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5.1 Introduction

Liposomes

Ewver since the first cbeervation by Banghan and co-wotkers, liposomes have been
widely investgated as a promising drug delivery system for variety of hydrophobic drug
tolecules. Liposomes form spontaneously when certain lipids are hydrated in aqueous
media (1) and range 1n size from a few nanometer to several micrometers 1n diameter
They are composed of amphiphilic lipids which are characterized by a lipophilic and
hydrophilic group on the same molecule (2). &5 a carnier system, they consist of aquecus
volume trapped by one o more bilayers of natural or synthetic lipids. Liposomal
formulation 15 thought to be useful since due to their amenability to modifications with
various molecules are easily controlled, and capability to deliver large amount of either
hydrophilic or hydrophobic drugs (5) aleng with the property of non-tomicity,
kiodegradability, non-dmmunogenicity and biocompatibility Depending upon  their
solubility and partiticning characteristics, the drug molecules are located differently in
the liposomal envirenment and exhibat different entrapment and release properties.
Hydrophobic molecules get incorporated in the bilayer of the liposomes whereas
hydrophilic melecules can be accommeodated in the core of the liposomes. Further,
liposomes can also be formulated to encapsulatefsurface conpugate genetic material.
The method used for encapsulation of therapeutic agent may be either by activelrem ote
loading or passive loading. In passive loading technicue, the drug gets incorporated in the
kilayer along with the lipids dunng film formation for hydrophobic drugs or may be
loaded during hydration of lipid kilaver in the core of liposomes. But, it 15 generally
ohserved that the loading efficiency achieved by passive loading 13 quite low and is
dependent on the nature of the carrier phase and on the concentration of substance
dissolved therein during hydration. Howewer, the unentrapped molecules can be
subsequently recovered and reused, thus leading efficiency that 15 defined as amount of
material encapsulated to the total amount of material invelwed, 15 not very critical. In
case of hydrophilic meolecule entrapment, the captured volume 12 an important param eter

which iz defined as wolume of aquecus phase encapsulated in the core per unit weight of
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lipids used In the method uzed by Bangham et al, to the dried films obtained after
evaporation of solvent in round bottom flask, hydration of lipid film was carried out by
arquecns solution of drug which yield multilamellar vesicles (MLY2) spontane ously under
tild agitaticn. The obtained MIV: can be subsequently extruded to obtain large
unilamellar wvesicles (LTUWs) or can be probe sonicated to obtain small umilamellar
vesicles (SUVs) The captured wolume in case of MLV: produced by hydration 13 very
low of the order of 2-9ulimg of lipid used To improve the entrapped volume for
improving the leoading efficiency, other methods that have been investigated are reverse

phase evaporation, successive dehydration rehydration method or freeze thawing method.

Liposomes can enhance the therapeutic efficacy of anti-cancer agents, either by
increasing the exposure of tumour cells to the drug, improving pharmacokinetic profile,
decreasing the nortal tissues damage, emploving the enhanced permeability and

retention effect (EPE) phenomenon or by utilizing the targeting principles (43

PEGylated liposomes

To achiewe a higher therapeutic efficacy of administration of drug in lipesomes, it
1z important that the liposomes along with its carner reaches to the target site and does
not distribute non-specifically to the non-target organs. The targeting approaches that are
investigated fall in to two categories wiz. active and passive targeting. As with most of
other formulation administered systemically, for conventional liposcmes also the
foremost site of accumulation of screening  are liver and  spleen  wherein
reticul cendothelial system (BEZ) may trap them and subsequently clear them from
circulation leading to an inefficacious therapeutic cutcome. Passive targeting to tumour
tissues takes advantage of the leaky vasculature of tumour whereby the liposomes
extravasation and selectively accumulation occurs at the tumour site thus reducing the
EEZ uptake. Passive targeting achieved by use of PEG lipid denvatives has made feasible
the szelective accumulation of liposomes to the tumour wasculature, by reducing EES
uptake and prolonging the time for systemic circulation.

Tze of PEGylated lipids 13 known to reduce binding of liposemes to the serum

proteins thus making them inwvisible to the opsonisation clearance mechanism by
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macrophages. Further, as a polymer it posseszes biocompatibility, biodegradability, non-
tozicity and non-mmunogenicity that make them favourable for ease in ixn-vive
application. Tt 15 alse FD' A approved.
The immense impottance of PEG as a conugating ligand for pharmaceutical and
kiotechnology application 15 due to the stealth behaviour it provides to the carrier system
by the following mechanism:
> whielding the immunogenic epitopes
b Shielding receptor mediated by EES
> Prevent degradation by proteslytic enzymes

These properties confer the carnier with an increased circulation and residence
time and modify the deposition charactenstic. Another important aspect of PEGylation is
that the PEGylated surface of liposomes can be functonalized with a variety of ligands
PEG derivatives have been designed which possess highly reactive functional sites for
rapid conjugation in minimum number of steps Vanety of PEGylated proteins and
peptides have become avalable for bopharmaceutical use and few of PEGylated
products are listed: interferons (PEGasys® and Intron®), adencsine deaminase
(ADLGENE), growth hormone receptor antagonist (Somawert®), PEGasparaginase
{(Oncospar®), granulocyte colony stimulating factor (Meulasta®). In our research work,
we have utilized DEPE-mPEG2000 as PEGylated lipid and have pre-nserted it in the

liposomal membrane dunng film formation.

PTX and its formulation:

Present-day cancer chem otherapy with PTX 15 associated with hypersensitiwity
reactions in spite of a suitable preme dication with corticosteroids and anti-histamines (3).
Hence, the devel optment of an improved delivery system for PTH 15 of high impottance.
Current approaches to the tmprovement are focused matnly on the dewelopment of
formulations that are devoid of Cremophor EL®, investigation of the possibality of a
large-scale preparation and a request for a longer-term stability  These different
approaches have shown some promising possibilities to replace Tazol® by a less irntable
preparation such as: (a) micelle formulations (6), (b) water-soluble prodrug preparati ons

{7, (o) enzyme-activatable prodrug preparations conjugated with antibodies or albumin
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(8, 9, (d) parenteral emulsionsz, (g) micrespheres (10, 110, () cvcledextring (123, and (g)
nanocrystals (13). Figure 5.1 represents the different approaches about different
formulation of PTH OCnly Abrazane® {albumin nancparticle-based PTX preparation) and
Lipusu® (liposomal PTX approved by State FDA of China) have entered the field of
clinical applications. Generally, liposomes and protein nanoparticles represent a
protnising approach to the optitnization of PTZ delivery Their commercialization 15 at
the doorstep of modern drug delivery market.

Liposomal PTX formulations are in wanous stages of clinical tnals. LEP-ETU
(MeoPharm) and EndoTAGE-1 (Medigene) have reached the phase IT of the clinical
trials;, Lipuzsu® (Luye Pharma Group) has already been commercialized. The first LEFP
preparation was composed of EPC, cardiolipin, cholesterol, and o-TAS The liposomes
were supplied as a lyophilizate by Pharmacia (Merviano, Ital¥). The parameters such as
WITD, recommended dose (ED), dezelimiting toxicities (DLT:), pharmacokinetics, and
the anti-tumeor effect of LEP were evaluated in weekly scheduled phase I study. The
assessmment of pharmacolinetics and the clinical data suggested that this LEP was
unlikely to have any advantage over Taxol® (14). Further efforts to eliminate toxicities
associated with Taxcl®, to improve the dmg safety profile and to enhance the PTX
therapeutic efficacy led to the development of LEP fonmulation (marked LEP-ETTD) by
INeoPharm. The protection against tomicities relating to free PTX and the encouraging
data regarding the tumor response enabled a successtul progression of LEP-ETT into the
phasze IT of the clinical testing for the treatment of metastatic breast cancer. The second
PTX preparation was based on cationic LEP. The delivery of cationic LEP to the tumor
vasculature in combination with chemotherapy affecting the proliferating tumor cells
represents an effective two-compotient anti-tumor therapy. Generally, antiangiogenic
drugs themselves cannot eradicate tumors completely. 4 remarkable anti-tumor effect
can be achieved by combining anti-angiogenic tum of therapy with conventional cytotoxic
radic- or chemo-therapy, Tumor endothelial cell apoptosis and intra-tum oral thrombosis
was found to be induced by cationic LEP. This therapy suppotts vascular targeting as an
underlying mechanism {15). This novel therapeutic strategy was first realized by the
development of EndoTAGE-1 preparation by MMedigene This preparation comprised

PTX encapsulated in cationic lipid complexes based on liposomes composed of
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DOPCDOTAP and the drug (melar ratio, 45550750 (16). EndoTA GE-1 15 currently tested
in the phase II of trials against vanious types of solid tumors. The third liposomal PTX
preparation, Lipusu® (paclitaxel liposome for injection, Luye Pharma Group), was
developed by Sike Phatmaceutical (Manjng, Jiangsu, PEC). This preparation was
approved by the State FDA of China Lipusu® 13 the first commercially avalable FTX
formulation to be matketed. It represents a natural extract from Yew used in the treatment
of ovarian, breast, MSCLC, gastric and head and neck cancer. The application of a
liposeme technology resolved the issues of PTXH insolubility and eliminated the use of
solvents causing toxic side-effects. Abraxane® (albumin nanoparticle-bound PTX) 15 the
only nonliposomal preparation of PTX which reached the market. The preparation was
developed by Abrams BioScience. Abraxane® was approved for the treatment of
metastatic breast cancer in 2005 Albumin nanoparticle formulation allews PTH to
penetrate into tumors more easily and makes the drug to be more tolerated than Taxol®
(17, Abrazane® significantly improved the response rate in NECLOC patients in
cotnparison with the generic chemotherapy by FTZ drug. However, according to the data
from phase IIT of the study, Abrazane® did not retard tumor growth or help lung cancer
patients live longer (1), Hair loss, nerve pain, unusual sensations (huming or tingling),
changes in the heart thythm and weakness were side effects, even if reported in small

pottion of patients.
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Iﬁwm'nmu-am dsions Polymer-drug conjugates Cydodextrins

Figure 5.1 Formulation approaches for paclitaxel

Examples of other recently developed alternative formulations of paclitazel that
are non-crem ophotylated and may preferentially target tumors include: Taxoprexin_ is a
prodrug of paclitazel bound to the fatty acid, docosahexzaenoic acid Fatty acid cleavage
ocours  slowly within tumeor tissues with the desired outcome of sustaned tumor
accumnulation (19) (200 Phase II studies have demonstrated favorable results with this
new paclitazel formulation in human patients with lung melanoma and other cancers
EL

Paclical poliglumex: Paclitaxel conjugated to poly-(L-glutamic acid) This
compound similarly results in drug accumulation in tumeor and tumor vasculature (22
Phasze II studies in nonsmall cell lung cancer, ovanan, and breast cancers are underway
with encouraging eatly results (237

AMNG1005: Paclitaxel linked to angiopep-2 (brain peptide wvector) This
formulation allows paclitazel to be transported across the blood brain barrier and to

decrease active cellular effluz by evading the P-glycoprotein (Pgp) transpott efflux pump

-
Devalopment af farget based therapy for ovarian cancer. FPage 122



Chapier 5 Freparation and Characterization of Liposomes
———————————————

(247 Thiz ultimately results in higher drug concentrations within the brain parenchyma
after systemic delivery and a decrease in Pgp-mediated resistance.

