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Abstract

Background This study was aimed to design mannose-conjugated solid lipid nanoparticles (MSLNs) for the targeted
delivery of Atorvastatin Calcium (ATS) and Vinpocetine (VIN) to augment its therapeutic efficacy against breast cancer.
SLNs were prepared by hot emulsification ultra-probe sonication method and conjugated with mannose. In vitro cell
line, in vivo pharmacokinetic and in vivo tumor regression studies were performed for MSLNs.

Results MSLNs had an average particle size of 4354+ 3 nm with polydispersity index 0.298 +0.03 and a zeta potential
of —28.2+ 1 emv. Entrapment efficiency was found to be 69.17+£0.92%, 71.18 +0.68% for ATS and VIN, respectively.
The IC50 value of MSLNs was 1.46 ug/ml, which is efficient to control the growth of MDA MB231 cells as compared

to the individual drugs and combinatorial SLNs. The combination index was found to be 0.7. MSLNs inhibited cell
growth via necrosis by promoting to apoptosis through arresting SubG1 phase. The relative bioavailability of ATS

and VIN loaded in MSLNs was 1.47 and 5.70, respectively, as compared to the marketed formulation. Maximal

tumor volume reduction and higher survival rate was found for the MSLNs group (76.03%, P=0.0001) as compared

to the control group (P=0.0364), individual drugs SLNs group.

Conclusion The results revealed that the MSLNs formulation augmented activity against breast cancer by inhibiting
the cell growth. This promising drug delivery reduces the doses for both the drugs and attains minimal dose-associ-
ated side effects with synergism by reaching the specific target site, furthermore improving the therapeutic efficacy.

Keywords MSLNs, Conjugated, Cell line, Cell cycle analysis, In vivo tumor regression

Background 6.78%) because the prognosis is relatively favorable, at

Female breast cancer is leading type worldwide in terms
of number of new cases; approximately 2.26 million diag-
noses are assessed in 2020, contributing about 22.37% of
the total cancer incidence burden. Female breast cancer
ranks as the 5th leading cause of death (6,85,000 deaths,
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least in more developed countries [1].

Combinational chemotherapy is preferred for cancer
treatment which shows synergistic therapeutic effects
and reduce dose associated systemic toxicity by simul-
taneously it also modulates multiple cell-signaling path-
ways and overcome the issues of multidrug resistance [2].

Solid lipid nanoparticles (SLNs) are having smaller
particle size leading to larger surface area and ability to
change their surface area properties, enhance the per-
meability and retention (EPR) effect. SLNs systems is
extensively used as carriers for anticancer agents due to
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its better biocompatibility of lipids than other materi-
als and also it improves drug activity by reaching to the
target site, reduce the side effects of drugs by minimal
exposure of drug on normal cells 3, 4].

Cancerous cells express the number of receptor cells
on the surface that receptor cells having high affinity for
carbohydrate molecules and these receptors are famil-
iar as a membrane lectins. Due to this reason, different
carbohydrates might be used as a ligand for targeting
of chemotherapeutic agents. Lectin receptor-mediated
targeting system use interaction of endogenous ligands
with different types of sugar moieties like mannose,
galactose. Glycotargeting leads to the interaction of
specific lectin receptors with carbohydrate ligands.
Mannose—cytostatics complexes have been explored,
and in several cases, these conjugates showed a selec-
tive entry, better activity and reduced toxicity [5].

Lectin receptors are highly expressed on endothe-
lial kupffer cells, alveolar, splenic and peritoneal
macrophages, macrophages of brain, show a rapid
internalization of mannose tagged drug delivery via
mannose receptor mediated endocytosis. Thus, the
development of polysaccharide-based conjugation, i.e.,
mannose with SLNs as a drug delivery carrier might
arise as an imminent approach for selective delivery of
anti-cancer agents to the tumor tissues [5, 6].

Statins are 3-hydroxy-methylglutaryl (HMG) CoA
reductase inhibitor and are used in hyper cholesterol-
mia. They show additional anticancer activity against a
number of cancers alone or in combination with chemo
therapeutic drug; thus being used for chemo preventive
treatment of cancer [7]. Some mechanisms of statins
are inhibition of proliferation, induction of apoptosis,
anti-invasion effect and inhibition of autophagy may
influence the cell viability and cell cycle through differ-
ent pathways [8, 9].

ATS belongs to the Biopharmaceutical Classifica-
tion System (BCS) class II, having low aqueous solu-
bility leading to low oral bioavailability (12%). It also
undergoes extensive first pass metabolism. These prob-
lems related to solubility can be improved by develop-
ing nano-sized formulations and maintaining it in the
amorphous state [10]. ATS induces autophagy in T24
human bladder cancer cells [11], and induces PC3
autophagy in prostate cancer by activating LC3 tran-
scription [12].

VIN a semisynthetic derivative of vincamine is
extracted from the periwinkle plant. VIN belongs to BCS
class II with low oral bioavailability (7%) as a result of
slower dissolution rate in the intestinal tract and a sig-
nificant first-pass effect. It is prescribed for the treatment
of cerebral vascular and cerebral degenerative diseases
such as Alzheimer’s disease [13, 14]. VIN induces cell
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apoptosis and impairs the migration of strongly meta-
static cells [15].

The present research study was aimed at formulating
and developing a suitable MSLNs delivery system loaded
with ATS and VIN for the treatment of breast cancer
with improved therapeutic efficacy. In vitro cell line,
flow cytometry analysis and apoptosis studies on human
breast cancer cell line MDA MB231, as well as, pharma-
cokinetic and in vivo tumor regression studies were per-
formed on the rat as model for the conjugated MSLNs.

