2% PVA as a cryoprotectant. The lyophi-
lized nanoparticles were stored at 2-8°C until further
analysis. '’

Preparation of mTHPC Liposomes

The mTHPC loaded liposomes were formulated using
Bangham’s conventional film hydration method."' Briefly,
DPPC, DPPG, and DPPE-mPEGsgy, (85:10:5) were dis-
solved in a chloroform/methanol mixture. For drug-loaded
liposomes, mTHPC was added to the lipid mixture at
a ratio of 1:20. The organic solvents were evaporated
using a rotary evaporator (Heidolph Laborota 4000 effi-
cient, Heidolph Instruments, -Schwabach, Germany)
equipped with a vacuum pump at 45°C. The film hydration
was done using 1 mL PBS (pH 7.4) and thoroughly agi-
tated to form the liposomes. The pre-formed liposomes
were then sonicated in a bath-type sonicator (Elmasonic
P, Elma Schmidbauer, Singen, Germany) for 10 min. The
obtained multilamellar liposomes (MLVs) were extruded
21 times through a 100 nm polycarbonate membrane filter
(Avanti

Alabama, USA) to obtain unilamellar liposomes. The

using Avanti mini-extruder® Polar Lipids,
extruded liposomes were stored at 4 C until further

analysis.'?

Preparation of Lipid Enveloped

Nanoparticles

The stoichiometry describes the relationship (typically a ratio)
between the relative quantities of the substances taking part in
a particular reaction or forming a compound. 13 To optimize the
stoichiometry of mTHPC liposomes and THP loaded poly-
meric nanoparticles, different liposome: NP mass ratios were
attempted and were then optimized to 1:100. The lipid layer on
the particle surface was formed using the fusion method.
Briefly, an appropriate amount of mTHPC loaded liposomes
was added to the THP loaded PLGA nanoparticle suspension
and mixed thoroughly. The mixture was then sonicated for 20
min followed by incubation at room temperature for 1 h,
resulting in the spontaneous fusion of self-organized lipid

bilayer on the nanoparticle surface.®'?

Particle Size Distribution and { Potential
The hydrodynamic diameter and zeta potential ({) of the
mTHPC loaded liposomes, THP loaded nanoparticles and

lipid enveloped PLGA nanoparticles were analyzed using
dynamic light scattering (DLS) and laser doppler anemo-
metry (LDA) respectively using Zetasizer Nano ZS
(Malvern Panalytica GmbH, Kassel, Germany). The
instrument was equipped with a 10 mW HeNe laser at
a wavelength of 633 nm at 25°C and scattered light detec-
tion at 173", Laser attenuation and measurement positions
were automatically adjusted by the instrument with each
measurement. The average particle diameter, polydisper-
sity index (PDI), and surface charge of the particles were
always measured using disposable capillary cell
(DTS1060, Malvern Instruments) for all the samples by
diluting (1:100) with purified water. For the analysis of
data, the viscosity (0.88 mPa.s) and the refractive index of
water (1.33) were taken into account.'*'> Data are
expressed as mean + S.D from the measurement of three
independent samples (n=3) with each measurement com-
prising of 15-100 individual runs.

Encapsulation Efficiency (E.E)

For mTHPC loaded liposomes, the encapsulation effi-
ciency was determined using the solvent extraction
method. Briefly, 0.20 mL of the liposomal formulation
was centrifuged in an air-driven ultracentrifuge Airfuge®
(Beckman Coulter GmbH, Krefeld, Germany) for 90 min
at 20 PSIG (60,000 rcf) using polyallomer microcentrifuge
tubes (Beckman Coulter GmbH, Krefeld, Germany). The
supernatant was separated and the pellet was resuspended
in 0.20 mL of ethanol. Similarly, an equal volume of
ethanol was added to the supernatant. The amount of
mTHPC encapsulated was quantified from both solutions
using a UV/VIS spectrophotometer (UV mini 1240,
Shimadzu, Japan) at 420 nm.'® Liposomes having the
same lipid composition without mTHPC were considered
blank. The calibration curve for mTHPC was constructed
in both ethanol and ethanol/water (1:1).

The encapsulation efficiency from the THP loaded
PLGA nanoparticles was determined also by the solvent
extracting technique. Briefly, 1 mL of freshly prepared
nanoparticle suspension was centrifuged at 16000x g for
20 min using Eppendorf centrifuge 4518 (Eppendorf,
Hamburg, Germany) to separate the unentrapped drug.
The supernatant was withdrawn and an equal volume of
acetonitrile was added to the supernatant. Similarly, the
nanoparticle pellet was dissolved by the addition of 1 mL
acetonitrile and sonicated for 15 min for the complete
extraction of the drug. The absorbance from both of the
solutions determined UV/VIS

was using a
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spectrophotometer (UV mini 1240, Shimadzu, Japan) at
230 nm. Nanoparticles without drug were taken as a blank
control. The amount of drug encapsulated was quantified
using the calibration curves constructed in the same sol-
vent systems with known THP concentrations.'®

The percentage of drug encapsulated was calculated
using the formula:'°

Amount of drug encapsulated
Total Drug

EE[%] = x 100 Eq[1]

Additionally, the % LC was also determined by the
formula:

Amount of drug encapsulated

LC[%] = x 100  Eq[2]

Dry weight of nanoparticles

Atomic Force Microscopy (AFM)

For AFM studies, the nanoformulations were diluted to
1:100 with the water. One hundred microliters of diluted
sample dispersion was placed on the silicon chip mounted
on the glass slide and left to settle down for 20 min. The
supernatant was then removed by aspiration using a lint-
free wipe (Kimtech Science, Kimberly-Clark Europe
Limited) and the sample was allowed to dry. AFM mea-
surements were performed using vibration damped (i4
Series — Active Vibration Isolation, Accurion GmbH,
Géttingen, Germany) NanoWizard®-3 NanoScience AFM
system (JPK BioAFM, Bruker Nano GmbH, Berlin,
Germany). HQ: NSCI14/AL BS (Mikromasch Europe,
Wetzlar, Germany) cantilever tips with a resonance fre-
quency of 160 kHz and nominal force constant of 5 N/m
were used for the liposome measurements while HQ:
NSC16/AL_BS with a resonance frequency of 190 kHz
and force constant of 45 N/m were used for THP loaded
PLGA nanoparticles and lipid-coated nanoparticles. The
scan speed was adjusted between 0.5 and 1.5 Hz. These
measurements were performed using the intermittent con-
tact mode in the air to avoid sample disruption. The
images were visualized using height measured, lock in
amplitude as well as lock in-phase mode.'” The raw
images were processed with JPK data processing software.

Transmission Electron Microscopy (TEM)
For the TEM analysis, the samples were diluted to 1:50
with water. Fifteen microliters of the diluted formulation
was mounted on the 300 mesh formvar coated carbon-
supported 0.03 mm copper grids (Plano GmbH, Wetzlar,
Germany). The sample was allowed to stand for 5 min.

The supernatant was then removed and the samples were
negatively stained by adding 15 pL of 2% uranyl acetate
on the copper grid (for contrast under the microscope) and
allowed to incubate for 2 min. After the incubation is over,
the excess of uranyl acetate was removed using wet tissue.
The samples were then analyzed under the JEM-1400
Transmission Electron Microscope (Jeol Ltd; Tokyo,
Japan). The TEM was equipped with a high-resolution
retractable CCD camera (Gatan Inc., Pleasanton, USA)
and was operated at an accelerating voltage of 120 kV
with a beam current of 75 pA."®

In vitro Drug Release Profile

The release profile of THP loaded nanoparticles was car-
ried out in PBS (pH 7.4) containing 1% tween 80 (v/v).
Briefly, freshly prepared nanoparticles were washed as
described earlier and the nanoparticle pellet containing
0.50 mg of THP was then resuspended in 5 mL of PBS
(pH 7.4) with 1% tween 80 and placed in a shaking
incubator (KS 4000 IC, IKA Werke, Staufen, Germany)
at 100 rpm and 37 C. For the following 7 days, 0.50 mL of
the sample was withdrawn at specified time intervals. The
sample was centrifuged at 15000x g for 10 min and the
supernatant was separated. To assure the sink conditions,
the pellet was resuspended in fresh PBS (pH 7.4) contain-
ing 1% tween 80 and returned to the original nanoparticle
suspension. The amount of THP in the supernatant was
analyzed spectrophotometrically using a US/VIS spectro-
photometer (UV mini 1240, Shimadzu, Japan) at 230 nm.
At the end of the experiment, the nanoparticle pellet was
dissolved in the acetonitrile and the amount of drug
remained in the nanoparticles was also determined. For
all the measurements, a background subtraction with blank
PLGA nanoparticles (without drug) processed in the same
way was carried out.'”'? The drug release data were fitted
to different kinetic models using DDSolver.

