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Abstracts

The work presented in this thesis enlightens the significance of biodegradable polymeric
materials for their intended use as drug delivery carriers. Main emphasis has been given to
the synthesis of polymeric nanoparticles (NPs) in the form of core@shell and hollow
nanostructures by varying the nature of core, shell composition, their characterization and
application in drug delivery. This whole thesis is divided into five chapters which are
described below:

Chapter 1: Introduction and Literature: The first chapter provides brief introduction about

the biodegradable polymeric nanoparticles, modified shapes, sizes and further their
application in in-vitro release of antihypertensive and anticancer drugs from the polymer
matrix. Literature review, research gap, objectives, experimental section and characterization
techniques are also incorporated in this chapter.

Chapter 2: This chapter comprises of two sections.

Section A: Ramipril embedded nanospheres of biodegradable poly-D, L-lactide-co-

alycolide: To study their release Kinetics: This section demonstrates the development of

biodegradable polymers for controlled drug delivery has gained immense importance as these
can be broken down into biologically acceptable monomeric units that can be eliminated by
natural metabolic pathways from the body. In order to improve the therapeutic efficacy of
ramipril, an antihypertensive drug, a study has been carried out to ascertain the duration of its
action. Ramipril loaded biodegradable nanoparticles of poly-D,L-lactide-co-glycolide
(PLGA) were prepared by nanoprecipitation using tribloere stabilizer kolliphor P-188 (K P-
188). Four different formulations F; to F4 were prepared by altering the weight of K P-188:
PLGA as 1:1.25, 1:2.50, 1:0.62 and 1:0.80. These were characterised by zeta potential, SEM
and TEM studies. The F3 formulation showed highest drug content and entrapment efficiency
of 94% and 84%, respectively. In-vitro release study of these formulations at pH 7.3 in
phosphate buffer indicated F, formulation to be efficient with an initial burst release followed
by 74% sustained release of ramipril over 24 hours. The Korsemeyer—Peppas model for
determining the kinetic drug release showed that ramipril release from PLGA matrix
followed zero order rate kinetics and an anomalous (non-fickian) diffusion mechanism.

Section B: Core-Shell PLGA/PLA- pNIPAM nanocomposites loaded with Ramipril:
This study demonstrates the core-shell morphology of poly- lactic /poly-lactic-co-glycolic

acid- poly N-isopropylacrylamide nanocomposite the study of release kinetics of ramipril.

Xix



Poly- lactic acid and Poly-lactic-co-glycolic acid are two commonly used biopolymers in
drug delivery. However, these polymers lack desirable attributes like resistance to
aggregation in long term storage due to lyophilisation. To improve the efficacy of these
polymers, these are encapsulated within a shell of poly (N-isopropylacrylamide) in order to
endure lyophilisation. Single emulsion technique followed by aqueous free radical
precipitation polymerization process is used to prepare core-shell, (Poly- lactic /Poly-lactic-
co-glycolic acid- poly N-isopropylacrylamide) nanocomposite. The prepared nanocomposites
were characterized by zeta potential, DLS and TEM studies and were further used as a
delivery system for Ramipril, an antihypertensive drug. Drug loaded poly-lactic-co-glycolic
acid core - poly (N-isopropylacrylamide) shell nanoparticle showed higher drug content
(91%) and entrapment efficiency of 78%. In-vitro release study of the formulations at pH 5.3
in phosphate buffer indicated poly-lactic-co-glycolic acid to be more efficient than poly-
lactic acid with a sustained release of 86% of ramipril from the polymer matrix within 24
hours. Further, to determine the Kkinetics of release, the data was fitted into Korsemeyer-
Peppas and Higuchi model of drug release and it was observed that ramipril release from
polymer matrix followed zero order rate kinetics and an anomalous (non-fickian) diffusion

mechanism.

Chapter 3: Entrapment and Release Efficiency of Hollow Chitosan Nanospheres

Incorporated Ramipril: Hollow biodegradable polymer nanoparticles as drug carrier

possess effective low density and higher surface area. Chitosan hollow nanospheres were
prepared using poly-D,L-lactide-co-glycolide as template by single emulsion method. The
DLS studies showed increase in size from 125 nm to 186 nm for the formation of core@shell
structure. The BET surface area increased from 62m?g™ for chitosan@poly-D,L-lactide-co-
glycolide to 111m?g™ for hollow chitosan nanospheres. TEM analyses indicated core@shell,
chitosan@poly-D,L-lactide-co-glycolide and the hollow morphology of the chitosan
nanospheres. Ramipril in acetone (1.5mg/mL, 3mg/mL and 5mg/mL) was physically
adsorbed onto hollow chitosan nanospheres and the amount of adsorbed ramipril was
determined by HPLC. Higher entrapment efficiency (91%) with 96% of the drug content was
observed for the sample with 5 mg/mL of the drug. The in-vitro release of ramipril of 86%
and 73% was achieved in acetate (pH-3.3) and phosphate (pH-6.3) buffers respectively while
only 48% of ramipril in Tris buffer (pH- 8.0) medium. Korsemeyer-Peppas model of drug