The proposed conjugated formulation was found
to improve the selectivity of drug delivery by target-
ing tumor cells without affecting the normal cells. It is
expected to enhance the therapeutic efficacy by improv-
ing bioavailability, also showing sustained effect which
may help to reduce the frequency of dose administration.
It reduces the burden of side effects like alopecia and
the cost of therapy because the proposed combinatorial
therapy is affordable. It is an alternative therapy opening
a new way for the treatment of breast cancer.

Methods

Materials

ATS and VIN were gifted by SRS Pharmaceuticals Pvt.
Ltd. Mumbai and India Glycols, Himachal Pradesh, India,
respectively. Precirol ATO5 and Labrasol were provided
by Gattefosse Pvt Ltd, Germany. Glycerol Monostearte
(GMS) was gifted by Mohini Organics, Mumbai, and
Poloxamer188 by Signet Chemical Corporation Pvt Ltd.
Mumbai. Tween 80 was obtained from Loba Chemie,
Mumbai. Acetonitrile, Methanol HPLC grade were pro-
cured from Merck, Mumbai. Other Chemicals and rea-
gents were of AR grade from local suppliers.

Preparation of ATS and VIN loaded SLNs

SLNs were prepared by the hot emulsification ultra-probe
sonication method according to Lala et al. [16]. ATS and
VIN (4:1 ratio) were weighed precisely and transferred
to a beaker containing weighed quantity of GMS (2.25%
w/w), Precirol ATO 5 (2.25% w/w) and Tween 80 (1.67%
w/v). This blend was melted at 5 °C above the melting
point range of the respective solid lipids. Poloxamer 188
(1% w/w) and Labrasol (3.33% w/v) were dissolved in
the aqueous phase and heated to 5 °C above its melting
point in another beaker. When a clear lipidic phase was
observed, the aqueous phase was added drop by drop into
the hot lipidic phase and a primary emulsion was pre-
pared. It was homogenized for 10 min at 7000 rpm. After
that, probe sonicator was used for ultrasonification of the
emulsion (Probe sonicator, PCI, Mumbai, India) at 40%
amplitude with frequency 20 kHz for 25 min. The pre-
pared emulsion was chilled in an ice bath to form SLNs.
The prepared SLNs were kept at refrigerated condition.
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Preparation of mannose complexed conjugated SLNs
(MSLNs)

Mannose conjugation was carried out according to the pre-
vious methods with slight modifications [5, 17], D-man-
nose (X uM) was dissolved in sodium acetate buffer (pH

(2023) 9:81

Amount of drug added in formulation — Amount of unentrapped drug

Page 30f 18

centrifuge (Eltek Refrigerated centrifuge, Mumbai). The
supernatant layer was collected and appropriate dilutions
were done by using methanol. The unentrapped drug
amount was evaluated using a UV Vis Spectrophotometer
at 246 and 273 nm. EE was calculated by using formula

%EE =

x 100

Amount of drug added in the formulation

4.0; 0.1 M) and then added to the unconjugated SLNs. This
mixture was kept stirred on a magnetic stirrer continu-
ously (Remi, Mumbai, India) by maintaining at an ambient

Amount of entrapped drug in the formulation

% drug loading was estimated from the entrapped drug
and considering the added quantity of solid lipid by the
stated formula

%DL =

x 100.

Amount of solid lipid added + Amount of ATS and VIN added

temperature for 2 days to confirm the completion of the
reaction. Mannose complexed nanoparticles were dialyzed
(dialysis bag; MWCO 12-14 kDa, Himedia, India) against
double distilled water (DDW) for 30 min to eliminate
unconjugated mannose along with other impurities; the
formulation in the refrigerated condition. The MSLNs for-
mulation was confirmed by FTIR spectroscopy. The uncon-
jugated SLNs were also evaluated by FTIR.

Characterization of the formulations

Fourier transform infrared spectroscopy (FTIR)

The SLNs and MSLNs and D-mannose were characterized
and confirmed using an FTIR Spectrophotometer (Alpha
T, Bruker). The samples were analyzed and spectrums
recorded over the range of 4000—400 cm™.

Particle size (PS), polydispersity index (PDI) and zeta
potential (ZP)

The average PS, PDI and ZP of the prepared SLNs and
MSLNs formulations were assessed with Horiba Particle
size analyzer and Zeta sizer (Horiba Scientific, Japan). Prior
to the analysis of the formulations, SLNs, MSLNs formula-
tions were appropriately diluted to yield a proper scatter-
ing intensity using double distilled water. Then, the diluted
samples were examined at a fixed scattered angle of 173°
and temperature 25 °C. The same procedure was followed
for the measurement of zeta potential. The experiment was
done in triplicate.

Entrapment efficiency (EE) and drug loading (DL)

EE of SLNs and MSLNs formulation were determined by
indirect method of analysis. 2 ml SLNs or MSLNs formula-
tions were taken in 2 ml eppendroff tubes and samples were
centrifuged at 10,000 RPM for 45—-50 min in a refrigerated

Transmission electron microscopy (TEM)

TEM was carried out for SLNs and MSLNs to exam-
ine their size, shape and surface morphology using JEM
2100F high-resolution transmission electron microscope
(HR-TEM 200 kV). SLNs and MSLNs were dispersed
in double distilled water and drop of the dispersion was
placed on a 200 mesh carbon coated copper grid. The
photomicrographs were captured and morphology was
perceived at 50X—1.5 MX and 200 kV voltage.

