Chapter 8 Cell line studies

8.1 INTRODUCTION

Intestinal absorption is prerequisite for enhancing bioavailability administered by the

peroral route. Various mechanisms are involved in intestinal absorption and can
majorly influence its magnitude including permeation of the intestinal mucosa by
passive diffusion, carrier mediated transport across intestinal wall, enzymatic and
chemical alteration of the molecule in the intestinal lumen and/or in the enterocyte,
dissolution behavior of the drug and interaction with food ingredients or co-
administered drugs at the dissolution and the transport level. Despite of having recent
advances, a complex process of intestinal absorption is fundamentally still poorly
understood. Therefore, experimental verification of drug absorption is carried out in the
industrial drug development practice. Prediction of in vivo absorption based on in vitro
methodology may help in reducing the volume of necessary clinical investigations.
Caco-2 cell line is predominantly used as a tool to study intestinal absorption in the last
decade (1).

Various in vitro methods are listed in United States FDA guidelines to evaluate the
permeability of a drug molecule, includes monolayer of suitable epithelial cells.
Currently there is substantial interest in development of cell culture systems that would
mimic the intestinal mucosa in order to evaluate strategies for investigating and/or
enhancing drug absorption. The intestinal epithelial cells of primary interest, from the
standpoint of drug absorption and metabolism, are the villus cells, which are fully
differentiated cells. Caco-2 cell line consists of a monolayer of differentiated villus cells
similar to that of small intestine which represents a potential tool in the study of drug
transport and metabolism (2).

In the intestine, a single layer of epithelial cells covers the inner intestinal wall and
forms the rate-limiting barrier to the absorption of dissolved drugs. As a consequence,
the proper reconstitution of a human differentiated epithelial cell monolayer in vitro
allows the prediction of oral drug absorption in humans. The human colon carcinoma
cell line Caco-2 has been found to serve this purpose well. The human intestinal Caco-
2 cell line differentiates spontaneously in culture without supplementation of
differentiating factors and has been extensively used as a model of the intestinal barrier
for in vitro toxicology studies (3). The human epithelial colorectal adenocarcinoma cell
line, Caco-2 is typically used to represent the predominant cell type in the gut, the gut
epithelial cells (4). In culture, this cell line slowly differentiates into monolayers with a

differentiated phenotype with many functions of the small intestinal villus epithelium.
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Caco-2 cells grown on permeable filters have, therefore, become the golden standard
for in vitro prediction of intestinal drug permeability and absorption (5).
The Caco-2 cell line exhibits a well-differentiated brush border on the apical surface
and tight junctions. It expresses typical small-intestinal microvillus hydrolases and
nutrient transporters. It has proven to be the better in vitro model to study intestinal
absorption due to following reasons (5):
a) to elucidate drug transport pathways (e.g., passive, carrier mediated etc.)
b) to assess cellular permeability of drug molecules
c) to determine formulation strategies designed to enhance membrane
permeability
d) to assess the physicochemical characteristics for passive diffusion of
drugs
e) to evaluate potential toxic effects of drug molecules or formulation
components on the biological barrier.
The objective of the present study was to evaluate cytotoxicity, quantitative and
qualitative cellular uptake, transport mechanism and permeability of all formulations
(AM-SLNSs, LH-SLNs, AM-SMEDDS, LH-SMEDDS) in the Caco-2 cell system.
8.2 MATERIALS
Asenapine maleate (AM) and Lurasidone HCI (LH) were received as a gift samples
from Alembic Pharmaceuticals Ltd., Vadodara, India. Caco-2 cells were purchased
from National Centre for Cell Science (NCCS), Pune, India. Minimum Essential
Medium Eagle (MEM), Hank’s Balanced Salt Solution (HBSS), Penicillin-
streptomycin solution, Trypsin-EDTA solution, Fetal bovine serum (FBS) were
purchased from Himedia, Mumbai, India. 12-well Transwell inserts were purchased
from Nunc, Denmark. 6, 24 and 96 well plates were purchased from Costar, Corning,
USA. Cycloheximide, Sodium azide, Chlorpromazine, Nystatin, Coumarin-6 and MTT
dye were purchased from Sigma Aldrich, Mumbai, India.
8.3 METHODS
8.3.1 Culture of Caco-2 cells
Caco-2 cell lines were obtained from the National Centre for Cell Science (NCCS,
Pune, India) and the cells of passages 30-40 were used in this study. Caco-2 cells were
grown in the tissue culture flasks (75 cm?), and maintained under 37°C with 5% CO;
in Jouan 1GO0150 incubator (Thermo-Fischer, Waltham, USA) to simulate the

physiological conditions. The growth medium comprised of Minimum Essential
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Medium (MEM), 20% Fetal Bovine Serum (FBS), 100 1U/ml of penicillin and 100
ug/ml of streptomycin. The growth medium was changed on every alternate day with
fresh medium for providing optimum nutrients to the cells. The culture cells were
trypsinized employing 0.25% trypsin-EDTA solution, once 90% confluent. The

harvested cells were then used for subsequent studies (6).

