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8.1. Morphology study

The morphology of prepared PEGylated multilamellar vesicles (MLVs) was studied by
optical microscopy and sih'gle unilamellar vesicles (SUVs) (formed after probe
sonication) by transmission electron microscopy.

8.1.1. Olympus microscopy

Morphological evaluation was conducted using optical microscope with polarizer BX 40,
Olympus Optical Co. Ltd,, at a magnification of 40X. A drop of liposome was placed on
glass slide, covered with coverslip, observed under optical microscope and images were
captured.

8.1.2. Transmission electron microscope (TEM)

Morphology and size of the liposomal suspension was studied by transmission electron
microscope (TEM). A drop of formulation was placed on a coated carbon grid and air
dried. The samples were stained with 5uL of 2.5 % uranyl acetate for 30 seconds and air
dried. The grid was then examined immediately under Philips Electron Microscope
(Philips, Japan). The electron micrographs were obtained after magnifications. The
physical characteristics of the particles observed by TEM were determined using
selected area diffraction (SAD) technique. The measurement conditions were A = 0.0251
A? radiation generated at 200kV as X-ray source with camera length of 100cm.

8.2. FTIR Study
The plain docetaxel, freeze-dried docetaxel loaded PEGylated liposomes and blank
PEGylated liposomes were analysed using FT-IR Alpha-T (Bruker, Germany).

8.3. Differential scanning calorimetry (DSC)

Thermal properties of plain docetaxel, physical mixture of docetaxel and other iipids
(HSPC, DPPC, cholesterol, and DSPE-mPEGz000, 50:50 w/w), and freeze dried docetaxel
loaded PEGylated liposomes were investigated using Differential Scanning Calorimetry
(METTLER, STARe SW 9.20). Accurately weighed samples (7.2-11.5mg) were placed in
hermetically closed aluminum pans and empty aluminum pan was used as a reference.
The samples were heated at a heating rate of 100 9C per minute in the range of -50 °C to
250 °C under inert nitrogen atmosphere.

8.4. Controlled drug release

Release of docetaxel from PEGylated liposomes (PLs) and immunoliposomes (PILs) was
observed using the dialysis method and was compared Taxotere (Sanofi Aventis). The
release of DTX from PLs composed of HSPC alone and DPPC alone was also studied. The
Taxotere, PLs and PILs equivalent to 1mg of docetaxel were placed in dialysis tubes
(MWCO 12000) and tightly sealed. Then, the tubes were immersed in 50mL of release
medium, ie., PBS (pH 7.4) containing 0.1% (w/v) tween-80 to maintain sink condition
(Koziara et al., 2004; Zhang et al, 2004; Yang et al,, 2007). While stirring the release
medium using the magnetic stirrer at 150 rpm/min, the samples {1mL) were withdrawn
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at predetermined time intervals (0.5, 1, 2, 4, 6, 10, 24, 48hr) from the release medium
and the same volume was replaced with the fresh medium. The 1mL of sample was
centrifuged at 5000 rpm for 5 minutes and the supernatént was bath sonicated for 5
minutes and analysed using RP-HPLC (as described in analytical method) using
acetonitrile:water (60:40, v/v) as mobile phase. The concentration of docetaxel released
with respect to time was then calculated. The concentration of docetaxel remained
unreleased in dialysis bag was calculated by dissolving dialysis bag contents in methanol
after the release study to check the mass balance. The samples were centrifuged,
supernatant was sonicated, and analysed using RP-HPLC. The stability of DTX in release
medium was also studied by determining the amount of DTX impurities converted in
release medium at each time point.

8.5. Suspension stability study

The liposomal suspension stability study was performed as per the ICH guidelines at 2-8
oC for 6 months. The stability of PEGylated liposomes in the absence and presence of
10% sucrose (\ised as tonicity adjusting agent) was studied. 1mL of the PEGylated
liposomal formulations (n=4) were stored in nitrogen purged screw capped glass vials
at 2-8 oC for a period of 6 months. After 1, 2, 4, and 6 months the formulations were
transferred to 2ZmL eppendorf tubes and centrifuged at 6000rpm for 10 minutes. The
supernatant liposomal dispersion was separated from the sediment (containing leaked
drug) and analysed for mean particle size, zeta potential and % DTX retained. The
liposomal suspensions were also evaluated for degradation of DTX during storage
(stability of DTX in liposomes during storage).

8.6. In vitro cytotoxicity assay

The cytotoxicity of Taxotere and docetaxel loaded conventional liposomes (CLs), PLs
and PILs against A549- (human lung adenocarcinoma) and B16F10 (mouse melanoma)
cell line was determined using MTT dye reduction assay (Twentyman and Luscombe,
1987]. Briefly, 4x108, 2x103, and 1.5x102 cells in exponential phase were seeded into
96-well plates for 24hr, 48hr, and 72hr, respectively. The cells were incubated at 37 °C
in a 5% CO; incubator for 24hr, during which the cells were attached and resumed to
grow. The formulations were diluted with culture media to make serial concentrations
of docetaxel {0.01nM, 0.1nM, 1nM, 10nM, 100nM, 1pM, 10uM), and were added to wells
in quadruplicate (100uL each). Control wells were treated with equivalent volumes of
docetaxel-free media. After 24h, 48h, and 72h, the supernatant was removed and each
well was washed twice with 100uL of PBS. The 20uL of MTT {5mg/mL solution in PBS
pH 7.4} and 80uL of culture medium were added to each well and incubated for
overnight. The plates were then centrifuged for 20 minutes at 1500rpm (Rota 4R-V/Fy;
Plasters Crafts Industries Ltd, Mumbai, India) and the unreduced MTT and medium
were then discarded. The 100uL of DMSO was then added to dissolve the MTT formazan
crystals. Plates were shaken for 2min and absorbance was read at dual wavelengths of
540/690nm as excitation and reference using the microplate reader {Molecular Devises,
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SPECTRUM AX190). The ICso values were then calculated graphically (logarithmic scale)
by plotting concentrations versus % viability. The % viability was calculated by
considering the optical density of the control well as 100% viable (Sharma et al., 1996).

8.7. Cell uptake study .

8.7.1. Preparation of 6-coumarin loaded liposomes

The 6-coumarin loaded CLs, PLs, and PILs were prepared as described in previous
chapters by just replacing DTX from 100pg of 6-coumarin. The lipid concentrations and
other process and formulation parameters were kept similar to the preparation of
optimized DTX loaded CLs, PLs and PlLs. The total lipid concentration of prepared
liposomes was determined by Stewart method as described in previous chapters. The
prepared 6-coumarin loaded liposomes were stored in amber coloured vials, covered
with aluminium foil, at 2-8 °C.

8.7.2. Cell uptake study using FACS

The 2 million cells per well were transferred to 12 well plate and then were allowed to
adhere and grow overnight. The cells were treated with 1mL of media containing 6-
coumarin loaded CLs, PLs and PILs equivalent to 25ug and 50ug of total lipid content for
30 and 60 minutes. Cells were washed thrice with PBS and harvested. The cells were
then fixed using 1% PFA for 10 minutes and then washed twice with PBS. Acquisition
was done using FACS Calibur.

8.7.3. Cell uptake study using confocal microscopy
The cells were grown on glass coverslips up to 50-60% confluency and then were
treated with CLs, PLs and ILs equivalent to 25ug and 50ug of total lipid content for
period of 30 and 60 minutes. Cells were washed thrice with PBS and then fixed using 1%
PFA. Coverslips were washed again with PBS, mounted and visualized under confocal
microscope Zeiss LSM 510 Meta at 63 X magnification.

8.7.4. Live cell ixptake imaging by confocal microscope

5x10% A549 cells were allowed to adhere and grow in live imaging culture plates
overnight. 200p! of 6-coumarin loaded CLs, PLs, and PILs (25pug of total lipid/mL) were
added just prior to time lapse imaging. Live imaging was performed using confocal
microscope (LSM 510 Meta) at 63X magnification at regular intervals of 30 seconds. The
cells were maintained at 37 °C and supplied with 5% CO. during the imaging as per
earlier reports {Pollock et al, 2010; Xie et al, 2012). Images were analysed by LSM
image browser software and were digitalised to video format.