release indicated the release of ramipril being swelling controlled.
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Chapter 4: Cytotoxic Evaluation of Fe;0, Modified PLGA-PEG for Improved Delivery

of Methotrexate to Target Site in_Cancer Therapy: Magnetic nanoparticles are recently

gaining importance in drug delivery applications due to their capability to target molecules.
Surface modification using magnetic nanoparticles enhances the ability of amphiphilic block
polymers by increasing their surface properties. In this study, Fe3O4 modified PLGA-PEG
nanocomposite is prepared by double emulsion method. Spinel cubic structure for Fe3O4
nanoparticles is obtained from XRD analysis. A shift in the 26 values for the composite is
attributed to interaction between Fe;O4 and PLGA-PEG. Also, a shift in the Fe-O band in the
FTIR spectrum of Fe;04-PLGA-PEG confirms the formation of nanocomposite. Reduction in
agglomeration due to electrostatic repulsion between the polymer chains and magnetic
particles confirming the formation of the nanocomposite was analyzed by TEM. The
effectiveness of prepared magnetically modified nanoparticles was determined by
encapsulating methotrexate (anticancer drug) into the nanocomposite. High entrapment
efficiency of 95% was observed with polymer: drug 1:1 ratio. The in-vitro release profile
showed that the pH of release medium played a significant role. At physiological pH of 7.3
there was only 15% methotrexate release while nearly 86% of methotrexate was observed at
acidic pH of 4.0 over 72h. Release data fitted well into korsemeyer-peppas model of drug
release (R?=0.9868) indicating swelling controlled release of methotrexate. Further, the
cytotoxic cell viability assay on SK-BR-3 (breast adinocarcinoma) cells showed that loaded
methotrexate showed higher cell viability (17%) as compared to free methotrexate (29%)
after 96h of incubation. The fluorescent cell imaging revealed that methotrexate released
slowly from the nanoparticles and diffused into the nucleus without losing its cytotoxic effect

on the cancer cells.
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CHAPTER 1

1. Introduction and Literature

1.1 Background
1.1.1 Polymer Nanoparticles (PNPs)

The field of PNPs is rapidly escalating and playing an important role in a broad range of
areas such as pharmaceutics, biotechnology etc [1-3]. Polymers are incredibly suitable
materials for fabrication of diverse nanoparticle structures having many applications [4]. Both

natural and synthetic polymers play a pivotal role in various life processes [5].

PNPs are the colloidal particles generally in the range 10-1000 nm [6-8]. These
particles can be modified in response to temperature, pH etc. and can undergo reversible
physical and chemical changes. This versatile nature of PNPs is responsible for their

increased use as carriers for drug delivery systems [5].
1.1.2 Biodegradable Polymers

These are specific types of polymers which break down after their intended use to the natural
by-products. Biodegradable PNPs are often applied for improving the impact of various types
of hydrophobic/hydrophilic medicines and some bioactive agents as they break down after
their intended use to the natural by-products [9]. Sodium alginate, chitosan, gelatin and
albumin are used for preparation of biodegradable PNPs made of naturally occurring
common polymers. Several co-polymers like Poly-lactides (PLA), Poly-glycolides (PGA)
Poly-lactide-co-glycolides (PLGA), Poly-e-Caprolactone (PCL), Poly(vinyl alcohol) (PVA),
Poly(N-vinyl pyrrolidone) (PVP), Poly-cyanoacrylate (PCA) etc. are also used.

(a) Poly-d,lI-lactide-co-glycolide (PLGA)

Due to the ability of PLGA to undergo breakdown in the body to naturally occurring
metabolites viz., lactic acid and glycolic acid, it’s considered as the most effective

biodegradable PNP to develop nanomedicine systems [10].
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Scheme 1.1. Breakdown of PLGA
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PLA degrades to its natural monomeric unit i.e., lactic
acid that is further utilized in the metabolic pathway ™~ ,/
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(c) Chitosan
Scheme 1.2. Structure of

Chitosan is a natural polymer obtained by | PLA

deacytylation of its biopolymer chitin. It’s a mucoadhesive polycationic polymer at acidic pH

which is not harmful and is biocompatible [12].
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Scheme 1.3. Structure of Chitosan

1.1.2.1 Improved Drug Delivery

Controlled drug release and successive biodegradation are vital for developing successful

formulations.