In vitro Cytotoxicity Synergism

In vitro cell viability was determined using MTT assay.
Briefly, SK-OV-3 cells were seeded in the clear flat bottom
96 well plates (Nunclon Delta, Thermo Fischer Scientific
GmbH, Dreieich, Germany) at a density of 10,000 cells/
0.35 cm? (per well) and were allowed to adhere overnight.
The following day, the cells were incubated with different
concentrations of THP loaded nanoparticles (200 nm and
400 nm), mTHPC loaded liposomes as well as free THP
and free mTHPC (dissolved in DMSO) and were incu-
bated for 4 h. Post incubation, the formulations were
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replaced with the fresh medium. The plates incubated with
THP nanoparticles and free THP were returned directly to
the incubator while the plates incubated with mTHPC
liposomes and free mTHPC were irradiated with different
light fluences (ie, 50 mlJ cm 2 and 350 ml.cm ?) at
a wavelength of A2=652 nm before placing them back to
the incubator.?’ The next day, the medium was replaced
with the fresh medium containing MTT dye (2 mg.mL ")
and incubated again for 4 h. The resultant formazan crys-
tals were dissolved using DMSO. The absorbance was
recorded at 570 nm using FLUOStar Optima plate reader
(BMG Labtech, Ortenberg, Germany). The cell viability of
the untreated cells (blank) was considered to be 100%. The
experiment was repeated in triplicate and the cell viability
of treated cells was determined.?’ Consequently, the
respective ICsy values were calculated from the data
obtained from the cytotoxicity assay.

Based on the results obtained from the physicochem-
ical characterizations, in vitro drug release profile, and cell
viability assay, THP nanoparticles with an average hydro-
dynamic diameter of 200 nm were considered to be the
optimal size for further studies. Consequently, these nano-
particles were coated with mTHPC liposomes (containing
DPPC/DPPG/mPEGs5(0-DPPE in different molar ratios).
The cell viability assay was also performed (as described
previously) for the lipid-coated THP nanoparticles (LCNP)
for the combined delivery of the mTHPC and THP to the
cancer cells.

Assessment of Reactive Oxygen Species
(ROS)

The quantitative assessment of the ROS was determined
(H,DCFDA,
Abcam, Berlin, Germany) according to the supplier’s
with  slight H,DCFDA s
a fluorescent dye and free radical scavenger used to

using 2',7'-dichlorofluorescein diacetate

manual modifications.*?
detect the ROS generated by the investigative substances.
Briefly, SK-OV-3 cells were seeded in the clear bottom,
dark walled 96 well microtiter plates at a density of
25,000 cells per well. The cells were allowed to grow
overnight. After the cell’s stabilization, the next day, the
cells were washed with Dulbecco's PBS (pH 7.4) supple-
mented with Ca”*/Mg®". The cells were then treated with
H,DCFDA at a concentration of 25 pM for 1 h at 37 °
C. Post incubation, the cells were washed again to
remove any unbound dye. The cells were incubated
with  free different

drugs or formulations  (at

a corresponding mTHPC and THP concentration of 5
uM and 50 uM, respectively) for 4 h. After the incuba-
tion is over, the formulations were replaced with the fresh
medium. The cells were then irradiated at a light dose of
0.50 J.cm 2. The cell lysis was done using cell culture
lysis reagent (Promega, Mannheim, Germany) and the
resultant fluorescence was recorded at A, 485 nm/A.y,
520 nm using FLUOStar Optima plate reader (BMG
Labtech, Ortenberg, Germany).'!

Hemolysis Assay

To determine the biocompatibility and hemolytic potential
of our formulations, an ex vivo hemolysis assay was
performed as described previously.”> Briefly, with prior
consent from the donor, 10 mL of the blood was drawn
into the EDTA-containing tubes to prevent the coagulation
and centrifuged at 500x g for 5 min to get RBCs pellet.
The plasma was aspirated and the RBC pellet was then
washed three times with Dulbecco PBS (pH 7.4) and
diluted to a 1:50 ratio with PBS (pH 7.4). Afterward,
100 uL RBC suspension per well was seeded in a 96
well plate. The RBCs were then incubated with formula-
tions to be tested in a V- bottom shaped microtiter plates
for 1 h at 37 C and were placed in an orbital shaker
KS4000 IC (IKA Werke, Staufen, Germany). Post incuba-
tion, the supernatant was collected following centrifuga-
tion of the plates. The absorbance of the supernatant was
recorded at 540 nm using FLUOStar Optima plate reader
(BMG Labtech, Ortenberg, Germany). Sterile filtered nor-
mal saline (0.9% NaCl) and Triton™ X-100 (TX™-100)
were used as positive and negative controls, respectively.
The absorbance value obtained from the TX™-100 was
considered to be 100% hemolysis. The percentage of
hemolysis was calculated using the formula.*

AbSample - AbNC

100
Abpc — Abyc 8

Hemolysis[%] = Eq[3]
Whereas:

Abgampic = Absorbance of sample; Abyc = Absorbance
of Negative control; Abpc = Absorbance of positive

control

Activated Partial Thromboplastin Time
Test (aPTT)

To assess the influence of our formulations on the coagu-
lation time of the blood, the aPTT test was performed in
described
carlier.'® Briefly, blood plasma was separated from the

the Coatron M1 coagulation analyzer as
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fresh blood after centrifugation at 5000x g for 5 min. The
blood plasma (25 pL) was then mixed with an equal
amount of the formulation to be tested and 25 pL of the
aPTT reagent. The coagulation factors were then activated
by the addition of 25 uM pre-warmed CaCl,. The clotting
time (s) was recorded after the confirmation of blood

coagulation spectrophotometrically.

In vitro Genotoxicity Assessment

The genotoxic perspective of our nanoformulations was
evaluated employing in vitro comet assay on SK-OV-3
cells as described.>>2¢ Briefly, 1,00,000 cells per well
were seeded into a six-well plate and were allowed to
adhere overnight. The following day, the cells were incu-
bated with specified concentrations of our test formula-
tions for 4 h at 37 "C. After the incubation is over, fresh
medium was added to the cells. To avoid any false positive
response, the cells were irradiated at an equitoxic light
dose to produce 80% cell viability. The treated cells were
then returned to the incubator for 12 h. The next day, the
cells were trypsinized and centrifuged for 5 min at 1000x
g. The obtained cell pellet was washed twice using sterile
Dulbecco PBS (pH 7.4) and cell density was adjusted to
80,000 cells.mL~". Twenty-five microliters of the cell sus-
pension was mixed with 75 pL of 1% of prewarm low
melting agarose (LMA) (Merck, Germany). The mixture
was applied to the super frost glass slides previously
coated with 1% normal melting agarose (NMA). The
slides were placed on an ice block for 10 min until solidi-
fied. The cell membrane lysis was done by submerging the
slides overnight in a cold lysis solution (300 mm NaOH,
1.2 M NaCl, 2% DMSO, and 1% TX"™-100). The slides
were then transferred to the electrophoresis tank contain-
ing alkaline electrophoresis buffer (300 mM NaOH and
ImM EDTA). Electrophoresis was performed for 30 min
at 250 mA current and 25 V in Thermo Hybrid Electro 4
Ulm,
Germany). The slides were neutralized by washing the

gel system (Thermo Electron Corporation,
slides with double distilled water. The cell fixation was
then done by submerging the slides into the 70% ethanol
for 20 min. Subsequently, the cells were stained with
SYBR™ safe DNA staining dye for 20 min. Finally, the
slides were washed with double distilled water to remove
any unbound stains. The comet analysis was done under
a fluorescence microscope (CKX-53 Olympus, USA). The

results were analyzed using the Comet Assay IV®

software. Fifty individual comets were scored for each

.2
formulation.?’

Cellular Uptake Pathway Analysis

In order to determine the uptake mechanism by the cells,
SK-OV-3 cells were seeded into a 96 well plate at
a seeding density of 10,000 cells/well and were allowed
to adhere overnight by maintaining at 37 "C and 5% CO,.
The next day, the cells were washed with PBS (pH 7.4)
supplemented with Ca”/Mg®". The cells were then pre-
incubated with the inhibitors of the vesicular uptake path-
way (ie, Chlorpromazine 30 uM and Filipin-III 15 uM) for
1 h. After incubation, the formulations were added to the
cells and were again incubated for a total of 4 h. Post
incubation, the samples were replaced by fresh medium,
and irradiation was done at a light dose of 0.50 J.cm 2.
Subsequently, the cells were incubated again for 24 h. Un-
irradiated plates were taken as the dark control. The
following day, cell viability was determined using MTT

assay as described previously.'*®

Apoptosis Assay

The cell apoptosis assay was performed using flow cyto-
metry FITC annexin V (human vascular anticoagulant)
according to the manufacturer protocol with slight mod-
ifications. Briefly, 90,000 SK-OV-3 cells per well were
seeded in 12-well culture plates and were allowed to
adhere overnight. Post stabilization, the cells were incu-
bated with the formulations at a concentration of 1.50 uM
of mTHPC loaded liposomes, 15 pM of THP loaded
nanoparticles, and similar concentrations of the lipid-
coated nanoparticles containing mTHPC and THP to get
60% cell viability. The cells were then incubated for 4
h. Post incubation, the formulations were replaced with the
fresh medium. The cells were irradiated with a light dose
of 0.05 J.cm 2 at 652 nm (except for THP loaded nano-
particles and free THP). The cells without any treatment
were taken as a negative control. The plates were then
returned to the incubator for overnight. The following day,
cells were trypsinized, washed with ice-cold PBS (pH 7.4)
without Ca®"/Mg”" and resuspended in 1X binding buffer.
Fifty microliters of binding buffer supplemented with 1 pL
(10 pg.mL™") of FITC annexin V were gently mixed with
an equal volume of the cell suspension and incubated at
room temperature for 15 min under dark conditions. After
the incubation, 300 pL of binding buffer containing 0.4 uL
(2 mgmL™") of propidium iodide (PI) was added and
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placed in ice for 5 min. The apoptosis analysis was then
conducted by flow cytometry (Guava® easyCyte™,
Millipore Sigma, USA). The data were processed by
FlowJo® v. 10.6 software.*’