8.8. Anti-metastatic activity by wound scratch assay

The wound healing assay was performed as per the earlier reports (Goel and Gude
2011; Pichot et al, 2009; Lee et al, 2008). Cells grown in 12-well plates were treated
with 1pg/ml mitomycin-C for 2hr. The cells were then lined off using a sterile tip, and
the wells were washed to ensure that the wound area is devoid of cells. The 2mL of sub-
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toxic doses (1nM and 2nM) of DTX, PLs, and PlLs were added and incubated at 37 °Cina
5% CO; incubator for 24hr. The drug solution was removed, cells were washed twice
with .PBS, fixed using 70% methanol and photographed using Axiovert200 inverted
microscope (Zeiss). The reference well cells were fixed immediately after wound was
made and the control well cells were incubated with 2mL of drug free media. The wound
width was measured using the Carl Zeiss Axiovision Rel 4.8.2 imaging software and the
results were presented as percent wound covered by considering the control group
width as 100% wound covered.

8.9, Gelatin zymography

8.9.1.Introduction

Matrix metalloproteinases (MMPs) are a family of calcium-dependent, zinc-containing
endopeptidases that are structurally and functionally related. They are secreted in an
inactive (latent) form, which is called a zymogen or a pro-MMP. These latent MMPs
require an activation step before they are able to cleave extracellular matrix (ECM)
components {(Bode and Maskos, 2003). The activity of MMPs is regulated by several
types of inhibitors, of which the tissue inhibitors of metalloproteinases (TIMPs) are the
most important (Brew et al,, 2000). The TIMPs are also secreted proteins, but they may
be located at the cell surface in association with membrane-bound MMPs (Baker et al,
2002). The balance between MMPs and TIMPs is largely responsible for the control of
degradation of ECM proteins (Bode et al., 1999). MMPs are involved in the remodeling of
tissues during embryonic development, cell migration, wound healing, and tooth
development (Pilcher et al., 1999; Chin and Werb, 1997). However, a deregulation of the
balance between MMPs and TIMPs is a characteristic of diverse pathological conditions,
such as rheumatoid and osteoarthritis, cancer progression, and acute and chronic
cardiovascular diseases {Baker et al., 2002; Konttinen et al., 1999). To analyze the role of
MMPs and TIMPs in tissue remodeling under normal and pathological conditions, it is
important to have reliable detection methods.

Substrate Zymography:

Zymography and reverse zymography are described as simple, sensitive, quantifiable,
and functional assays to analyze MMPs and TIMPs in biological samples (Leber et al,
1997). All types of substrate zymography originate from gelatin zymography. The
techniques are the same except that the substrate differs depending on the type of
MMPs or TIMPs to be detected. In zymography, the proteins' are separated by
electrophoresis under denaturing [sodium dodecyl sulfate (SDS)], nonreducing
conditions. The separation occurs in a polyacrylamide gel containing a specific substrate
that is co-polymerized with the acrylamide (Heussen and Dowdle, 1980). During
electrophoresis, the SDS causes the MMPs to denature and become inactive. The
activation of latent MMPs during zymography is believed to involve the “cysteine
switch” because the dissociation of Cys?? from the zinc molecule is caused by SDS
(Springman et al,, 1990). After electrophoresis, the gel is washed, which causes the
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exchange of the SDS with Triton X-100, after which the enzymes partially renature and
recover their activity (Heussen and Dowdle, 1980). Additionally, the latent MMPs are
auto-activated without cleavage (Oliver et al,, 1997). Subsequently, the gel is incubated
in an appropriate activation buffer. During this incubation, the concentrated, renatured
MMPs in the gel will digest the substrate. After incubation, the gel is stained with
Coomassie Blue, and the MMPs are detected as clear bands against a blue background of
undegraded substrate (Fernandez-Resa et al, 1995). The clear bands in the gel can be
quantified by densitometry (Woessner, 1995). Zymography is based on the following
principles: (i) during electrophoresis, gelatin is retained in the gel; (ii) MMP activity is
reversibly inhibited by SDS during electrophoresis; and (iii) the SDS causes the
separation of MMP-TIMP complexes during electrophoresis. This enables the detection
of MMPs and TIMPs independently of one another (Hawkes et al, 2001). An additional
advantage of zymography is that both the proenzymes and the active forms of MMPs can
be distinguished on the basis of their molecular weight. As mentioned before, SDS
dissociates the TIMPs from the MMPs, which may result in a higher activity than in vivo.
Because zymography only indicates whether the proenzyme displays in the presence of
TIMP in vivo, it is uncertain how much activity such an active form would display in the
presence of TIMP in vivo. Additionally, the refolding of MMPs after electrophoresis
recovers only part of the original activity. Furthermore, the digestion of gelatin by pro-
MMPs is somewhat reduced because the latent form still retains its propeptide domain
{Woessner, 1995).
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Gelatin Zymography (Heussen and Dowdle, 1980):

Gelatin zymography is mainly used for the detection of the gelatinases, MMP-2 and
MMP-9, respectively. It is extremely sensitive because levels of 10pg of MMP-2 can
already be detected (Kleiner and Stetler-Stevenson, 1994). It should be considered,
however, that other MMPs, such as MMP-1, MMP-8, and MMP-13 can also lyse the
substrate. This signal will probably be very weak because gelatin is not their
preferential substrate (Bjornland et al,, 1999). For MMPs that do not show any activity
on gelatin, modifications of the technique have been made for an improved detection.
This is mainly done by incorporating a more suitable substrate into the gel, such as
casein or collagen, or by enhancing the signal by adding heparin to the samples (Yu and
Woessner, 2001)}.

Reagents: :

Sample Buffer {4X), pH 6.8: 10% SDS, 40% Glycerol, 0.01% Bromophenol blue and 1M
Tris HCL

2% Gelatin: Add 1gm porcine gelatine to 25mL of sterile milliQ water, heat to 70 °C to
dissolve the gelatin and make up the volume to 50mL. Made 2mL aliquots and stored at -
20 °C until use. The 1.5ml of the gelatine solution was added to 30ml of resolving gel
mixture during experiment.

Staining solution: 0.5% Coomassie Brilliant Blue R250 powder was dissolved in a
destaining solution. Filtered and stored until use.

Destaining solution: methanol, water and acetic acid mixture (4:5:1, v/v).

Other reagents include SDS -PAGE reagents.

8.9.2.Method

Sub-confluent plates (A549) were treated with 3mL of non-toxic doses of TXT (2nM),
PLs {2nM), and PILs {2nM) for 24 h. In case of B16F10 the cells were treated with 3mL
of nontoxic doses of TXT (5nm), PLs (5nm), and PILs (5nm]} for 24hr. The drug solutions
were removed and cells were washed twice with PBS to remove serum traces. The 3mL
of serum free DMEM was then added to each plate and the condition media was
collected after 24hr. The media was concentrated using 30kDa (MWCO) cut-off filters
from Millipore and normalised as per the individual cell counts. In addition, the
condition medium collected from HT-1080 was also processed and used as a positive
control that shows activity of both MMP-9 (92kDa) and MMP-2 (72kDa). To assess the
gelatinase activity, the samples (40ul) were incubated in sample buffer for 10 minutes
at room temperature and run on 10% SDS-PAGE containing 0.1% gelatin (w/v) as a
substrate. After electrophoresis, the gel was washed twice in rinsing buffer {2.5% Triton
X-100)} for 15 minutes each and then incubated in developing buffer (Tris 50mM, CaCl;
100mM, ZnCl; 10uM, Triton X-100 2.5% and NaN; 0.02%) for at least 24hr. The gel was
stained with 0.25% commassie brilliant blue R-250 and then destained (Water:
Methanol: Acetic acid; 5:4:1, v/v) till the bands appeared. The gelatinase activity was
visible as clear white zones in a dark background. Gel image was taken in the gel
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documentation machine and densicord analysis of the band intensity was done (Wang et
al, 2009).

8.10. Apoptosis assay

8.10.1. Using FACS

Sub-confluent plates were treated with 1mL of 2nM solution of TXT, PLs and PILs for a
period of 24hr and 48hr. Cells were harvested, mixed with supernatant containing
apoptic cells, washed twice with PBS and fixed with 70% chilled ethanol. The cells were
washed twice with PBS and then incubated with 200ul PBS containing 10ul RNAse (0.5
mg/ml) for 30minutes at 37 °C. The volume was then made up to 1mL and 50ul PI (50
pg/ml} was added. Acquisition was done on FACS Calibur. The 10000 events were
collected and then analysed using CellQuest software (Salma and McDermott, 2012;
Kanzawa et al,, 2003).