So to improve the degradation and loss of the drug and to improve its bioavailability, a

variety of drug delivery
systems are underway and the Immediate Vs Controlled Release

soluble biodegradable polymer

formulations are one of the

Immediate

ways to improve the efficacy
release

of the drugs.

1.1.3 Why biodegradable

polymer nanoparticles?

Drug plasma level

. = Control

The drug loaded biodegradable
: . d release
PNPs improve the specificity,

tolerability, efficiency and Time

therapeutic  value of the )
o ) Scheme 1.4. Scheme showing advantage of controlled
medicines [13-18] along With | yojeace gver immediate release of drug
improvement in its premature
loss and interaction of the drug with biological surroundings [19].
Also, nanodrug formulations are superior to traditional medicines w.r.t. its control

release, target delivery and therapeutic efficiency. The target capability of these nanodrug
formulations are affected by various parameters like surface modification, size of particle,
charge on the surface and their hydrophobic nature. Among these, size of particles and
distribution of size of NPs are the key factors in determining the interaction of the NPs with
cell membrane and diffusion across the blood brain barriers [20, 21]. Surface charge is also
an important parameter to determine if the NPs would agglomerate in blood stream or would
stay as such, or interrelate with oppositely charged cells [22, 23].

Since last decade, studies have been carried out for the development of effective
nanomedicines using biocompatible and biodegradable polymers [6]. Anitha et al. [24] have
evaluated the ability of ortho-carboxymethyl chitosan to be used as transporter for water
insoluble drugs in cancer drug delivery application. They used solvent evaporation technique
followed by ionic gelation for the development of a NF based on ortho-carboxymethyl
chitosan, to this curcumin the hydrophobic anticancer drug, was loaded. Quinones et al. [25]
studied the sustained release profile of diosgenin monosuccinate attached to Cs. The study

showed that upon introduction of appropriate changes in the steroidal moiety and linking it to



Cs, it would be an efficient pH reliant delivery system for sustained release of steroidal onco
drugs.

The effect of surfactant/stabilizer on the particle size of Cs NPs was assessed w.r.t.
encapsulation efficiency, swelling, and release profile of isonaizid in altered mediums.
Swelling studies provided an important information about diffusion of drug, indicating Cs
NPs were extremely susceptible to the change in pH of the environment [26]. Further, the
release mechanism of the drug from polymer particles was tailored by varying the molecular
weight of the polymer used [27-29]. In order to attain the desired properties of interest mode
of preparation also played an important role [8]. The general method of synthesis and
encapsulation of biodegradable nanomedicines is given in scheme 1.5. According to
structural assembly, biodegradable PNPs can be nanospheres or nanocapsules. The drug
molecules are either adsorbed on the surface or entrapped inside the polymer matrix [30, 31].

Nanocapsule Surface Adsorbed Drug

Polymer +
Drug

Entrapped Drug

Nanosphere

Surface Adsorbed Drug

Scheme 1.5. Types of biodegradable nanoparticles

These biodegradable polymeric drug carriers (table 1.1) transfer the drug at the desired site
through physio-chemical mechanism, i.e., either by diffusion, dissolution or degradation from

the polymer matrix.



Table 1.1: Various polymeric nanoparticles and their release mechanism.

Polymer Structure of Surface Release References
Polymer modification mechanism

PLGA 0 Poly(ethylene Dissolution [32, 33]
o glycol) and
e} diffusion
CHj o}
X y

PLA 0 Poly(ethylene Diffusion [34, 35]
glycol) and
o degradation
n

Chitosan Poly(ethylene Dissolution [36]
glycol) and
PCL 0 Pluronics, Diffusion [9, 37]
| Methylpoly
O—(CHy)s—C (ethylene
n glycol)

Surface modification or functionalization of the PNPs is another factor to achieve the
desired characteristics. For increasing the stability, retention time permeability, etc. the PNPs
were coated/modified with different hydrophilic materials like poloxamer, PEG, dextran, etc
[30]. Parveen et al. [38] reported the development of a surface coating by hydrophilic
polymer PEG which was used to limit the phagocytic properties and to boost the endurance
of the NPs. Hydrophilic PEG-82 was incorporated as a supplementary polymer coating to
form PLGA-CS-PEG NPs and to further evaluate the effect of PEG modification for
reducing the macrophage uptake for in vitro and in vivo experiments. Banik et al. reported the
effect of particle size on the properties of chitosan-montmorillonite nanoparticles loaded with

isonaizid.

The effect of surfactant coating on particle size of Cs NPs has been assessed with
regard to swelling, encapsulation efficiency and release of isonaizid in different mediums.
Swelling experiments provided an important information on drug diffusion properties

signifying that the Cs NPs were highly sensitive to the pH of environment [26]. Z. Deng et al.