8.3.2 Method of preparation of dye loaded formulations

Dye loaded formulations (Solid lipid nanoparticles (SLNs) and self-microemulsifying
drug delivery system (SMEDDS)) were prepared using Coumarin-6 as a hydrophobic
model dye.

Coumarin-6 loaded SLNs were formulated by high speed homogenization followed by
sonication method adopted for AM-SLNSs, by replacing AM with Coumarin-6.
Coumarin-6 loaded SLNs were formulated by high pressure homogenization method
adopted for LH-SLNSs, by replacing LH with Coumarin-6.

Coumarin-6 loaded SMEDDS were prepared using method adopted for SMEDDS by
replacing AM and LH with Coumarin-6.

8.3.3 Cell Viability Assay

The cytotoxicity of SLNs and SMEDDS against Caco-2 cells was assessed by
performing 4,5-(dimethylthiazol-2-yl) 2,5-diphenyl-tetrazolium bromide (MTT) assay.
This test evaluates the mitochondrial function as a measurement of cell viability, which
allows the detection of dead cells before they lose their integrity and shape. The cells
were seeded onto 96-well plates at a concentration of 1 x 10* cells/well. Plates were
incubated at 37 °C in humidified CO2 (5%) incubator for 24 h (7). Then, cells were
treated with different samples in culture medium (100 pL) at different concentrations
in the range of 10-700 pg/ml (8). After 24 h of incubation, the supernatants of each well
were removed and the cells were incubated for 4 h with 100 pL. of MTT reagent (1
mg/ml) in a serum free MEM. MTT was removed and the formed insoluble formazan
crystals were dissolved in 100 uLL. Dimethyl sulfoxide (DMSO) solution and the optical
density measured at 570 nm using Microplate Reader (680-XR, Bio-Rad Laboratories,
France). The amount of formazan present is proportional to the number of viable cells,
as only living cells will reduce MTT to blue formazan. The results were expressed as a
percentage of the absorbance present in the samples treated cells compared to the
control cells. Untreated cells were taken as control with 100% viability and cells

without addition of MTT were used as blank to calibrate the spectrophotometer to zero
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absorbance (7,9-10). Experiments were performed in triplicates (n = 3). The percentage

viability was calculated using the following equation:

Yviabilit Absorbance of test
a - *
OVIAPTIY = Absorbance of control

100............... Equation 8.1

8.3.4 Intracellular uptake study by Caco-2 cells using confocal microscopy

Cells were seeded at a density of 1 x 108 cells/well on rounded cover slips in 6 well
plates for 24 h and allowed to adhere for 24 h. After 24 h, cells were washed with fresh
medium and were incubated with 100 pl containing 100pug/ml of Coumarin-6 solution
and Coumarin-6 loaded formulations. To investigate time dependent uptake, the cells
were incubated with dye loaded formulations (SLNs and SMEDDS) and plain dye
solution for 1 h and 4 h. Then, cell monolayers were fixed with 70% ethanol for 20 min
and rinsed with PBS. After rinsing, the nuclei were counter-stained with DAPI for 3
min and rinsed again with Hank’s Balanced Salt Solution (HBSS), mounted in glycerol
and observed using Carl Zeiss confocal laser microscope ((Coumarin: 430 nm
excitation and 485 nm emission wavelength, Green fluorescence) and (DAPI: 350 nm
excitation and 470 nm emission wavelength, Blue fluorescence)). The images were

analyzed by Zen imaging software (11-15).

8.3.5 Intracellular uptake study by Caco-2 cells using flow cytometry

For the flow cytometry, cells were seeded at density of 1x10° Caco-2 cells per well in
6-well plate and allowed to adhere for 24 h. After 24 h, cells were co-incubated with 1
ml MEM containing 100 pl containing 100pg/ml of Coumarin-6, Coumarin-6 loaded
formulations (SLNs and SMEDDS) for 1 h and 4 h. Cells treated with only medium
were used as respective controls. At the end of the incubation period, the cells were
washed three times with PBS to eliminate excess of dye and then detached from plates
by trypsinization. Cells were collected by centrifugation at 800 rpm for 5 min and
supernatant was discarded. The cells were resuspended in fluorescence-activated cell
sorting (FACS) buffer (PBS + 1%BSA (Bovine Serum Albumin) +1%FBS) and
fluorescence was measured in FACS (FACS Canto-Il, BD Biosciences, San Jose, CA,
USA) using software provided with the instrument (BD FACS Diva 6.1.3 software, BD
Biosciences, San Jose, CA, USA). For each sample, 10000 events were collected (14-
18).
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8.3.6 Uptake mechanism elucidation of SLNs in Caco-2 cell monolayer

The cellular uptake of SLNs in Caco-2 cell monolayers was investigated to clarify its
absorption mechanism. The endocytosis of SLNs was investigated using different types
of inhibitors, such as sodium azide (a specific endocytosis inhibitor), chlorpromazine
(an inhibitor of receptor mediated and clathrin mediated endocytosis), nystatin
(claveole/lipid raft mediated endocytosis). To identify the internalization pathway of
both SLNs in the Caco-2 cell monolayer, the uptake experiments were done with the
treatment of specific inhibitors for different types of endocytosis (8,15,19).