In vitro release in PBS pH 7.4

The in vitro release pattern of ATS and VIN loaded SLNS,
combinational suspension and MSLNs were investigated
in PBS pH 7.4. 2 ml of SLNs and MSLNSs, equivalent to
8 mg and 2 mg of ATS, VIN, respectively, was poured in
a pre-soaked dialysis bag and dipped in 200 ml of PBS
pH 7.4 for 24 h beaker, stirred at 100 RPM with the tem-
perature at 37+0.5 °C. Samples were withdrawn after
the stated time intervals of 0.5, 1, 2, 3, 4, 5,6,7,8, 12 and
24 h and refilled with same volume of media to maintain
sink conditions. Samples were appropriately diluted and
the drug content in the samples was analyzed by UV-Vis
Spectrophotometer at 246 and 273 nm. The experiments
were performed in triplicate.

In vitro cell line study

Sulforhodamine B colorimetric assay (SRB) method was
used to estimate the anti-tumor activity of the formula-
tion on human breast cancer cell line MDA MB 231.
MDA MB231 cell line was grown in RPMI 1640 medium
containing 10% fetal bovine serum and 2 mM L-glu-
tamine. For the current screening experiment, cells were
inoculated into 96 well micro-titer plates in 100 pL at
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plating densities as mentioned above, reliant on doubling
time of cell line. After cell inoculation, micro-titer plates
were incubated at 37 °C, 5% CO,, 95% air and 100% rela-
tive humidity for 24 h earlier by adding of investigational
drugs in the experiment.

Investigational drugs were first dissolved in water at
100 mg/ml and diluted to 1 mg/ml using DMSO and
stored frozen preceding use. At the time of drug addi-
tion, an aliquot of frozen concentrate (1 mg/ml) was
thawed and diluted to 100 pg/ml, 200 pg/ml, 400 pg/
ml and 500 pg/ml with complete medium. Aliquots of
10 pl of these different drug dilutions were added to the
appropriate micro-titer wells already containing 90 pl
of medium, ensuing in prerequisite final drug concen-
trations, i.e., 10 ug/ml, 20 ug/ml, 40 pg/ml, 50 pg/ml.

After addition of the composite, 48 h plates were kept
for incubation at standard conditions and assay was
completed by final addition of cold TCA. Cells were
fixed in situ by adding gently 50 ul of cold 30% (w/v)
TCA (final concentration, 10% TCA) and incubated for
60 min at 4 °C. The supernatant was discarded; plates
washed five times with tap water and dried in air. SRB
solution (50 pl) at 0.4% (w/v) in acetic acid (1%) was
added to each of the wells and plates were incubated for
20 min at room temperature. After staining, unbound
dye was recovered and remaining dye was removed by
washing five times with 1% acetic acid. The plates were
dried in air. Bound stain was consequently eluted with
10 mM trizma base and absorbance was read on a plate
reader at a wavelength of 540 nm with 690 nm as the
reference wavelength [18, 19].

Percent growth was estimated on a plate by plate basis
for test wells relative to control wells. Percent growth was
quantified as the ratio of mean absorbance of test well to
the mean absorbance of control wells * 100.

Using six absorbance measurements [time zero (Tz),
control growth (C), and test growth in presence of drug
at 4 concentration levels (Ti)], percent growth was cal-
culated at each of the drug concentration levels. Percent
growth inhibition was determined as:

[Ti/C] x 100%.

Data were illustrated as average + SD. Graph pad prism
V5.0 (Graph Pad Software Inc., San Diego, CA, USA) uti-
lizing nonlinear regression analysis were used for calcula-
tion of IC 50 values.

In vitro cytotoxicity and synergistic effects

The synergistic effect of SLNs, MSLNS, free ATS and free
VIN on MDA MB231 cells was assessed. MDA MB231
Cells were treated with a combinational dose ratio—4:1
of the concentration of loaded drugs. Combination Index
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(CI) analysis of free drug combination was based on
Chou and Talalay method and determined by CompuSyn
Software. For each level of Fa (fraction of affected cells),
CI values of SLNs and MSLNs were generated. CI value
curves were plotted according to Fa. Fa value (0.2 to 0.8)
is specified as validated. CI<1 signifies synergism and
CI>1 exemplifies antagonism, respectively [20].

Cell cycle analysis (flow cytometry analysis)

Cell cycle distribution based on DNA contents was inves-
tigated for human breast cancer cell line MDA MB231 by
performing flow cytometry analysis. MDA MB231 cells
were plated at a density of 2x10° in a 6 welled plate. After
24 h, cells were treated with different formulations and their
respective 50% of IC 50 values (free ATS, VIN, ATS SLNs,
VIN SLNSs, SLNs, and MSLNs) and incubated for 48 h. Then
cells were washed with PBS, trypsinized and the cell pellets
collected. These pellets were washed with ice cold PBS and
centrifuged at 3000 RPM for 3 min. They were fixed with ice
cold 70% ethanol. They were incubated in ice for 45 min and
again rehydrated with 1 ml PBS and centrifuged. One more
PBS wash was given by adding 1 ml PBS, centrifuged and
excess PBS was removed. The cell pellet was resuspended
in 100 pl of PBS containing RNase A (1 mg/ml) (Sigma,
#R6513) for 30 min. 10 pl of propidium iodide (1 mg/ml)
(Sigma, #P4170) was added followed by an incubation of
15 min in the dark. Then the volume of entire reaction was
made up to 500 pl using PBS and analysis was carried out by
flow cytometer (BD FACS Aria system, USA). The cell cycle
distribution in the phases of SubG1, G0/G1, S, and G2/M
were examined and results were noted. The experimenta-
tion was performed in triplicate.