[39] investigated the use of silica coated hollow chitosan nanospheres for the release of
model protein BSA from its matrix. They reported about 83% of BSA release Cs-SiO; hollow
NPs from PBS at pH 4.0 compared to when released (17.4%) at pH 7.4. This variation in
release behaviour of BSA is attributed to swelling behaviour of Cs-SiO, hollow NPs in acidic

medium.

Although these nanocarreirs tend to protect the drug from degradation or enzymatic
attack yet they tend to lack resistance to long term storage in many cases. This property can
be modified using another thermo responsive polymer pNIPAM, which can endure the
changes occurring due to change in the temperature. Thus, pNIPAM have a great potential in
the field of biomedical applications [40]. Hence, the shape of PNPs also plays an important
role in loading maximum drug onto the PNPs. For instance, hollow nanospheres have vast
potential as drug carriers because of their high surface to volume ratios and low effective
densities [41]. Melguizo et al. [42] explained the use of hollow poly(4-vinylpyridine) NPs for
the loading of PTX to enhance the therapeutic efficacy of the drug for breast and lung cancer.
They reported the uniform release of PTX after a fast release on first day in acidic medium.
Also, Chao et al. reported the use of hollow Cs NPs for the loading of poorly water
soluble/hydrophobic drugs [43]. The superior bioavailability and sustained release of PTX
from Cs matrix was observed. Cs was found to be biodegradable and non-toxic upon

degradation in in-vitro cytotoxicity experiments.

In the past several years, iron oxide (Fe3O4) NPs has gained attention to a greater
extent. These NPs have the potential to be used as diagnostic agents. In association with other
biodegradable PNPs, the Fe3O4 NPs can be used in targeted delivery [44]. EI-Boubbou et al.
[45] reported the preparation of chemotherapeutic agent formed of stabilized metal oxide
NPs, which was found to be more efficient than free doxorubicin for the treatment of acute

myeloid leukaemia (AML).
1.2 Research gaps

Literature survey revealed that drug loaded nanoparticles are mainly prepared from PLGA
and chitosan polymers with drugs like lamivudine, isonaizid etc. by solvent evaporation
method followed by ionic gelation. These PNPs are mainly having spherical shape the range
of 100-400 nm. The drug binds to the polymer due to its affinity towards cationic charge over

the polymer surface. About 60% of the drug is entrapped by means of adsorption. When the



drug loaded PNP is dispersed in biological pH medium like phosphate buffered solution, then
about 50% of the drug was released from the polymer matrix due to diffusion of the drug

through the surface of polymer or by direct degradation of the polymer matrix.

The interaction of polymer with the drug is an important parameter for drug loading.
It mainly depends upon the nature of drug like the presence of functional group, its
hydrophillicity or hydrophobicity, physical properties of the polymer like the shape, size and

the charge over the surface of polymer due to presence of various kinds of functional groups.

In biological
= Q0
YH medium -
——— 000 +
6]

Drug 1s released

Polymer
(PLGA or
Chitosan)

from polymer surtace

Metabolic H.0+CO,
Pathways i i

Schemel.6. Entrapment of drug over surface of polymer

Shape and size of the prepared NP also influence the entrapment efficiency and release
kinetics of the drug. As reported in the literature, the size range of the prepared nanoparticles
IS not a quantum size because larger the size, small amount of drug will be adsorbed on the
surface of polymer and lesser will be the entrapment efficiency, in view of availability of
only external surface for drug adsorption (Schemel.6). Different anisotropic shapes like

hollow nanospheres also affect the EE and release kinetic profile of the drug.

Smaller size of particles has an advantage over the larger ones because of higher
surface area to volume ratio, which in turn influences the surface porosity and thickness,
thereby helping greater adsorption of the drug over the polymer matrix. Size of prepared
polymer nanoparticles also depends on the polymer to drug ratio. With higher ratio, particle
aggregation can take place resulting in larger solid mass with lesser affinity towards the drug.
The surface to the charge ratio is also an important factor for the entrapment of drug. Similar
charge on the surface of polymer and the drug will repel each other and lesser drug would be
entrapped. Addition of different surfactants like PEG, PVA, Pluronics etc., can stabilize this
charge difference by providing the appropriate charge resulting in improvement in the
entrapment efficiency. The affect in entrapment efficiency and release kinetics of the drug
from nanoparticles with different anisotropic shapes as a function of surface thickness and

porosity of the prepared PNPs is shown in Scheme 1.7.
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For instance, the synthesis of hollow porous nanospheres with entrapped drug can have
several advantages in slow release of the drug rather than being adsorbed over the surface of
nanospheres. Less work has been reported regarding the synthesis of hollow nanospheres
which could be advantageous for entrapping more of the drug and its slow release profile.