Caco-2 cells were seeded at density of 1x10° cells/well were on 6-well plate and
allowed to attach and grow. Cell monolayers were first incubated with freshly replaced
culture medium containing sodium azide (0.1% w/v), chlorpromazine (10 ug/ml) and
nystatin (50 ug/ml) for 1 h at 37°C. After 1 h, SLNs (10 pg/ml) were added into the
inhibitor solution and co-incubated for 2 h. At the end of incubation period, cells were
lysed using 1% Triton X-100 (8,15,19). Drug was extracted from the lysate with
acetonitrile and quantified by HPLC as described in section 3.3 and 3.6.

8.3.7 Permeability study across Caco-2 monolayer using Transwell permeable
insert

Caco-2 cells suspension was seeded at the density of 5000 cells/well on 12 mm
Transwell polycarbonate membrane inserts with 0.4 mm pores and cultured for 21 days.
The volume of cell suspension in complete growth media used was 0.1 ml. In the
basolateral side, 0.5 ml of complete growth media was added. Growth media from both
sides were removed and replaced every 2 d for 21 d until cells were confluent (8,13,20).
The integrity of the cell monolayer was checked once every week starting at day 4 and
then at day 21 post seeding, as well as at the beginning and the end of each absorption
experiments by measuring the trans epithelial electrical resistance (TEER) using
EVOM2 (World Precision Instrument, Sarasota, FL, USA). In addition, absorption of
Lucifer yellow across the cell layer was determined at the end of each experiment as a
control.

The permeability of formulations (SLNs and SMEDDS) across intestinal in vitro
models was evaluated by comparing drug suspension with drug loaded formulations, in
Caco-2 cells. Those monolayers with TEER more than 800 Qscm? were used in the
transport studies. The integrity of the monolayers was also checked by monitoring the
permeability of the paracellular leakage marker, Lucifer yellow across the monolayers.

The cell monolayers were considered tight enough for the transport experiments when
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the apparent permeability coefficient (Papp) for Lucifer yellow was less than 0.5x107
cm/s (5).

For apical to basolateral transport study, 0.5 ml containing 100 ug/ml each SLNs and
SMEDDS diluted with transport medium (100 pg/ml) was added to apical side, while
0.5 ml of drug suspension (100 pg/ml) in transport medium (HBSS) was added as the
control. The basolateral side of the inserts contained 1.5 ml volume of transport buffer.
After incubation for 30, 60, 120, 180 and 240 min, aliquot of 100 ul was withdrawn
from the receiver chambers and was immediately replenished with an equal volume of
pre-warmed HBSS. The amount of drug permeated was determined by HPLC analysis
as described in section 3.4 and 3.7 ((8,13,20). The apparent permeability coefficient
(Papp) was determined from the linear slope of the plot using the following equation:

P = dQ 1
app — dt A CO

where, Papp is the apparent permeability coefficient (cm/s), dQ/dt is the steady state flux,

vee e e Equation 8.2

A is the surface area of membrane (cm?), Co is the initial concentration of drug taken.
Enhancement ratio (ER) was calculated using following formula:

ER = Papp of formulation

vev ven e e Equation 8.3
Papp of drug suspension quation
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8.4 RESULTS AND DISCUSSION
8.4.1 CELL VIABILITY ASSAY

Toxicology of nanomaterials is becoming an important issue nowadays, especially with
regard to nanomaterials present in environment and nanomaterials intended for medical
use (21). Intracellularly, nanomaterials may interact with cellular components, disrupt
or alter cell function, or create reactive oxygen species (ROS). Interactions of
nanomaterials with the mitochondria and cell nucleus are being considered as main
sources of toxicity (22,23). The currently available data appear to confirm that the SLNs
satisfy many prerequisites for being a well-tolerated nanocarrier. Approval for use in
pharmaceutical products will require more evidence regarding the safety of the SLNs
(21,24). Consequently, the cytotoxicology of the SLNs and SMEDDS in the Caco-2
cell line was systematically investigated in the present study. Moreover, this study will
also help in selecting concentration range required to be used for further studies.

MTT is a yellow tetrazolium salt that is oxidized by the mitochondrial dehydrogenase
in living cells to give a dark blue formazan product. Damaged or dead cells show

reduced or no dehydrogenase activity.

8.4.1.1 Asenapine maleate (AM) loaded SLNs and Asenapine maleate suspension
The results of cell viability assay of blank SLNs, AM-SLNs and AM suspension are
shown in figure 8.1. It is reported that cell viability of 70% and less is to be considered
as a cytotoxic effect (24).