Stability Studies in Simulated Conditions

To study the stability of the formulations in the physiolo-
gical conditions, 0.20 mL of formulations (ie, mTHPC-LP,
THP NP 200 nm, and LCNPs) were mixed with 1 mL of
60% FCS (diluted in PBS pH 7.4) to get a volume ratio of
5. Similarly, 1 mL PBS (pH 7.4) was mixed with 0.20 mL
of each formulation to get the same volume ratio of 5. All
the mixtures were then incubated for 24 h in a shaking
incubator at 100 rpm and 37 "C. In the control experi-
ments, only PBS (pH 7.4) was mixed with FCS keeping
the other parameters constant. The samples were with-
drawn at specific time intervals, diluted with purified
water (1:20), and measured using Nano ZS Zetasizer.
The
formulations.

were obtained for three

10,30

results independent

In vivo Acute Toxicity Assessment

In vivo acute toxicity studies were determined in mice for 7
days as per Organization for Economic Cooperation and
Development (OECD) 425 guidelines, except that i.v.
administration was used. All the experiments were per-
formed as per defined protocols approved by the bioethical
committee of Riphah Institute of Pharmaceutical Sciences,
Riphah International University, Lahore. Briefly, healthy
female albino (BALB/c) mice weighing 30-35 g with an
age of 8—10 weeks were obtained from the animal house and
were randomly assigned into 6 groups with each group
comprising 3 animals (n= 3).*' All the animals were pro-
vided free access to water and commercial laboratory food
(ad libitum). They were housed in a controlled environment
(Temperature: 22 + 2 "C, Humidity: 60 + 10% with a 12
h light/dark cycle). The group 1 and group 2 were adminis-
tered with free mTHPC (dissolved in 0.10% DMSO) and
mTHPC loaded liposomes, respectively (mTHPC dose
equivalent to 0.15 mgkg ' body weight®?). Similarly,
Group 3 and group 4 were treated with free THP (dissolved
in 0.1% DMSO) and THP loaded nanoparticles, respec-
tively (THP dose equivalent to 5 mg.kg ' body weight®?).
Group 5 was treated with lipid-coated nanoparticles (at
mTHPC/THP equivalent doses as described previously)
and group 6 was treated with normal saline (considered as
the control group). The formulations were administered in
two equally divided doses (viz day 1 and 3) intravenously

via tail vein using a 21-gauge needle. The animals were kept
under observation for 1-7 days for any sign of changes in
the body weight, visual observations of mortality, beha-
vioral patterns (eg, skin and fur, eyes, salivation, respira-
tion, consistency of feces, urine color, sleep patterns,
convulsions, and coma, etc.), any sign of illness throughout
the study period. After 7 days of observations, the blood
was withdrawn for blood biochemical analysis, and the
mice were euthanized for tissue histological studies.*

Blood Biomarker Assay

In an attempt to determine the toxicity of our formulations
on the mice’s blood, serum biochemical indexes were
analyzed. After 7 days post-exposure, blood from each
mouse was withdrawn under anesthesia into a sterile tube
via thoracic puncture. To separate the plasma, the blood
was centrifuged at 1200x g for 10 min, using the centri-
fuge (Centurion Scientific, Chichester, UK). The super-
natant was removed carefully and stored at —20 "C until
further analysis. Serum biochemical markers including
renal function tests (RFTs), liver function tests (LFTs)
including bilirubin level, creatinine level, blood urea,
total protein, and cholesterol level were performed using
a serum biochemical marker analyzer (MicroLab 300,
Merck, Germany). Hematological investigations were con-
ducted on the heparinized part of the blood. Complete
blood screening including total erythrocyte count (TEC),
hemoglobin concentration (Hb), mean corpuscular volume
(MCYV), hematocrit (HCT), mean corpuscular hemoglobin
(MCH), mean corpuscular hemoglobin concentration
(MCHC), total leucocyte count (TLC), platelet count as
well as mean platelet volume (MPV) were performed
using a hematology analyzer (Icon-3, Norma Instruments,
Budapest, Hungary).**

Body Visceral Index

Body visceral index is a vital tool to evaluate any toxic
effect of the nanoformulations on mice’s organs after
repeated administrations. Change in body organ weight
was determined at the end of the treatment (post 7 days).
The animals were ecuthanized by cervical dislocation
method and vital body organs (ie, heart, kidney, liver,
and lungs) were removed, washed carefully with sterile
normal saline, and weighed. The organ weights were then
compared with the body organ weights of the control
group to determine the organ body weight index using

the formula.>>3¢

submit your manuscript

958

Dove

International Journal of Nanomedicine 2021:16


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

Dove

Ali et al

Organ weight

Body visceral index[%] = x100  Eq[4]

Body weight

Histopathological Examinations

In order to examine any pathological changes (ie, abnorm-
alities or lesions) induced by our formulations, histopatho-
logical examinations were done as described. Briefly, after
sacrificing the animal, the vital organs were removed and
washed carefully with normal saline. The organs were
immediately placed in 10% formalin solution. The organs
were then embedded into the paraffin blocks and sliced
carefully into 0.50 pm thin tissue sections using a rotary
Kaida
Changsha, China). The sections were then fixed onto the

microtome  (Hunan Scientific  Instruments,
glass slides and stained with hematoxylin-eosin periodic
acid Schiff (PAS) stain (H&E stain). The slides were
examined microscopically and photos were taken using

a microscope (Olympus BX51M, Tokyo, Japan).®’

Statistical Analysis

Non-linear curve fitting functions were applied on normalized
dose—response cell viability data obtained from the MTT
assay and the ICso values were calculated. All the experi-
ments were performed in triplicate unless otherwise stated
and results are expressed as mean + SD. Two-way analysis of
variance (ANOVA) with Dunnett's test (multiple comparisons
against a control group) was performed for the comparison of
percentage viability obtained from cytotoxicity assays. One-
way ANOVA with post hoc test (Dunnett’s multiple compar-
isons against control) was performed on the rest of the data
using Graph Pad Prism 5. Significance levels of p<0.05 were
considered for the rejection of the nulls hypothesis.

Results and Discussion

Physicochemical Characterizations

In the current study, PLGA nanoparticles were prepared utiliz-
ing the emulsion solvent evaporation technique. Two different
sizes of THP loaded PLGA nanoparticles (ie, 200 nm and 400
nm) were prepared to compare their physicochemical proper-
ties and efficacy against the cancer cells. After the pilot study,
depending on the particle size, the PVA concentrations were
optimized to be 1% and 0.30% to produce 200 nm and 400 nm
particles respectively, while maintaining all the other para-
meters constant. The particle size distribution and their surface
charges are exhibited in Table 1. It can be observed that THP
NP 200 nm showed a homogenous population with a narrow
size distribution of 194.90 + 2.70 nm and a low polydispersity

Table | Physicochemical Properties of THP Loaded PLGA
Nanoparticles, mTHPC Loaded Liposomes, and Lipid-Coated
Nanoparticles (LCNP). Each THP Loaded PLGA Nanoparticle
Contains 2 mg of THP and 100 mg of PLGA, While Each
Liposome Consists of 0.50 mg of mTHPC in 10 mg of Total
Lipids. Hydrodynamic Diameter is Expressed as a Function of
Particle Size Distribution by Intensity. Values are Expressed as
Mean + S.D for Three Independent Measurements (n=3)

Formulations Diameter PDI £ SD { Potential
[nm] = SD [mV]t SD
PLGA NP 194.90 + 2.70 0.08 = 0.02 8.30 = 1.60
THP NP 200 nm 204.70+ 3.40 0.10 £ 0.03 7.60 £ 1.60
NP-Blank 373.40 + 8.80 0.23 + 0.02 8.60 = 1.40
THP NP 400 nm 405.70 = 10.00 0.23 + 0.06 10.50 + 1.70
LP-Blank 100.50 + 3.40 0.19 + 0.06 —12.90 £ 0.50
mTHPC-LP 108.80 + 2.10 0.21 £ 0.02 —12.70 £ 1.20
LCNP 208.60 * 2.20 0.11 £0.01 590 £ 1.10

index of 0.08 + 0.02 as compared to THP NP 400 nm. This
was due to the presence of a higher concentration of the
emulsifier in 200 nm NP causing the formation of stable
emulsion with smaller and uniform droplet size, leading to
the formation of smaller sized nanoparticles with low poly-
dispersity index. The lower concentration of PVA in THP NP
400 nm not only produced a higher particle size of 373.40 +
8.80 nm but the polydispersity index was also high indicating
a bimodal distribution of particles (ie, 0.23 =+ 0.02).° The
addition of the THP in the nanoparticle formulations produced
a slight increase in the particle size (10—15 nm approximately)
and size distribution. All the nanoparticle formulations exhib-
ited a positive surface charge ranging from 8.30 + 1.60 mV to
10.50 + 1.70 mV, owing to the presence of a small amount of
chitosan in the formulations (Supplementary Figure S1-S4).