Drug / .'
: — (e Y+

Polymer
(PLGA or
Chitosan)

Drug loaded
nanoparticle

Polymer matrix erodes
or degrades in
biological pH medium

Drug 1s
released from
matrix
Metabolic

H.,0 + CO,

Pathways
Schemel.7. Release of drug from polymer matrix

Entrapment efficiency can be further improved with modification of the surface structure of
nanoparticles by making them porous. The porous matrix of the hollow nanosphere will hold
more of the drug within its pores, which will aid in its slow release. Moreover, the release of
drug could be faster or slower depending upon the surface thickness of these PNPs with

encapsulated drug. An optimum thickness could result in better release of the drug.

1.3 Objectives
Keeping in view the above points, the following objectives are designed:

(i) Synthesis and characterization of biodegradable polymer (PLGA, PLA and Chitosan)
for effective delivery of antihypertensive and anticancer drugs.

(i) Study of entrapment efficiency and drug content as a function of thickness and porosity
of PLGA, PLA and Chitosan particles.

(iii) In-vitro release kinetics to access the availability of drug from polymer particles.

1.4 Methodology

1.4.1 Materials

Poly-D,L-lactide-co-glycolide (50:50) (C3H4O2)x(C2H20,)y, Poly-lactic acid (C3HsO2)n),
Chitosan (CsgH103N9Os3g) , Kolliphor P-188, N-isopropyl acryl amide (pNIPAM), Sodium
dodecyl CH3(CH3)110S03Na, (N,N’-MBA),
Ammonium persulfate ((NH;)2S,0g), PEG 6000, Tween 80, Ferric chloride hexahydrate
(FeCl3.6H,0), Ferrous chloride tetrahydrate (FeCl,.4H,0), (C23H32N205),

sulfate N,N’-methylene bisacrylamide

Ramipril
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Methotrexate  (CyoH22NgOs), Acetone (CH3COCHS3), Glacial acetic acid (CH3COOH),

Ammonium hydroxide (NH;OH) and De-ionized water (H,0).

1.4.2 Synthesis of polymer particles

The biodegradable PNPs were prepared by single emulsion technique based on solvent
evaporation [46, 47] and nanoprecipitation method [48, 49] shown in scheme 1.8. The
SO, etc.) and stabilized

performed polymers were dissolved in suitable solvent (acetone, DM

with different surfactants (Pluronic F-68, Tween 80) etc. The organic phase was added to

continuously stirred aqueous phase containing stabilizer (PVP, PVA
solution, synthesised NPs were collected by centrifugation and

characterisation. By varying the polymer to surfactant ratio and temperature conditions,

, etc). After stirring the
lyophilized for further

different sizes and shapes (hollow nanospheres) of NPs were synthesized.

Solvent
Evaporation Polymer + Organic Aqueous phase | ____
— | Solvent(immiscible| =" | Containing o
with water) stabilizer Sonication
\ 4
PLGA PLGA
Polymer Drop wise Nanoparticles
addition ) ,
Polymer + Acetone Aqueous phase Organic
[, | (Misciblewith | Containing solvent
Nanoprecipitation L4 ) stabilizer — evpn.
Schemel.8. Flow chart for polymer particle synthesis




1.4.3 Preparation of PLA / PLGA core

The polymer core was prepared using single emulsion technique as reported elsewhere [50]
shown in scheme 1.9. 0.25 g of PLA / PLGA was dissolved in 10 mL of DCM followed by
addition of 20 mL of 1% KP-188 and homogenized with sonicator for 2 minutes. The
emulsion was added to the continuously stirred aqueous phase (50 mL) and was kept
overnight as such for complete evaporation of DCM. Core particles were washed four times

with distilled water followed by centrifugation for 10 minutes at 10,000 rpm.

O
O
© = 1.DCM @
CHs; 3 O v U

2.5%KP-188

PLGA e PLGANP core
N 3.H.0
| )
! PLA NP core
PLA

Schemel.9. Schematic representation of PLA / PLGA core preparation

1.4.4 Encapsulating pNIPAM shell over PLA/PLGA core

The encapsulation was carried out using free radical polymerization technique under nitrogen
atmosphere [51-53] as shown in scheme 1.10. pNIPAM (0.225 g), N,N’-MBA (0.017 g),
SDS (0.01g), and APS (0.012g) were dissolved in distilled water and the contents were
purged with nitrogen. 20 mL of the core solution was added to a three necked RB flask and
solution was equilibrated for 20 minutes with constant stirring at 70°C under nitrogen
atmosphere. Further, 10 mL of the pNIPAM solution was mixed with the core solution and
polymerization was allowed to continue. 5 mL of additional pNIPAM solution was added
after 30, 50, 70 and 90 minutes respectively. After the final addition of pNIPAM solution,
polymerization was allowed to continue further for 6 hours. Purification was carried by

centrifugation using distilled water.
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—
| 0 NH 2. APS
3

Fi k.