The cell viability did not decrease significantly with AM suspension (>80%) indicating
AM was non-toxic. The results showed 100% cell viabilities with blank SLNs upto 100
ug/ml concentration for 4 h indicating the carrier used for SLNs itself was non-toxic
(Figure 8.1). Moreover, greater than 70% of cell viability was observed upto 300 pg/ml.
Further increase in concentration significantly reduced cell viability. AM-SLNs also
showed >70% cell viability upto 300 pg/ml. Increasing concentration from 300 pg/ml
to 500 pg/ml reduced cell viability. No significant difference was observed in cell
viabilities of blank and drug loaded SLNs. Hence, it can be said that AM was non-
toxic.

The results demonstrated absence of any cytotoxic effects of AM-SLNs upto 100 pg/ml
concentration. Hence, 100 pg/ml was the maximum concentration used for uptake and

permeation studies (21,24).
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Figure 8.1: Cell viability assay of the AM-SLNs in Caco-2 cell line
8.4.1.2 Lurasiodne hydrochloride (LH) loaded SLNs and Lurasiodne
hydrochloride suspension
The results of cell viability assay of blank SLNs, LH-SLNs and LH-suspension are
shown in figure 8.2.
LH suspension showed cell viability >80% indicating drug itself had no any toxic effect
on Caco-2 cells. The cell viabilities did not significantly decrease after incubation upto
100 pg/ml of blank SLNs for 4 h indicating the carrier used for SLNs itself was non-
toxic. Further increase in concentration from 100 pg/ml to 300 pg/ml reduced cell
viability. LH-SLNs were found to be safe till 100 pg/ml concentration. There was no
significant difference in cell viabilities of blank and drug loaded SLNs. Hence, 100

ug/ml was the maximum concentration used for further studies.
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Figure 8.2: Cell viability assay of the LH-SLNSs in Caco-2 cell line
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8.4.1.3 Asenapine maleate (AM) loaded SMEDDS and Asenapine maleate
suspension

It is widely known that a number of surfactant-containing carriers have potential
toxicity (9,20,25-27). Therefore, it was necessary to evaluate toxicity of surfactants
used in SMEDDS on Caco-2 cells.

In this study, the viabilities of Caco-2 cells incubated with different concentrations of
blank SMEDDS, AM-SMEDDS and AM suspension were determined. The MTT assay
results are shown in figure 8.3.

The cell viability did not decrease significantly with drug suspension (>80%) indicating
AM is non-toxic. Blank SMEDDS showed 100% cell viability upto 100 pg/ml
concentration. A concentration-dependent cytotoxicity was observed suggesting that
SMEDDS with >150 pg/ml were capable of inducing toxicity on Caco-2 cells. Hence,
the proposed working concentration was 100 ug/ml. AM-SMEDDS also showed 100%
viability till 100 pug/ml. No significant difference was observed in cell viabilities

between blank and AM loaded SMEDDS which inturn confirmed non-toxic effect of

AM.
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Figure 8.3: Cell viability assay of the AM-SMEDDS in Caco-2 cell line
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8.4.1.4 Lurasiodne hydrochloride (LH) loaded SMEDDS and Lurasiodne
hydrochloride suspension

In this study, the viabilities of Caco-2 cells incubated with different concentrations of
blank SMEDDS, LH-SMEDDS and LH-suspension were determined (Figure 8.4).

LH suspension showed cell viability >80% indicating drug itself had no toxic effect on
Caco-2 cells. Blank SMEDDS showed 100% cell viability upto 100 pg/ml
concentration. A concentration-dependent cytotoxicity was observed suggesting that
SMEDDS with >150 pg/ml were capable of inducing toxicity on Caco-2 cells. Hence,
100 ug/ml concentration was used for further studies. No significant difference was
observed in cell viabilities between blank and LH loaded SMEDDS which further

confirmed non-toxic effect of LH.
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Figure 8.4: Cell viability assay of the LH-SMEDDS in Caco-2 cell line

8.4.2 QUALITATIVE UPTAKE STUDIES USING CONFOCAL
MICROSCOPY

The Caco-2 cell line, derived from human colorectal carcinoma, spontaneously
differentiates in culture to form confluent monolayers with remarkable morphological
and biochemical similarity to the small intestinal epithelium (16). Caco-2 cells have
been developed as a useful alternative to animal models to study intestinal absorption
of therapeutic agents including proteins, peptides, and oligonucleotides, showing
promise that might give useful predictions concerning the oral absorption potential
(16,28,29). Therefore, the nanoparticles uptake studies observed in Caco-2 cells could

probably be considered to correlate with in vivo situations.
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8.4.2.1 Coumarin-6 loaded SLNs, SMEDDS and plain dye solution for Asenapine
maleate

This study was conducted to measure the extent of the intracellular transport of the
prepared formulations after oral administration. The results of confocal laser scanning
of Coumarin-6 solution (control) or Coumarin-6 loaded formulations for AM are
illustrated in figure 8.5 to figure 8.11. No fluorescence was detected from the image of
the control cells (Figure 8.5a), which were not exposed to the coumarin-6 loaded
nanoparticles and/or dye solution, implying there was no auto fluorescence of the cells
which can lead to misinterpretation of the data (28,29).