Paccal 13 a novel, Cremophorfree formulation of paclitazel. The key component
of this new formulation 15 the use of a novel excipient composed of a surfactant-based
derivative of retineoic acid ({E.-17) that results in a nanoparticle micellar preparation with
high water sclubility that eliminates the need for Cremophor (23). This Cremophor free
formulation aveids the senous hypersensitivity issues observed with Taxol and other
crem ophorylated taxane formulations. In addition, the nanoparticle formulation 15 of a
size (2040 nm diameter) that may take advantage of the enhanced penmeability and
retention (EPR) effect (26 The EPE effect occurs when the nanosized macromoelecules
evade renal clearance resulting i1n prolonged elimination halflives and exploit leaky
tumor wasculature, which may result in selective and specific extravasation and
accumnulation within the tumor tissues. Although the size and molecular characteristics of
Paccal predictitto be a formulati on that would yield the EPE effect, there are insufficient

data to confirm the EPE effect with this specific agent.

Douhble loaded liposomes:

An innovative 1dea in delivery of PTX discussed here, takes benefit of certain
properties of the drug “containers” cyclodextring and liposomes to combine them into a
single systemn. The concept, inhvolves entrapment of water-seluble cyclodextrin-PTX
incluston complexes in liposomes, would allow accommeodation of insoluble drugs in the
aquecus phase of vesicles (Figure 14). Cyclodextnins (CDs), a family of cyclic amylose-
derived oligomers, have been successfully used as complexation agents to enhance the
solubdlity, stability and bicavalability of drg melecules (27).

The approach of combined liposomes and CD complexes of lipophilic drugs by
forming drug-an-CD-n-liposome can increase the entrapment efficiency and modulate in
vive dissociation of the drug, thereby contnbubng to improvements 1in  the
pharmacokinetic profile of the dmgs (28), (29 Cyclodextrin liposomal drug delivery
system was first used by MeCormack and Gregoniadis in 1994 (30). This strategy merges

the relative advantages of the two types of carrier inte a single system and aveids the use
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of unnecessary organic solvents in the accommodation of water-nseluble drigs in the
lipid bilayer of iposomes.

Pre-encapsulation of hydrophobic drugs in cyclodextrin could improve delivery
by enabling loading into liposomes. Hydrophobic drugs encapsulated in cyclodextrin,
which has a hydrophobic core and hydrophilic exterior, increased drug leading into
liposomes compared with hydrophobic drugs that were not encapsulated. In mouse colon
cancer xenograft models, injection of liposomes loaded with encapsulated hydrophobic
cancer drmgs decreased tumour growth compared with empty liposomes or free dmg
without adverse effects. The cancer drugs had previously faled clinical testing because of
toxicity izsues. Mext steps could include testing the platform with additional cancer
therapeutics. This could potentially increase the drug to lipid mass ratio to levels abowe

those attained by conventional drug incorporation into the lipid phase.

5.2 Material and Instruments

Materials

ar Mo Chemicals’Materials sourcehanufacturer

1,2-distearoy]l -sn-glycero-3-

phosphoethanolamine [methoxy
(polyethyleneglycal)-2000] (DEPE-
mPEG2000)

Lipoid GMEBH (Ludwigshafen,
Termany) — Gift Sample

Cholesterol (Extra pure)

sigma-Aldnch, Mumbai, India

Dialysiz Membrane

Himedialab. Pyt Ltd, India

Ezz Phosphatidylcholine (EPC)

Lipoid GMEBH {Ludwigshafen,
iFermany) — (ift Sample

Fully Hydrogenated Sova
Phosphati dylcholine (HSPC)

Lipotd GMEBH (Ludwigshafen,
Germany) — it Sample

FPaclitaxel

sun Pharmaceutical Industries. Ltd.
(Vadodara, India) — Gift sample

Zephadex G-50

Himedialab. Fvt. Ltd, Mumba,
India

Sucrose

Himedialab. Frt. Ltd, India
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Instruments

5r No  Instruments Comp any

1. Eath Sonicator Sartoriug, India

2. Centrifuge Eemi Sci. Equipment, India

3 CEY O -Transmizsion Electron TECMAT 32 Spirt BioT WIN, FEI-
' Llicroscope Hetherlands

4 Deep Freezer EIE Inst. Ltd., Ahmedabad

3. Differential Scanning Colorimetty Schimadzu, India

£, Infrared (IE) Spectroscopy Eriker,

7. Earl-Fizcher Auto titrator Toshiwal Inst. Pvt Ltd., India

H. Lyophilizer Wirtis-Advantage plus, TTSA

G Mlagnetic Stirrer Eemi Sci. Equipment, India

10. pH Ideter Latandia Inst Pwt. Ltd | India

11. =haker Incubator Soigenic OEBITEE, Germany

12. TV WVisible Spectrophotometer Schimadzn, India

13 “Weighing Balance schimadzu, India

14, Zetasizer (Mano Z3) Malvern Instruments, Malvern, TE

15, RP-HPLC Shimadzu LC-20AT, JTapan

16, E otary evaporator Eotavapor EV-10, I[EA® India

Private Limited
17. Centrifuge (CPE-20) Eemi Elektrotechnile Ltd , Vazai,

India
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5.3 Methods

5.3.1 Preparation of conventional liposomes (CLs) by thin film hydration method

Conventional liposomes (CLs) containing PTX were prepared by thin-film
hydration method (313 Lipid mizture containing HSPC, Egg PC and Cholestersl
(different molar ratios) along with PTX (2 mg) were accurately weighed and dizsolved in
solvent mixture containing chlorofortm and methanol mixture (21 wi¥) in a round bottom
flask. The flask was connected to rotary flask evaporator and solvent was evaporated by
rotary evaporator (IKA Eotavapor EV-10, IEA® India Private Limited) under vacuuim
for 20 min at 120 rpm 1h a thermo-stated water bath at temperature of 45°CE1°C to form
dry lipid film. The flask was kept overnight under vacuum to remove the traces of
residual solvent present in the film. The lipid film was then hydrated with filtered double
distilled water for 40 min at 55241 *C and 100 rpm. After hydration, the liposomal
suspension was transferred to a velumetnc flask and volume was made till 3 ml with
filtered double distilled water. Blank lipozomes not containing FI3 were also prepared
using the above method to act as control during the cellular activity evaluation. To
separate the unentrapped drug from the liposomal suspension, centrifugation was carried
out at 2000 rpm for 10 min at room temperature and the supernatant was taken in a
stoppered glass wial. Extrusion of the hydrated liposomal suspension was carried out
using 400 nm membrane filters at 50°C for 2 fimes followed by extrusion through 100

nm filter for 5 times. The liposomes were stored at 2-8°C.

Optimization of formulation variables by D-opiimal factorial design

Liposomal formulation was optimized using D -optimal design with total 19 runs among
which & model points were for preselected quadratic model, 5 points to estimate the
lack of fit, 5 replicate points and additional 3 center points to evaluate for curvature
and to estimate the pure error. From the results of optimum batch observed in preliminary
screening, molar concentraton of mPEGoug-DEFE was kept constant at 5 mole 1n
experimental design for all batches while varying the mole% of other lipids 1.6, HEPC,
EggPC and Chol Vanables chosen for optimization are shown in Table 5.1 Coded and

|
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actual values uzed in formulation optimization are tabulated here (Table 523 The design
was also constrained so as to keep total molar concentration of three chosen lipids to be

95 mole¥s in every combination. Additionally, other process and formulation parameter

were kept constant during optimiz ati o,

Tahle 5.1 Various variahles and responses involved in optimiz ation

HEPC (mole%)

WVariables

ETPC (mole%)

Chal (mole¥)

Eesponse Parameter

Particle size (nm)

Entrapment efficiency (%)

Tahle5.2 Coded and actual levels of HSPC, EPC and Chol used in optimization

Actual levels
Coded levels
A: HSPC (mole%s) B: EPC {mole%s) Z: Chol {mole%)
Lower (-1) 200 300 20.0
Higher (+1) 300 S0.0 400
Constraint A+E+HT =950 molen

Eesponse surface modelling was applied using Design Expert 7.0 (Stat-Eaze Inc.,
LI, Tsing multiple linear regression analysis (MLEAY, different polynomial equations
were evaluated for best fithing to the experimental data by determining the values of
coefficients in the polynomial equations and a full and reduced model was established
statistical soundness of the established model was checked by ANOWVA statistics (32-38)

Baszed on the established model three-dimensional (310 response surface plots
were constructed by Design Expert Software. The 3D surface plots were useful in
establishing the tnain effects (effect of individual variables) on the response paratneter
and also to have an insight to the combined effects of two variables (32-41).

Walidation of the emploved experimental design and chosen model for its
prediction capability for the optimization of the vanables was done by performing check-
point analysis. Eight optimnum checkpoints were selected, prepared and ewvaluated for

response parameters. Statistical comparison between the predicted values and average of
-
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three experimental values of the response parameters was performed to denve percentage
error and to evaluate significant difference between these walues. Optimum formulation
parameters were selected based on the specified goal 1.6 particle size and entrapment
efficiency.

Optimized formulaton was derived by specifiing geal and importance to the
formulation variables and response parameters. Eesults obtained from the software were
further verified by actual preparation of the batches and comparing the predicted and

actual results.

Optimization of process variables

After  ophimization  of  formulation  using D-optimal design,  the
optimized formulation was subjected to challenge 1n processing conditions to determine
the impact of process wariables such as hydration time; hydration temperature and
number of extrusion cycles on the entrapment efficiency and particle size of
the prepared conventional liposomes. Here alzo, all other formulation parameters were
kept constant and the processing varnables were varied one by one to evaluate their

impact of finished formulati on characteristic,

5.3.2 Preparation of PEGylated conventional liposomes (PLs)

Essentially the same processing parameter along with the composition of the
optimized batch was selected for carryving out PEGylation of the liposomes. Herein, to
determine the effect of amount of PEGylated lipids on the formulation charactenstic, four
different concentration of PEGyl ated lipid was screened. An amount of 1 mol%; 3 mol%,
S maol% and 7 moel% of DESPE mPEG 2000 lipid was incorporated dunng preparation of
dry lipid films. An equivalent amount of mole®s of HEPC was decreased to compensate
tor the incorporation of PEGylated liptd. The technique emploved was thus pre-insertion
during thin film hydration. The formulations were evaluated for steric stabdlity using
invitro test along with determination of pH, particle size, zeta potential of liposomes and

entrapment efficiency of drugin liposomes.

|
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5.3.3 Preparation of Double loaded PEGylated liposomes (DLPL s)

Double loaded PEGylated liposomes containing paclitaxel were prepared by thin-

filtn hydration method as stated in preparation of conventional liposomes. Lipid mizture
containing HSPC, Egg PC, Chelesterel and DSPE mPEG2000 {molar ratio of
0.22:043030:005 aleng with PTX (2 mg) were accurately weighed and dissolved in
solvent mixture containing chloroform and methanel mixture (2:1 viv) 1n around bottom
flask. Diuglipid melar ratio was 1. 300 The solvent was removed by rotary evaporator
(IEA Eotavapor EV-10, IEA® India Private Limited) under reduced pressure for 30 min
at 45%C to form dry lipid film. The flask was kept overnight under vacuum to remove the
residual solvent. The dred lipid films were then hydrated by adding 3 ml of PTX-
DMPCD (PTH equivalent to 2 mgiml) ICs at 55°C for 40 min and 100 rpm in rotary
evaporater. The unentrapped PTXH was separated by centrifugation at 3000 rpm for 10
min. For size reduction, liposomal suspension was sequentially extruded through 400
nim polycarbonate membrane at 50°C for 8 times followed by 100 nm tembrane
filter for 5 imes. Unentrapped PTZ inclusion complex was separated by Sephadex G 50
column. Both the abowe PL: and DLPLs dispersion were lyvophilized (Virtis
Advantage plus lvophilizer) using sucrose (20% wiv) as cryoprotectant and stored in
sealed wals at BT and 2-8B7C for stability study.