.0

pNIPAM
PLA NP core

Core- Shell NP

Schemel.10. Schematic representation of encapsulation of pNIPAM shell over
PLA/PLGA core

1.4.5 Synthesis of ramipril loaded nanoparticles

The ramipril loaded nanoparticles were synthesized using nanoprecipitation method [54]. The
core plus shell nanoparticles were dissolved in acetone (25 mL) and ramipril (5mg) was
solubilized in this solution. The contents were added drop wise to 50 ml of distilled water
containing (200 mg) KP-188. The suspension was stirred for 6 hours. Acetone was
evaporated using rota-evaporator and the volume of the suspension was made 10 ml with
distilled water. The nanosuspension was centrifuged and drug loaded polymeric aggregates

were collected.
1.4.6 Preparation of PLGA nanoparticle template

Single emulsion technique based on solvent evaporation was used to prepare the PLGA
template as reported previously elsewhere with slight modifications [55, 56]. PLGA (0.2 mg)
dissolved in 5 ml acetone and mixed with Tween 80 (600 uL) formed the stable organic
layer. The contents were added drop wise into a continuously stirring 1% PEG aqueous
solution (50 mL) followed by stirring for 2 h. Acetone was removed from the solution under
reduced pressure using rota evaporator, the nanoparticles so obtained were centrifuged for 15

minutes at 10,000 rpm. Slurry was redispersed in 10 ml of 1% SDS and mildly stirred for 4
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hours again. This suspension of nanoparticles was centrifuged again to remove any additional
SDS, and then lyophilized overnight to obtain the PLGA template NP.

1.4.7 Preparation of core@ shell CS@PLGA nanosphere

Firstly, 0.4 mg chitosan was dissolved in 10 ml acetic acid (0.1 M) and the volume was made
up to 50 ml with distilled water. This aqueous solution of Cs was added to the 0.2 mg of
PLGA template and was stirred for 14 hours. The resultant nanospheres were centrifuged to
eliminate redundant chitosan. The chitosan adsorbed PLGA template was redispersed in 10
ml (2% wi/v) d,l-glyceraldehyde aqueous solution as cross-linker [57] for 40 minutes under
stirring for the solidification of chitosan layer over the PLGA template. The contents were
washed with distilled water, centrifuged and lyophilized overnight to obtain CS@PLGA Ns.

1.4.8 Preparation of ramipril loaded hollow Cs NS

The Cs@PLGA NS were again redispersed in 10 ml of acetone and gently stirred for 4 h for
complete removal of the PLGA core. After the dissolution of the PLGA core, the solution

was centrifuged, washed and redispersed in aqueous medium, and lyophilized.

The hollow NS were redispersed in 1 mL acetone solution containing ramipril and stirred

gently for 2 h. The ramipril loaded hollow-Cs was recollected using centrifugation.

1.4.9 Preparation of magnetic (Fe30,4) nanoparticles

The magnetic (FesO4) nanoparticles were prepared by chemical co-precipitation method
previously reported [58-60] with slight modification. FeCl3.6H,O (1.58g, 0.008mol) and
FeCl,.4H,0 (3.78g, 0.014mol) were dissolved in deionized water (320mL) having a molar
ratio of Fe®*: Fe®* 2:1. The solution was stirred at 75°C for 1 h. Concentrated NH3.H,0
(40mL) was added and the pH of solution was adjusted to 10. The contents were stirred
further for another 1h and allowed to cool. The precipitates so obtained were washed five
times with distilled water using centrifugation at 6000 rpm for 5 minutes. The Fe;O, particles
were dried at 70°C and sintered at 200°C for 2h.

1.4.10 Preparation of Methotrexate (MTX) loaded Fe3;O,—PLGA-PEG particles

Double emulsion method was employed to prepare MTX loaded particles. MTX (2.5mg/mL)
aqueous solution was emulsified for 1 minute in 10mL DCM containing 120mg PLGA-PEG
and 1mg Fe30,4. This phase was added dropwise into 50 mL aqueous solution of PVA (1%)
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and was emulsified for 1 minute, stirred at room temperature for another 5 h. The solvent was
evaporated in rota-evaporator. The obtained NPs were centrifuged and washed three times
with distilled water. In order to increase the MTX encapsulation in the nanoparticles, the
aqueous phase used for washing was saturated with MTX. Bare Fe;0,—PLGA-PEG particles
were also prepared by this method without the addition of MTX.