Results indicated that uptake of dye loaded formulations (SLNs and SMEDDS) and dye
solution was time dependent. The intensity of the florescence clearly indicated efficient
delivery of SLNs and SMEDDS to Caco-2 cells and nucleus appeared blue. It was
observed from figure that fluorescence distribution of dye transported across Caco-2
cells was increased with time (Figure 8.6-8.11).

In case of dye solution (Figure 8.6 & 8.7), little uptake was observed and dye was found
to be attached to the apical cell surface only at the end of 4 h indicating no
internalization of dye solution in Caco-2 cells (24,28,29).

However, both SLNs (Figure 8.8 & 8.9) and SMEDDS (Figure 8.10 & 8.11) showed
higher fluorescence intensity, both in the cell cytoplasm as well as in the nucleus at the
end of 4 h incubation period implying that nanoparticles were easily internalized into
Caco-2 cells. Thus, there was a significant increase in the cellular uptake of both
formulations as compared to the dye solution.

The enhanced permeation of SLNs and SMEDDS was attributed to presence of TPGS
and Cremophor EL and Trasncutol HP respectively, potential absorption enhancers
which may alter epithelial barrier property (25). Hence, enhanced permeation across
cell membrane may be due to small particle size and presence of excipients (30-32). It
is reported that particles are more efficiently taken up with increasing hydrophobic
interactions with the membrane of Caco-2 cells (33). So, it was evident from the results
that intracellular uptake of hydrophobic drug (AM) could be enhanced by encapsulating

drug in the lipid based nanoformulations.
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() (b) (c)

Figure 8.5 Confocal microscopic images of Caco-2 cells (a) without any treatment

(Control) (b) DAPI stained nuclei (c) Overlapped imag

(a) (b) (©)

Figure 8. 6: Confocal microscopic images of Caco-2 cells after 1 h incubation at
37 °C with (a) dye solution (b) DAPI stained nuclei (c) Overlapped image

showing no internalization of dye solution in cells for AM

(2) (b) (c)

Figure 8.7: Confocal microscopic images of Caco-2 cells after 4 h incubation at

37 °C with (a) dye solution (b) DAPI stained nuclei (c) Overlapped image
showing no internalization of dye solution in cells for AM
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() (b) (©
Figure 8.8: Confocal microscopic images of Caco-2 cells after 1 h incubation at
37 °C (a) 6- coumarin loaded SLNs (b) DAPI stained nuclei (c) Overlapped
image showing internalization of SLNs in cells for AM

(a) (b) (©)
Figure 8.9: Confocal microscopic images of Caco-2 cells after 4 h incubation at

37 °C with (a) Coumarin-6 loaded SLNs (b) DAPI stained nuclei (c) Overlapped
image showing internalization of SLNs in cells for AM
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(a) (b)
Figure 8.10: Confocal microscopic images of Caco-2 cells after 1 h incubation at
37 °C with (a) Coumarin-6 loaded SMEDDS (b) DAPI stained nuclei (c)
Overlapped image showing internalization of SMEDDS in cells for AM

(a) (b)
Figure 8.11: Confocal microscopic images of Caco-2 cells after 4 h incubation at

37 °C with (a) Coumarin-6 loaded SMEDDS (b) DAPI stained nuclei (c)
Overlapped image showing internalization of SMEDDS in cells for AM
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8.4.2.2 Coumarin-6 loaded SLNs, SMEDDS and plain dye solution for

Lurasidone Hydrochloride

The confocal images of Coumarin-6 solution (control) or Coumarin-6 loaded
formulations are illustrated in figure 8.12 to figure 8.17. In case of dye solution, little
uptake was observed and dye was found to be attached to the apical cell surface only at
the end of 4 h indicating no internalization of dye solution in Caco-2 cells (Figure 8.12
& 8.13).

It was clearly demonstrated from the confocal images of Caco-2 cells that both SLNs
(Figure 8.14 & 8.15) and SMEDDS (Figure 8.16 & 8.17) showed strong fluorescence
intensity, both in the cell cytoplasm as well as in the nucleus at the end of 4 h incubation
period implying nanoparticles can be easily internalized into Caco-2 cells as compared
to plain dye solution and uptake was time dependent.

The enhanced uptake of SLNs might be due to penetration enhancing effect of sodium
deoxycholate present in SLNs. In case of SMEDDS, uptake could be enhanced due to
presence of Cremophor EL and Transcutol HP.

It can be evident from the results that intracellular uptake of hydrophobic drug (LH)
could be enhanced by encapsulating drug in the lipid based nanoformulations and can

lead to enhanced oral bioavailability as hypothesized.
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(@) (b) (c)

Figure 8. 12: Confocal microscopic images of Caco-2 cells after 1 h incubation at

37 °C with (a) dye solution (b) DAPI stained nuclei (c) Overlapped image
showing no internalization of dye solution in cells for LH

(a) (b) (c)