The composition of prepared liposomes and their physi-
cochemical properties are presented in Table 1. The hydro-
dynamic diameter was in the nanometric range (100.50 +
3.40 nm) with a PDI of 0.19 & 0.06 representing the narrow
monomodal distribution of liposomal vesicles. mTHPC
loaded liposomes showed a slightly higher hydrodynamic
diameter and PDI. This could be due to the fact that
mTHPC orientate itself in the bilayer membrane and interacts
with the polar heads of lipids through the hydrogen bonding
leading to a slight increase in vesicle size.*® Liposomal for-
mulation possessed an overall negative zeta potential (—12.90
+ 0.50 mV) (Supplementary Figure S5-S6). The lipid envel-
oped nanoparticles (LCNP) were produced by coating the
THP NP 200 nm with the mTHPC loaded PEGylate lipo-
some (ie, DPPC/DPPG/mPEGsg0o-DPPE). The hydrody-
namic diameter of LCNP was found to be 208.60 + 2.20
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nm with no significant increase in the PDI (Supplementary
Figure S7). A small increase in the hydrodynamic diameter
(ie, 4 nm) of the LCNP was observed when compared to
uncoated PLGA NP. Assuming the thickness of the lipid
membrane to be about 4-5 nm, our results were in line with
the previous experiments done by our workgroup.®

Encapsulation Efficiency (EE%)

The encapsulation efficiencies of the THP loaded PLGA
nanoparticles and mTHPC loaded liposomes were deter-
mined using the solvent extraction method. For this pur-
pose, unentrapped drugs from the nanoparticles and
liposomes were removed using centrifugation and ultra-
centrifugation techniques, respectively. A direct method of
dissolving the nanoparticle or liposomal drug pellet was
used and ultimately the actual amount of THP in PLGA
nanoparticles and mTHPC in liposomes was measured.
Being a highly lipophilic molecule, mTHPC tends to
align itself in the hydrophobic milieu (non-polar region)
of the liposome and showed an overall high drug loading
of 80.50 + 5.10%.***° Similarly, the optimized nanoparti-
cle formulations also showed a relatively high encapsula-
tion with THP NP 200 nm showing an EE of 86.50 +
4.50% and THP NP 400 nm showing EE of 74.30 + 5.4%.
This higher EE can be explained due to the fact that both,
the THP and PLGA are soluble in ethyl acetate employed
for the nanoparticle preparation.'®*® The loading capacity
of the THP NP 200 nm, THP NP 400 nm and mTHPC-LP
was found to be 1.92 + 0.32%, 1.65 + 0.68% and 4.02 +
0.41%, respectively.

Morphological Characterizations

Morphological characterizations were conducted using
atomic force microscopy (AFM) and transmission electron
microscopy (TEM). AFM studies were conducted using
intermittent contact mode and images were acquired in
height measured trace, lock in amplitude as well as in lock
in-phase mode. Figure 2 shows the typical AFM mono-
graphs of mTHPC loaded liposomes, THP loaded nanopar-
ticles (200 nm and 400 nm), and lipid-coated polymeric
nanoparticles. The AFM micrographs revealed perfectly
round shaped liposomes and nanoparticles. The height mea-
sured view was used to analyze the size distribution para-
meters of the liposomes and nanoparticles. Some irregularly
shaped liposomes also tend to spread on the silicon surface
like a sheet of lipid monolayer that might be due to the
liposomal disruption during the preparation of samples. The
AFM size investigations were in correlation with the

hydrodynamic diameter obtained from DLS studies.
A uniform distribution of the THP NP 200 nm (Figure
2Aal) with a smooth surface can be seen, which represents
the unimodal distribution of the nanoparticles in the
1741 Whereas THP NP 400 nm showed
a tendency to aggregate forming clusters (Figure 2Aa2).

formulation.

This explains the broad range of particle sizes and the
high polydispersity observed. This agglomeration tendency
was likely due to insufficient steric stabilization by the PVA.
The lipid layer on the nanoparticle surface can also be
visualized with AFM images (Figure 2B). In some places,
the nanoparticles are not completely covered with the lipid
bilayer and show some gaps in between the coating. The
thickness of the absorbed lipid bilayer was determined from
these gaps and was found to be in the range (ie, 4-5 nm)
(Figure 2C).°

Transmission electron microscopy (TEM) is the most
widely used technique to study the size, shape, and mor-
phology of the carrier system. TEM allows the imaging of
the liposomes and nanoparticles in their original form,
without further need of the sample modification (eg, label-
ing, fixation, etc.). The samples were negatively stained
using 2% uranyl acetate. Figure 3 shows the representative
TEM micrographs of the mTHPC loaded liposomes
(Figure 3A), THP NP 200 nm (Figure 3B), and lipid-
coated nanoparticles (Figure 3C). TEM observations
revealed mostly circular unilamellar lipid vesicles."
Besides, some irregularly shaped liposomes can also be
seen in the formulation which could be caused by the
quick drying of the liposomes during the staining process
as the PEG conjugated DPPE and DPPC were stained
using dye to enhance electron density. Furthermore, poly-
meric nanoparticles with a lipid layer adsorbed on their
surface as a dim ring surrounding the polymeric core-shell
of hybrid carriers can also be observed.** This lipid coat-
ing is the result of the non-covalent weak electrostatic
attraction between the anionic lipid bilayer and cationic
surface of polymeric nanoparticle core. The size of these
liposomes and lipid-coated vesicles obtained by TEM
micrographs was in good agreement with the size distribu-

tion obtained by particle size analyzer.***

In vitro Drug Release Profile

The in vitro drug release from the THP loaded PLGA
nanoparticles was conducted in PBS (pH 7.4) containing
1% tween 80. Tween 80 is a common nonionic emulsifier
used to enhance the solubilization of the hydrophobic
drugs by the formation of the micelles. Because of the
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Figure 2 lllustration of surface morphology of (A): al) THP NP 200 nm; a2) THP NP 400 nm and a3) mTHPC-LP using AFM. Pane (B) represents the AFM micrographs of
lipid-coated nanoparticles bl) height measured view; b2) lock-in amplitude view and b3) lock-in phase view. (C) AFM cross-sectional profile of the lipoparticles
demonstrating the lipid thickness around the PLGA nanoparticles. HQ:NSCI4/AL_BS cantilevers tips were used for the liposomes while HQ: NSC|6/AL_BS were used
for the uncoated and coated nanoparticles. The scale bar represents 500 nm scale.

very low aqueous solubility of THP, the addition of this
solubility enhancing component was necessitated to ensure
the sink conditions and to achieve detectable UV/VIS
The drug
release mechanisms are important in the drug-polymer

concentrations during the release studies.'”

formulations because of the proposed applications in sus-
tained drug delivery. Kumari et al** have described

different drug release mechanisms from PLGA nanoparti-
cles including (a) the desorption of the drug absorbed to
the particle surface, (b) diffusion through the nanoparticle
matrix, (c) erosion of nanoparticle matrix, and (d) combi-
nation of diffusion and erosion. To manipulate the drug
release from the polymer matrix, a complete understanding
of these mechanisms is required.** The drug release from
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Figure 3 Typical TEM micrographs of nanoformulations including (A) mTHPC-LP; (B) THP NP 200 nm and (C) LCNPs. The samples were stained with 2% uranyl acetate

for 5 min prior to imaging. The scale bar represents a 250 nm scale.
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Figure 4 Cumulative release [%] of THP from PLGA nanoparticles in PBS (pH 7.4)
containing 1% v/v tween 80% to assure sink conditions. The samples were with-
drawn at specified time intervals were analyzed spectrophotometrically.

the PLGA nanoparticles is shown in Figure 4. It is evident
from the graph that the THP loaded PLGA nanoparticles
followed a typical biphasic drug release pattern from the
nanoparticle matrix with an initial burst release of 40% for
THP NP 200 nm and 32% for THP NP 400 nm within the
first 24 h. This burst release was followed by a sustained
release of the drug from the polymer matrix for 7 days.
This initial phase of drug release is mainly attributed to
desorption or diffusion of the drug located at the large
surface of the nanoparticles or loosely bound with the
polymer matrix. The remaining unreleased drug was
assumed to be tightly associated with PLGA molecules
and/or well entrapped within the nanoparticle matrix and
occurs mainly by diffusion or erosion of the matrix under

sink conditions. If the diffusion of a drug is faster than the
matrix erosion, the mechanism of release is then largely
controlled by a diffusion process.*> It was also observed
that THP NP 400 nm showed a lower cumulative drug
release of 57% till the end of the experiment contrary to
the THP NP 200 nm which showed a relatively higher
cumulative release of 72%. This could be explained by the
fact that in the case of smaller nanoparticles, the greater
surface area produces a higher number of drug molecules
at the surface of nanoparticles ready for faster release.*® To
discern the release mechanism, the drug release data were
fitted in the different kinetic models including zero order,
Ist order, Higuchi as well as the Korsmeyer-Peppas model.
The release data from the formulations were best fitted to
the Korsmeyer-Peppas equation based on the correlation
coefficient (7 values) as shown in Table 2. The model
assumes that the drug is uniformly distributed inside the
matrix and follows the Fickian diffusion mechanism for its
release, as the value of release exponent (n) is less
than 0.5.