Cell apoptosis analysis by flow cytometry using annexin
V-FITC staining

MDA MB231 cells were plated in 6 welled plates at a den-
sity of 2x10° and incubated overnight. Then they were
incubated for 48 h with the respective formulations and
their respective 50% of IC 50 values, i.e., free ATS, VIN,
ATS SLNs, VIN SLNs, combinatorial SLNs, MSLNs.
Cells were trypsinized and washed with prechilled PBS
and resuspended with100pl of 1Xbinding buffer with
5 ul of Annexin V-FITC and 5 pl of Propidium iodide
(Abgenex, #1001 K) for 15 min in the dark. Then 400 pl
of binding buffer was added and the cells filtered through
a cell strainer and analyzed using flow cytometer (BD
FACS Aria system, USA) scanner. The experimentation
was performed in triplicate.

In vivo pharmacokinetic study
Animal studies were conducted in accordance with
procedures approved by Institutional Animal Ethics
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Committee (reference number KMKCP/TAEC/192007).
To study the plasma concentration time profile for the
developed formulations in animals and estimate the bio-
availability of the formulation a pharmacokinetic study
was performed. Sprague Dawley (150—200 gm) rats were
used for the study. Rats were accustomed in the animal
house for seven days prior to the experiments under con-
stant environmental conditions (22+3 °C; 50 +5% rela-
tive humidity) of light/dark cycle of 12 h with free access
to standard food and water.

The rats were divided into three groups each contain-
ing twelve animals. All the groups were administered
with the respective oral marketed formulations (Lipvas
and Cognitol tablets), SLNs formulation and MSLNs for-
mulation at a dose of 25 mg/ kg and 6 mg/kg of ATS and
VIN, respectively, and 25 mg/kg and 6 mg/kg of both the
marketed formulations, respectively. Blood samples were
withdrawn from three rats at two time points with gap of
5.5,7,10 and 20 h. Blood samples were collected from the
retro orbital plexus of the rat eye using fine heparinized
capillary and collected in a test tube at fixed time points
of 0.5, 1, 2, 4, 6, 8, 12 and 24 h. The collected blood sam-
ples were centrifuged at 10,000 rpm for 30 min for sepa-
ration of plasma. After each withdrawal 1 ml of dextrose
normal saline was interposed to partially compensate the
electrolyte level and central compartment volume. Col-
lected plasma samples were stored at — 20 °C till analysis.

HPLC method for plasma analysis

1000 pl plasma sample was transferred in to 5 ml test
tube. 0.1 ml of buffered solution was added and vortexed
for 1 min. 2 ml ethyl acetate was added again vortexed
for 2 min and centrifuged at 2500 rpm for 10 min. To the
supernatant 1 ml of ethyl acetate was added, transferred
in a dry glass test tube and dried at 40 °C, reconstituted
with 0.5 ml mobile phase, injected into HPLC system
and quantified. Chromatographic analysis was carried
out using the stationary phase, reverse phase thermo:
BDS Hypersil C18 column HPLC column of dimensions
250% 4.6 mm, 5 um Size. The column oven temperature
was kept at 40 °C. A flow rate of 1 ml/min of mobile
phase was maintained. The injection volume was 100 pl
and the eluate was analyzed by using UV detector with
dual wavelength set at 246 and 273 nm. Acetonitrile:
Buffer (0.2 M ammonium acetate) [60:40] was used as the
mobile phase.

Pharmacokinetic parameters
Maximum concentration C,,,, time to reach maximum
concentration (7),,,,), Area under curve AUC, 5_», mg.hr/
ml), AUC— (mg.hr/ml) were determined by using Win-

Nonlin version 6.3 (Pharsight, Certara, USA) software.
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The relative bioavailability of SLNs formulations was
calculated using the following equation

%Fr = AUC,/AUC;, x 100

where Fr: relative bioavailability, AUC: area under the
plasma concentration—time curve of test, AUC,: area
under the plasma concentration—time curve of reference
samples [21].

In vivo tumor regression studies

Animal studies were conducted in accordance with pro-
cedures approved by Institutional Animal Ethics Com-
mittee (reference number RP 23/2021). In vivo antitumor
tumor regression studies were performed to assess the
efficacy of the developed formulations on SD rats as the
animal model. Human breast cancer was induced by
chemical induction method by using 7, 12-Dimethylb-
enz (a) anthracene (DMBA) and dose was 7.5 mg/kg. IG
route was used for administration and the dose was given
up to one month when the tumor formed and reached to
the required size (20—30 mm?). Tumor growth was meas-
ured using a vernier caliper. Then animals were divided in
to seven groups comprising of eight animals each:

Group I—DMBA Control; Group II—Blank SLNs
Control; Group III—ATS SLNs (25 mg/kg)

Group IV—VIN SLNs (6 mg/kg); Group V—SLNs
[ATS (25 mg/ kg)+VIN (6 mg/kg)]; Group VI—
Combinatorial MSLNs [ATS (25 mg/ kg)+VIN
(6 mg/kg)]; Group VII—Marketed Tablet Formula-
tion [ATS (25 mg/ kg) + VIN (6 mg/kg)].

All the groups were administered their respective dose
of formulations (except vehicle control and blank SLNs
control group) ATS SLNs (25 mg/ kg), VIN SLNs (6 mg/
kg), SLNs, MSLNs formulations and marketed formula-
tions at a dose of 25 mg/ kg and 6 mg/kg of ATS and VIN,
respectively, daily thereafter, for a total of 28 days. On
29th day, the animals were sacrificed, dissected and the
liver, kidney and tumor were carefully collected, meas-
ured, processed and observed under a photomicroscope
for histopathological examination.