5.3.4 Characterization of PEGylated conventional and double loaded liposomes

5.3.4.1 Particle size analysis

Particle size of liposomes was determined using principle of dynamic light
scattering using Malvern Zetasizer MNano (Mane Z5, Malvern Instruments, TIE).
Light source was 633 nm He-Me laser and scattering angle was 173° Analyses were
cartied out at 25°C temperature after diluting 0.2 ml of formulation to 2 ml using
filtered double distilled water. The total number of sub-runs for measurement of size
were 12 and each run was for a duration of 10 seconds. The results were repotted as Z-
average along with polydispersity index after carrying out analwsiz in triplicate. &

homogenous sample is

-
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represented by a PDI close to 0.00 while a highly polydisperse sample has a PDI close to
1.00.

5.3.4.2 Zeta potential analysis

Zeta potential values were obtained using Smoluchowsly equation which takes
into account electrophoretic mobility of the particles and 175° back -scatter. & 0.2 ml of
volutne of iposomes were diluted up to 2 ml with double distilled water and analysis was

carried out in triplicate using zeta cuvette at 25°C. The measurements were done using

ZetaSizer ManoZ S (Malvern Instruments Ltd, TE) in triplicate.

5.3.4.3 Entrapment efficiency and drug loading

For determination of entrapment efficiency, the FPL:s were collected and
centnfuged at 2000 rpm for 10 min at 25°C to separate the unentrapped drug The
entrapment efficiency of DLPLs was determine by passing the liposomes through
wephadex G50 gel column to separate the unentrapped water soluble ICs of PTZ The
liposomal fraction was treated with methanol to extract the loaded drug and was analyzed
by EP-HPLC method (42) The concentration of drug in the liposomal fraction
was obtained by substituting the wvalues of mean area obtained in the standard
calibration curve as reported in the analytical chapter  Similarly, entrapment
efficiency of lvophilized PEGylated liposomal formulations was also determined after
reconstitution and filtering the reconstituted formulation through 0.45pm filter to obtain
clear solution free from any precipitates.
For determination of percentage entraptnent of drug in liposomes following equation was

used:

Actual gmountof drug leeded in liposome s

%o Entrapment efficiency = X 100

T Actugl gmountof drug wsed for liposomal preparetion

For determination of loading efficiency of liposomes following equation was used:

0 Loading Effiliiﬁnl:j? B Ameountof PTR mimpamaax 100

Totel amountof Liposomes

|
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5344, Cryo-TEM

Morphology and size of liposomes were evaluated using Transmission Electron
Whcroscopy (TECHAT G2 Spirit BioT WIH, FEI-Metherlands) operating at 200 kV with
0.27 nm resolution. The hydrophobic grid was converted inte hydrophilic by glow
discharge The samples were spread on gnd and cryofreezed in ligquid ethane at -180°C.
The gnd was inserted into microscope using a cryo holder and umages were taken at

00003 magnification.

5.3.4.5 In vitro drug release

The release of PTX from PLs and DLFPLs was investgated at 37% £ 0.5 °C and
was compared with Tazcol® Briefly, Taxol® and PLs containing equivalent amount of
PTE (1 mgiml) were placed 1n dialysiz tubes (WIWCO 12000 Da) and tightly sealed
Then, the dialysis tubes were immersed in 100 ml of release medium PEE (pH 7.4)
contaning 0.1% (wiv) Tween 20 (42) (44). Eelease medium was stirred at 150 rpm and
the samples (0.5 mL) were withdrawn at 0.25, 0.5, 1, 2.4, 8, 12 and 24 hr. The wvolume
was made up after each sampling with fresh release medium. The sample was filtered
threugh 022 pm synnge filter and concentration of PTH was determined by EP-HPLC
after appropriate dilution with methanol followed by mobile phase The in vifre release
experiments were conducted 1n triplicate for all the formulations and results were

reported as cumul ative amount of dnig released at each titne point.

5.3.5 Additional characterization for PEGylated douhble loaded liposomes (DLPLs)

5351D8C and FTIR

Differential scanning cal onmetry was carned out for plain Paclitazel, physical mizture of
lipids and paclitaxel and prepared DLPL:. Approximately 2-5 mg of each sample was
placed 1n aluminum pans and DSC was carried out against empty aluminum pan as
reference. Heating scans by heat runs for each sample was set from 30 °C to 300 °C at 10

PCH min in anitrogen atmosphere.

-
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FPlain Paclitaxel, physical mixzture and DLPL: were investigated using Fourier
transform infrared spectrophotometen’FTIE (Bruker, Germany) range between 4000 and

400 cm—1, with a resclution of 2 cm—1. All powder samples were compressed into KBr

dizles for the FTTE measurement.

5.3.5.2 Olympus microscopy

Optimal microscopy of the prepared liposomes were carried out to evaluate itz
motrphology. A drop of DLPLs were placed on glass slide and covered wath cover slip

and observed under Optical microscope at 403 magnification.

5.3.5.3 Sodium sulphate induced flocculation or electrolyte induced flocculation
study

Solution of sodium sulphate ranging in molarity from 00 B to 1.0 M iz, 0.0
{double distilled water) 0.2, 0.4, 0.6, 0.8 and 1.0 M were prepared and to 4 ml of this
solution, 1 ml of PEGylated liposomes prepared with varying mol% of DEFPE mPEG-
2000 lipid were incubated for a period of 2 hours Incubation was carried out in a shaker
incubator at 37%C. To determine the flocculation in liposomal suspension induced by
presence of electrolytes, the % transmittance of the mizture after incubation was
measured at 630 nm using TV -Visible spectrophotometer. The transmittance values were
converted to absorbance using the equation: Absotbance = 2-log(®T). Further, the
impact of electrolyte challenge on liposomes were also assessed by measuring the particle

size and zeta potential

5.3.5.4 In vitro serum protein adsorption/ opsonisation study

3.3.5.4.7 Invifre serum/lipasome incubafion

200p1 of both conventional and PEGylated liposomal suspension were taken in 1.5 ml
Eppendort tubes The volume was made up to 1000 pl with 100% Fetal Eovine Serum
(FBZ) so as to achieve a final concentration of 80% FBES in the mixture. The mixture was
incubated for 1 hr at 37%C in shaker incubator. After the incubation period, the tubes were

imme diately removed and cooled on ice bath for 5 min to prevent further interacti on.

-
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5.3.5.4.2 Isolafion of lipasomes from incudation mixiiure

ceparation of liposomes from serum proteins was carried out using Sepharose CL-4B gel
column. sepharose (2% was hydrated 1n deuble distilled water and filled in 20 cm long
column (10 ml pipette). Double distilled water was run through the column to saturate the
column with the running seolution. The incubation mixture was loaded on the gel column
and elution was carned out using double distilled water. Fraction of 500pl were collected
and replaced with equal amount of double distilled water. Each fraction was analyzed for
content of phospholipids present in the liposomes using Stewart method with minor
modificaton (Eeference: Analytical method chapter) The liposomal fraction (typically
fractions 7-10; a total volume of 2 ml) from column were combined and analyzed for
size, zeta potential, amount of serum protein adsorbed as well as the lipid content. The

samples were stored at -70°C till analysis.

5.3.5.4.3 Determination af % recovery of lpasames

To determine the %% recovery of liposomes, the total phospholipid content of the
liposomes before incubation and after separation through gel colutnn using a modified
stewart method.

For recovery before incubation with seryme: 200p1 of liposomal suspension was takne in
1.5 ml Eppendorf tubes and to it double distilled water was added to make up the volume
to 1 ml To 0.1 ml of above diluted liposomal dispersion, 3 ml each of chloroform and
ammonium ferrothi ooyanate solution was added.

Far recavery after incubation af serum: To 200p of liposomal suspension collected after
pooling the fractions, 3 ml each of chloroform and ammonium ferrothiccyanate solution
was added and vortexed wigorously for 2 minutes.

Both the above samples of liposomes in biphasic mixture was allowed to separate, and
the lower chloreform fraction contaning liptd was analvzed 1n UV wisible
spectrophotometer at Amax of 472 nm using chloreform blank. The amount of lipid was

estin ated using the calibration curve.

|
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The percentage recovery of liposomes was determine using the following equati on:

. Total lipid amount recovered from liposomes
%o Liposome recovery = X 100

Teotal lipid amount (R the (rewbated liposomel dispersich

5.3.5.4.4 Determination af mean particle size and zeta potenfial

To investigate the impact of serum adsorption on physical parameters of liposomal
dispersion, particle size and zeta potential measurement of the liposomes before and after

incubati on with serum was carried out.

5.3.5.4.5 Estimation of total serum proteins associated with recovered liposomes

BCA protein assay kit was used for guantification of proteins associated with the
liposomes after incubation with serum . It was confinmed that the presence of lipid in the
sample did not cause interference with the assay method in the experiment Bovine serum
albumin was taken as standard and calibration curve was generated against which the
concentration of protein in the test sample was determnined using TV wisible
spectrophotometer. The wavelength mamimum was 562 nm. The amount of proteins
bound to the liposomes of the protein binding index was calculated by taling ratio of the
amount of total protein (gm) to the total lipid (mole) in the liposomes as described by
Chonn et al. 1992, The method emploved is stated briefly here. To 200pl of recovered
liposomal suspension, 1.8 ml of methanol was added to extract the lipids in 2 ml
Eppendort tubes. The above extract was evaporated on a water bath maintained at 50°C
to remove methanol and obtain diy residue. 1 ml of double distilled water was added to
the abowve obtained residue and mixed thoroughly and sonicated in bath sonicator for 1
minute to disperse the restdue. Centrifugation was carried out at 000 rpm for 10 tnin to
sediment the residual lipids. 4 0.05% wiv solution of sedium azide (160p1) was added to
40pl of supernatant obtained after centrifugation. To the above reaction mixture, 2 ml of
BCA worling reagent was added and incubated at 60°C for half an hour. Finally, the
tubes were kept in cooled condition to prevent further reaction and absorbance of the

resulting solution was measured at 562nm using double distilled water as blank.
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5.3.5.5 Liposom e memhrane integrity test

To investigate the intactness of liposomal membrane upon entrapment of PTH either
encapsulated in the bilayer or as complex with DMPCD and also after double loading,
membrane integrity test was performed For the test, 5 6-carboxyfluorescein (CF), a
highly hydrophilic dye was encapsul ated in liposomes. The test was carried cut according
to the method indicated by Fatourcs et al. 26, Brefly, during preparation of liposomal
vesicles, CF was encapsulated in hydration media at a concentration of 100 mM The
prepared liposomes were incubated with fetal bovine serum at 27 °C at 1.5 volume ratio.
Incubation was carried out for apeniod of 24 hr and samples were withdrawn. Percentage
retention of CF fluorescence was analyvzed after suitable dilution with triz buffer (pH 7.4)
prior to and post lposomal membrane disruption by 1% triton 3 100% Excitation and
emission wavelength for the measurement were 520 nm and 470 nm respectively. For
comparison purpese, empty liposomes and plan DRMPCD 1n liposomes were also tested
Control tneasurements were made to rule out the possible interaction of CF with
cycl odextrin.