8.10.2. Using EB/AQ staining

Ethidium Bromide (EB)/Acridine Orange (AO) staining was done as previously
described {Goel and Gude, 2011). 16,000 cells/well were seeded in triplicates in a 96-
well plate. The cells were allowed to adhere overnight and then treated with 100uL/well
of 2nM of Taxotere, docetaxel loaded PEGylated liposomes and PEGylated anti-
neuropilin-1 immunoliposomes for 24hr and 48hr. The cells were then centrifuged and
stained using 20pl of EB/AO mixture (100ug/ml) and observed under a Zeiss Axio
inverted microscope. Images were captured at X10 magnification for three different
fields of each particular well.

8.11. Cell cycle analysis
The protocol is same as discussed in apoptosis study. The 10000 events were collected
and analysed for cell cycle using ModFit LT V2.0 (PMac) software.

8.12. Results and Discussions

8.12.1. Morphology analysis

The optical microscopic images of prepared final PEGylated liposomes (MLVs: before
probe sonication) were shown in Figure 8.1. The PEGylated liposomes were then probe
sonicated to obtain SUVs and analysed using transmission electron microscope (TEM)
(Figure 8.2). The optical mibroscopic and TEM images clearly reveal that the prepared
PEGylated liposomes, both MLVs and SUVs, respectively were of spherical in nature.
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Figure 8.1. Optical microscopic images (10X) of PEGylated liposomes (MLVSs: before
probe sonication).

Figure 8.2. Transmission electron microscopic (TEM) images of PEGylated
liposomes (SUVs obtained after probe sonication).
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8.12.2. FTIR Study

The FTIR spectra of plain docetaxel (Figure 8.3A) showed the carbonyl stfretplurig

ester group at 1701 em! Further strong band was observed at 1743 cim!

due to C-0 stretching. Peak at 706 cm ! indicates presence of mono-substfrjI~Mansin
groups. The FTIR spectra of docetaxel loaded PEGylated liposomes showed (Figure
8.3B) peaks corresponding to docetaxel functional groups indicating no chemical
interaction of docetaxel with other components of the final formulation. Hence, these

excipients can be used successfully in the preparation of docetaxel loaded PEGylated
liposomes.

Transmitanc*|%|

Transm*anca|%)]

Transmitanc* [24

Figure 8.3. The FTIR spectrum of (A) plain docetaxel, (B) docetaxel loaded PEGylated
liposomes and (C) blank PEGylated liposomes
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8.12.3. Differential scanning calorimetry

DSC analysis was performed for docetaxel (Figure 8.4a), physical mixture of docetaxel
~ and other lipids (Figure 8.4b), and freeze dried docetaxel loaded PEGylated liposomes
~ (Figure 8.4c). The sensitivity of glass transition is directly proportional to sample
heating rate and sample mass (Thomas LC, 2001; Lee et al, 2011; Grest and Cohen,
1980). Therefore, in the present study, the DSC analysis was performed at high heating
rate of 100 °C to detect even small amount drug undergone polymorphic changes. The
DSC thermogram of plain docetaxel showed little broad peak corresponding to docetaxel
in the range of 180-188 °C, The DSC thermogram of plain docetaxel also showed a peak
at 115.8 °C corresponds to loss of residual water from docetaxel. In the DSC thermogram
of physical mixture we observed a peak corresponding to docetaxel at 187.7 °C. This
melting peak was absent in the DSC thermogram of docetaxel loaded PEGylated
liposomes indicates the docetaxel present in amorphous form and in molecular state
after entrapped into the liposomal bilayer. The DSC thermogram of physical mixture
also showed two endothermic peaks one at 81.4 °C and second at 130.9 °C and these
peaks might correspond to lipid mixture. The similar peaks were also observed in
docetaxel loaded PEGylated liposomes (one at 66 °C and second at 137 ¢C).

Agxn
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Figure 8.4(a). DSC thermogram of plain docetaxel
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Figure 8.4(b). DSC thermogram of physical mixture of docetaxel and other components
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Figure 8.4(c). DSC thermogram of docetaxel loaded PEGylated liposomes
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8.12.4. Controlled drug release

The 0.1% (w/v) of tween-80 was added in the release medium (PBS, pH 7.4) to maintain
sink condition during the release study. The in vitro controlled drug release from
Taxotere, PEGylated liposomes composed of HSPC alone, DPPC alone and HSPC:DPPC
(1:1) were studied and results are represented in Table 8.1 and Figure 8.5. The drug
release was better controlled in all PEGylated liposomal formulations as compared to
marketed Taxotere (49.957%4.22%) after 48hr of release study. The liposomal
formulation composed of both HSPC:DPPC showed better control of DTX release
(19.898+0.507%) as compared to PEGylated liposomes composed of HSPC alone
(31.97611.503%) and DPPC alone (26.454+0.341%) after 48hr of release study. The
controlled release of DTX from PEGylated liposomes composed of HSPC:DPPC could be
due to altered membrane stability of these liposomes as compared to individual lipids
and thus showing depot effect. From the above results it is very clear that the PEGylated
liposomes (HSPC:DPPC) releases DTX very slowly in the blood and thereby carrying
more DTX to tumor tissues. This indicates PEGylated liposomal formulation composed
of HSPC:DPPC has potential as an effective drug delivery system (Song et al, 2006).

The comparison of % DTX release from Taxotere, PLs and PILs was shown in Table 8.2
and Figure 8.6. The PILs showed still better control of DTX release (16.978+0.7 07%) as
compared to Taxotere (49.957+4.223%) and PLs (19.898%0.507%) after 48hr of release
study. Therefore, PILs would show much less release of DTX in blood, reach tumour
tissue passively and releases the retained drug in the tumor cells upon actively taken via
neuropilin-1 receptor.

~ The 7-epidocetaxel is a distinct docetaxel metabolite and Czejka et al. (Czejka et al,
2010) reported, first time, the quantification of 7-epidocetaxel in blood and urine of
chemotherapy patients (Taxotere). In 8 of 12 patients 7-epidocetaxel was quantified in
plasma at the end of infusion (concentrations ranging from 0.0Sug/rhl to 0.54pg/ml). In
urine, 7-epidocetaxel has been found in 7 of 12 patients (ranged from 3.21pg/ml to
66.37ug/ml). Bornique and Lemarie investigated the interactions of docetaxel and its
epimer, 7-epidocetaxel, with recombinant human cytochrome P450 1B1 (hCYP1B1)
which is present in various human tumors and is postulated to be responsible for the
development of resistance of tumor cells toward chemotherapeutic agents, including
docetaxel. The authors observed that at a concentration of 10uM, the 7-epidocetaxel
increased the activity of hCYP1B1 by more than 7 fold, confirming that is a potent
inducer of this enzyme. Therefore, it is necessary to control the conversion of docetaxel
into 7-epidocetaxel in the blood and this can be achieved by better controlling the DTX
release from liposomes. The epimerization of released docetaxel into 7-epidocetaxel in
the release medium was observed in our study. The more the DTX released from
formulation (Taxotere), more will be the formation of 7-epidocetaxel in the release
medium (14.06x2.09% after 48hr of study) as compared to other formulations (Table
8.3). The PLs and PILs composed of both HSPC:DPPC showed very less drug release after
48hr study therefore showed less conversion of docetaxel into 7-epidocetaxel
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(4.3720.64% and 3.163+0.48%, respectively). Therefore, the PLs and PILs would better
control the DTX release in blood and reaches the maximum amount of active docetaxel,
instead of 7-epidocetaxel which helps tumor to develop resistance to docetaxel

chemotherapy, to tumor tissue.

Table 8.1. Cumulative % DTX released from different formulations

Time Cumulative % DTX released

(hr) Taxotere HSPC Alone DPPC Alone HSPC:DPPC
0.5 1.66+0.174 1.56+0.037 1.38+£0.079 1.24+0.358
1 2.68+0.160 2.01+0.168 1.72+0.351 1.38+1.972

2 3.87+0.616 2.96x0.063 2.98+0.575 2.2310.144

4 7.42+1.148 4.96+0.196 4.39+0.835 3.98+0.410

6 9.78+2.282 7.44+0.508 6.70+0.605 5.82+0.537
10 18.43+3.289 11.31+0.850 10.79+0.644 9.47+0.831
24 32.83+3.96 20.53+0.58 19.91x0.807 13.27#1.311
48 49.95+4.223 31971503 26.45+0.341  19.89+£0.507

Values are MeanSD, n=3. The % docetaxel released from all liposomes was found
significantly less than marketed Taxotere (***p<0.0001) after 48hr of release study. The
% docetaxel released from HSPC:DPPC liposomes was found significantly less than HSPC
liposomes (*p<0.05, p=0.001) and DPPC liposomes (*p<0.05, p=0.045) after 48hr of

release study.