1.4.11 Determination of total drug content and entrapment efficiency

Total amount of drug/unit volume present in the formulation was measured by properly
dispersing 0.1 ml of PNP volumetrically in 5 ml of appropriate solvent. The amount of drug
present was determined either spetrophometrically or by HPLC. Each set of experiment was
performed in triplicate. Likewise, bare PNPs by similar processing were taken as control. The

TDC was determined by the equation [61] :

Absorbance of sample

TDC 100

:AAbsorbanceofstandard X

Entrapment Efficiency was determined by analysing the clear supernatant obtained by

centrifuging the developed PNP dispersion for 2 h. The EE was calculated as:

TDC — Df
E=——

TDC x 100

Where, Df = amount of drug present in clear supernatant.
1.5 Characterizations

Various sophisticated instrumental techniques used to characterize the nanoparticles to get an
idea of structural, morphological and physiochemical properties, etc. are listed below:

1.5.1 Ultraviolet-Visible Spectrophotometer (UV-Vis spectrophotometer)

The measurement of the reduction of a beam of light after it passes through a sample was
carried out by UV-Vis absorption spectroscopy. Absorption spectra give the information
about size distribution and the nanoparticles formation. The principle of this instrument is
that when sample is exposed to light (having suitable energy for electronic transition within
the molecule), required energy is absorbed and the transition of electron takes place from
lower energy level to higher energy level. Analytic Jena, SPECORD 205 instrument was

used in order to examine the characteristic absorbance band of the synthesized NPs. Aqueous
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suspension of all samples were analyzed in a 3.5 ml quartz cuvette in the detection range of
190-1100 nm.

1.5.2 Fourier-Transform Infrared (FTIR) Spectroscopy

FT-IR spectroscopy was used to obtain information about polymer-drug linkages. The
working principle is based on the fact that bonds and group of bonds vibrate at characteristic
frequencies. When a sample is exposed with infrared radiations, absorbed infrared energy
excites molecules into higher vibrational states, which is characteristic to that particular
molecule. All the FT-IR analysis of the samples was carried out on FT-IR, Agilent Cary 630

spectrometer. The electromagnetic spectrum range was 400 nm to 4000 nm.
1.5.3 Dynamic Light Scattering

This technique is used to determine the hydrodynamic size of NPs which have been dissolved
in suspension or solution. The particle size distribution was determined by using a
Brookhaven 90 plus Particle Size Analyzer by taking ~ 2.5-3 mL of dispersed NPs solution
in a cuvette. The Brownian motion of small particles in suspension causes the laser light to be
scattered in different intensities. By measuring the time scale of these light intensity
fluctuations, DLS can vyield information regarding the average size or size distribution of

particles in solution.

1.5.4 Zeta Potential Measurement

When the NPs are suspended in an aqueous medium, the adsorption or ionization of ions
takes place on the NPs surface, which leads to the formation of an electrical double layer
resulting in the development of net charge, called zeta potential (). Therefore, zeta potential
is an important tool for understanding the state of NP surface and also predicts the long term
stability of the NPs. The measurements were carried out on Brookhaven Zeta Plus at 25°C
using a cuvette comprising a palladium electrode mounted on a machine support immersed in
~ 2-2.5 mL of NCs solution.

1.5.5 Thermogravimetric Analysis (TGA)

This technique was used to measure the thermal stability of the samples by using Shimadzu

TGADS0 instrument. Thermal stability of a material as function of time and temperature in an
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inert atmosphere was analyzed. When a material was heated weight loss, occurs due to phase

changes, water loss, structural decomposition and gas evolution.
1.5.6 BET Surface Area Analysis

Surface area of the prepared samples was analyzed by Brunauer, Emmett and Teller (BET)
surface area analyzer by physical adsorption/desorption of N, gas on the solid surface of
powder samples. Smartsorb 92/93 single point instrument was used for this purpose where

100 mg of samples were heated prior to analysis for about 2h.
1.5.7 Scanning Electron Microscope (SEM)

The external morphology (shape and size) of all the samples were analyzed by scanning
electron microscopy. Morphology, topography, crystallographic and composition information
about the sample surface can be investigated from SEM images. A beam of electrons is
focused on a selected area of a sample at the time of SEM analysis and therefore an exchange
of energy from the electron beam to the sample surface takes place. The electron gun
produces electron at the top, referred to as primary electrons and these electrons are then
analyzed, amplified and translated into images. JSM-7600F (0.1 to 30 kV) instrument was
used for SEM images analysis, where samples were placed on a specimen stub with
conducting tape and then coated with a thin layer of gold to reduce sample charging.