The percent of CF latency was determined at each time point using the equation:

% Latency = (Flyur Fliugsa) Flin) X 100

where Flisia and Fliga are the CF fluorescence intensities of each sample in the absence
and presence of 1% Triton 2-100, respectively. The CF retained in liposomes (%

retention) was determined by considering the initial latency of CF

5.3.6 Lyophilization of PLs and DLFPLs

The PEGylate d conventional liposomes and double loaded liposomes were lyophilized to
impart long term physical stability to the formulation. Different quantities of
cryoprotectant were screened to evaluate its effect on the liposomal formulation
characteristic such as particle size and drug content The prepared PEGylated liposomes
and DLPL: were diluted in filtered double distilled water containming cryoprotectant to
obtain desired concentration of the drug prior to lyophilization. The formulations were

|
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filled in 10 ml of TSP type 1 glass wials (Schott-Eaisha Pwt. Ltd, Maharashtra, India).
Half stoppering of vials was done with stoppers made of chlorobutyl rubber (Helvoet,
Belgium) to allow sublimed ice to escape dunng prmary and secondary dryving stage of
the lyopilization cycle. The lyophilization was carried out in Virtis Advantage -Plus, 5P
coientific, US4 with temperature probe inserted in the wials to record the thermal
processing stages of sample during lyvophilization process. Freeming of the liposomes was
carried out at 40°C under vacuum of 100 mTorr. & detailed setup of the lyophilization
steps and parametersis provided in the Table 5.3 Figure 5.2 represents the Ivophilization
cycle for the product. After lyophilization, the formulations were tightly stoppered and

wials were stored under refrigerated condition until further use.

Tahle 5.3 Lyophilization cycle

Freezing: 40°C: Vacuum: 200 mTorr;, Condenser: -60°C

Thermal Treatment steps Primary drying
Eamp/s
Step Time Temp. Heold Temp. | Time Wacuum EH
(E/H)
1 5 30 R 40 260 100 H
2 -3 30 E =25 30 100 E.
£ -3 &0 H -2 120 100 H
4 40 70 E -10 30 100 E.
5 -4 260 H -10 30 100 H
& - - - 0 20 100 E.
7 - - - 0 30 100 H
8 - - - 10 20 100 E
G - - - 10 30 100 H
10 - - - 25 45 100 E
11 - - - 25 120 100 H
12 - - - - - - -
FPost Heat 25 &0 100 -

|
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Figure 5.2 Thermal changes during Lyophilization of Liposomes

5.3.7 Stability Studies

Stabdlity study of any formulation on storage 1s necessary as it reflects whether
the desirable properties of the formulation are retained on storage (45, 46). These
desirable properties include integrity of lipid vesicles and size distribution of particles.
Tpon storage, liposotnes are susceptible to many physical changes 1.e. lipid particles may
undergo fusion and aggregation leading to increase in particle size of liposomes. Also
there may occur loss of integrity of liposomes and subsequently leakage of encapsulated
drug may take place (47, 48). Liposomal formulations are not stakle encugh in an
aquecus dispersion form. So, to increase their stability the liposomal formulations are
freeze-dried {lyophilized). However, during lyophilization the liposomal formulation may
underge  aforementioned physical changes. To  aveid such  changes  different
lyoprotectants like sucrose, mannitol, glycerol, trehelose, povidone, dextran etc. can be
uzed which maintain the product in a good state (49, 200, The physical testing of such
product should be carried out to check whether any changes take place in the liposomal

product in term s of its particle size and entrapment efficiency. So after storage period, the

-
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liposomal formulation, on rehydration, should retain the same characteristics it possessed
kefore lyophilization. For liposomal products an attention has been focused on two
processes affecting the quality and therefore acceptability of liposomes (510 First leakage
of entrapped molecules from the wvesicles may take place into the extra liposotnal
compartment. Secondly, there 13 a possibility of liposomal aggregation andfor fusion,
which leads to formation of larger particles (52-55). Although under dehydrated storage,
there 15 least possibility of the formulation to encounter hydrolytic degradation. Another

aspect to be considered s liposome oxidation (36).

As per the ICH stakility study guideline Q1A (E2), stability studies should ke
petformed on a drug product intended for storage in refrigerator at following storage
conditions. (Table 5.4) The stability protocel was designed as per ICH guidelines (537) for
countries falling under zone I thet, dry) and zone IV (very hot, humid) (58); howewer,
only short term studies for 2 months storage period were performed for having the 1dea of

the stability of the product.

Table 5.4 Stability T esting Conditions for Drug Product Intended for Storagein
Refrigerator as per ICH Guideline Q1A(R2).

Time period for which study
Study Storage condition
should be carried out
Long term e e iR 12 months
Accelerated 25°C £ 2%CM60% EH £ 5% EH & months

Any “significant change” for a drug product 1z defined as:
1. A& 5% change in assay from its initial value;, or falure to meet the acceptance
criteria for potency when using biolegical or immunol ogical procedures,
2. Any degradation product’s exceeding its acceptance criterion;
3. Fallure to meet the acceptance criteria for appearance, physical attributes, and
functionality test {e.g., colotr, phase separation, resuspendibility, caking, hardness,

dose delivery per actuation); however, some changes in physical attributes (e g,

Devalopment af farget based therapy for ovarian cancer. FPages 138




Chapier 5 Preparation and Characterization of Liposomes
et

softening of suppositories, melting of creams) may be expected under accelerated
conditions;
4 Falure to meet the acceptance criterion for pH;

5. Falure to tneet the acceptance criteria for dissolution for 12 dosage units.

Method

stability study for the DLPLs suspension and lyophilized product after
reconstitution with doubkle distilled water was petformed at storage conditions of 25742
PCAEDMED %0 EH and at 2-8 "2 for three months At different time point formulations
were evaluated for particle size and %% drug retaned. Lyophilized formulations in Type I
tubular glass wials were sealed with chlorobutyl rubber stoppers and sealed with
aluminum seals. Sealed vials were stored at above mentioned condition (59-66). At each
sampling point different vials were used for the stabality testing. The DLPL formulations
were examined wisually for the evidence of discoloration. The content of the wials were

tested for particle size, zeta-potential, assay and water content.

5.3.8 Statistical Analysis

Al analyses were petformed in triplicate and data are represented  as

meandstandard deviation, unless otherwise mentioned Statistical data analysiz was
petformed using ANOWVA and Student’s ttest GraphPad Prsm (version 6, TTSA) was

used for all analyses and p value = 0.05 was considered significant.

-
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5.4 Result and Discussion

5.4.1 Preparation of conventional liposomes

Initially, optimization of Drug to Lipid ratio was carfied out to achiewve the highest
entrapment of PTH in lipid bilaver with considerable size. Amongst the ratios tred
(Drug: Lipid, 1:20, 1:20 and 1:40) the 1:30 ratio was optimized based on its highest
entrapment efficiency. The summary of various optimization steps for the conventional

liposemes using D -optimal design are presented herein.

) Design Mafix

19 batches of liposomes were prepared using composition depicted in the design
matrix in Table 55 All formulations were evaluated for particle size and %
Entrapment Efficiency (%EE) and the results obtained are shown in Table 5.5 All
experiments were replicated three times and mean values of expenments were fed to

the design tatriz for statistical evaluation.

T ahle 5.5 Design Matrix for PEGylated Paclitaxel I.oaded Liposome Optimization

Response 1
Factor 1 Factor 2 Factor 3
std | Exp Mean Response 2
AHSPC B:EPC C:Chol
Eun | Run Particle Size % EE
mole%o mole%o mole%o
nm
6 1 256 396 298 154.6 9195
2 2 222 0.0 22.8 110.3 94 45
17 3 200 202 24 8 250.2 &7 56
3 4 300 302 34 8 2453 69 25
15 5 222 0.0 228 101.4 9765
9 & 300 34 8 302 206.5 T5.65
14 7 250 40.0 200 161.8 90.52
16 8 238 31.2 40.0 2796 45 26
18 g 200 431 21.9 144 3 94 324
13 10 25.0 40.0 300 1504 92 24
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1 11 30.0 431 21.9 1531 9145
19 12 20.0 372 378 2315 £2.15
7 13 20.0 372 378 22773 67438
& 14 233 44,0 26.8 1244 8315
4 15 238 312 40.0 286.5 52.58
5 16 20.0 424 326 1706 FERIS
10 17 253 a0 347 2014 8252
11 15 27 475 20.0 132.2 80.95
12 1% 25.0 40.0 30.0 154.6 86,52

i. Statistical Analysis of Response 1 (Particle Size)
celection of the prediction model:

cummmary of the ANOWA results for different models as shown in Table 56
which depicts sequential p-walues and Lack of Fit pvalues along with Adjusted and

Predicted E-squared values for different models.

Tahle 5.6 Summary of ANOVA results for Different Models

Lack of Adjusted | Predicted
Seguential ) R-
Nource Fit R- R-
p-value squared
p-value Sguared Sguared
Linear = 0.0001 00004 | 09054 0.8%970 08779
Ouadratic = 0.0001 01372 | 09889 0.98547 0.9748 Suggested
special 0.9550 0.9535 0.9563
07986 01002
Cubic
Cubic 0.2547 00795 | 09826 0.98551 0. 8688

Highest polynomial showing the lowest p value (=0.03) along wath highest Lack

of Fit p-value (=0 1) was considered for model seleciton. Based on the criteria quadratic
model was found to be best fitted to the observed responses. Special cubic and higher
models were not suitable for prediction either due to low E-squared values andfor due to

higher p value as compared to quadratic model {Table 57). CQuartic and higher models

-
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were aliased indicating the confounding of the model terms by the other implying that

the predicted response would give the wrong idea of the actual response.

Tahle 5.7 ANOVA for Quadratic Mixture Iviodel

Source Sum of | df Mean F| p-value
Sguares Square | Value | Prob=F
Iodel 5842256 |5 | 1166451 | 25200 | = 00001 | Significant
Linear Mixture | 3306788 | 2 | 2683504 | 53270 | = 0.000!
AR | 474,53 | 474.53 0.42 a.0090
AC| 125635 |4 | 125635 | 24.95 | 0.0002
BC| 3954 54 | | 393454 | 7852 | = 000!
Eesidual £54 74 15| 2036
Lackof Fit | 441,30 | FiA5 2.41 0Li372 not significant
Frure Brror | 213,43 Jo | 5049
Cor Total 5907730 | 18

The Model Fwvalue of 232.00 implies the model 15 significant. There 15 only a 0.01 %
chance that a "IModel F-WValue" this large could occur due to noise. Values of "Prob = F"
less than 0.0500 indicate model tertns are significant. In this case all main effects (A B
and C as indicated by linear mixture in the (Table 57) are significant model terms
showing that all the chosen factors have significant effect on particle size for given set of
experimental conditions. A dditionally, all the factors are involved in two way interactions
with each other as shown by ¢ walue =0.0001 for interaction termns AB, AC and BC
Walues greater than 0.1000 indicate the model term s are not significant. The "Lack of Fit
Fwalue" of 241 and Lack of Fit p value of 01372 infer the Lack of Fit to be not
significant relative to the pure errori.e. the selected model fits effectively to the observed

experimental mins andis effective in predicting responses all over the design matrix.

-
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Tahle 5.8 Summary of ANOVA results for Quadratic Mixture WModel

Std. Dev. 7.10 R-Squared 09589
Mean 182.33 Adj B-Squared | 09547
C.V. % 389 Pred R-Squared | 0.9743
PEESS 148873 Adeq Precision | 43375

summary of ANCWV A results for selected Ouadratic Mixture model 15 shown in Table
5.8 The "Pred E-Squared" of 09748 15 in reasonable agreement with the "Ady E-

Sruared" of 09847 1. e difference not more than <02 " Adequate precision” which 13 a

measure of the signal to noize ratio 15 42 375 indicating an adequate sighal for the model

to be used to nevigate the design space.