Cumulative % DTX Released
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Figure 8.5. Comparison of cumulative % DTX released from different formulations
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Table 8.2. Comparison of % cumulative DTX released from PLs and PILs with Taxotere

Cumulative % DTX released

Time (hr)
Taxotare® PLs PlLs
0.5 1.66£0.174 1.2410.358 0.834+0.458
1 2.68+0.160 1.38£1.972 1.18+£0.343
2 3.87+0.616 2.2320.144 1.95+0.254
4 7.42+1.148 3.98+0.410 2.89+0.576
6 0,78+2.282 5.82+0.537 | 4.32£0.762
10 18.4313.289 9.47+0.831 6.29%1.162
24 32.83+3.96 13.27x1.311 10.63+£1.221
48 49.95+4.223 19.89+0.507 16.97£0.707

Values are Mean+SD, n=3. PLs: PEGylated liposomes; PILs: PEGylated immunoliposomes
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Figure 8.6. Comparison of % cumulative DTX released from PLs and PILs with Taxotere
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Chapter - 8

8.12.5. In vitro suspension stability

The PEGylated liposomal suspension stability study results are represented in Table 8.4
and Figure 8.7. The PLs in the presence of 10% sucrose showed better in vitro stability
than PLs containing no sucrose. The % DTX content of PLs containing sucrose remain
unchanged till 4 months but when we analysed after 6t month they showed about 19%
decrease in DTX content as compared to PLs containing no sucrose {about 42% decrease
in DTX content). Also, the PLs containing no sucrose showed about 20% decrease in DTX
content just after one month, the remaining 80% DTX was retained till 4 months. These
results indicate that the presence of sucrose in the liposomal formulations (as tonicity
adjusting agent) will increase the liposomal suspension stability in vitro. This increased
stability could be due to increased viscosity of the PLs suspension in the presence of
10% sucrose resulting in decreased particles interactions leading to better retention of
loaded DTX content.

The mean particle size {119+6nm; PDI: 0.228+0.04) and zeta potential (-56+2.1mV) of
PEGylated liposomes remained unchanged for a period of 4 months irrespective of the
presence or absence of sucrose. However, after 6% months of storage, we observed
increase in mean particle size (480+20nm; PDI: 0.523£0.129) and decrease in zeta
potential (-32+4mV) of PLs suspension containing no sucrose as compared to PLs
containing sucrose (188x11nm; PDI: 0.287+0.078; zeta potential: -51+1.4mV). This
indicates the need for an increase in viscosity for the stability of PL suspension. Table
8.4 gives comparison of in vitro stability of PLs in the presence and absence of 10%
sucrose.

The amount of tartaric acid present in PLs is ~50pg/mlL and at this concentration we
found no increase in impurity formation (7-epidocetaxel) during the 6 month of storage.
The % EDTX content remained unchanged over a period of 6 months (0.462+0.112%) in
the presence of tartaric acid.
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Table 8.4. Comparison of in vitro stability of PLs in the presence and absence of 10%

sucrose
% DTX retained
Time (month) PLs without .
PLs with 10% sucrose
sucrose

Day -1 100 100
1 78.95+2.72 96.08x1.56
2 81.0410.56 98.811+4.7
4 79.46%0.9 99.45:0.5
6 58.4+0.57 81.3+7.82

Values are MeanSD, n=3. PLs: PEGylated liposomes. The PEGylated liposomes
containing no sucrose showed significant decrease in DTX loading just after one month
of storage at 2-8 °C (p<0.0001). Whereas, the PEGylated liposomes containing 10%
sucrose showed significant decrease in DTX loading after 6 months of storage at 2-8 °C
(p<0.01, p=0.003).

~——-Pls —#—PLs with 10% sucrose

120

1:2 l\:.._-—-—i: \

T
[
'E \
©
L .
& 60 -
E
2 40
R
20
O T i T H T T 1
0 1 2 3 4 5 6 7

Time {(month)

Figure 8.7. Comparison of in vitro stability of PLs in the presence and absence of 10%
sucrose
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8.12.6. In vitro cytotoxicity assay

We evaluated the cytotoxic effects of commercial formulation Taxotere and DTX loaded
CLs, PLs, and PILs against human lung adenocarcinoma cell line (A549) and mouse
melanoma cell line (B16F10). Cells were exposed to the drug formulations for 24hr,
48hr and 7Zhr and cell viability was determined. All formulations resulted in
concentration dependent and time dependent inhibition of the proliferation of A549
(Figure 8.8) and B16F10 cells (Figure 8.9).

The lowest cell viability, i.e. the highest cell mortality, appeared at the highest
concentration of the liposomal formulations after treatment for the longest time, which
proves the controlled and sustained efficacy of the liposomal formulation. Furthermore,
the liposomal formulations prevent the toxic effect of the drug applied at high
concentration of drugs and thus can increase the maximum tolerance dose (MTD). Such
a high concentration of drug instantly exposed in blood is presumed to be toxic not only
for the cancer cells but also for the normal cells since it has exceeded the suggested
maximum tolerable level of docetaxel {2700ng/ml) (Feng et al., 2009). It is clear from
the results that the PLs and PILs demonstrated higher cytotoxicity than the Taxotere
formulation at the same drug concentration and exposure time, which means that for
the same therapeutic effect, the drug needed for the PLs and PILs formulation could be
much less than that for the Taxotere formation. Therefore, the development of the PLs
and PlLs thus can enhance the therapeutic effect as well as increase the MTD of
docetaxel. '

A quantitative evaluation of the in vitro therapeutic effect of a dosage form is IC50,
which is defined as the drug concentration needed to kill 50% of the incubated cells in a
designated time period. The ICso value after 24hr treatment of A549 cells is found high
for Taxotere (25+4.082nM) than PLs (0.5+0.01nM) and PILs (3.52£0.521nM). Therefore
PLs (50 times) and PlLs (7.1 times) showed high therapeutic effectiveness as compared
to Taxotere. After 48hr and 72hr of treatment the ICsy values decreased as compared to
24hr and remain almost same for Taxotere, PLs, and PlLs {Table 8.5). This indicates
Taxotere, PLs and PlLs are almost equally effective after 48hr and 72hr treatment. The
CLs showed higher ICso values than Taxotere at all time points indicating less effective
than Taxotere. This low cytotoxicity can be attributed to the low amount of DTX loaded
in more amount of lipid leading to more time to diffuse and come in contact with the
cells.

In case of B16F10 cells the ICso values were shifted to higher values after 24hr of
treatment as compared to A549 cells indicating B16F10 melanoma cells are less
sensitive than A549 cells. After 48hr and 72hr of treatment the IC50 values PLs and PILs
almost matches with the ICsp values against A549 cells. Both PLs and PILs showed lower
ICso values than Taxotere at all time points against B16F10 cells and this indicates PLs
and PlILs are remain more effective than marketed Taxotere. The CLs again showed
higher ICso values than Taxotere after 48hr and 72hr time points indicating less effective
than Taxotere.
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The PILs showed higher ICso values (3.52+0.521) than PLs (0.5+0.01nM) after 24hr
treatment against A549 cells. The PILs showed lower ICso values after 24hr
(1800+209nM) and 48hr (0.007+0.002nM) of treatment against B16F10 cells as
compared to PLs (4000+807nM after 24hr treatment and 0.009+0.001nM after 48hr
treatment). This indicates that the PILs are more effective against B16F10 than A549
cells. This might be due to difference in the expression of neuropilin-1 receptor between
these two celis. From western blotting and FACS results of neuropilin-1 expression, it is
very clear that the B16F10 showed more expression of neuropilin-1 than A549 with
respect to total § tubulin content. Therefore, this might be the reason for more
effectiveness of PILs against B16F10 {more uptake of PlLs via receptor mediated
endocytosis) than A549 cells (less expression might delay the uptake). Also, the
presence of hydrophilic ligands (conjugated antibodies and cysteine molecules) at the
distal end of the PEG chain may hinder the uptake more than PEG alone when neuropilin
1 receptors are available in very less number leads to less uptake via receptor mediated
endocytosis and thereby less effectiveness of the PILs.