Tumor volume was measured by the following formula

Tumor volume <mm3> = length(mm) x {width(mm)z] x 0.5.

Stability studies

Combinatorial MSLNs formulation was stored at refrig-
erated (411 °C) and room temperature (25+1 °C) condi-
tions for 3 months. The formulations were analyzed after
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specific intermissions 1, 2 and 3 months for PS, PDI, and% amine (-NH-CH2) which can be identified by FTIR
EE. analysis. Broad intense peak of O—H stretch and C-O
stretch of mannose was detected around 333.7 cm™‘and
1095.61 cm™, respectively, and N-H deformation of
Statistical analysis secondary amine at 1470.35 cm™! which confirmed the
All the results were expressed as mean+SD by perform-  formation of Schift’s base and amine formation in the
ing experiment in triplicate. Statistical analysis was per- linkage between aldehyde from mannose and amine ter-
formed with Graph pad prism (version 5.00; Graph Pad  mination groups of SLNs shown in Fig. 1. Similar results
Software, San Diego, CA) using two-way ANOVA, one-  were attained in the studies shown by Jain et al. [5] and
way ANOVA test or two tailed sample ¢ test. P<0.05 Sahuetal. [22].
reflected that statistically results are significant.

Results

Characterization of combinatorial conjugated MSLNs
Conjugation was accomplished by ring opening of man- Table 1 Average PS, PDIand ZP of SLNs and MSLNs
nose and subsequent reaction of its aldehyde group with  parameters SLNs MSLNs
free amine functional groups which are present over

the surface of unconjugated SLNs in acetate buffer (pH P5 (nm) 3296 43543
. . ) PDI 0.321£0.07 0.298+0.03
4). This was due to the formation of Schiff’s base (—-N
ZP (—emv) —-298+25 —282+1

CH-). Schiff’s base may be get reduced to secondary

| ;?@7« /_/-/_/M“; i " " " ‘i 4'"!':9{‘“ /—”/M'.. ) “ 'a J
1 1 1" 1 | 1*, v‘ ! I'»‘ | “ '

) ) | “ ‘ U3 ) NI
(1 | rereeceferereim

5 b4 ‘|
| 3 22 |
| £ 28834

oS — = N T
BROKER / ~— ~

C S y = 20 o

Fig. 1 FTIR spectra, A D mannose, B SLNs, C MSLNs
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Particle size, polydispersity index and zeta potential

The particle size of SLNs was 329 +6 nm and after con-
jugation it was 435.4+3 nm. PS, PDI, ZP of SLNs and
MSLNs is shown in Table 1. PDI of SLNs and MSLNs
was found to be 0.321 and 0.298, respectively. There
was slight difference found in the PDI due to stirring
which may have decreased the PDI of SLNs when kept
for conjugation. ZP of SLNs and MSLNs was—29.8+2.5
and—28.2+1 emv.

Entrapment efficiency and drug loading

EE of SLNs was found 65.12% and 67.45% for ATS and
VIN, respectively, whereas MSLNs showed 69.17% and
71.18% for ATS and VIN, respectively. DL was found

Table 2 EE and DL of SLNs and MSLNs
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Parameters SLNs MSLNs

% EE (ATS) 65.12+1.32 69.17+0.92
% EE (VIN) 67.45+158 71.18+0.68
% DL 6.38+1.2 6.96+0.8
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6.38 and 6.96 for SLNs and MSLNSs, respectively. The
results of EE and DL of SLNS and MSLNSs are shown in
Table 2.

Transmission electron microscopy (TEM)

TEM photomicrographs of SLNs and MSLNs are shown
in Fig. 2. Both formulations were spherical in shape. Pho-
tomicrographs clearly exhibited that the size increased
after conjugation with mannose.

In vitro release in PBS pH 7.4

The sustained release behavior of drug molecules was
perceived up to 24 h due to diffusion of drug through the
lipid core of the SLNs and thus, it influenced the reten-
tion time of the drugs in the intestine. Combinatorial
suspension showed 47.5% ATS release, SLNs formulation
showed 87.38% release up to 24 h whereas MSLNs exhib-
ited 73.75% release. Simultaneously VIN also showed
41.76%, 89.26% and 76.9% release up to 24 h for the com-
binatorial suspension, SLNs and MSLNs, respectively.
The in vitro release studies of both drugs are shown in
Fig. 3.

Fig. 2 TEM images, A SLNs, B MSLNs
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Fig. 3 In vitro release pattern, A ATS in PBS pH 7.4, BVIN in PBS pH 7.4
Table 3 IC 50 values of MDA MB-231 cancer cell line 150+
valu I EA ATS
Formulations 1C 50 (ng/ml) -§ 100 = VIN
o EA ATS SLNs
Free ATS 2545 G 501 3 VINSLNS
Free VIN 160.9 S SLNS
ATS SLNs 1166 E of MSLNS
VIN SLNs 581 o Blank SLNS
* 50
SLNs 0.88
MSLNs 1.46 -100

In vitro cell line study

SRB assay was carried out with free ATS, free VIN, blank
SLNs, SLNs and MSLNs at 10, 20, 40 and 50 pg/ml drug

concentrations. The MSLNs formulation showed IC 50
values of ATS and VIN for MDA MB231 at very low con-

centration (1.46 pg/ml), which is highly effective against

cancer cell lines compared to free drugs, ATS SLNs, VIN M [B231 is shown in Fig. 4.
SLNs. There was no significant difference between IC50
values of SLNs and MSLNs. IC 50 values are stated in

Concentration (10,20,40, 50ug/ml)
Fig. 4 Growth curve: MDA MB-231 human breast cancer cell line