Effects of factors on response (particle size):

B |
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Figure 5.3 Piepel’s plot (A=HSPC, B=EggP{ and C=Chaol)

Piepel’s plot 15 a trace plot showing the effect of individual facters plotting the

prende limits of one component keeping the ratio of the changeable amounts of the each

components kept constant against the response. The responses are plotted as deviations
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from the reference blend 1. e centroid (pzeudo center point of the constrained design). As
it can be seen from the plot (Figure 5.3), HEPC and cholesterol has positive effects on the
particle size indicated by increase in the particle size along the increse in the mole% of
these components. Cholesterol leads to increase in in a steep fashion. On the other hand,
EggPC shows anegative effect on the particle size depicting steep decrese 1n the particle

size on increasing mole% of EggPCin the mixture.
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Figure 5.4 Two-component mixture plots:- A: effect of HSPC and EPC, B: effect of
HSPC and Chol, C: effect of EPC and Chol

Two component mix plots shows (Figure 543 the combined effects of two components
oft the response keeping the wvalue of another component kept constant at its centrodd
value, As it can be seen from the Table 663 A, as the ratio of HEPC.EPC increases 1.6,
mole¥ of HEPC increases and mole% of EPC decreases, particle size increases. This can
ke explained by the increasing amounts of saturated long chain fatty acyl chans of
phospholipids present in the HSPC (82% DEPC and 14% DPPCY and decreasing amount
of mono- and polyunsaturated phospholipids (present in the EggPC) which constitute
~49% of fatty acids in the EggPC and particulatly the presence of ~40% of 1-palmitoyl-
2-oleoylphosphatidylcholine (Figure 5,50 (67,

-
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Figure 5.5 Major lipid compositions of HSPC (A) and EggPC (B), DSPC-Distearoyl-
sn-glycerophosphocholine, DPPC — Dipalmitoyl-sn-glycerophosphocholine and
POPC, Palmitoyl oleoyl-sn-glycerophosphocholine
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Figure 5.6 Contour plot of effects of different comp onents on particle size
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Figure 5.7 Fesponse surface plot of effects of different components on particle size

Contour plot (Figure 567 and response surface plot (Figure 577 show effects of
all three components on the particle size. To summanze, with increasing mole®n of
EggPC causes decrease in the particle size while increase in the mole% of HEPC and
Chelestersl in the mizture brings about an increase in the particle size. The effects can be
explained with similar justifications mentioned under the two component mix plots.
Equation for prediction of particle size over design matrix
Eruation for prediction of particle size within the design matriz 13 given below.

Particle size =
+28.10030 *HEPC

+6.56641 * EggPC
+26.75510  * Chel

0.48991 * HSPC * EggPC
0.76037 * TISPC * Chol
0.46062 * EggPC * Chol

-
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ii. Statistical Analysis of Response 2 {Percent Entrapment Efficiency- % KE)
celection of Predich on Model:
cumtnaty of the ANOWVA results for different models as shown in Table 5.9

depicts sequential p-values and Lack of Fit p-values along with Adjusted and Predicted

E-sruared walues for different models.
Table 5.9 Summary of ANOVA results for Different Models

Source Sequential Lack of Fit R-  Adjusted Predicted
p-value p-value Hgnazed R R-Squared
squared
Linear = 00001 0.002% 07762 07482 07039
Cuadratic o002 01121 09476 05274 D.B8%3  Suggested
special Cubic 07925 00517 0.9475 0.59216 0.5400
Cubic 02913 00625 09645 09298 0.3427

Highest polynomial shewing the lowest p value (<0.05) along with highest Lack
of Fit p-value (0,17 was considered for tnodel seleciton. Based on the criteria quadratic
model was found to be best fit the observed responses. Special cubic and higher models
were not sutable for prediction either due to low E-squared values andfor due to higher p
value as compared to gquadratic meodel Cuartic and higher models were aliased
indicating the confounding of the model terms by the other implying that the predicted
response would give the wrong 1dea of the actual response. Table 5,10 below shows the
ANOVA analysis of the suggested quadratic model.

Table5.10 ANOVA for QQuadratic Mixture Model

Source Sum of df  DMMean F  p-value
Sguares Square VYalue Prob=F
Model 410154 5 82031 469% <0.0001 significant

Linear Mixture 333078 2 167080 0623 = 0.000]

|
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A8 74.94 i 74.04 4,29 0.0387
AT ip.h4 1 i98.54 1143 0.0049
BT gi2.92 1 gld92 3510 = O0.000]
Fesidual 226585 15 1746

Lackaf Fit 15800 6 26,33 267 (Liid] not significant

Fure BError 0805 A )

Cor Total 432845 18

The Maodel Fwvalue of 46 9% implies the model 1z significant. There s only a 0.01
%o chance that a "Iodel F-Value" this large could occur due to nedse Values of "Prob =
F" less than 0.0500 indicate model terms are significant. In this case all main effects {4,
B and C asindicated by linear mixture in the Table) are significant model tenms showing
that all the chosen factors have significant effect on particle size for given set of
experimental conditions. A dditionally, all the factors are involved in two way interact ons
with each other as shown by p walue <005 for interaction terms AR, AC and BC. Values
greater than 01000 indicate the model terms are not significant The "Lack of Fit F-
value" of 2. 67 and Lack of Fit p walue of 0.1121 infer the Lack of Fit to be not significant
relative to the pure emror i1e the selected model fits effectively to the observed

experimental results and iz effective in predicting responszes all over the design matrix.

T ahle 5.11 Summary of ANOV A results for Quadratic Mixture Model

Std. Dev. 4.18 R-Squared 09476

Mean 20.20 Adj B-Squared 09274
C.V. % 521 Pred R-Squared 02333
PEESS 479 25 Adeq Precision 18.245
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summary of ANOWVA results for selected Quadratic Mixzture model 1z shown in
Table 5.11. The "Pred E-Squared” of 0.882% 15 in reasonable agreement with the "4 d) E-
Sruared" of 09274 1. <02 "Adequate precision” which 15 a measure of the signal to
notse ratio 15 18.245 indicating an adequate signal for the model to be used to nevigate
the design space.
Effect of factors on response (EE)
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Figure 5.8 Piepel’s plot (A=HSPC, B=EggP( and C=Chol)

Piepel’s plot 13 a trace plot showing the effect of individual factors plotting the
peendo limits of one component keeping the ratio of the changeable amounts of the each
components kept constant against the response. The responses are plotted as deviations
from the reference blend 1 e, centroid (pseudo center point of the constrained design). As
it can be seen from the Figure 2.8, EggPC and HZPC 15 the factor with positive impact on

Entrapment efficiency while cheolesterol has negative effects.

-
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HSPC and Chol, C: effect of EPC and Chol
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Two component mix plots shows the combined effects of two components on the
response keeping the value of another component constant at its centroid value As it can
ke seen from the Figure 5.9, as the ratio of HZPC.EPC increases 1.6, mole?n of HZPC
increases and mole®s of EPC decreases, entrapmnent efficiency increases slightly and then
decreases;, however, the difference over the range 15 not significant "With the two
component mix plots of HEPC and Chol and EggPC and Chol, similar trend of increase
in entrapment efficiency was seen as the HZPC: Chol or EggPC Chel ratie was increased.
Cholesteral which due to its interdigitati on capacity reduces the entrapment while HEPC
and EggPC being a bilayer forming lipads provides hydrophobic bilayer which can
accommodate more of PTX. Moreover, the EggPC which alzse hasz the unsaturated
rhospholipids in its components, allows more incorporation of DTX. This 15 apparently
seen in the Figure that the EggPC has the highest effect on the entrapment efficiency of
the PTX.

Entrapment efficiency A HSPC

# Design Paints 45.0

I 97 65 /
4526 y

X1 =A HSPC

X2 = B: EggPC

X3 = C: Chol

55.0 20.0 45.0
B: EggPC C: Chol

Entrapment efficiency

Figure 5.10 Contour plot of effects of differ ent components on EE
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Figure 5.11 Response surface plot of effects of differ ent components on EE

Contour plot (Figure 5.10) and response surface plot (Figure 5.11) show effects of

all three components on the entrapment efficiency. To summarize, with increasing

mole% of EggPC and mole% of HEPC causes increase in the entrapment efficiency while

increase in the Cholesterol lewel in the mixture bnngs about an decrease in the

entrapment efficiency. The effects can be explained with similar justifications mentioned

under the two component mix plots.

Equation for prediction of entrapment efficiency over design matrix

Equation for prediction of entrapment efficiency within the design matrix 12 given below.

Entrapment efficiency =

_8.89033 * HSPC
_1.80947 * EgaP(C
-3.49164 * Chol

+0.19468 # [SPC * EggPC
+0.30303 * HSPC * Chol
+0.18134 # EgaPC * Chol
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iii. Selection of Formulation Paraneters
Constraints applied to select the best formul ation parameters based on the desired

particle size and polvdispersity index (Table 5. 12).

Tahle 5.12 Constraints Applied for Selection of O ptimized Batch

Lower | Upper
Goal
Name Limit | Limit
(to be optimized)

HSPC (mole¥) i range 200 a0.0
EPC (mole¥) i range 200 0.0

Chel (moleb) to maximize 200 400
Particle size (hm) to tinimize 1014 | 2865
Entrapment efficiency (%) to maximize 4526 | 765

Al the affecting factors were to be optitnized within the range choosen for design
tatriz except for the cholestersl lewel Goal for cholesterol mole®s was set to be
maximized as the final liposomal formulation was to be used for the incorporati on of the
PTH-CD complex which requires higher cholesterol levels in the liposomes for their
stabality. Particle size was to be optimized at the munimum value possible 1n the range
observed experimentally (104 4-286 5 nm) and entrapment efficiency  was to be
optitnized at the minimum wvalue possible in the experimentally observed range of
45 26% to 97.650%. Surface plots (Figure 5120 show that the region with the lowest
patticle size doesn’t coincide with the region with the lowest PDI which requiers atrade-
off between the selected parameters for selection of an optimized batch. The optimizati on
was based on the desirability crtenia which makes the best trade-off between the
constrains and selecting a combination which satisfies the cntena the best for
optitnizaton and weighs the prediction based on a destrability index which ranges from 0
{for the least suited combination) to 1 (the best suited combination). The desirabality plot
which depicts the desirability index ower the design 1s shown in Figure 513 showing a

flag where the optimized batch lies,

|
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Figure 5.12 Surface plots showing optimum particle size and %EE at best trade-

off for the constraints
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Figure 5.13 Desirability Plot for Selection of Optimized Batch

Based on the maximum desirability, one formulation (desirability 0.630) was
found to best fit the selection constraints. Predicted responses of this batch were 1433

nm particle size and 89 97% entrapment efficiency (Takle 5.13)

Table 5.13 Optimized Batch Parameters Based on Desirahility
Desirahility

HSPC | EPC | Chol | Particle Size | Entrapment efficiency
A 43 30 1433 89.97 0.650

- |
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iv. Point Prediction and Confirmation:

Table 514 below shaows predicted response for the solution selected above along
with the Stndard deviatoin, 25 % confidence interval and 35% tolerance interval of the
response. Confinmnation of the response was done by carrying out the experiment using
the selected factor values in tnplicate. Table 515 shows and confirms that experimental
and predicted values are in good agreement concluding the suitablity of the selected

model for optimization.