Against both the cell lines the PLs and PILs showed low [Cso values (more effective) than
marketed Taxotere. These results are in accordance with previous studies that the
cytotoxicity of drug loaded lipid based nanoparticles was higher than that of free drugs
{Montero et al, 2005; Yanasarn et al, 2009). In many solid lipid nanoparticle {SLN)
formulations less than half of the loaded drug is released during the cell cytotoxicity test,
but these formulations are sometimes more cytotoxic to the cancer cells than the
corresponding free drug. In other words, the cytotoxic compounds that remain
unreleased and associated with the lipid based nanoparticles also appear effective
{Wong et al,, 2006; Serpe et al, 2004). Possible mechanism underlying the enhanced
efficacy of DTX loaded nano structured lipid carriers (NLC) against cancer cells is that
lipid nanoparticles may carry drug into the cancer cells by endocytosis and enhance
intracellular drug accumulation by nanoparticle uptake (Wong et al,, 2006a; Wong et al,,
2006b). Therefore, the increased cytotoxicity of DTX loaded PLs and PILs compared to
marketed Taxotere in our study can be better correlate to the reasons discussed above.
The cytotoxicity of blank PLs at different lipid concentrations was determined. The total
lipid concentration used was similar to the CLs used to study the cytotoxicity of loaded
DTX (1.5504uM, 155.04nM, 15.504nM, 1.5504nM, 0.15504nM, 0.015504nM, and
0.00155nM). We prepared the stock solution of blank PLs 1.2mg/mL (1.5504uM of total
lipid) and further serial dilutions were made in culture medium and 100uL was added to
each blank well.

The blank PLs had no effect on A549 and B16F10 cell growth at total lipid concentration
of 15.504nM after all time points. Indeed, the differences in viability observed on cells
that incubated with blank PLs and the non-treated cells were negligible. At higher
concentrations of blank PLs (155.04nM and 1.5504uM) we observed both concentration
and time dependent cytotoxicity against both the cell lines (Figures 8.8 and 8.9).
Therefore, in our present study, the cytotoxicity of DTX loaded PLs (54nM of total lipid
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at 10uM DTX solution) and PILs (59nM of total lipid at 10uM DTX solution) was carried
out at the total lipid concentration which remains below toxic level (155.04nM) as
compared to CLs. Therefore, the % viability of A549 and B16F10 observed at 1uM and
10uM of CLs loaded with DTX is because of both lipid and DTX, as lipids at this level also

cause cytotoxicity.

(a). After 24hr (b). After 48hr

—o— TXT ——CLs —&—PLs ——TXT ——CLs —a&—PlLs

~—x—Ils —%—Bls —»—ILs —¥—BLs

% Cell Viability
% Cell Viability

0.01 1 100 10000 0.01 1 100. 10000

Concentration (nM) Concentration {nM}

~—4—TXT ——CLs —&— PLs

——ILs —¥—Bls

{c). After 72hr

% Cell Viahility

0.01 1 100 10000
Concentration (nM)

Figure 8.8. The % A549 cell viability after (a). 24hr, (b). 48hr and {¢). 72hr of treatment
with TXT, CLs, PLs, PILs, and BLs
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{b). After 48hr

—o— TXT ——CLs —&—Pls —¢—ILs —¥—Bls

% Cell Viability

0.01 1 100
Concentration (nM)

—&— TXT ——CLs —&—PLs —»¢—|ls —«—Bls

% Cell Viability

0.01 1 100
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10000

—&—TXT —#—CLs —A— PLs ——ILs —%— BLs

% Cell Viability

0.01 1 100
Concentration (nm)

10000

(c). After 72hr

Figure 8.9. The % B16F10 cell viability after (a). 24hr, (b). 48hr and (c). 72hr of
treatment with TXT, CLs, PLs, PILs, and BLs
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Table 8.5. The comparison of the 1Cso values (nM) of TXT, CLs, PLs, and ILs against A549
and B16F10 cells at different time points

Ab49
24 hr 48hr 72hr

Taxotere 25+4.08 0.0051x0.0017 0.005x0.001

Drug

CLs 150210 1.51:0.18.  0.254+0.021
PLs 0.5£0.01 0.00640.001 0.004+0.0012
PlLs 3.52+0.52 0.0071x0.002 0.0045+0.0015
Drug B16F10

Taxotere  not found 0.425£0.17 0.0512+0.013

CLs 90.67+11.67 60.73%5.76 10.63+2.48
- PLs 4000+807  0.009+0.001  0.005+0.0012
PILs 18004209  0.007+0.002  0.005:0.0015

Values are Mean+SD, n=3.

8.12.7. Cell uptake study

8.12.7.1. Using FACS

The quantitative uptake of 6-coumarin loaded liposomes was studied using FACS
technique. The A549, B16F10 and K9 cell uptake of 6-coumarin loaded CLs, PLs, and ILs
equivalent to 25ug and 50ug was shown in Figures 8.10, 8.11 and 8.12, respectively. The
% relative mean fluorescence intensity (% RMFI) of these cell lines after uptake of CLs,
PLs, and PlLs was determined by considering the MFI of cells treated with CLs as 100%
uptake and the calculated quantitative uptake values (% RMFI) are tabulated in Table
8.6 and Figure 8.13. The uptake of CLs (non-PEGylated) was found very rapid in all cell
lines tested and also, it is very clear from the results obtained that the uptake of PLs and
PiLs was significantly decreased as compared to CLs in all cell lines tested. This result
confirms the presence of hydrophilic PEG barrier on PLs and ILs preventing their rapid
uptake by these cell lines. ‘

The conjugation of Fab' fragment of anti-neuropilin 1 antibody over PLs can enhance the
cell uptake via receptor mediated endocytosis. In case of A549 cell line we observed
slightly increased uptake of PILs as compared to PLs. About 7-9% increase in RMFI was
observed at lower concentration (25ug) for 30 and 60 minute incubation as compared‘
to higher concentration of 50ug (about 4-5% increase in RMFI) (Table 8.6). In case of
~ B16F10 cell line we observed increased uptake of PlLs than PLs as compared to A549

165



Chapter -8

cell line. This might be due to more expression of neuropilin-1 receptors on B16F10 as
compared to A549 (from western blotting and FACS results of neuropilin 1 expression).
About 16-20% increase in RMFI was observed for PlLs at lower concentration of 25ug as
compared to PLs. At higher concentration of 50ug, we observed about 8-13% increase in
RMFI of B16F10 cells treated with PILs as compared to PLs. It is very clear from the
results that at lower concentration we can clearly distinguish the uptake of PLs and PILs
than at higher concentrations. Also, our results indicate the uptake of Fab’ fragments
conjugated PLs (PILs) by A549 and B16F10 cells via the receptor mediated endocytosis.
The conventional liposomes are rapidly taken up by liver and spleen before reaching the
target tissue. Hence, we tested the uptake of prepared CLs, PLs, and PlLs using rat
normal liver cell K9 and also from these in vitro results we can predict the in vivo status
of prepared liposomes. The hydrophilic PEG barrier decreased the K9 cell uptake of PLs
and PILs as compared to CLs in the similar passion to A549 and B16F10 cells (Figure
8.12 and Table 8.6). The uptake of PlLs was found similar (at higher concentration of
50ug) to PLs or found decreased slightly (about 5%) at lower concentration of 25.g as
compared to PLs. This decreased or similar uptake of PlLs by K9 cells is might be due to
the non-availability of neuropilin 1 receptors on K9 cells. Also, the presence of Fab’
fragments and cysteine molecules (hydrophilic molecules) over the liposome surface
might hinder the uptake by K9 cells as compared to PLs containing no surface attached
molecules. The about 45% decrease in RMFI (45% decreased uptake by K9 cells) of K9
cells treated with PILs, as compared to CLs (100%) and PLs (40% decrease), indicates
that the PILs would less uptake by liver and spleen in vivo leading to increased
circulation half time and increased accumulation at tumor tissue. Also, from the in vitro
results of PILs uptake by A549 and B16F10 cells, we can expect more uptake of PlLs via
receptor (neuropilin 1) mediated endocytosis at the tumor site as compared to PLs.
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Figure 8.10. A549 cell uptake of 6-coumarin loaded CLs, PLs, and ILs

(a). 25ug/30min (b). 25ng/60min

Figure 8.11. B16F10 cell uptake of 6-coumarin loaded CLs, PLs, and PILs

(a). 25"ig/30min (b). 25ug/60min

Figure 8.12. K9 cell uptake of 6-coumarin loaded CLs, PLs, and PILs

167



Chapter - 8

Table 8.6. The % relative mean fluorescence intensity (RMFI) of A549, B16F10 and K9
cells treated with different concentrations of 6-coumarin loaded CLs, PLs, and PILs for

different time periods

% RMFI of different cell lines

A549 25pg/30min  25pg/60min  50pg/30min  50pg/60min
CLs 100 100 100 100
PLs 59.1+1.18 56.4+1.64 61.3x2.38 54.6+1.22
PILs 66.3+2.77 65.5+5.18 66.413.71 58.8+1.83
B16F10

CLs 100 100 100 100
PLs 46.3£4.77 54.4+5.13 50.46%2.35 50.1+5.18
PlLs 66.8+1.86 70.08+3.62 63.9+4.18 58.02+2.32
K9

CLs 100 100 100 100
PLs 57.3+5.28 60.7+4.55 63.9+5.93 57.813.32
PliLs 52.7+3.1 56.06+4.82 60.7+2.37 55.1+1.32

Values are Mean#SD, n=3. The A549, B16F10 and K9 cells showed significantly
decreased uptake of PEGylated liposomes and immunoliposomes (p<0.0001) as
compared to conventional liposomes at all concentrations and incubation time points
tested. The immunoliposomes were significantly up taken by A549 cells (p<0.05: at
25pg/30mim, 25pg/60min and 50ug/60min) and B16F10 cells (p<0.01: at
25ug/30mim, 25pg/60min and 50pug/30min) as compared to PEGylated liposomes.
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Figure 8.13. Comparison of % relative mean fluorescence intensity of (a). A549, (b).
B16F10 and (c). K9 cells after incubation with 6-coumarin loaded CLs, PLs, and PILs
equivalent to 25pg and 50pg of total phospholipid for a period of 30 and 60 minutes.