Table 3. The growth curve of human breast cancer MDA
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Fig. 5 Synergistic effect of SLNs and MSLNs, A Fa-Cl values of SLNs and MSLNs, B DRI plot of SLNs, C DRI plot of MSLNs

In vitro cytotoxicity and synergistic effects

1>CI value of SLNs and MSLNSs is displayed in the Fa—
CI plot (Fig. 5). MSLNs exhibited an overall CI value<1
when Fa value was between 0.2 and 0.8, indicating the
appreciable synergy effects of SLNs systems and conju-
gated MSLNs. CI value was for MSLNs was 0.21 to 0.70,
hence MSLNs formulation showed synergistic effect as
compared to SLNs. SLNs did show synergistic effect, but

Table 4 Cl values of SLNs and MSLNs

Total dose (pg/ SLNs MSLNs
ml)

Fa Cl Fa cl
10 0.15 1509 0.63 0.21
20 0.25 256.3 0.75 033
40 0.56 0.98 0.80 0.58
50 0.67 097 0.82 0.70

it required a higher concentration of dose and CI value
was 0.97 (Table 4).

Cell cycle analysis (flow cytometry assay)

The percent of cells in Sub G1 phase increased compared
to Free ATS but there was no significant change in free
VIN. In the same manner, ATS SLNs (5.3%) and VIN
SLNSs (4.4%) individually arrested the cell cycle in Sub G1
phase effectively as compared to the control (4.1%). There
was no significant difference found between SLNs (4.8%)
and MSLNs (4.7%), but both formulations showed slight
cell cycle arrest in Sub G1 phase at very minute concen-
trations which itself proved the efficacy of combinatorial
formulations in arresting the cell cycle synergistically and
inhibit cell growth. The concentrations are very low com-
pared to the free drugs and the cells are arrested effec-
tively when individual drugs are encapsulated in SLNs as
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Fig. 6 Effect on MDA MB-231 cell cycle, A control, B free ATS, C free VIN, D ATS SLNs

well as in SLNs, or conjugated MSLNs. DNA content is
reduced in individual drugs and combinatorial formula-
tions when compared with the control. There was 1.17
fold and 1.15 fold increment in Sub G1 (apoptotic cells)
phase. Reduction of cell number was found in S phase
for SLNs (10.4%) and MSLNs (7.5%) compared to control
(15.4%) at lower concentration, i.e., 50% IC 50. Also, in
G2/M phase, number of count for individual drugs, indi-
vidual SLNs and MSLNs (2.7%) decreased compared to
the control (3.5%). Slight increment was observed for
SLNs (4.2%) and free VIN. The concentrations used for
study and cell cycle distributions are shown in (Figs. 6, 7)
with their results.

Cell apoptosis analysis by flow cytometry using annexin
V-FITC staining

MDA-MB-231 cells were treated with different formula-
tions and specified concentrations of individual drugs
and their combinatorial SLNs, MSLNs for 48 h. These
concentrations and results of cell apoptosis are shown
in (Figs. 8, 9). Apoptotic cells were determined by flow
cytometry using Annexin V- PI staining. Compared to the
control only free ATS (12.5 pg/ml) has caused an increase
in late apoptosis while other drugs are not displaying any
apoptosis. SLNs (0.44 pg /ml), MSLNs (0.73 pg /ml), Free
ATS (12.5 pg /ml) and Free VIN (81 pg /ml) exhibited
higher necrosis. The concentrations of SLNs, MSNs are
very low compared to free ATS, but it still showed 1.55
fold and 1.48 fold necrosis, respectively, compared to the
control which is 2.9%. There is no major difference found
for apoptosis with SLNs (late apoptosis—17.5%, early
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Fig. 7 Effect on MDA MB-231 cell cycle, A VIN SLNs, B SLNs, C MSLNs

apoptosis —7.6%), MSLNs (late apoptosis—17.3%, early
apoptosis —7.6%) compared to the control (late apopto-
sis —19.8%, early apoptosis — 8.9%). Also, there is no sig-
nificant difference found for SLNs and MSLNs—both
showed the same efficacy against MDA-MB-231 cells.

In vivo pharmacokinetic study

Pharmacokinetic studies were performed on SD rat by
administering SLNs, MSLNs and marketed formulations.
The unknown concentrations of SLNs, MSLNs and mar-
keted formulations in rat plasma were quantified by a
validated HPLC method. The calculated pharmacokinetic
parameters are depicted in Table 5 and the mean plasma
concentration vs time profiles are shown in Fig. 10.

Cphax Of marketed formulation for ATS and VIN was
1091 and 0.48 mg/ml whereas T, ., was found to be
1.93 and 1.87 h for ATS and VIN. C,_,, of SLNs and
MSLNs was found to be 22.79, 23.1 mg/ml for ATS and
3.31, 2.28 mg/ml for VIN, respectively. 2.07, 2.05 h T,
of SLNs for ATS and VIN whereas 2.21, 2.15 h T, for

MSLNs of ATS and VIN. The C,,,, of ATS was increased
2.50 fold in SLNs and 2.12 fold in MSLNs when com-
pared to the marketed tablet formulation. In the same
manner C_ . of VIN was increased 6.90 fold in SLNs and
4.75 fold in conjugated MSLNs. This was possibly due
to the nano-size formulation which may have helped to
increase the surface area and thus, augment the solubil-
ity and dissolution rate [23]. There was no significant dif-
ference found between for T, , but SLNs and MSLNs
showed higher C,,, in the same period for both drugs
which is an advantage of developed formulation.