Tahle 5.14 Predicted Responses of the Optimized Batch

95% |[95% CI | 95% |95% TI1
Response Predicted | SEM
CI*low | high TI#low | high
Particle Size (nm) 1433 3.03 136778 | 14587 | 12665 | 160.00
Entrapment
8997 178 8. 12 5383 8016 9579
Efficiency (%)

* Clindicates Confidence Interval
# Tlindicates Tolerance Interval {99% of the population will be wathin this range for all
future batches)

Tahle 5.15 Experimental Confirmation of the Predicted Hesponses

Experiental
Response Predicted sEN Std Dev
Mean
Particle Size (nm) 1433 3.03 149 & 4.6
Entrapment
89.97 1.78 92.6 1.98
Efficiency (%)

*Experiments were petformed in triplicate.

{Oiptimization of process variahles

The process variables like hydration time, temperature and size reduction of the
prepared liposomes were optimized for achieving maximum entrapment and minimum
particle size. From the result obtained, 40 min hydration time was selected and hydration
temperature of 35%C At these selected conditions, extrusion cycles were optimized

wherein the number of passes through 0.4p filter was optimized at 8 cycles. At the end of
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successive passes through filter of decreasing size the size at end of pass through 0.4p
filter was 289 6221 6 nm. MNow, the particle size was determined after extrusion through
0.1y filter (Table 5.16). All the extrusion process was carried out at Tg of liposomes.

Tahle 5.16 Optimization of process variahles

Entrapment Patticle Size
Process Parameters o
efficiency (%) (z-average)

20 min 793643 68 1.26p
Hydration time 40 min 936742 96 1.34p
&0 tnin 92404201 1.1%
505 56264594 145
Hydration temperature a0 Q2684275 1.39
G0 893604 69 1.36p
3 cycles 838443 21 201.8+12.6 nm
Extrusion cycle O eyeles 9298+ 34 154 548 8 nm
& cycles 92674+ 87 122 844 6 nm

5.4.2 Preparation of PEGylated conventional liposomes

PEGylation of the conventional liposomes was cartied out using varying amount
of DEPE mPEG 2000 w1z 1 mol%, 3 mol%, Smel% and 7 mol%. Effect of these varying
concentration of PEGylated lipid after prednsertion in lipid films on physico-chemical
parameters of the formed liposomes was evaluated by measuring the particle size, zeta
potential, % drug content and pH of the prepared formulation. The results are provided in
Table 517 Increase in mol% of mPEG led to a slight increase in the % diug leading in
liposomes This may be due to increase in the area of the liposomal hilayer due to
incorporation of larger lipid molecule in its structure. This can also be assumed from the
increase in size of liposomes observed at increasing PEGylation levels. Further, there was
a decrease in Zeta potential for the liposomes due to the negative charge imparted by the
phosphate group of DEPE mPEG 2000, Based on these results, the incorporation of 5
mol% of PEGylated lipid can be selected. A higher amount of PEGylation 1.e. 7 mol%

was also tested but compared to 5 mol% no improvement in the properties were observed

|
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expect for significant ihcrease in particle size. &lso, a higher lewvel of PEGylation may
alzo interfere with the transfection efficiency of the prepared system and hence, 5 mol%
of PEGylated lipid may be selected Further, apart from these physico-chemical
parameters, other studies that were carried out to optimnize the PEGylation amount

includes electrolyte inducted flocculation and opsonization study.

Table 5.17 Effect of PEGylation { *significarnt increase in the particle size at
PEGylation level of 3 mol% {(p=<0.05) and = 5 mol% (p=0.001) compared to Cis.)

DSPE mPEG-2000 | Particle size Zeta Entrapment pH
conceniniion {m11) potential efficiency
(z- average) (mV) Y

Conventional T2 £S5 462018 9059 £ 263 4.56 £ 0.04
liposomes (CLa)

Plsat 1 mol% 132.5+£4.2 1.10£0.09 9184 +£1.96 462005
PLs at 3mol% 1416 £38* -203+012 Q226 £ 228 4.91+£008
Plsat Smol% 150.3 £ 3 2%* 32+009 9345+ 220 5332+£015
PLs at 7 mol% 198.8 £ 6 2%* 4.1+011 93.01 £261 541+£009

PE Gylated liposomes were also prepared by using H5PC and Egg PC alone along
with the combination of lipids, to determine the effect of combination of phospholipids
oft the entrapment and patticle size of the formed liposomes It was observed that
entrapment of PTZ increased when combination of lipids was used rather than using a
single lipid in preparation of PLs. Thus, use of combination of lipid would improwve the
entrapment of hydrophobic drugs in the bilayver. This may be due to the alteration 1n the
rigidity of bilayer due to combination, which 15 difficult to achieve using a single lipid in
the composition. However, the particle size for the liposomes varied considerably 1n case
individual lipids were employved, with lowest in case of Egg PC (Table 5.18). Zeta
potential of PLs formed from individual lipids was of the order of -1 to -4 which waill

only be due to the FEGylated lipid az other lipids are neutral in character.

-
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Tahle 5.18 Comparison of PEGylated liposomes prepar ed using individual and
combination of lipid

Compasition of PEGylated Entrapment Particle Size
{5 mol%) liposomes efficiency % {-average)
HEPZ and Egg PC 9345+2.20 150332

HSPZ alone 8481 +336 1286+356
Egez PC alone 7867 £314 1019+£22

5.4.3 Preparation of Double loaded PEGylated liposomes

On the basis of preliminary studies of interaction of PTX with various lipids and
encapsulation efficiency of PTX, H5PC and Egg phosphatidylcholine were selected in
combination with cheolestercl to prepare liposomes  Liposomes were optmized to
evaluate the effect of various process parameters thydration time, hydration volume and
temperature) and formulation parameters (total lipid content, drug to lipad ratio, internal
lipid ratie) using D - optimal design. PTX being lipophilic shows high entrapment
efficiency by incorporation in liposomal bilaver. The schematic representation of
preparation method for DLPL: 18 prowvided in Figure 514, Despite high entrapment the
amount of drug, loading efficiency of the liposomal system 1z low as it depends on
drug:lipid ratio and offered space of lipid bilayer. Further, it has been reported that for
drug entrapped in bilaver of liposomes gets leached readily due to permeabdlity changes.
This may lead to membrane destabilization and rapid release of drug in wive. Herein, the
lipid composition was first optimized for plan PTX loaded in bilayer to achieve
maximumn entrapment efficiency. The same compeosition was used for double loading of
liposomes and it was observed that there was insignificant change in the physicochemical
properties of the system due to incorporation of complex dunng the hydration stage. The
highest amount of drug loading was chserved at 1:30 dmug: lipid molar ratio. Below this
ratio, precipitation was observed. To prowide long circulation time, both the liposomal
systems were PEGylated using 5 mol% of DSPE-mPEG 2000 lipid The FLs and DLFLs,
with 5 mol% DEPE-PEG2000, showed very less flocculation in sodium sulfate solution

as compated to 1 mol% and 3 mol% (zee preceding section).

-
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Figure 5.14 Preparation of DLPLs

Generally, preparation of liposomes encapsulatng complexes are camied out
giving preferentially selection to only high melting lipid, therefore, HSPC was used (Tc ~
D670 to impart ngid framework for mantaining stabality of the liposomes in plasma and
in witro. However, cyclodextrin are known to affect bilayer stability dependent on degree
of membrane fluidity and entrapped solute. Therefore, simultanecus incorporation of
cholesterol along with usze of lipid with high Tc was necessary to impatt membrane
robustness and flembility. Eesults of the optimized batch indicated adequate
rhysicochemical stability of the lipesomal suspension dunng stability studies. The
crystal free liposome formulation with the highest amount of PTH incorporated in bilayer
was 058 mg/ml This result 15 in agreement with previous report wherein, PTH loading
of 3-3 5 mole % (PTX to phospholipids) has been found to be stable for weeks to months.
When, PTH and PTXE-DMPCD IC:s were simultaneously leaded into the liposomal
systern. DLPLs could lower druglipid molar ratio from 130 for PLe to 1: 16 which plays
a significant tmpact 1in decreasing the total lipad content as well as increasing the drug

load.

-
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5.4.4 Characterization of PEGylated Conventional and double loaded liposomes

5.4.4.1 Particle size and Zeta Potential analysis

size of the optimized FLs were of the order of 1203 £ 3.2 nm (Figure 5150 with FPDT of
01120005 and zeta potential of -3 24109 mV (Figure 5. 16), whereas the DLFPLs had
size of 1628 £ 4.1 nm (Figure 2.17) with FDI of 01820004 and -5 6+0 14 mV zeta
potential (Figure 5.18). The results of DLE confirmed the nano-size of the formulation
which 15 important for preventing opsonization of the liposomes by phagocytes and may
alzo be implicated for enhanced efficacy of our system by its extravasation to the tumor
sites through enhanced permeation and retention effect. The slight negative charge

imparted to the liposomes may be due to the DEPE-mPEG chain bearing phosphate
groups (68) (62),
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Figure 5.15 Particle size analysis for PLs
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Figure 5.17 Particle size analysis for DLPLs
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5.4.4.2 Cryo-TEM

TEM images of FLs and DLPLs showed particle size arcound 130 nm. Though this
1z 10 dizagreement with that of particle size obtaned by dynamic light scattening, such
difference can be easily realized as DLE reports the hydrodynamic diameter of the
particles whereas in TER analvsis the size obtained 15 of the particle fized 1n grid. Cryo-
TEM images (Figure 519 displayed a monodisperse liposomal sample hawing a

unilamellar character and having spherical shape.

— 100 nm

Figure 5.19 Cryo-TEM image of PLs (left) and DLPL s {right).

-
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5.4.4.3 Entrapment efficiency and drug loading

The entrapment efficiency for PTH alone loaded inte phospholipid bilayer was
determined as 22 6724 8%, At drug to liptd ratio of 1:20, liposome containing 68 pmoles
lipids was able to load 2.10 pmoles of PTX inte bilayer. 4t the same tme, 304£2 7% of
PTE-DRPCD could be entrapped into agqueous core. Thus, DLPLs could load 1.2mg of
PT3 ml in liposomes which1s 2fold the loading efficiency of PTX loaded conventional
liposemes (0.58 mg PTX/ml) or double loaded liposomes containing 68 pmoles of lipid
couldload 4.21 pmeles of PTXE Drug loading of 5.8 mole % (FTX to lipid mole¥) was
achieved for DLFL s which was altm ost double the loading of FLs (3 mole¥a).