8.12.7.2. Using confocal microscopy

The qualitative uptake of CLs, PLs and PILs by A549, B16F10 and K9 cells was studied
by confocal microscopic technique (Figures 8.14, 8.15 and 8.16]. The confocal
microscopic images reveal that the uptake is concentration and time dependent. We
observed increased uptake with increase in concentration (from 25pg to 50pg) and
incubation time (from 30 to 60 minutes]. The confocal images depict increased uptake
of CLs as compared to PLs and PILs. Also, we can observe the increased uptake of PILs in
A549 and B16F10 cells as compared to PLs (Figure 8.14 and 8.15]. Similarly, the less
uptake and/or equal uptake of PILs by K9 cells as compared to PLs was observed
(Figure 8.16).
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(a). CLs 25jig/30rmn (b). PLs 25fig/30min (c). ILs 25ng/30min

(d). CLs 25ug/60min (e). PLs 25ng/60min (f). ILs 25ug/60min

Figure 8.14. Confocal microscopic images of A549 cells after incubation with 6-
coumarin loaded CLs, PLs, and PILs equivalent to 25pg of total lipid for a period of 30
and 60 minutes

(a). CLs 2Sng/30min (b). PLs 25ng/30min (c). ILs 25]ig/30min

(d). CLs 25ng/60min (e). PLs 25ng/60min (0- ILs 25uu 60imn

Figure 8.15. Confocal microscopic images of B16F10 cells (pseudo color given) after
incubation with 6-coumarin loaded CLs, PLs, and PILs equivalent to 25pg of total lipid
for a period of 30 and 60 minutes
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(a). CLs 25ng/30min (b). PLs 257g/30min (c). ILs 25ng/30min

(d). CLs 25fig/60min (e). PLs 25jig/60min (0- ILs 25f.ig/60min

Figure 8.16. Confocal microscopic images of K9 cells (pseudo color given) after
incubation with 6- coumarin loaded CLs, PLs, and PILs equivalent to 25pg of total lipid
for a period of 30 and 60 minutes.

8.12.7.3. Live uptake imaging using confocal microscope

The conventional liposomal (CLs) uptake was represented in green color in the video. In
the video it can be clearly seen that the A549 cells showed an immediate and rapid
uptake of CLs equivalent to 25pg of total lipid (Video 1: see the CD attached with thesis).
The liposomes are readily distributed throughout the cells and saturation occurs in a
short time period. Thus, as the time increases (till 15 minutes) there is no much change
in the fluorescence intensity was observed indicating early saturation of cells with CLs.
The PEGylated liposomal (PLs) uptake was represented in yellow color (given pseudo
color) in the video (Video 2). In contrast, the A549 cells showed slow uptake of PLs
equivalent to 25pg of total lipid. We observed no immediate saturation as observed with
CLs and the fluorescence (PLs uptake) increases with increase in time. However, no
increase in the fluorescence intensity was observed at the end of 15 minutes. This
observation confirms the fact that the PEGylation alters the binding affinity to the
cellular surface and thus liposomal uptake.

In case of anti-neuropilin-1 immunoliposomes (PILs), video showed (pseudo color red
given) a very precise uptake. Upon addition of PILs the liposomes gets clustered around
the A549 cells surface slowly with respect to time. The fluorescence intensity increases
as the number of liposomes at cell surface increase with time. At the end of 15 minutes,
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we observed more number of liposomes attaché at the cell surface but not internalised
by the cells (Video part 1). However, with increasing time (after 15 minutes} we
observed internalisation of surface attached immunoliposomes (Video Part 2, till 25
minutes).

Initially, the PILs took time to find and bind their receptors on the surface of A549 cells.
After binding to their receptors, during the second half, PILs are completely internalised
and gets distributed into the cells. As a result the nucleus of cells becomes more distinct
since PILs get clustered around the nuclear membrane. The in vitro live imaging
revealed the very clear specificity of the PILs to their target. Hence, it clearly indicates
their potential applications in the field of translational therapeutics making the dream of
a pharmacologist “From bench to bedside” realistic and possible.

8.12.8. Anti-metastatic activity by wound scratch assay .
Migration is one of the key features in cancer progression involved in dissemination of
tumor cells from its origin to a distant site (Friedl and Wolf, 2003). Rho GTPases are one
of the key determinants involved in regulating migration by affecting actin cytoskeleton
as well as influencing microtubular network (Etienne-Manneville and Hall, 2002).
Microtubules consequently tone the activities of these Rho GTPases as well {(Watanabe
et al,, 2005). Docetaxel has been shown to inhibit Cdc-42, one of the key members of Rho
GTPase family in head and neck cancers (Kogashiwa et al., 2010). Further, docetaxel also
inhibits endothelial cell migration (Murtagh et al, 2006; Grant et al, 2003). Based on
these reports we have tested the in vitro anti-migratory effect of Taxotere and DTX
loaded PLs and PILs, by wound scratch assay, against human lung adenocarcinoma cell
line A549 (Figure 8.17) and mouse melanoma cell line B16F10 (Figure 8.18). According
to this assay the anti-migratory effect of a drug is indirectly proportional to % wound
covered as compared to untreated cells. The lesser the wound covered in treated cells as
compared to untreated cells indicates that the drug has a good anti-migratory effect
against the tested cell lines.

The wound width was measured using the Carl Zeiss Axiovision Rel 4.8.2 imaging
software and the results were presented as percent wound covered by considering the
control group width as 100% wound covered (Figure 8.19). In A549 cells we observed
81.76+8.16% and 60.51+3.01% of covered wounds at sub-toxic dose of 1nM and 2nM of
Taxotere, respectively. The PLs showed more covered wounds, less antimigratory effect,
than marketed Taxotere at the similar doses of 1nM (90.84:+6.61%) and 2nM
(70.64+6.77%). However, with PILs observed very less covered wounds, more anti-
migration effect, than Taxotere and PLs at the similar doses of 1nM (77.78+8.57%) and
2nM (44.66+6.6%). Similarly, against B16F10 cells we observed 80.72+3.08% ‘and
64.24+8.46% of covered wounds at sub-toxic dose of 1nM and 2nM of Taxotere,
respectively. The PLs showed almost same % of wound covered at the similar doses of
1nM (82.32+5.63%) and 2nM (59.49+9.76%). However, with PILs, we observed very
less covered wounds, more antimigratory effect, than Taxotere and PLs at the similar
doses of 1nM (73.04+12.94%) and 2nM (53.77+2.08%). We observed no significant
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difference in antimigratory effect of Taxotere and PiLs against A549 and B16F10 at the
tested dose of 1nM and 2nM. However, the about 10% increased anti-migratory effect of
PLs was observed against B16F10 as compared to A549 cells.