In vitro Cytotoxicity Synergism

The in vitro cytotoxicity synergism of LCNPs, as well as the
cell viability of the SK-OV-3 cells after being treated with
THP loaded PLGA nanoparticles (200 nm and 400 nm),
mTHPC loaded liposomes, and free THP/mTHPC (dis-
solved in DMSO) was determined using MTT assay. It
was done by incubating the cells in the presence of different
concentrations of the nanoformulations as well as of the free
drugs for 4 h. This was followed by subsequent irradiation
of the cells at A=652 nm (except for free THP and THP
loaded nanoparticles). The results of the cytotoxicity assay
are expressed in Figure 5 and Table 3. It is evident from the
results (Figure 5A) that the presence of free THP or THP
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Table 2 In vitro Release Kinetics and Mechanism from THP Loaded PLGA Nanoparticles

Kinetics of Drug Release Mechanism of Drug Release
Kinetic Models Zero Order First Order Higuchi Model Korsmeyer-Peppas Model
Kinetic Equations Or = Qo + Kot InQ;, =InQy + Kt 0, =Kyt Q’/Q = Kt
Kinetic Parameters I Ko r K, I Ky r Ky n
THP NP 200 nm 0.29 14.23 0.72 0.32 0.87 32.72 0.98 42.27 0.31
THP NP 400 nm 0.34 11.12 0.63 0.19 0.89 25.51 0.99 32.60 0.32

Notes: Q,, Amount of drug dissolved in time t; Qo initial amount of drug in the solution; Ko zero order release constant; K, first order release constant; Ky, Higuchi
dissolution constant; K, Korsmeyer’s constant describing the structural and geometrical characteristics of the drug dosage form; n, release exponent, describing the drug

release mechanism.

loaded biodegradable nanoparticles (200 nm and 400 nm)
caused a reduction in the SK-OV-3 cell viability with the
highest reduction at the dose of 100 uM. The highest
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cytotoxicity was produced by free THP (72.26 + 5.40%)
followed by THP NP 200 nm (62.14 + 3.13%). The least
effect was observed with THP NP 400 nm with the cell
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Figure 5 Dose—response curves representing the cell viability of SK-OV-3 carcinoma cells. Cytotoxicity induced by (A) THP loaded nanoparticles (200 nm and 400 nm) and free
THP; dark and photo cytotoxicity induced by (B) free mTHPC; (C) mTHPC-LP, and (D) lipid-coated nanoparticles (LCNP). In all cases, the free drug was dissolved in 0.10% DMSO.
The cells were incubated for 4 h with the formulations at 37°C and then irradiated (except A) with radiation fluence of 50 mj.cm™ 2and 350 m).cm 2 at A=652 nm. The dark was used
as the negative control and represents cells without irradiation. Each value is represented as the mean * SD for three independent experiments (n=3).
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Table 3 The Half-Maximal Inhibitory Concentration (ICsg)
Values of the MTT Assay Induced by THP Loaded PLGA
Nanoparticles (200 nm 400 nm) and Photo-&Cytotoxicity
Induced by the mTHPC Loaded Liposomes, Free mTHPC
(Dissolved in DMSO) as Well as the LCNPs in SK-OV-3 Cells.
The IC50 Values Were Calculated by Non-Linear Curve Fitting
from the Graphs and Tabulated for the Respective Radiation
Doses (Fluences)

Formulations Light Dose [m) tm ] 1Cs50 [UM]
THP (DMSO) - 6.75
THP NP 200 nm - 14.40
THP NP 400 nm - 27.51
mTHPC (DMSO) 50 1.96
350 0.42
mTHPC-LP 50 1.95
350 0.35
LCNP 50 0.41
350 0.19

viability still recorded at 52.56 + 5.50%. This can be attrib-
uted to the slower uptake of the larger particles (ie, 400 nm)
as the particle size ranging from 100 to 200 nm are appro-
priate for effective cellular uptake and consequently for the
higher anticancer activity. It was also observed that free
THP dissolved in the DMSO showed higher cytotoxicity
as compared to nanoparticles, which could be referred to as
the controlled release properties of PLGA nanoparticles as
the rate-limiting step.

The treatment of the cells with free mTHPC (dissolved
in 0.10% DMSO) without subsequent irradiation resulted
in a slight reduction of cell viability (18.51 + 1.87%). This
dark toxicity was evident only at the highest mTHPC
concentration (ie, 5 uM) (Figure 5B). Contrary to this,
mTHPC did not show any dark toxicity when encapsulated
in a liposomal formulation suggesting the safety of the
formulation (Figure 5C). These findings were also in
accordance with the previous studies conducted by our
research group. It is also evident that with the increase in
light fluence, the cell viability continuously decreased end-
ing up at 18-20% at 350 mJ.cm >*7 Similar results were
obtained when the mTHPC encapsulated liposome was
coated over THP loaded PLGA nanoparticles. The
LCNPs without succeeding irradiation exhibited cell via-
bility of 32.20 £ 1.30% which was relatively less as
compared to the THP NP 200 nm alone (ie, 37.80 =+
3.10%). This effect can be attributed to higher cellular

uptake of the lipid-coated particles as compared to the
uncoated nanoparticles.*® The dose-response cell viability
curves obtained from the LCNPs treated cells manifested
higher cell destruction as compared to mTHPC liposomes
or THP nanoparticles (200 nm) alone (Figure 5D). This
higher anticancer effect can be credited to the synergistic
effect produced by both the drugs combined in one nano-
carrier system.>® The half-maximal inhibitory concentra-
tion (ICsg) of the formulations was also reduced
proportionally, as the light or drug dose into the cells
was increased. The statistical evaluation using two-way
ANOVA with Dunnett’s multiple comparisons showed
that the PDT effect produced by different light fluences
differed significantly (p<0.001) to the unirradiated
samples.

Assessment of Reactive Oxygen Species
(ROS)

The production of ROS has a very crucial effect on the results
of combination therapy as the high production of ROS induces
significant damage to the biomolecules (ie, nucleic acids,
proteins, etc.) in the cancer cells. To determine the effect of
combination therapy on the intracellular ROS production in the
SK-OV-3 cells, the ROS assay was performed. For this pur-
pose, one of the commonly used molecular probe H,DCF (2’,
7'-dichlorodihydrofluorescein) was used. The esterified form
of this dye is non-fluorescent and cell-permeable, thus can
enter the cells freely. Inside the cell, it gets deacetylated into
the cell impermeable dye by the action of cell-bound esterases
and then gets oxidized by intracellular ROS into a green fluor-
escent DCF (2/, 7'-dichlorofluorescein).*’ The fluorescence
intensity corresponds to the ROS production is then detected
using fluorescence microscopy. The data obtained from the
production of ROS after being treated with formulations and
free drugs is shown in Figure 6. In our experiments, the
irradiated liposomal formulation or free mTHPC (dissolved
in DMSO) produced increased levels of intracellular ROS as
compared to unirradiated samples (dark). These findings were
in line with the cytotoxicity experiments in which unirradiated
formulations or free drug did not produce a significant reduc-
tion in cell viability.* The highest amount of ROS was pro-
duced by PEGylated liposomes coated over the THP loaded
nanoparticles giving a synergistic effect for the production of
ROS. The reason for higher ROS production by the lipid-
coated nanoparticles could be the higher cellular uptake of
these particles as compared to uncoated particles.*® The fact
that the highest damage to the cancer cells was done by lipid-
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Figure 6 Production of ROS in response to mTHPC loaded liposomes, free mTHPC (DMSO), THP loaded PLGA nanoparticles (200 nm), free THP (DMSO), and lipid-
coated polymeric nanoparticles (LCNP). H,DCFDA (25 pM) was used as a free radical quenching fluorescent dye. The cells were incubated with the formulations or free
drugs (at a corresponding mTHPC and THP concentration of 5 uM and 50 pM, respectively) for 4 h at 37°C. Subsequent radiation was performed at a light dose of 0.5 J.
em 2 (L = 652 nm). Blank represents the non-illuminated cells whereas TBHP (50 1M) was used as a positive control. All the measurements were performed in triplicate and
values were expressed as mean = S.D (n=3). P values (p < 0.05) were considered significant and expressed as ***p< 0.001.

coated THP nanoparticles could be explained by this higher
ROS production. As expected, the amount of ROS produced
by uncoated THP nanoparticles and free THP, before and after
irradiation remained the same and no significant difference in
the ROS levels was observed.

Hemocompatibility Assay

Hemocompatibility of the synthesized nano-formulations is
a significant criterion for pharmaceutical and biomedical
applications. It involves the necessary evaluation of the
hemolytic potential of drug formulations with blood com-
ponents which would, in turn, determine their therapeutic
efficacy and in vivo fate. These studies also serve as
a critical link between in vitro and in vivo studies because
the data obtained from these studies can be used to tailor the
dosage form for the in vivo experiments. The hemolytic
potential of our drug formulations was assessed to evaluate
their safe concentrations that can be administered intrave-
nously. It was done by estimation of the hemoglobin release

after erythrocyte damage caused by drug formulations. The
atmospheric oxygen then converts this hemoglobin

detected
spectrophotometrically.”® In our study, it was observed
that both of the free drugs showed a relatively higher
hemolytic effect (ie, 14% and 20% for free mTHPC and

THP, respectively) even at a lower dose, while the degree of

into  oxyhemoglobin  which can be

hemolytic toxicity exhibited by all the formulations was less
than 10% including lipid-coated nanoparticles (ie, 8.93%).
This indicates that our formulations were less hemotoxic
and had improved biocompatibility with the blood compo-
nents (Figure 7). The aPTT test was performed to evaluate
the effect of formulations on the coagulation time of blood.
An increase in aPTT time was observed in the case of free
drugs (127.7 s and 60.2 s for THP and mTHPC, respec-
tively). It is important to consider that the aPTT wvalues
above 50 s are clinically significant while the value above
70 s indicates continuous bleeding and hemorrhage.
Contrary to the free drugs, the coagulation time depicted
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Figure 7 Hemocompatibility assessment; hemolysis assay (grey bars) and aPTT assay (blue points) of mTHPC loaded liposomes, THP loaded PLGA nanoparticles (200 nm),
lipid-coated nanoparticles (LCNP) and free mTHPC/THP (dissolved in DMSO). Triton™ X-100 was used as a positive control for hemolysis assay and was considered as
100% hemolysis. Blood plasma was considered as blank in the case of hemolysis assay while erythrocytes were considered as blank in the aPTT test. All the samples were

measured in triplicate and the values were expressed as mean + S.D (n = 3).

by the nanoformulations was found to between 39.5 and
46.8 s which was well under the standard range.’'* The
aPTT values exhibited by the drug formulations were also
comparable to that of the blank (ie, 37.2 s). These findings
suggested that our nanoformulations were biocompatible as
well as non-toxic for i.v. injection.