5.4.4.4 In vitro drug release study

The in-vitre release study of PTH from Taxol®, PLs and DLPL:s were carried out
by dialysis method using PES (pH 7. 4) as release media to mimic the physiological
condition, for 24 hr at 37 °C. The addition of 0.1% (v/7) tween-80 to the release medium
was done to maintain sink condition. PTX release from Taxol® was rapid as 9217 £5.3
%o of drug was released within 24 hrin FBS pH 7.4 release medium . Both the liposomoal
system exhibited an initial burst release of 20% of itz content at 2 hr that may be due drg
incorporated in the bilayer of liposomes. However, at the end of 24 hr, PTX release from
PL:z and DLFLs was only 39 2645 1 % and 28 3922 6 % in PBS pH 7.4 release medium
at 37 °C. Tt can also be noted that the DLFLs show a slower release compared to PLs,
which may be due to two reasons. First may be the higher diffusional barrier encountered
by complex to pass through the bilayer which may be the rate limiting step and other may
ke release of native PTZ due to slow dissociation and equilibrium between the native and
cotnples form of PTX in IC. Thus, the prepared liposomal system may be regarded to act
as reservoir system for the encapsulated PTH molecules. While for Taxol® rapid and
complete release (92%) of drug was observed at the end of 24 hr that may be due to the
presence of solubilizers in its composition which present no barrier to the diffusion of
drug to the release medium. The release profile of DLFLs and ILs did not exhibit any

significant difference at any time point tested (Figure 5,20}

|
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Figure 5.20 In vitro release of PTX from Taxol®, PLs and DLPLsup to 24 hr at 37
2 in phosphate buffer saline at pH 7.4

5.4.5 Additional characterization for PEGylated double loaded liposomes

5.4.5.1 DSC and FTIR

Figure 5.21; Figure 522 and Figure 5 23 shows thermal analysis of PTX, physical
mixture of drug with lipids and PEGylated liposomes — DLELs (@ 5 mol) respectively
using DSC technique. PTH exhibit sharp endothermic peak at around 216-218°C which
shows its characteristic melting point. That peak was absent in DEC spectrum of
PEGylated liposames confirming the complete encapsulation and amorphization of PTX
in the bilayer along with successful retention in the aguecus core. The analysis was
petformed at high heating rates to detect the presence of even small amount of drug that
may have gone polymorphic changes. The physical mizture exhibits additional peals at

temperature =100°C which may be due to the lipid component in the mizture.
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Figure 5.22 DSC thermogram of physical mixture of drug with lipids
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Figure 5.23 DSC thermogram of DLPLs

Figure 524, Figure 225 and Figure 526 shows the FTIE spectra of PTX,
Physical mixture and DLPL: respectively. Spectra of PTH drug pellets exhibit strong
absorption bands in the range of 1730 e —1600 cm'l, 1380 cn 1180 crn ™ and 900 e
1710 e, These characteristic peaks are retained in the physical mizture of drug with
lipids with a breadening effect and a decrease in intensity of principal peaks at 1730 ot
and 1300 cm™. Whereas, in case of DLPLs, all charactenistic pertaining to PTX are
absent, indicating the complete encapsulation of drug in the bilayver and only a diffused

peaks throughout the spectra at wavenumber higher than 1400 e are observed
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Figure 524 FTIR spectra of Paclitaxel
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Figure 525 FTIR of physical mixture of drug with lipids
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Figure 526 FTIR of PEGylated liposomes (DL PLs)

5.4.5.2 Olympus microscopy:

The optical microscopic image of the DLPLs before and after extrusion through
membrane filter at 20x magnification are presented in the figure 527 which confirm s the
reduction in size and spherical shape of liposomes with multivesicular structure. Figure
alzo present the crystals of PTX in the liposomal suspension that were typically observed
when the formulati on were not optimized.

Figure 527 Optical microscopy image of DLPLs hefore and after extrusion {ahove)
and Drug crystal (helow) at 20X
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5.4.5.3 Sodium Sulphate induced floccul ation

Presence of electrostatic double layer barrier around the particles prevents the
patticle from aggregating, a phenomenon responsible for impatting stability to the
collodal systems. Competitive forces of repulsion and attraction are responsible for
determining the stability of a colleadal systern. Herein, for PEGylated liposomes, there is
existence of a hydrated barner of mPEG chain on the surface of liposomes, whose
stability 1z evaluated by salt induce flocculation. The ionic imbalance induced by
presence of electrolyte in the media will lead to failure of electric double layer and wall
result in aggregation of the liposomes leading to increase in the optical density of the
system. However, presence of PEG wall provide a stenc bamier to the nanoparticle

system to a greater extent even after the electnic double laver gets destroved.

The results of salt induced flocculation for CLs and DLFPL: are presented in the
table and figure below. &As ewident from the results, the CLs that do not have PEG chain
extending from their structure began to destabilize 1.6, showed aggregation or increase in
optical density of the system was obeerved, even by incubating them with 0.2 I MNa S04
Anincrease in turbidity of the system was observed as the concentration increased to 1.0
M However, in case of liposomal system being PEGylated by varying amount of DEFPE
mPEG 2000 lipid, all showed comparative less tendency to aggregate/ flocculate and
higher stability. From among the 4 levels screened, the concentration of PEGylated lipad
at which minimum flocculation was observed was 5 mol%. To assess the impact of
electrolytes on physical stability, particle size of the liposomes was al so measured at each
electrolyte concentration. It was found that the particle size of CLs offered minimutn
resistance to aggregation and a drastic increase was observed after addition of successive
concentration of electrolytes from 0.2 M to 1.0 1 (Table .19 This may be due to the
absence of any steric barner for inducing flocculation of the liposomes 1n presence of
ionic species. Whereas, FEGylation of DLPLs started to confer steric stabilization to the
liposomes to some extent right from incorporation of 1 mol% of PEGylated lipid as
evident from the less drastic increase in size of DLPLs compared to CLs. Howewer, the
size range of DLPL:s increased above 200 nm just at 0.4 I concentration of electrolyte

which denotes to the fact that the level 15 insufficient to maintain liposomal stability. At

-
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PEGylation level of 5 mol% and abowve the DLPLz provided sufficient steric stabilization
as evident from the threshold electrolyte concentration of 0.8 M at which the particle is
less than 200 nm (Table 5.20% The effect of electrolyte on zeta potential walues was
found similar in all cases 1.e all appreached neutral to slight positive values at 0.4
levels and remained more or less constant at all other concentrati ons.

Table 5.19 Impact of electrolyte on optical elarity of liposomes

Sodium Absorbance value
sulphate Cls DLPLs
coORcentifion
1mol% 3 mol% 5 mol% 7ol
Distilled water | 0.051 0.046 0.052 0.058 0.071
02M 0.275 0.142 0132 0029 0102
0.4 M1 0654 0.310 0.256 0.124 0121
0.6 0845 0.521 0441 0.14% 0146
084 1.064 0968 0789 0187 0179
11 1.115 1.058 0 836 0219 0222

Valiias are reparted as meantSh, n=3.

T ahle 5.20 Effect of electrolyte on Particle size of liposomes

Sodium Particle Size (nm)
sulphate CLs*® DLPLs
cancentmion
1mol% 3 mol% 5 mol% T mol%
Distilled water | 1026 134.6 141.1 162.8 164.9
024 3502 2862 256.6 1651 168.1
0.4 M1 594 1 5655 3422 172.6 170.%
0.6 Il 14629 9256 £52.4 186.2 190.6
08 ¥ 10123 7459 184 8 198.6
1M -* -* 899.6 251.9 2599

Valiias are reparted as meantSh, n=3. *% Pariclz size =1 5n
*Mean particle size increased significantdy {(p=0.001) compared to DLPLs
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5.4.5.4 In vitro serum protein adsorption study/opsoniz ation study

Of the man mechanism leading to the failure of therapeutic efficacy of drugs
administered by intravenous route as liposomal formulation 15 their rapid binding to the
variety of proteins present in the human plasma and subsequent recognition and clearance
via phagocytosis. Presence of polyvethylene glycol chain on the surface of liposotnes is
hypothesized to confer a shell of hydration arcund the particles, thus leading to
impatrment of recognition and subszequent opsonization, making them undetectable by
the phagocytosis clearance mechanism. This in effect confers long circulation
charactenstic to the formulation. It 15 thus important that the fonmulated system have this
impottant characteristic of bypassing the clearance mechanism. It has been investigated
that a direct relation exists between the am ount of plasma protein bound to the liposomes
and clearance rate. Thus, clearance of liposomes from the circulation ixz-vive 13 largely
affected by the amount of protein associated with the liposomes. As it 15 not feasible to
determmine the liposomes associated with the plastna proteins in-wive, due to the rapid
distribution across systemic circulation, a reliable method 13 to determine the amount of
protein that gets associated with liposomes by in-vitro assay. These assays provide for
easy estimation of the amount of liposomes assonated with the protemns due to their
recovery and thus can be useful for predicting the clearance behawior of the formulation.
Thus, in present study, CLs and DLFLs were incubated with fetal bovine serum in a
shaker incubater at 37°C for 1 hour. The percent recowvery of the liposomes after
incubation and separati on through sephatrose gel column was determined and are reported

in Table 521
Tahle 5.21 % Liposomes Recovery

Farmulation Total lipid conount Ameount of lipids % Lipasome
in liposomes {mg) recavered af ter recavery
incuhation (3 mi)
(mg)

CLs 42.2 LR e 59.56+4.6
DLPLs — 1 mol%o 46.2 A8 +16 6698+ 44
DLPLs — 3 mol% 48.9 3492+1.1 7141+£546
DLPLs — 5 mol% 516 4212+£2.0 Ble3+46
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DLFL: =77 mol% 54.3 4591+ 16 a4 55+£54

&z observed, the highest recovery was obtained with higher level of PEGylation
of liposomes, which may be due to lesser association of the serum proteins with the
liposomal fraction and enhanced steric stabilization imparted by the PEG chains
extending from the liposomes, preventing association of serum components with the
liposomes.

The recovered liposomes after incubation with serum were also analyzed for
particle size and zeta potential and the results are present in Table 5.22. The highest
increase in the size of the liposomes was observed in case of CLz which 15 obwviously due
to the higher association of serum proteins with liposomal surface 1n absence of any steric
hindrance along with corresponding increase in Zeta potential value to more negative side
which may be due to the charge imparted by the serum proteins itself to the liposomes
after incubation. In case of PEGylated liposomes, az the extent of PEGylation was
increased there was a lesser increase in the size and zeta potential after incubation
indicating lesser interaction between the components of the mixture during incubation.
The system s with 5 mol% and 7 mol% displayed a non-significant increase in size which

displays their favorable characteristic upon in-vive administration

Tahle 5.22 Particle size and Zeta potential of liposomes hefore and after incubation

with FBS
Formulation Befare incubation with serum | After incubation aid separation
: Feta patential : Zeta Potential
Size (rm) onV) Size {nm) (onV)
s WWse6+14 lzx02 144 8 +£4 .2 =301 £ 12
DLPLs -1 1346+1%9 2203 146.2+£5.1 256+15
maol%a
DLPLs -3 141.1+22 2801 151.5+6.2 -17.2+09
ol
DLPLs -5 1628+£26 5403 168.3+£3.0 107 +£038
trnol%h
DLPLs =7 1649 £2.1 6.1+03 1734 +£3.5 S95+0%9
mol%o

|
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To further quantitate the amount of serum protein associated with the liposomes
after incubation, BCA protein estimation method was used and the results are repotted in
table 5 23 After delipidating the extracted liposomes associated protein and assaying the
atn ount of proteins by assay method as indicated, the highestlevel of protein binding was
displayed by CLs and least by 2 mol% and 7 maol% of PEGylation. Therefore, concluding
the above findings it can be stated that the DLPLs with 5 mol% of PEGylaton waill
impart ix-vive higher circulation time and reduced protein binding in serum that are
essential for their efficacy.