As per the Ochiumi et al. report, it is clear that the neuropilin-1 receptors are involved in
the regulation of migration of colon cancer cells (Ochiumi et al, 2006). Therefore, the
significant anti-migratory effect against both the cell lines tested was observed in our
study with anti-neuropilin-1 conjugated immunoliposomes is might be due to rapid
uptake of PILs via neuropilin-1 receptors, expressed on A549 and B16F10 cells, and
release of loaded DTX in the cells cytosol. The released docetaxel will affect the
microtubules network (Kogashiwa et al., 2010; Etienne-Manneville and Hall, 2002) and -
thus might affect cell migration. There is no significant difference in % wound covered
was observed between untreated cells (A549 and B16F10) and cells (A549 and B16F10)
treated with 2mL of 1lpg/mL neuropilin-1 antibody solution (95.21+3.91%). This
indicates the antibodies have no anti-migratory effect against tested neuropilin-1
expressing A549 and B16F10 cells. This also confirms the significant anti-migratory
effect observed with PILs is because of rapid uptake of PILs viad neuropilin 1 receptors
and not because of conjugated neuropilin-1 antibody itself.
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Figure 8.17. Zeiss Axio Inverted Microscopic images showing migration of A549 celis in
the presence of different concentrations of Taxotere, DTX loaded PLs and PILs.
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Figure 8.18. Zeiss Axio Inverted Microscopic images showing migration of B16F10 cells
in the presence of different concentrations of Taxotere, DTX loaded PLs and PILs.
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Figure 8.19. The % wound covered in the presence of different concentrations of
Taxotere and DTX loaded PLs and PILs. Values represented are MeanlSD, n=3.

The Taxotere (p<0.0001), PLs (p<0.001) and PILs (p<0.0001) showed significant anti-
metastatic activity, against A549 cells, at 2nM concentration as compared to untreated
cells. The PILs showed significant anti-metastatic activity against A549 cells (p<0.01,
p=0.004) as compared to PEGylated liposomes. Similarly, the Taxotere (p<0.001], PLs
(p<0.0001] and PILs (p<0.0001) showed significant anti-metastatic activity against
B16F10 cells at 2nM concentration as compared to untreated cells.
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8.12.9. Gelatin zymography

Hong et al. [Hong et al,, 2007] showed that Nrpl knockdown in lung cancer cell lines
reduced their ability to migrate, invade and form filipodia, and it also inhibited
metastasis. Furthermore, NRP1 plays a role in potentiating the effect of HGF (hepatocyte
growth factor)/Scatter factor signalling through the c-Met receptor in both glioma and
pancreatic cancer cell lines, regulating tumour progression and invasion (Hu et al,, 2007;
Matsushita et al, 2007). These findings taken together with the expression of NRPs in
diverse neoplasms, suggests a possible role for this molecule in tumour invasion and
metastasis in addition to its involvement in tumour vascularisation. The precise
mechanisms of action of NRPs in cancer are difficult to pinpoint, because they interact
with so many cancer-associated molecules (Prud’homme and Glinka, 2012; Ellis, 2006).
Thus, they could be contributing to cancer cell proliferation, migration, invasion,
adhesiveness and metastasis.

Matrix metalloproteinases (MMPs) are one of the major key players in the process of
tumor development (Polette et al, 2004; Kessenbrock et al, 2010). Among the major
families of MMPs, MMP-2 and MMP-9 are the major gelatinases (Egeblad and Werb,
2002). Gelatin is a by product of collagen which is one of the major constituents of
basement membrane (Pdschl et al, 2004). Thus, for tumor cells to escape into the
bloodstream they need to degrade this barrier of basement membrane.

Therefore, in the present study, we have tested the interaction of docetaxel, docetaxel
loaded PEGylated liposomes, and anti-neuropilin-1antibody (Fab’ fragment) conjugated
PEGylated liposomes (Anti-neuropilin-1 immunoliposomes) with MMPs of human
adenocarcinoma cell line (A549) and mouse melanoma cell line (B16F10) to determine
their role in tumor invasion and metastasis.

The human A549 cells showed higher activity of MMP-2 than MMP-9 (Figure 8.20A).
This result was in accordance with prévious findings which clearly revealed that the
MMP-2 is a more predictable marker of lung cancer confirmed by immunostaining and
elevated serum levels (Guo et al, 2007). The mouse B16F10 melanoma cells showed
higher levels of MMP-9 and very weak bands were observed for MMP-2 (Figure 8.20B).
It has been reported that the higher serum levels of MMP-9 in melanoma is inversely
proportional to patients survival rate (Nikkola et al,, 2005).

The zymograms of A549 and B16F10 cells treated with docetaxel, and docetaxel loaded
PEGylated liposomes and anti-neuropilin-1 immunoliposomes showed no changes in the
activity of both endopeptidases {Figure 8.20A and 8.20B). The densitometry analysis of
bands also showed minimal changes in band intensities of docetaxel and docetaxel
loaded liposomes treated cells as compared to untreated sample. These results clearly
suggest that docetaxel and docetaxel loaded liposomal formulations does not affect the
activities of MMP-2 and MMP-9. However, it is quite possible that they might affect other
molecules in the invasion process.
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Figure 8.20. The comparison of interaction of docetaxel and docetaxel loaded
PEGylated liposomes and immunoliposomes with MMP-9 and MMP-2 of (A). A549 cells
and (B) B16F10 cells to determine their role in tumor invasion and metastasis
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8.12.10. Apoptosis assay

8.12.10.1. Using FACS

The cells were stained with propidium iodide (PI) and flow cytometry was used to
distinguish and quantitatively determine the percentage apoptotic cells. The 106000
events were collected and analysed using CellQuest software. The % A549 and B16F10
apoptotic cells gated (M;), after treatment with 2nM of Taxotere, DTX loaded PEGylated
liposomes and PEGylated immunoliposomes for a period of 24hr and 48hr was shown in
Figure 8.21 and Figure 8.22, respectively.

We observed about 18.55+0.5%, 18.81£0.76%, and 19.2322.4% of apoptotic A549 cells
after 24hr treatment with 1mL of Taxotere, PLs, and PlLs, respectively as compared to
untreated cells {0.4851+0.12%). About 16.7£4.65%, 25.42+4.44%, and 21.36% of
apoptotic A549 cells were observed after 48hr treatment with 1mL of Taxotere, PLs, and
PlLs, respectively as compared to untreated cells (0.43x0.16%). No significant
difference in % apoptosis was observed between Taxotere, PLs and PlLs after 24hr
treatment (Figure 8.23A). However, about 8.72% and 4.66% increased apoptosis was
observed with PLs and PILs, respectively after 48hr treatment as compared to Taxotere.
We observed no significant difference in A549 cell apoptosis caused by PLs and PILs.
Similarly, we observed about 3.66x0.43%, 3.87+0.71%, and 3.84+0.45% of apoptic
B16F10 cells after 24hr treatment with 1mL of Taxotere, PLs, and PILs, respectively as
compared to untreated cells (0.385+0.01%). About 6.33+0.9%, 7.02+0.77%, and
9.71+0.58% of apoptotic B1F10 cells were observed after 48hr treatment with 1mL of
Taxotere, PLs, and PILs, respectively as compared to untreated cells (1.01+£0.56%). No
significant difference in % apoptosis was observed between Taxotere, PLs and PlLs after
24hr treatment (Figure 8.23B). However, about 0.69% and 3.38% increased apoptosis
was observed with PLs and PlLs, respectively after 48hr treatment as compared to
Taxotere. We observed about 2.69% increased apoptosis with PILs as compared to PLs
after 48hr treatment. This increased apoptosis of B16F10 cells with PILs as compared to
A549 cells is could be due to more expression of neuropilin-1 receptors with B16F10
cells as compared to A549 cells {as per our western blotting and FACS results of
neuropilin-1 expression).

About 5.06, 4.86, and 5 fold increased apoptosis was observed with A549 cells as
compared to B16F10 cells after 24hr treatment with Taxotere, PLs, and PiLs,
respectively. Similarly, about 2.63, 3.62, and 2.19 fold increased apoptosis was observed
with A549 cells as compared to B16F10 cells after 48hr of treatment with Taxotere, PLs,
and PlLs. This increased apoptosis of A549 cells as compared to B16F10 cells indicates
that the B16F10 cells are less sensitive than A549 cells.
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Figure 8.21. A549 cell apoptosis after treatment with TXT, PLs, and PILs of 2nM for
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Figure 8.22. B16F10 cell apoptosis after treatment with TXT, PLs, and PILs of 2nM for
24hr (A) and 42hr (B).
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Figure 8.23. The % A549 (A) and B16F10 (B) cell apoptosis after treatment with ImL of
2nM Taxotere, DTX loaded PEGylated liposomes (PLs) and PEGylated immunoliposomes
(PILs) for a period of 24hr and 48hr.

The Taxotere, PLs and PILs caused significant apoptosis of A549 cells at 2nM
concentration and after 24hr treatment as compared to untreated cells (p<0.0001).
Similarly the 48hr treatment with 2nM concentration of Taxotere [p<0.05, 0.012), PLs
(p<0.01, 0.001) and PILs (p<0.01, 0.001) also caused significant A549 cell apoptosis as
compared to untreated cells.