AUC 5_y, of ATS for SLNs, MSLNs and marketed tab-
let formulation was 382.513, 336.535 and 140.555 mg hr/
mL, respectively. Also, AUC,; ,, of VIN for SLNs,
MSLNs and marketed tablet formulation was 12.796,
9.816 and 1473 mghr/mL, respectively. AUC;; ,,
showed significant results for MSLNs and SLNs with
respect to the marketed tablet formulation. The rela-
tive bioavailability was calculated for MSLNs consider-
ing the marketed formulation as a reference. The relative

bioavailability was 1.47 fold and 5.70 fold increased for
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ATS and VIN in the MSLNs formulation with respect
to marketed tablet formulation. These results clearly
revealed that the bioavailability and residence time of

ATS and VIN increased as compared to marketed tablet
formulation.

In vivo tumor regression studies

In vivo anti-tumor regression analysis studies of
SLNs and MSLNs were performed. VIN SLNs group
(P=0.0334) showed lesser tumor reduction during
treatment compared to ATS SLNs group (P=0.0058).
A significant reduction of tumor mass was observed for
MSLNs group (P=0.0001, 76.03%) as compared to the
control group due to the large amount of drug available
at the tumor site and with the drug being retained for a
prolonged time. Also, the SLNs group showed 63.43%
(P=0.0005) reduction in tumor mass. The survival rate
was 87.5% for all test groups, 75% for control, blank
SLNs and marketed formulation group. The liver, kidney
and tumor tissue were examined for histopathology. The
results of tumor volume results during treatment, inhibi-
tion rate (%) and histopathology are shown in Figs. 11, 12,
13, 14 and 15. Mild to moderate changes were observed
for SLNs and MSLNs group. Presence of multiple foci of
necrotic and degenerative foci in the tumor mass with
cellular destruction of neoplastic cells were observed.
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Table 5 Pharmacokinetic results of ATS and VIN subsequent single oral dose administration of SLNs, MSLNs and marketed tablet

formulation {ATS (25 mg/kg), VIN (6 mg/kg)}

Pharmacokinetic parameters SLNs MSLNs Marketed

ATS VIN ATS VIN ATS VIN
Cmax (ug/ml) 27.29 331 231 2.28 1091 048
T max (hr) 207 2.05 221 215 1.93 1.87
AUC0.5-24 (mg hr/ml) 382513 12.796 338535 9.816 140.555 1473
AUCO-00 (mg hr/ml) 786.806 13.68 668.986 9.90 451410 1.734
Relative bioavailability 147 570

Each value stated as an average+SD (n=3)

Plasma Concentrations (ug/ml)
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Fig. 10 Mean plasma concentration vs time profile of SLNs, MSLNs and marketed tablet formulation after single oral dose administration of ATS

and VIN

Few foci showed marked necrotic changes with destruc-
tion of tumor tissue resulting in cellular debris and for-
mation of cystic foci which might be due to treatment
given. There was no abnormality found for the liver and
kidney in all the groups.

Stability studies

MSLNs was assessed after specific intermissions for
stability studies at room temperature and refrigerated
conditions. There was an alteration in PS from 435.4 to
513.4 nm, PDI changed from 0.298 to 0.39 under refrig-
erated conditions after 3 months whereas at room tem-
perature after 3 months PS was 590.5 nm and PDI was
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Fig. 11 Therapeutic effect of different formulations on tumor
bearing rats during treatment

0.454. The MSLNs formulation was stable till 3 months and room temperature. The results gave P <0.05 value
at both conditions. The results are summarized in  which is insignificant for particle size, EE.

Table 6 and student t test was used for particle size,

EE for both drugs stored under refrigerated conditions
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Discussion

The PS increased after conjugation due to the surface
coating of mannose on SLNs. The negative sign of ZP
indicated that the formulations were stable and the value
of ZP was more negative after conjugation in the MSLNs
(—28.2+1) due to positive charge of amine groups pre-
sent on the surface of unconjugated SLNs [24]. Tween
80 and poloxamer 188 used in the formulation provided
stearic stability to get the stable formulation.

The mannose-conjugation process increased the EE of
MSLNS since conjugation may reduce all the deformities
on the surface of SLNs [25, 26]. Mannose conjugation did
not show significant change in the EE of both drugs.

MSLNs formulation exhibited significant differences in
ATS and VIN as compared to SLNs due to the shield of
mannose on the surface of SLNs which could be respon-
sible for restraining the drug release from the MSLNs
exhibiting a slower and sustained manner of drug release.

Free ATS and VIN were incompetent in controlling
the growth rate individually and required high con-
centrations to show their effectiveness and due to the
particle size, may unable to pass through the cell mem-
brane. However, when both drugs were incorporated and

properly encapsulated into SLNs drug delivery, required
concentrations for the tumor activity was reduced. In
a similar manner, SLNs and MSLN also significantly
reduced the concentration to control the growth rate
of MDA MB 231. SLNs enhance cellular uptake and
facilitate drug release internally in a sustainable man-
ner [27-29]. A549 cancer cells showed membrane dam-
age and cell shrinking with condensed chromatin due to
the treatment of methyl gallate and MG@Folate ZIF-L
(Zeolitic imidazole framework) [30].

From the study, it is depicted that MSLNs are a suita-
ble, efficient nano-drug delivery and appropriate for both
drugs which may enhance their effectiveness by achiev-
ing target of cancer cells by augmenting permeability and
passage through the cell membrane. MSLNs also showed
sustained effect and hence may control the growth effi-
ciently by receptor mediated endocytosis. ATS and VIN
depicted dose dependent effect on MDA MB231 and
inhibit the growth of cell lines [15, 31].