Figure 8.13: Confocal microscopic images of Caco-2 cells after 4 h incubation at
37 °C with (a) dye solution (b) DAPI stained nuclei (c) Overlapped image

showing no internalization of dye solution in cells for LH
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(a) (b) (©
Figure 8.14: Confocal microscopic images of Caco-2 cells after 1 h incubation at
37 °C with (a) Coumarin-6 loaded SLNs (b) DAPI stained nuclei (c) Overlapped

image showing internalization of SLNs in cells for LH

(a) (b) (c)
Figure 8.15: Confocal microscopic images of Caco-2 cells after 4 h incubation at
37 °C with (a) coumarin 6-loaded SLNs (b) DAPI stained nuclei (c) Overlapped

image showing internalization of SLNs in cells for LH
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(b)

(c)

Figure 8.16: Confocal microscopic images of Caco-2 cells after 1 h incubation at
37 °C with (a) Coumarin-6 loaded SMEDDS (b) DAPI stained nuclei (c)
Overlapped image showing internalization of SMEDDS in cells for LH

(a)

(b) (c)

Figure 8.17: Confocal microscopic images of Caco-2 cells after 4 h incubation at
37 °C with (a) Coumarin-6 loaded SMEDDS (b) DAPI stained nuclei (c)
Overlapped image showing internalization of SMEDDS in cells for LH
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8.4.3 QUANTITATIVE UPTAKE STUDY USING FLOW CYTOMETRY

8.4.3.1 Coumarin-6 loaded SLNs, SMEDDS and plain dye solution for Asenapine
maleate

The quantitative uptake of all formulations by Caco-2 cells were studied using flow
cytometry analysis. The relative extent of intracellular uptake of all formulations were
calculated using mean fluorescent intensity (MFI).

It was observed that the mean fluorescence intensity inside the cells was significantly
increased by Coumarin-6 loaded SLN and SMEDDS as compared to plain dye solution.
Flow cytometry analyses revealed that SLNs and SMEDDS in Caco-2 cells were
internalized in a time dependent manner and their uptake was significantly increased at
the end of 4 h. This uptake was depicted as comparative dot plot analysis (Figure 8.18),

mean fluorescence intensity graph (Figure 8.19) and histogram (Figure 8.20).
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Figure 8.18: Comparative dot plot showing uptake of Coumarin-6 solution,
Coumarin-6 loaded SLNs, and Coumarin-6 loaded SMEDDS at 1 h (a,c,e) and 4
h (b,d,f) in Caco-2 cells for AM
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Figure 8.19: Mean fluorescence intensity graph showing uptake of Coumarin-6
solution, Coumarin-6 loaded SLNs, and Coumarin-6 loaded SMEDDS at 1 h
(a,c,e) and 4 h (b,d,f) in Caco-2 cells for AM
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Figure 8.20: Histogram showing uptake of Coumarin-6 solution, Coumarin-6
loaded SLNs, and Coumarin-6 loaded SMEDDS at 1 h (a,c,e) and 4 h (b,d,f) in
Caco-2 cells for AM
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MFI with Coumarin-6 loaded SLN and SMEDDS was increased 99.24 and 38.90 times
with respect to plain dye solution (Figure 8.21). The results of flow cytometry strongly
support the previous qualitative measurements of the intracellular uptake of SLNs and
SMEDDS for AM by showing significant increase in MFI in the cell cytoplasm as well

as in the nucleus as compared to plain dye solution.
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Figure 8.21: Mean fluorescence intensity plot of dye solution, Coumarin-6 loaded
SLN and Coumarin-6 loaded SMEDDS for AM

8.4.3.2 Coumarin-6 loaded SLNs, SMEDDS and plain dye solution for
Lurasidone hydrochloride

The uptake was depicted as comparative dot plot analysis (Figure 8.22), mean
fluorescence intensity graph (Figure 8.23) and histogram (Figure 8.24).

The results confirmed that Coumarin-6 loaded SLNs and Coumarin-6 loaded SMEDDS
were internalized in a time dependent manner and their uptake could be increased at
end of 4 h. It was observed that the mean fluorescence intensity inside the cells was
significantly increased by Coumarin-6 loaded SLNs and Coumarin-6 loaded SMEDDS

as compared to plain dye solution.
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Figure 8.22 : Comparative dot plot showing uptake of Coumarin-6 solution,
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Figure 8.23 : Mean fluorescent intensity graphs showing uptake of Coumarin-6
solution, Coumarin-6 loaded SLNs, and Coumarin-6 loaded SMEDDS at 1 h
(a,c,e) and 4 h (b,d,f) in Caco-2 cells for LH
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Figure 8.24: Histogram showing uptake of Coumarin-6 solution, Coumarin-6
loaded SLNs, and Coumarin-6 loaded SMEDDS at 1 h (a,c,e) and 4 h (b,d,f) in
Caco-2 cells for LH

MFI with Coumarin-6 loaded SLN and SMEDDS was increased 71.71 and 25.57 times
with respect to plain dye solution (Figure 8.25). The results of flow cytometry of Caco-
2 cells strongly support the previous qualitative measurements of the intracellular

uptake of SLNs and SMEDDS for LH by significantly increasing MFI as compared to
plain dye solution.
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Figure 8.25: Mean fluorescence intensity of dye solution, Coumarin-6 loaded
SLN and Coumarin-6 loaded SMEDDS for LH