Alkaline Comet Assay

Alkaline comet assay also referred to as single-cell gel elec-
trophoresis (SCGE) is a simple and sensitive yet most exten-
sively used technique for DNA damage (DNA strand breaks)
assessment in eukaryotic cells. It has achieved the status of
a standard test to explore the safety of the drug formulations.
The test is based on the fact that the integrity of the cellular
components gets compromised on exposure to genotoxic
chemicals. DNA chromosomes get damaged on long-term
exposure and after segregation, they move towards the anode
under the influence of electricity. This movement is detected
by fluorescence microscopy and is regarded as the tail
moment.”>~® The measure of this tail moment is indexed as
the degree of DNA damage. The results of the comet assay

are shown in Figure 8. It is evident from the results obtained
that the highest genotoxicity was caused by the free drugs
(free THP and mTHPC) when exposed to the SK-OV-3 cells
but still categorized in the class-II damage (5-20%; low
damage). On the other hand, none of the formulations,
including the lipid-coated nanoparticles induced any direct
DNA damage and were classified under class-I (0-5%; no
DNA damage) as observed from the olive tail moment data.?’”
From the data, it was concluded that irradiation of the SK-
OV-3 cells after treatment with a low drug or light dose did
not cause any significant DNA fragmentation and there was
no apparent increase in the olive tail. Tail lengths of different
comets were statistically analyzed using one-way ANOVA.
Dunnett’s post hoc test with multiple comparisons against
control (blank) was used to compare the results. The results
were significant when compared to control with a p-value of
<0.05. The % DNA in the comet tail was almost the same as
one of the negative controls, even though a statistically sig-
nificant effect was observed. In conclusion, the present study
clearly indicated that the lipid-coated PLGA nanoparticles

can be used clinically with no or minimum incidence of
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Figure 8 (A) Distribution of comet tail and (B) fluorescence micrographs of genotoxicity to SK-OV-3 cells obtained from alkaline comet assay. The cells were incubated
with mTHPC loaded liposomes, THP loaded PLGA nanoparticles (200 nm), LCNP, and free mTHPC/free THP (dissolved in 0.10% DMSO) for 4 h at an equitoxic dose.
Irradiation was performed at a light dose of 0.05 Jcmfz. Each value is represented as the mean * S.D for three independent experiments. For the statistical analysis, the
comparison was done against the untreated cells. P values (p < 0.05) were considered significant and expressed as ***p< 0.001.

genetic toxicity if accumulated in peripheral organs in a small
amount.

Cellular Uptake Pathway Analysis

To study the internalization mechanism of nanoformula-
tions in the SK-OV-3 cells, the inhibitors of the cellular
uptake pathways were used. Two major pathways utilized
for the internalization of the nanocarriers includes the
clathrin-dependent endocytosis and caveolin dependent
pathway. Clathrin-dependent endocytosis is selectively
obstructed by chlorpromazine which acts by inhibiting
the formation of clathrin-coated vesicles that are formed
by the clathrin-coated pits leading to the formation of
endosomes which ultimately fuse with the lysosomes.
Chlorpromazine is also supposed to interfere with the
intracellular processing of the clathrin. Caveolin depen-
inhibited by Filipin-III. It is
a macrolide antibiotic derived from the Streptomyces fili-

dent mechanism is

pensis and acts by interfering with cholesterol mediated
endocytic functions thereby inhibiting the lipid raft or
caveolae endocytosis.'® Figure 9 demonstrates that incu-
bating the cells without nanoformulations and/or with
inhibitors only did not cause any decline in the cell viabi-
lity. Whereas the cells incubated with nanoformulations
without any inhibition showed a substantial reduction in
cell when the cells

viability. Furthermore, were

preincubated with chlorpromazine, a considerable increase
in the cell viability was observed due to the inhibition of
the clathrin-dependent uptake pathway. Additional incuba-
tion with Filipin-III showed relatively less inhibition of
nanoformulations uptake. This inference leads to the pre-
sumption that nanoformulations uptake occurred mainly
through clathrin-mediated endocytosis. None of the inhi-
bitors was able to minimize the uptake of the free mTHPC
and/or free THP (dissolved in DMSO). This result leads to
the inference that the free drugs were not internalized by
any of the said mechanisms. Instead, they were taken up
by the cells through the diffusion process. These findings
are in agreement with the earlier studies elaborating that
the lipid particles are mainly internalized via clathrin-
dependent pathways and are highly dependent on cell
type.21:53

Apoptosis Assay

Apoptosis also known as programmed cell death, is
a normal process of the health and development of multi-
cellular organisms. Unlike necrosis, which is considered
as accidental or traumatic cell death and is mainly caused
by acute cellular injury, apoptosis is a well-regulated and
controlled process and gives advantages during the life
cycle. It is mainly characterized by morphological and

biochemical changes including the compaction and
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Figure 9 Cellular uptake mechanism of the nanoformulations in SK-OV-3 cells in the presence of specific inhibitors (ie, |5 pM Filipin Il and 30 yM Chlorpromazine). After
pre-incubation with the inhibitors, the cells were then incubated with mTHPC loaded formulations (nTHPC-LP & LCNP) or free mTHPC (dissolved in DMSO) at
a concentration of 1.5 uM as well the THP loaded formulations (THP NP 200 nm and LCNP) or free THP (dissolved in DMSO) at a concentration equivalent to 50 uM for 4
h. The irradiation was performed at a light dose of 0.5 Jem 2 (for mTHPC loaded formulations). The viability of untreated cells was considered as 100%. Blank represents
cells without any inhibitor. Values are represented as the mean  SD for three independent experiments. P values (p < 0.05) were considered significant and expressed as

#kp< 0,001

fragmentation of the nuclear chromatin, cell surface bleb-
bing, shrinkage of the cytoplasm, and the loss of mem-
brane asymmetry.”*>> To evaluate the synergistic
apoptosis by flow cytometry (fluorescence-activated cell
sorting: FACS), group one of the cells was treated with
mTHPC loaded liposomes and group two was treated
with free mTHPC (dissolved in DMSO). Similarly, the
3rd group was treated with the THP loaded PLGA nano-
particles (200 nm) while group four was treated with the
free THP (dissolved in DMSO). For the synergistic
effect, group five was treated with the lipid-coated nano-
particles. The cells without any treatment but with the
sequential irradiation as that of the other groups were
considered as the negative control. The results of the
apoptosis assay are expressed in Figure 10 and represents
the typical FACS micrographs of the flow cytometry. It
was noticed that combining the cell treatment in the form
of LCNPs had a pronounced apoptotic effect in the SK-
OV-3 cells as compared to treatment with a nanocarrier
having only one drug. The results also demonstrated that

the cells which were treated with free mTHPC, mTHPC-

LP, free THP, or THP NP 200 nm manifested 54.57%,
39.37%, 58.22%, and 54.39% apoptotic cells (early + late
apoptosis; QI1+Q2) respectively. On the other hand,
a synergistic treatment subsequently increased the cell
apoptosis, ie, 70.71% which was comparable to the com-
bined cellular apoptosis produced by the mTHPC-LP and
THP-NP treatment. This could be attributed to the
increased amount of ROS generated due to combined
effect of LCNPs
a synergistic apoptotic effect in the cells.’®>’ These

chemo-photodynamic induced
results were also in a good correlation with the results
obtained from the quantitative ROS assessment and cell
viability data obtained previously.