In the same way, 5 Fluouracil formulation coated with
methacrylate derivatives achieve targeting in colorectal
cancer. This targeted delivery tactic can boost therapeutic
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Table 6 Stability studies data

Months Refrigerated condition* Room temperature*

PS (nm) PDI EE (%) ATS EE (%) VIN PS (nm) PDI EE (%) ATS EE (%) VIN
0 4354+3 0.298+0.03 69.17+0.92 71.18+0.68 4354+3 0.298+0.03 69.17+£0.92 71.18+0.68
1 4468+5.2 0302+0.05 69.11+£1.30 7056243 462.1+64 0.315+0.08 69.01+1.41 7046+0.98
2 4652+2.61 0.334+0.09 68.73£2.12 7036091 5216+32 0.398+0.05 67.51+0.92 7025+£1.11
3 5134+6.22 0.390+0.08 6738+1.74 69.72+132 590.5£2.9 0454+1.12 66.06+1.26 69.12+1.54

RT *P<0.05 value is insignificant

efficacy of the drug and reduce dosing frequency as well
as unsolicited side effects [32].

The results of in vitro cell line outcomes demon-
strated that dose of individual free drug is inadequate
to inhibit the 50% growth of cancer cell line. Free drugs
encapsulated into the SLNs also reduced the dose of
individual drugs but when both drugs were incor-
porated into SLNs and conjugated with mannose, it
exhibited superior results by reaching the cancer cells,
passing through the cell membrane and showing its
effect. Due to this reason, MSLNs are effective at small

doses and compared to SLNs. ATS and VIN exhibited
synergism when used together and support the results
of in vitro cell lines study.

All the drugs and drug-loaded SLNs, MSLNs inhib-
ited cell growth via necrosis as well as apoptotic path-
way by inducing apoptosis. VIN induces cellular
apoptosis by activating mitochondria dependent path-
way and disrupts the migration of MDA MB231 cells. It
significantly reduces the activation of AKT and STAT3
signal transduction pathway. These mechanisms help to
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suppress breast cancer. VIN also arrests the GO/G1 cell
cycle phase [15]. ATS inhibits the proliferation, migra-
tion of MDA MB231 cells during induction of apopto-
sis [31, 33]. ATS regulates the apoptosis through PI3K/
AKT signaling pathway [34]. Thus, SLNs and MSLNs
showed synergistic effect by promoting to apoptosis via
arresting of the Sub G1 phase. Also, they regulate AKT
and STAT3 signal transduction, PI3K pathways.

Drugs are encapsulated in the lipid core such as
SLNs helps to avoid the first pass effect and absorption
directly through lymphatic pathway leads to increase
in the bioavailability. The residence time and bioavail-
ability was found to increase due to the incorporation
of ATS and VIN in the lipid matrix when it is appro-
priately encapsulated in SLNs and conjugated with
mannose. The slight difference between the SLNs and
MSLNs formulation in the pharmacokinetic study was
due to conjugation. The surface coating of mannose was
available on the MSLNs which showed sustained effect
up to at least 24 h. These results clearly confirmed that
MSLNs would be a successful strategy to reduce the
dose, frequency of drug administration and enhance
therapeutic efficacy of ATS and VIN. These results of
pharmacokinetic studies concluded that polysaccharide
or mannose conjugated drug delivery had the potential
to enhance the bioavailability in the systemic circula-
tion. This approach helps to augment the targeting of
SLNs in tumor mass. In this study it was observed that
after administration of ATS and VIN together, no inter-
action occurs and they are simultaneously absorbed in
to the systemic circulation without any interference.

Significant reduction of tumor volume was observed
during treatment with MSLNs due to availability
of mannose at the site of tumor cells which directly
increases the intracellular uptake as well as intracel-
lular retention of drug. The tumor regression study
suggests that the combinatorial therapy showed syner-
gistic effect more efficiently than a mono drug therapy.
MSLNs boosted the tumor efficacy reaching the target-
ing site in minimal dose with increased survival rate,
without affecting to the normal cells. In forthcoming,
it may be an alternative therapy for treatment of breast
cancer. It reduces the burden of side effects and makes
the therapy affordable.

Conclusion

This research suggests an alternative approach to treat
breast cancer by developing a combinatorial MSLNs
drug delivery. In vitro release showed sustained behav-
ior of the formulation and it was stable till 3 months.
In vitro cell line results revealed that MSLNs were effi-
cient against MDA MB231 cell line compared to the free
drugs. MSLNs inhibited cell growth via necrosis as well
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as apoptotic pathway by inducing apoptosis and may also
regulate AKT and STAT3 signal transduction pathways.
MSLNS also improved the bioavailability of ATS and VIN
by remaining in the blood circulation till 24 h and achiev-
ing the required therapeutic concentrations, which will
be beneficial in reaching the tumor site. 76.03% tumor
reduction was found for MSLNs as compared to the indi-
vidual drugs and SLNs with maximal survival rate. The
results concluded that MSLNs enhanced the therapeutic
efficacy, reduced the dose due to combinational therapy
and targeted drug delivery with minimal side effects
without affecting the normal cells.

Abbreviations

ATS Atorvastatin calcium

VIN Vinpocetine

SLNs Solid lipid nanoparticles
CPP Critical process parameters
CQA Critical quality attributes

% EE Percent entrapment efficiency

% DL Percent drug loading

TEM Transmission electron microscopy
X-RD X-ray diffraction

PDI Poly dispersity index

ZP Zeta potential

PBS Phosphate-buffered saline

PS Particle size

GMS Glycerol monostearte

DRI Dose reduction index

cl Combination index

Mg Milligram

Gm Gram

AUC Area under curve

MSLNs  Conjugated solid lipid nanoparticles
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