8.4.4 UPTAKE MECHANISM ELUCIDATION OF SLNS IN CACO-2 CELL
MONOLAYER

The objective of the present study was to evaluate the mechanisms of transport of SLNs
across Caco-2 monolayer. Although lipid nanoparticles are known to enter into cells in
an active endocytic manner, we assessed this phenomenon in Caco-2 cells using sodium
azide, an endocytosis inhibitor. The results (Figure 8.26) revealed that intracellular
uptake of AM-SLNs and LH-SLNs was only about 13% and 17% of that of normal
control in presence of sodium azide. The uptake of AM and LH from their suspension
was not reduced in presence of sodium azide. These results allowed us to conclude that
SLNs were predominantly internalized by endocytosis, a carrier-mediated process.
Endocytosis has two major routes, phagocytosis and pinocytosis or fluid-phase uptake.
Fluid-phase endocytosis, which requires the cargo molecules to be dissolved, can be
subdivided into macropinocytosis, clathrin-mediated, caveolin-mediated and clathrin-
and caveolin-independent endocytosis (24, 34). Different internalization pathways can
be studied in presence of pharmacological (chemical) inhibitors. Hence to evaluate
endocytic mechanism of SLNs, transport studies were further undertaken in the
presence of different inhibitors and quantified by HPLC (14).

The experimental results suggest that intracellular uptake of both AM-SLNs and LH-
SLNs was significantly reduced to 22% and 43% in presence of chlorpromazine and

47% and 56% in presence of nystatin respectively. Thus, it could be deduced that both
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clathrin- and lipid raft/caveolae-mediated endocytosis may be involved in the uptake of
SLNs across the Caco-2 cell monolayer (18,34,35).

For the different treatment conditions, there is no significant difference in transport of
plain drug suspension of AM and LH. This suggest that plain drug solution does not
undergo active endocytic uptake mechanism. It can be said that drug suspension is

absorbed by passive diffusion process.
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Figure 8.26: Intracellular uptake of SLNs and drug suspension in presence of
specific inhibitors

Clathrin mediated endocytosis involves the assembly of a specific coat protein, clathrin,
on the intracellular face of the plasma membrane, resulting in the formation of a clathrin
coated pit. This pathway is characteristic of receptor-mediated endocytosis; in addition
to clathrin, it requires a number of adaptor and accessory molecules for controlling
different steps in the assembly and maturation of the coated pits. Among these proteins,
a so-called adaptor protein (AP)2 complex is critical for the initial linkages between
cargo molecules and clathrin, whereas amphiphysin and dynamin guanosine
triphosphatase (GTPase) regulate later conversion of membrane invagination into a
vesicle. Chlorpromazine inhibition involves loss of clathrin and adaptor protein 2
complex from the cell surface and their artificial assembly on endosomal membranes
which reduces the number of coated pit associated receptors at the cell surface by
disrupting the assembly and disassembly of clathrin (34,36-38).

Lipid Raft/Caveolae-Mediated Endocytosis involves invagination of cholesterol-

enriched microdomains within the plasma membrane that may contain a coat protein
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known as caveolin. These structures are referred to as lipid rafts or caveolae. Lipid
raft/caveolae-mediated endocytosis participates in the internalization of
glycosylphosphatidylinositol (GPI)- anchored proteins, cholera toxin entry, and
intracellular cholesterol trafficking. Nystatin interact with cholesterol in model and
biological membranes and are able to change properties of cholesterol rich membrane
domains. It creates large aggregates in the membrane and aggregates accumulate
cholesterol, thereby sequestering this lipid from the membrane structures. As a result,
it induces a profound distortion of the structure and functions of the cholesterol-rich
membrane domain, including aberrations in the caveolar shape, dispersion of GPI-
anchored proteins from these structures, as well as the inhibition of lipid raft ligands
internalization (34,36-38).

So, it was proven that internalization of SLNs involved clathrin- and caveolae mediated
endocytosis across Caco-2 cells.

8.4.5 PERMEABILITY STUDY

8.4.5.1 Asenapine maleate (AM) loaded SLNs, SMEDDS and Asenapine maleate
suspension

The permeability study using transwell insert was carried out to determine permeability
of formulations and drug suspension across Caco-2 cells. The amount of drug transfer
from AM-SLNs, AM-SMEDDS and drug suspension across Caco-2 monolayer is
shown in table 8.1. It was observed that amount of AM transported across Caco-2 cell
monolayer was significantly increased with SLNs and SMEDDS as compared to AM-
suspension.