Stability Studies

Serum stability studies were performed to check the
effect of serum protein on the formulations. The stabi-
lity of the particles is based not only on the physical
characteristics of the encapsulated agent and the carrier
system but also on the biological environment in which
they are placed. The adsorption of serum proteins on the

submit your manuscript

968

Dove

International Journal of Nanomedicine 2021:16


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

Dove Ali et al
El Late apoptosis mTHPC (DMSO) mTHPC-LP THP (DMSO)
A B Early apoptosis B “%. = T 2| = =
Bl Dead cells g oy
Bl Live cells < 3 3
100 - ) ) T
< 80+ os o ]7e o7 o e 05
= SR ST R
2 60
@ THP NP 200nm Negative control
5 404 T, 17 * oo o%o
14
[ mjj 10°
20 7 < < <
0 B
O ¥ ) - \< 3
g T (& = e, 2
get ‘Z\Qk g@z M raaw A S ras AR T
“{‘g\ «§ W 1o 10 . c:A 10 10 10 10 PeC:A 0 10 - 10 10

Figure 10 (A) Graphical representation (B) FACS micrographs of apoptosis assay by flow cytometry in SK-OV-3 cell line by nanoformulations (mTHPC-LP, THP NP 200
nm, and LCNP) as well as with free drugs (nTHPC/THP; dissolved in DMSO). Graphical representation of % positive cells are described as; top left (Q1) = early apoptotic
cells, top right (Q2) = late apoptotic cells, bottom right (Q3) = dead cells, and bottom left (Q4) = the healthy cells. The cells irradiated with equivalent light dose and

without any treatment were considered as the negative control.

formulations was estimated by DLS and LDA analysis.
In order to simulate the physiological conditions, the
formulations were incubated with 60% FCS and PBS
(pH 7.4) (Table 4) in a shaking incubator at 37°C. The
results manifested a reduction in the particle size of the
formulations after being incubated in the serum for 24
h. (Table 5). The decrease in hydrodynamic diameter of
the particles could be due to the fact that serum proteins

Table 4 The Changes in the Physicochemical Parameters of THP
Loaded PLGA Nanoparticles, mMTHPC Encapsulated Liposomes,
and LCNPs. The Formulations Were Incubated with PBS (pH 7.4;
without CaZ*/Mg?") at 37 "C for 24 h in a Shaking Incubator.
Hydrodynamic Diameter is Expressed as Particle Size
Distribution by Intensity. The Results are Expressed as Mean *
SD (n=3)

interact with the particles via osmotic forces causing the
shrinkage of the particle size.’® Furthermore, this could
also be attributed to the release of surface-bound drug
(eg, THP) due to particle erosion, resulting in decreased
particle size.'®” Interestingly, the zeta potential of THP
NP 200 nm and lipid-coated PLGA particles was nega-
tive when placed in 60% serum, suggesting the adsorp-
tion of serum proteins. This result could be attributed to

Table 5 The Changes in the Physicochemical Parameters of THP
Loaded PLGA Nanoparticles, mTHPC Encapsulated Liposomes,
and Lipid-Coated Nanoparticles. All the Formulations Were
Incubated with FCS (60%) at 37 °C for 24 h in a Shaking
Incubator. Hydrodynamic Diameter is Expressed as Particle Size
Distribution by Intensity. The Results are Expressed as Mean +
SD (n=3)

Formulation Time Diameter PDI = SD ¢ Potential Formulation Time Diameter PDI = SD ¢ Potential
[h] [nm] £ SD [mV] £ SD [h] [nm] * SD [mV] £ SD
THP NP 200 nm 0 204.70 + 3.40 | 0.10 + 0.03 7.60 + 0.34 THP NP 200 nm 0 204.70 + 3.40 | 0.10 + 0.03 7.60 + 1.40
| 21240+ 343 | 0.12 £ 0.02 6.18 + 0.19 | 195.50 + 430 | 0.21 £0.02 | —10.40 + 1.20
4 220.20 + 7.40 | 0.13 £ 0.03 527 £ 0.19 4 191.82 + 470 | 022 £0.04 | —1540+ 1.24
24 202.70+ 3.50 | 0.08 + 0.02 6.28 + 0.24 24 179.35 +3.80 | 0.22 £ 0.0l | —15.90 + 1.30
mTHPC-LP 0 108.80 + 2.10 | 0.19 £0.06 | —12.9 * 0.50 mTHPC-LP 0 108.81 +2.10 | 0.19 £0.06 | —14.60 + 1.40
I 105.40 + 9.51 | 021 £0.07 | —12.6 + 1.00 | 11323 £2.60 | 0.25+0.01 | —13.20 + 0.51
4 115.00 + 9.30 | 0.23 + 0.0l —15.5 + 3.40 4 105.50 + 4.50 | 0.27 £ 0.03 | —15.00 + 0.80
24 122.70 + 891 | 0.22 + 0.0l —14.0 £ 2.70 24 101.77 + 340 | 032 £0.03 | —15.70 + 0.90
LCNP 0 208.60 + 2.21 | 0.11 £ 0.0l 5.90 + 0.90 LCNP 0 208.61 +£220 | 0.11 + 0.0l 5.90 + 0.96
| 212.60 +£ 480 | 0.15 + 0.04 4.24 £ 0.37 | 191.60 £ 9.80 | 0.22 £0.02 | —14.60 + I.10
4 220.50 £ 7.17 | 0.17 £ 0.02 4.63 £ 0.59 4 180.50 + 3.10 | 0.19 £0.02 | —15.70 + 1.00
24 205.30 £ 3.70 | 0.13 + 0.04 4.39 £0.23 24 176.52 £ 1.90 | 0.21 £0.01 | —15.30 + 0.70
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the fact that the serum is composed of negatively
charged proteins which tend to adsorb more on the sur-
face of the charged particle as compared to the neutral
ones, resulting in the reduction of the surface charge.®
The increase in the PDI of the particles can be attributed
to the reduction of the homogeneity of formulations.
The changes in PDI were independent of the particle
size.

In vivo Acute Toxicity Assessment

The safety and tolerability of the nanoformulations were
tested relative to the treatments in mice with weight loss,
serum biochemical analysis, and histopathological exam-
inations used as assessment parameters for the in vivo
toxicity studies. The formulations were administered intra-
venously via tail vein to Swiss albino mice at a dose of
5 mgkg ' and 0.15 mg.kg ' of body weight for THP and
mTHPC, respectively.’>? During 48 h of observation, the
mice did not show any sign of toxicity as examined from
the behavioral patterns, skin, urine color, respiration, and
sleep patterns. The same parameters were monitored
every day to examine any signs of toxicity. Throughout
the course of the study, no mortality or any significant
change in the body weight was observed confirming the

safety of our nanoformulations. Post 7 days, the blood was
collected and the mice were euthanized to remove the
body organs for histopathological studies.**

Body Visceral Index

Body visceral index is considered as one of the effective
indicators of chemically induced changes to the organs.
The comparison of organ weight between the untreated
and treated animal groups can be used to evaluate the
toxicity profile of the drug formulations.®' Post 7 days of
treatment, the organ-to-body weight ratios (visceral
indices) of vital body organs including the liver, kidney,
lungs, and heart were determined. After euthanizing the
animals, the organs were removed carefully and washed
with normal saline before weighing. Figure 11 represents
the visceral body index of the test animals after necropsy.
It was observed that there was a slight increase in liver
weight when compared to the control group. The highest
increase was marked in the case of free THP which can be
credited to the THP treatment-related hepatocellular
hypertrophy. The kidneys also showed a slight increase
in the organ weight especially in the case of free THP,
THP nanoparticles (200 nm) as well as in the case of free

mTHPC. This increase can be attributed to tubular
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Figure 11 The visceral body index [%] of untreated group (normal saline) and treated groups (free mTHPC, mTHPC-LP, LCNP, THP NP 200 nm, and free THP) performed
after euthanizing the animals (Swiss albino mice) by cervical dislocation. Values are represented as mean * S.D (n=3). P values (p < 0.05) were considered significant and

expressed as ¥*¥p< 0.001.
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hypertrophy and may be associated with renal toxicity.
The heart and lungs did not show any significant weight
change and remained unaffected with all the treatments,
which proposes the non-toxicity and biocompatibility of
the formulations.

Biochemical Analysis

Biochemical indices are highly sensitive biomarkers to
determine the clinical symptoms produced by the biologi-
cal treatments (ie, formulations). Among these biomarkers,
the liver function tests (LFTs) and renal function tests
(RFTs) are the major indicators of proper liver and kidney
functioning, respectively. The results of the biochemical
analysis of mice blood after being treated with formula-
tions are shown in Figure 12. The results depicted that the
bilirubin level with formulations was not altered signifi-
cantly except for the free THP and mTHPC. The bilirubin
level was slightly higher in these treatments as compared
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to the control group but still fell within the acceptable
limits.®” Aminotransferases are the standard measure of
hepatotoxicity. In case of any cellular damage to hepato-
cytes, alanine aminotransferase (ALT) and aspartate ami-
notransferase (AST) tend to leak out into the blood
circulation resulting in the increased systemic levels of
these enzymes. AST was observed at the highest level in
the mice treated with free THP (dissolved in DMSO) and
THP NP 200 nm as compared to the mTHPC-LP and lipid-
coated nanoparticles. The AST level was also slightly
higher in the case of free mTHPC treated group when
compared with the control group but statistically less sig-
nificant as compared to free THP and THP NP 200 nm.
ALT level was also increased in free mTHPC and free
THP treated groups. These higher levels of both enzymes
could be an indication of detoxification of the foreign
particles and possible liver inflammation. In all other treat-
ment groups, no significant change of ALT level was
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Figure 12 Typical blood biochemical profile including liver function tests (LFTs); (A) ALT, (B) AST, (C) ALP, (D) creatinine, renal function tests (RFTs); (E) bilirubin, (F) uric
acid, as well as (G) cholesterol and (H) total protein levels after being treated with the nanoformulations intravenously. Values are represented as mean * S.D (n=3) and

statistical significance is indicated as ***p < 0.001, **p< 0.0] and *p< 0.1.
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observed. Alkaline phosphatase (ALP) level was also sig-
nificantly increased in all the treatment groups with the
highest increase observed in the free THP treated group.
This could possibly be the indicator of non-alcoholic fatty
liver and cardiac problems.®?