Table 5.23 Amount of serum proteins associated with liposomes

Formulations Amournt af serum | Lipids recovered in Protzin binding
profzins fug) lipasames {(yMf) index Pr: ngudf
CLs 382.62425.91 0. 84340 045 453 46425
DLPLs — 1 mol%s 236 85421 68 070240032 336.55439
DLPLs — 3 mol% 219 6321267 07374 068 297 36423
DLPLs — 5 mol%s 203.15+14.82 0 86040045 23678121
DLPL: —7 mol%s 210.78+15.63 099040031 21254426

5.4.5.5 Liposom e memhrane integrity test

For liposome membrane integnty test, incorporation of CF in high amount in
liposomes was carried out at its quenching concentration. Thus, the flucrescence
measured at any time point will be due to the leakage of CF from the lipi1d vesicles and its
dilution in the release media The latency of the liposotnes reported 10 percentage after
incubation with the serum was measured after separation of liposomes using Sephadex G-
20 column chromatography. From the values of the Table 5 24, it can be inferred that the
impact of presence of drug in form of complex or the presence of cyclodextnn 1s a
prominent factor in determining the membrane stabilizati on effect as evidenced from the
low inital % CF latency for DLPL compared of PLs.  Howewer, the addition of
cholesterel in the lipid composition showed higher membrane integrity for the
encapsulated load and the initial CF latency increased to 81%. Further, as evidence from

release of CF, it can be inferred that incorporation of cholesterel for imparting membrane
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fluidity had only marginal effect on the release of CF and thus wall not affect release

(Table 5.25).
Table 5.24 Initial % CF latency of liposomes with PTX after incubation with serum
at 37°C.
Compasition Initial % CF latency in fetal
hovine serum*
HSPC Chol 92422
PlLs canigining drug in bilayer a0+2
DLPLs containing drmg without 68 £1.5
chalzstzral in linid compasifian
DELPLs containing drg B1+1.8

* Values are reported for experiment in triplicate (meantSD)

Tahle 5.25 % retention of encapsulated CF after incubation with serum proteins at

37PC
Liposomal CF retention (%) (mean+8.D) *
Composition Incubation time (hr)
1 2 3 & 24
DLPLswithout cholesterol %3£16 Bsxl4 844£21 B1x1.9 78£l6
DLFPLs 96+09 92406 B9+1.1 B5HIE E1+09

* Values are reported for experiment in triplicate fmeantsD)

& prominent advantage of use of modified CD such as DMPCD 1s the more
lipophilic character of its core leading to better encapsulation of lipophilic moelecules, and
further having higher aquecus solubility avaling benefits of using higher solution
concentration for attaining higher encapsulation efficiency of the encapsulate. But, this
advantage of bearing core having high lipophilicity also presents a formidable challenge
of mantenance of membrane integrity during preparation of the liposomes. Free CD
molecules extract lipids from the membrane dunng preparation causing 1ts destabilization
and reorganization. This reorganization of the components of liposomal membrane leads

to leaching of free drug to the exterior compartment resulting in its initial rapid releasze in

- |
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the plasma or serum of the release media. Our result suggests that cholesteral has some
positive impact in stabilization of the bilayer duning preparation as evident from the high
CF latency observed as compared to the DLPLs without chelesterol in lipid composition.
This may be due to the fact that the amount of drug CD complex contains low amount of

free CD avatlable for leaching of membrane lipids.

5.4.7 Lyophilization of PLs and DLFLs

Both the liposomal formulations of PTZ 1e. FLs and DLFPLs were lyophilized to
provide stability to the liposomes as storage in liquid state may present the chance of
aggregation of liposomes leading to increase in particle size andfor may lead to leaching
of drug from the liposomes thus impacting the drug content Thus, in solid state the
particle interaction arising due to molecular motion gets nullified and further the dry state
of the formulation with minimal moisture content will remain stable duning long period
of storage.

Freeze drying of the system in solid state will decrease the physical stress on the
system that are levied on the product during handling and transport leading to agitation
and freeze thawing of the product thus affecting the stabality of liposomes in ligquid state
(69, Further, lyvophilized formulations are reported to have improved stability even on
storage at room temperature and at accelerated storage condition (70, 710 But, an
impotrtant factor to consider 15 that if the lyophilization cycle 15 not designed propetly the
surface of the iposomes may get damaged or there may be aggregation of the liposomes
or difficulty in redispersion of the lyophilized cake may be cobserved Surface damage
may be due to crystallization of ice on the surface due to increasze in local concentration
of the liposomes leading to aggregation (F1-74) (720

Another important aspect 15 the selection of cryoprotectant. Tn our case, based on
prior experience suctrose was selected (F6, 77 . It has been postulated that at specific
concentration of sucrose, the particle motion 15 significantly suppressed duning unfrozen

state of lyophilization thus rendering the patticle to be freeze drmng without aggregating

(71,74

|
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To ewvaluate the effectiveness of sucrese bulking agent and as cryoprotectant,
sucrose was used at four different concentrations (1.6 5 %wiv, 10% wiv, 20% wiv and
20% wiv) Important consideration was given to select such a concentration wherein the
resulting lyophilized cake has high bulk volume and prevent the integrity of the
liposomes in the cake with mimimal effect on particle size or 1n other words prevent
fusion of the liposomes andfor mantain the morphology of the liposommes that may get
invariably affected due to crystallization of ice on the surface. Both the liposomal system
were freeze dried at same condition as the only difference between the two system was of
the encapsulated matenial in the core and it was previously demonstrated that the two
system does not differ much in physicochemical properties.

Eesults of the optimization of cryoprotectant are summarized 1n Table 5,26, As
can be deduced from the result of particle size and PDI, a concentration of 20% sucrose
was found optimum to minimally impact these parameters and obtaining a porous cake
with ease of reconstitution. At lower concentration of 5% and 10%, the calkes obtained
had collapsed thus indicating that these amounts are insufficient as cryoprotectant during
lyophilization. Further, at 20% concentration, the reconstitution time, which gives 1dea
about the time taken by formulation to return to its original dispersed state, for both the
formulation was appromimately 2 minutes (Table 5.27). At higher concentration of
sucrose 1.e at 30%, also the charactenstic of the liposomes was found consistent in terms
of particle size and drug content. The moisture content in the lyophilized cake for both
the formulation, an indicator of the effectiveness of the lyophilization condition chesen,
was found to be = 2% wiw and indicates a higher stability on storage due to low moisture
content.

Lyophilization process consist of tnportant steps of freezing the formulation at
low temperature followed by removal of water by sublimation at reduced pressure. As
freezing step tnay cause increase in particle size due to fusion and which in effect may
affect the polydispersity of the liposomes along with challenge in the membrane integrity
of the liposomes, we have evaluated changes in particle size, PDI and drug content for
the lyophilized formulation. Eesult indicate only marginal increase in average particle
size for both the liposomal system, a slight nghtward shift in the PDT indicating minimal

fusion and retention of the drug content indicating integrity of the system. Thus, both the

|
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FPL: and DLFL:s exhibited sufficient initial stability at the optimized lewvel of

cryoprotectant and lyophilization cycle designed (hased on prior experience).

Tahle 5.26 Effect of lyophilization on particle size and zeta potential of PLs and

DLPLs
Sucrose Particle PDI* Drug Zeta
; concentration Nize* (Polydispersivity content Potential
Lipoplexes (Yow!v) (nm) index) (%) (mV)
13;@31?;?;&011 150604452 011520000 03B oo 06
- 5% 459362206 042540098  9224%11 145422
: 10% 0565185  0359#0.072  9445£15 21.3+35
20% 15624102 016040018 9554+10 29444 3
30% 155 648 4 014240 023 9587409 319519
lyopﬁlfiozraetion 1656588 018520013 008 soi0g
— 5% 376 6£39.1 041240 063 8954424 13 5441
é 10% 02554265 02994046 9361409 262436
20% 1718+119 020620010 96 14+1 8 36944 3
30% 16944146 020140015 963012 359445

*Hxperiments were performed in riplicats.

Tahble 5.27 Reconstitution time and water content of lyophilized liposomes

Liposomes Reconstitution time  Water Content (%ow/w)

Fl: 2 min 2084021
DIFL: 2 min 2454035

*Experiments were petformed in triplicate.

5.4.8 Stability studies

In order to produce a commercially wiable drug product the liposomes must
exhibit physical stakility (78). For a pharmaceutically acceptable liposomal product the
preferred stability penod for the formulation may range up to 1 to 2 years when stored at
etther rootn temperature or at refrigerated condition. In order to meet this requirement of
extended period of storage, lyophilization becomes a prime resort for stabilizing the

liposomal product Heowever, simply lyvophilizing the formulation cannot ensure its

-
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stability for the shelf life as its physicochemical properties may change and hence
monitoring the real-time stabality 15 important. To evaluate the stability of formulations,

particle size, zeta potential and %0 drug content was determined.

The chemical stability data indicated a 12% and 10% drop in assay at 25°+ 2 °C
and 2-8 "C respectively upon liquid state storage of formulation. However, there was
inzignificant change (p=0.03) in azsay upon lyophilized state storage at both 25% 2 °C
and 2-8 °C conditions. The data of physical stabality showed acceptable results for
description at both conditions. In addition, patticle size showed an increasing trend in
25°% 2°C and 2-B°C conditions for liquid state While, there was insignificant change
(p=0.027 in size of lyophilized form of formulation and zeta potential as well, Water
content of the lyophilized cakes was not affected during the storage period (p< 0.03)
Stabdlity studies at accelerated and refrigerated conditions demonstrate that the product
was stable at both conditions for a period of 3 months and suggest that the product will be
stable for longer penods at refrigerated conditions (Figure 528, Table 528 and Table
529 Moreowver, the liquid state form was stable till two-month time point at 2-8°C, thus
indicating that the even after reconstitution, the formulation could maintain desired
charactenistic for administration. Thus, lyvophilized form can be proposed as drug product

presentation for shelf-storage of the devel oped formulation.

Tahle 5.28 Stahility Testing Data of DLPL s (Suspension form)

‘ Drug Partick Size Mean Zeta
S::ir:.ge T““:h Description | Retained Polydispersity | potential
condition | (Month) (%) (1) soden (mV)
Tnitial Translucent | o5 011019 16034 0015 31408
Lpad
7800 ! Translucent | oo 2015 35 171243 5 00359 35414
liguid
7800 2 Translucent | o5 o h 47 191 G243 0082 23409
Lcpad
2.8°0 7 Tfﬂﬁlﬂ‘.’“m 20 2340 61 Z30 547 2 0152 2541 6
i
e 1 Teghslucent | st ad 129 545 6 0198 _d.621.1
FH Lepad
aELEE 3 Teahslucent | g 44 240 446 & 0246 +.540 6
FH Lcpad
Lkl Translucent | o) o0 4q 4y 350.840.6 0310 0.841.1
EH Lcpad

*Experiments were performed in triplicate
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T ahle 5.29 Stability Testing Data of DLPLs (Lyophilized form after reconstitution)

. Water E i i Zeta
cnStn':ir;ien m}:::m Description | Assay (%) | content sitr?rﬁ:) Pnl}r;:iimw potential
- (%9) (mV)
it (Hators M A 00ZE2005 | Na | 1602230 0.189 6229
Iyophilizatiom
= Wkite
Imdlister tyophilized | 99842000 | 13620 49 | 165641 5 0185 19 642 1
Iyrophiliz ati o) S
Wkite
2.8°C 1 Iyophilized | 99764025 | 1.3940 51 | 166.6429 0.189 201432
cake
Tkite
2.8°C 2 Iyophilized | 99042034 | 1.4540.43 | 162.2443 0.198 16541 6
cake
kit
2.8°C 3 Iyophilized | 92632032 | 1594029 | 171.0£42 0.192 17.242.0
cake
? Wkite
23 %ﬁn% 1 Iyophilized | 98 562036 | 1.3240.43 | 168.3421 0.186 18442 2
cake
. Wit
25 gﬁﬁ”% 2 Iyophilized | 98.0520.4 | 1304031 | 176.446.8 0201 19242 8
cake
: Vkite
23 gl’{ﬁ”% 3 tyophilized | 967220 3% | 12820 30 | 18584046 0195 19 641 6
cake

*Experitments were performed in triplicate
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Figure 5.28 Stability study results for PLs and DLPLs
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