Table 8.1: Drug transfer across the Caco-2 cell line for AM-SLNs, AM-SMEDDS

and AM suspension

Time AM suspension AM-SLNs AM-SMEDDS
(min) Amount of drug Amount of drug Amount of drug
transfer (mg) transfer (mg) transfer (mg)
30 0.004 0.013 0.012
60 0.006 0.029 0.043
120 0.013 0.071 0.072
180 0.018 0.112 0.102
240 0.024 0.148 0.137
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The Papp values of AM apical to basolateral side were compared and results are shown
in Table 8.2. The results showed that the AM transport through Caco-2 cell monolayer
IS increased upon encapsulation into SLN as compared to drug suspension. Papp Of the
AM-SLNs and AM-suspension was found to be 6.25x10° cm/s and 0.89x10° cm/s,
respectively. The transport of AM-SLNs exhibited 7.02 times higher drug permeation
than that of AM-suspension at the end of 4 h. Enhanced permeation may also be
attributed to presence of TPGS in the formulation. Moreover, contribution of clathrin
and claveloe mediated endocytosis in uptake of SLNs may have resulted in increase in
permeability of AM loaded SLNs as compared to drug suspension.
Table 8.2: Apparent permeability (Papp) and enhancement ratio of AM
suspension, AM-SLNs and AM-SMEDDS

AM suspension AM-SLN AM-SMEDDS
Papp (cM/s) 0.89x10 6.25x10® 4.46x10°
Enhancement ratio - 7.02 5.01

Papp Of the AM-SMEDDS and AM-suspension was found to be 4.46x10° cm/s and
0.89x10% cm/s, respectively, indicating that SMEDDS showed significantly higher
intestinal permeability than drug suspension. The AM-SMEDDS exhibited 5.01 times
higher drug permeation than that of AM-suspension at the end of 4 h. It is also reported
that nonionic surfactants including Cremophor RH40, Cremophor EL, and Polysorbate
80 are strong CYP3A inhibitors in vitro and in vivo (9,39-41). Hence, enhancement in
permeability of AM-SMEDDS might be due to the smaller size of droplets,
solubilization improvement and CYP3A inhibitory activity of Cremophor EL which
increased drug transport across Caco-2 cells as compared to drug suspension (41,42).
Here, inhibitory effect of SMEDDS on intestinal CYP3A may play crucial role in the
intestinal absorption of AM.

Thus, the enhancement of AM permeation by encapsulating in SLNs and SMEDDS

was verified in vitro using the Caco-2 intestinal cell monolayer.
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8.4.5.2 Lurasiodne hydrochloride (LH) loaded SLNs, Lurasiodne hydrochloride
loaded SMEDDS and drug suspension

The amount of drug transfer from LH-SLNs, LH-SMEDDS and LH-suspension across
Caco-2 monolayer is shown in table 8.3.

Table 8.3: Drug transfer across the Caco-2 cell line for LH-SLNs, LH-SMEDDS

and LH suspension

Time LH suspension LH-SLNs LH-SMEDDS
(min) Amount of drug Amount of drug Amount of drug
transfer (mg) transfer (mg) transfer (mg)
30 0.002 0.012 0.015
60 0.005 0.041 0.051
120 0.017 0.058 0.078
180 0.021 0.096 0.105
240 0.036 0.140 0.132

The results showed that Pspp Of the LH-SLNs and LH-suspension was found to be
4.46x10° cm/s and 1.79x10°° cm/s, respectively. The transport of LH-SLNs exhibited
2.50 times higher drug permeation than that of LH-suspension at the end of 4 h. LH-
SLNs showed 2.5 times higher intestinal permeation as compared to LH-suspension.
This could be due to presence of penetration enhancer, sodium deoxycholate in SLNs
which further contributed to increase in permeability of LH loaded SLNs across Caco-
2 monolayer.
Table 8.4: Apparent permeability (Papp) and enhancement ratio of LH
suspension, LH-SLNs and LH-SMEDDS

LH-DS LH-SLN LH-SMEDDS
Papp (CM/S) 1.79x10°® 4.46x10° 3.57x10°
Enhancement ratio - 2.50 2.00

Papp Of the LH-SMEDDS and drug suspension was found to be 3.57x10° cm/s and
1.79x10° cm/s, respectively, indicating that LH-SMEDDS showed significantly higher
intestinal permeability than LH-suspension (Table 8.4). The LH-SMEDDS exhibited 2
times higher drug permeation than that of LH-suspension at the end of 4 h.

Enhancement in LH loaded SMEDDS can be attributed to nano-droplets, solubilization
improvement and CYP3A inhibitory activity of Cremophor EL which increased drug

transport across Caco-2 cells as compared to drug suspension (40,41).
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8.5 CONCLUSION

Caco-2 cells were selected to form intestinal epithelial cell monolayers to study the

related transport mechanisms of the SLNs and SMEDDS crossing the cell monolayers.
The results of cell viability assay against Caco-2 cells proved that both SLNs and
SMEDDS had low cytotoxicity and were found to be safe for oral administration. The
enhanced intracellular uptake of both SLNs and SMEDDS was confirmed by confocal
and flow cytometry analysis. The mechanistic study allowed to prove that SLNs
transport in Caco-2 cells followed active transport process and endocytosis was proven
to be mediated by clathrin and lipid raft/claveole. Thus, all developed lipid based
nanoformulations, SLNs and SMEDDS of AM and LH can significantly improve the
permeability of both drugs across intestinal epithelial cells, reduce first pass metabolism
and improve their oral bioavailability.
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