The results of RFTs manifested that the level of uric acid
was moderately increased in the case of free THP as com-
pared to the controlled group (Figure 12). Contrary to this,
the uric acid level was slightly decreased in mTHPC-LP but
fell within limits. Moreover, in all other treatment groups, the
change in the level of these biomarkers remained statistically
insignificant. The creatinine level was increased with free
THP and free mnTHPC (DMSO) when compared to the con-
trol, yet found within the limits. This slight increase in the
level of these biomarkers could be a cause of renal hyper-
trophy and poor kidney functioning. With all other treatment
groups, there was no significant variation in the creatinine
level. The effect of the formulations was also investigated on
serum lipid profile and total protein level (Figure 12). There
was a significant increase in the cholesterol level with all the
treatment groups except for mTHPC loaded liposomes but
remained well within the normal range.®* The triglycerides
level was also found within the normal limit in all the treat-
ment groups and no significant changes were observed.
There was also a slight increase in total protein level with
free THP, THP NP 200 nm, and free mTHPC treatment but
no significant difference with mTHPC-LP and LCNP treat-
ment. All these results of the biochemical analysis were also
in line with the results obtained from body visceral indices.

Hematological Analysis
Any foreign material including drug formulations when
coming in contact with blood components may induce an

acute inflammatory response resulting in complications to
the pharmacotherapy. This necessitates the complete
exploration of the possible toxicity potential of drug for-
mulations and their carrier systems on the blood profile.*®
The effect of our nanoformulations on the mice’s blood
and its components was also evaluated through a complete
blood count (CBC). The results of the hematological ana-
lysis are presented in Table 6. The results demonstrated
that free THP damaged the RBCs integrity resulting in
decreased total erythrocyte count (TEC) which resulted
in the reduction of hemoglobin (Hb) level in the blood.
TEC and Hb levels were also reduced in the free mTHPC
treated group but less profound as compared to free THP
(dissolved in DMSO). However, mTHPC-LP, LCNP, and
THP NP 200 nm did not significantly affect the RBCs
level when compared with the control (blank) group.
These observations were also in accordance with the pre-
vious results obtained during the ex vivo hemolysis assay.
Total leukocyte count (TLC) was also remarkably affected
during treatment with free THP which can lead to
neutropenia.** This may be caused by bone marrow sup-
pression resulting in a delayed inflammatory response.
Free mTHPC also reduced the TLC but the effect was
less intense as compared to free THP. These results call
for the encapsulation of the free THP/mTHPC into rela-
tively nontoxic carrier systems. The mTHPC-LP, THP NP
200 nm, and LCNP did not show a significant effect on
WBCs. Other parameters including mean corpuscular
volume (MCV), Hematocrit (HCT), mean corpuscular
hemoglobin (MCH), mean corpuscular hemoglobin con-
centration (MCHC), platelets count and mean platelet
volume (MPV) were also monitored and it was observed
that all these parameters remained more or less unchanged

Table 6 The Changes in Hematological Parameters in the Blood Serum of Albino Mice After Intravenous Administration of Free
mTHPC (DMSO), mTHPC Loaded Liposomes, LCNP, THP PLGA Nanoparticles (200 Nm), Free THP (DMSO), and Normal Saline
into the Tail Vein. After 7 Days of Treatment, Blood Was Withdrawn from the Mice and a Complete Blood Count Was Performed.
The Values are Expressed as Mean + S.D (n = 3)

Biomarker Free mTHPC mTHPC-LP LCNP THP NP 200 nm Free THP (DMSO) Blank

TEC (10'%L) 59% 1.6 70 1.6 64+ 1.7 62+ 12 5418 6719
Hb (g/dL) 102+ 1.8 105 + 2.1 107 + 1.6 10.7 £ 2.2 98+ 1.9 109 + 1.8
MCV (fL) 523+54 547 £ 48 59.6 £ 54 555+ 6.0 512 +£55 583 +42
HCT (%) 316 £46 335+£53 32.1 £5.1 31.5+£39 30.8 £ 6.0 324+ 56
MCH (pg) 16.5+23 174 £ 2.6 16.8 + 3.5 17.6 +2.7 184 + 3.4 16.3 + 4.1
MCHC (g/dL) 347 £2.8 33.8 3.1 33117 346 £ 26 30.1 £29 33.6 £3.6
TLC (10°/L) 87+24 9.2 3.7 9.7 +£39 89125 8227 94 35
Platelets (10°/L) 705 £ 19 714 £27 738 £ 21 726 + 28 693 £ 22 758 + 25
MPV (fL) 80 1.6 7720 76%18 79 £ 2.1 84 2.1 7519
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in all the nanoformulations, depicting the safety of these
formulations.

Histopathological Examinations

One of the major problems associated with the clinical use
of the anticancer agents (eg, chemotherapeutics and photo-
sensitizers) is the injuries to the peripheral tissues which
can lead to multiple organ toxicity.* In order to examine
any signs of toxicity to the mice’s organs after being
treated with our formulations, the biochemical analysis
was accompanied by histological studies. The histological
slide of vital organs (ie, heart, liver, kidney, and lungs) was
prepared through the rotary microtome. The tissue sec-
tioned were fixed on glass slides, stained with H&E
stain, and observed under the microscope. For the H

& E staining, the cell nucleus was stained blue with
hematoxylin while the cell cytoplasm and extracellular
matrix were stained pink by eosin. Normal cells appeared
polygonal in shape with blue nuclei in spherical or spindle
shape. The cytoplasm of the necrotic cells became pink
amorphous material with their nucleus disappeared.

Liver Heart

Kidney

Lungs

Whereas the apoptotic cells shrank and turned around
with the nucleus condensed and became darker.®® The
images of the tissue sections are presented in Figure 13.
From the figure, it can be observed that heart samples from
all treatment groups appeared to be completely normal.
There were no visible signs of inflammation, necrosis, or
hyperthermia. The structure of the liver sections was also
found to be normal and no changes in fat tissues were seen
except for free THP. The free THP treated group showed
some signs of the apoptotic cells with fibrosis, pyknosis
(condensation of nuclei due to apoptosis) and hepatic
lesions.®® No evidence of the necrotic bodies or hydropho-
bic degradation was found in any of the treatment groups.
The kidney showed the signs of necrosis, apoptosis, as
well as congestion of the renal tissue in the free THP
and THP NP 200 nm, treated groups while other treatment
groups remained unaffected. Moreover, small changes in
the lung's histology with the breakage of the lung's fiber
were also noticeable in free THP and THP NP 200 nm
treated groups.®® In all the other treatment groups, normal
alveolar and arteriolar structures were observed. These

Figure 13 Histopathological analysis of various organs after treatment with free mMTHPC, mTHPC-LP, THP NP 200 nm, LCNPs, and free THP. The animals treated with
normal saline were taken as control (Blank). The tissues were stained with hematoxylin/eosin to assess the potential effects of treatments on the organ’s morphology and
cellular damage. Black arrows show the sign of pyknosis while the red arrows represent the necrotic cells. All the acute toxicity studies were performed in accordance with

OECD 425 guidelines except that i.v. administration was used.
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findings confirmed the safety of our lipid-coated particles
as no evidence of the toxicity was visible in any of the
histological studies.

Conclusion

The tumor cells exploit multiple mechanisms to prevent
the accumulation of the drugs into the cells resulting in
drug resistance. This drug resistance is a key factor that
limits the success of chemotherapy in the clinical setup. In
the present study, combination chemo-photodynamic ther-
apy using lipid encapsulated polymeric nanoparticles were
employed against the ovarian carcinoma cells. A major
advantage of these coated particles is the combination of
two different therapeutic modalities in one carrier thereby
limiting any type of toxicity associated with the use of
different nanocarriers. mTHPC liposomes were formulated
using the thin-film hydration method. These liposomes
showed an effective drug loading as well as a higher
photocytotoxicity as compared to free mTHPC. Two dif-
ferent sizes of THP nanoparticles (ie, 200 nm and 400 nm)
were prepared using the solvent evaporation technique and
their physicochemical parameters as well their cell viabi-
lity studies were conducted. It was observed that THP NP
200 nm produced higher cytotoxicity as compared to THP
NP 400 nm which can be attributed to the fact that the
smaller nanoparticles are readily taken up by the cells as
compared to larger nanoparticles (ie, 400 nm). Based on
these parameters, mTHPC loaded liposomes were coated
over the THP NP. The formed LCNPs exhibited better
physicochemical properties as compared to free mTHPC
and free THP such as improved biocompatibility profile,
serum stability, as well as higher ROS production. The
morphological characterizations using AFM and TEM
revealed the complete coating of the nanoparticle’s surface
with the lipid bilayer. The LCNPs when irradiated with
different light fluences, also manifested a synergistic effect
leading to a surpassed cytotoxicity profile. The comet
assay did not show any sign of genotoxicity. The acute
in vivo toxicity assessment of the optimized formulations
containing 5 mgkg ' of THP and 0.15 mgkg ' of
mTHPC, following intravenous administration, did not
show any significant effect on the parameters, ie, serum
biochemical analysis. The histopathological examination
also revealed no sign of toxicity to the body organ tissue
demonstrating the safety of the formulations. All of these
observations suggested that surface modification of the
polymeric nanoparticles with the lipid bilayer (ie,
LCNPs) has great potential to serve as a versatile and

efficient carrier system for the co-delivery of mTHPC
and THP.
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