The Taxotere, PLs and PILs caused significant apoptosis of B16F10 cells at 2nM
concentration and after 24hr treatment and 48hr treatment as compared to untreated
cells (p<0.0001). The immunoliposomes showed significantly increased B16F10
apoptosis as compared to Taxotere (p<0.01, p=0.002) and PLs (p<0.01, p=0.007) after
48hr oftreatment.
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8.12.10.2. Using EB/AQ staining

Ethidium bromide/Acridine orange (EB/AQ) staining is a very reliable method that can
discriminate between live and dead cells (Ribble et al,, 2005). The basic principle behind
the assay is the differential staining properties of both dyes based on membrane
integrity. The inclusion dye, Acridine Orange, penetrates the membrane of both live as
well as dead cells while the latter Ethidium Bromide penetrates only the dead cells,
intercalating into the DNA (Renvoize et al, 1998). The acridine fluoresces green in
viable cells while ethidium bromide appears orangish red when intercalated into DNA.
The EB/AQ staining using microscopy is one of the best methods to distinguish viable
and non-viable cells compared to other conventional methods such as DNA
fragmentation, Annexin-V, Tunel assay, Caspase assays and others {Ribble et al, 2005;
Baskic et al,, 2006). There are several reports that indicate the potential of the following
method to determine the effect of anti-metastatic agents on several cancerous cells
(Baskic et al,, 2006; Goel and Gude, 2011; Polo et al,, 2010).

The study addresses the apoptotic effect of docetaxel, and docetaxel loaded PLs and PILs
on both human adenocarcinoma cell line A549 (Figure 8.24) and mouse melanoma
B16F10 cells (Figure 8.25). This study provides an add-on validation of the results
obtained using propidium iodide staining method using flow cytometry. From the
figures it can be clearly seen that there is an increased apoptotic cells {appearing
orange-reddish) with increase in time from 24hr to 48hr hours against both the cell
lines (Figure 8.24 and 8.25). However, the effect is much more pronounced in case of
human A549 cells as compared to B16F10 cells indicating A549 cells are more sensitive
to treatment. Further, it can be seen that the docetaxel (Taxotere) is exhibiting lesser
toxicity as compared to its liposomal counterparts which further corroborate the
potential of controlled release delivery vehicles such as PLs and PlLs. The PlLs, as
compared to PLs, showed slightly increased apoptosis against B16F10 cell lines as
compared to A549 cells. This might be due to more and uniform expression of
neuropilin-1 receptors over B16F10 cells as compared to A549 cells (from our western
blotting and FACS results of neuropilin-1 expression). '
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Figure 8.24. EB/AO staining of A549 cells after (A) 24hr and (B) 48hr treatment

Figure 8.25. EB/AO staining of B16F10 cells after (A) 24hr and (B) 48hr treatment
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8.12.11. Cell cycle analysis

To determine the effect of Taxotere and docetaxel loaded PLs and PlILs on cell cycle, the
A549 and B16F10 cells were treated with 2mL of 2nM solution of Taxotere and
‘docetaxel loaded PLs and PILs for a period of 24hr and 48hr. The drug treated cells were
then acquired on FACS Calibur and analysed using ModFit software to determine the
percentage of A549 (Figure 8.26) and B16F10 (Figure 8.27) cells present in GO-G1, S and
G2-M phase of cell cycle. ' ,
We observed about 60.14+1.13%, 29.34+0.62% and 10.5210.71% of untreated A549
cells in GO-G1, S and G2-M phase, respectively after 24hr. Similarly, 76.17£6.92%,
16.71+£5.44% and 7.09+1.53% of untreated A549 cells were observed in G0O-G1, S and
G2-M phase, respectively after 48hr (Table 8.7).

About 8.4% increased A549 cells at S phase were observed with PLs and PILs after 24hr
treatment (Figure 8.28A). No changes were observed with Taxotere treated cells.
Similarly, the about 10.37%, 19.37% and 26% increased A549 cells in S phase were
observed after 48hr treatment with Taxotere, PLs and PlILs, respectively (Figure 8.28B).
Thus, the 9% and 15.63% increased accumulation of cells at S phase was observed with
PLs and PlLs, respectively as compéred to Taxotere after 48 hr treatment. The PlLs
showed about 6.6% increased accumulation of cells at S phase as compared to PLs and
this indicates the superiority of PiLs over PLs.

The about 5.1% and 5.2% increase in A549 cells at G2-M phase was observed after 24hr
treatment with Taxotere and PILs, respectively, whereas no change was observed with
PLs. After 48hr treatment we observed about 4.7%, 1% and 5.4% decrease in G2-M
phase with Taxotere, PLs and PILs, respectively.

In case of B16F10 cells, we observed about 63.54412.7%, 24.46+15.5% and 11.994+2.9%
of untreated cells at GO-G1, § and G2-M phase, respectively after 24hr. Similarly, the
76.26%+10.95%, 17.04+9.3% and 6.69%1.5% of untreated B16F10 cells were observed in
GO0-G1, S and G2-M phase, respectively after 48hr (Table 8.8).

About 4.3% and 3.9% increased B16F10 cells at S phase was observed with PLs and
PILs, respectively after 24hr treatment. Taxotere treatment caused about 4.7% decrease
in S phase after 24hr and about 3.6% increase in S phase after 48hr. However, no
changes in S phase were observed with PLs and PiLs after 48hr treatment (Figure 8.29A
and 8.29B).

About 4.5% increase in B16F10 cells in G2-M phase was observed after 24hr treatment

" with Taxotere, whereas PLs and PILs treatment caused about 1.5% and 1.3% decrease

in G2-M phase, respectively. After 48hr treatment no change in G2-M phase was
observed with Taxotere, whereas the PLs and PILs caused about 1.4% and 1.2%
increase in G2-M phase, respectively. Our results clearly indicate that the mouse
melanoma cell line (B16F10) is less sensitive at tested dose than human
adenocarcinoma cell line (A549).
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Figure 8.26. The FACS analysis of % A549 cells at GO-G1, S and G2-M phase after
treatment with 2nM solution of Taxotere, PLs and PILs for a period of (A): 24hr and (B):
48hr.
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Figure 8.27. The FACS analysis of % B16F10 cells at G0-G1, S and G2-M phase after
treatment with 2nM solution of Taxotere, PLs and PILs for a period of (A): 24hr and (B):
48hr.
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Table 8.7. The % of A549 cells in G0-G1, S and G2-M phase after treatment with 2nM
solution of Taxotere, PLs and PILs for a period of 24hr and 48hr.

After 24hr treatment After 48hr treatment
Drug
G0-G1 G2-M G0-G1 G2-M
uc 60.14+1.13 29.34+0.62 10.52+0.71 76.1746.92 16.71+5.44 7.09H.53

TXT 2nM  54.57+2.35 29.78+6.56 15.64+8.91 70.53113.86 27.08il4.1l 2.3810.247
PLs 2nM 50.6913.23 37.8i3.66 11.25i4.21  57.73i0.24 36.08i8.42 6.1913.13
PILs 2nM  53.5814.37 37.7915.11 15.74il0.25 57.21+1.211 42.71il.ll 1.6110.79

Values are MeanlSD, n=3.

Figure 8.28. The % of A549 cells in G0-G1, S and G2-M phase after treatment with 2nM
solution of Taxotere, PLs and PILs for a period of (A): 24hr and (B): 48hr
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Table 8.8. The % of B16F10 cells in G0-G1, S and G2-M phase after treatment with 2nM
solution of Taxotere, PLs and PILs for a period of 24hr and 48hr.

After 24hr treatment After 48hr treatment
Drug
G0-G1 S G2-M G0-G1 S G2-M
uc 63.54+12.7 24.46+15.5 11.99+2.9 76.26%10.95 17.04+9.3 6.69+1.5

TXT 2nM 63.71+5.7 19.774£11.6 16.51+6.2 72.92+6.55 20.6+4.1 6.48+2.3
PLs 2nM 60.75+8.3 28.74+7.4  10.5%1 74.34+8.8 17.6x54 8.05+3.3

PILs 2nM  60.92+10.6 28.34+8.7 10.72+3.1 74.20#8.1 17.146.8 7.9%¥1.3

Values are Mean+SD, n=3.

Figure 8.29. The % of BI6FIO cells in G0-G1, S and G2-M phase after treatment with
2nM solution of Taxotere, PLs and PILs for a period of (A): 24hr and (B): 48hr
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