1.5.8 Transmission Electron Microscopy (TEM)

Transmission electron microscope is used to identify finest structural details of individual
particles and their statistical size and shape distribution in the samples. In this technique, a
beam of electrons is allowed to transmit through the sample and interact with it, due to this
interaction an image is formed which is magnified and focused onto an imaging device. In
this research, TEM Hitachi-7500 of 20-200 kV voltage with 2.4 A resolution was used to
investigate the morphology of samples. Aqueous suspension of the sample was dropped on
copper grid coated with carbon film and then analyzed. Analysis was done at sophisticated

laboratory such as 1IT-Bombay and Panjab University, Chandigarh, India.
1.5.9 Powder X-Ray Diffraction (P-XRD)

This technique is primarily used for identification of phase, composition and crystal system
of the materials; it can also give information on unit cell dimensions. For the identification of

crystal system, phase, composition and crystallinity of the materials this technique was used.
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PANalytica X’ pert PRO X-ray diffractometer with Cu Ko (A = 1.54 A) radiation was used
for XRD pattern analysis. A smooth plain surface paper was used to press the powder
samples into a sample holder. The XRD study was done from Sophisticated Analysis
Instrumentation Laboratory (SAI Lab), Thapar University, Patiala, India.

1.6 In- vitro release studies of synthesized NPs

Preweighed NPs were suspended in phosphate buffer solution (PBS) at pH 7.3 and acetate
buffer solution (ABS) at pH 4.3 and subjected to dissolution. 5 mL aliquots were withdrawn
at regular time intervals of 2h upto 24h and were replaced with an equal quantity of fresh
buffer medium each time. Concentration of drug released was monitored

spectrophotometrically and by HPLC.
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2.1 Introduction

It is estimated that about 40% of new chemical entities or many existing drugs, although
efficient yet are poorly water soluble or lipophilic in nature leading to poor oral
bioavailability and have high intra and inter-subject variability and lack of dose
proportionality [1-3]. A new and novel field of biodegradable polymer nanoparticles (PNPs)
is emerging. Over the past few decades, there has been considerable interest in developing
biodegradable nanoparticles (NPs) varying from 10-1000 nm [4-6] as effective drug delivery
devices.

Liposomes have been used as potential drug carriers instead of conventional dosage
forms because of their unique advantages like their ability to protect drugs from degradation,
target the drug to the site of action and to reduce its toxicity or side effects [7-9]. However,
developmental work on liposome has been limited due to inherent problems such as low
encapsulation efficiency, rapid leakage of water-soluble drug in the presence of blood
components and poor storage stability. However, polymeric NPs offer some specific
advantages over liposomes. For instance, NPs help to increase the stability of drugs/proteins
and possess useful controlled release properties. Polymers are very convenient materials for
the manufacture of numerous and varied molecular designs that can be integrated into unique
nanoparticle structures with many potential medical applications [10, 11]. Among those,
polymeric nanoparticulate systems from biodegradable and biocompatible polymers are
interesting alternative for controlled drug delivery and drug targeting [12-17]. PLGA has
gained attention for the preparation of wide variety of delivery systems containing several
drugs [18-21] due to its biodegradability, biocompatibility [22-27] and low toxicity [28-30]
and has been approved for human use by FDA [22, 31-33].

The copolymers
of PLGA degrade in body
_ _ CaH50
via hydrolytic cleavage of (}I—I3
ester linkage to lactic and JVN
glycolic acid. These two N
H

monomers are then

O

COOH

metabolized in  body
Figure 2.1: Structure of Ramipril

through Krebs cycle and

are finally eliminated in the form of CO, and H,O [31, 34-37]. Ramipril [(2S,3aS,6aS)-1[(S)-
N-[(S)-1-carboxy-3-phenylpropyl]alanyl]octahydrocyclopenta[b]pyrrol-2-carboxylic acid-1-
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ethyl ester] (figure 2.1) is a potent and long acting angiotensin converting enzyme (ACE)
inhibitor. Ramipril inhibits ACE and reduces the angiotensin Il levels resulting in the
reduction of aldosterone secretion leading to lowering of blood pressure [38-41]. In
hypertensive patients, ramipril is used to treat high blood pressure (hypertension), congestive
heart failure and chronic renal failure [42-46]. Peak plasma concentrations of active
metabolite of ramipril i.e., ramiprilat are reached within 2 to 4h and the absolute
bioavailability of ramipril and ramiprilat are 28% and 44% respectively. Moreover, ramipril
show poor solubility in aqueous medium. As PLGA is easily metabolized in body by
enzymatic actions so it will not hinder with the action of drug during its release and will
provide a suitable medium for this lipophilic drug.

Hence, ramipril loaded PLGA nanoparticles using tribloere polymeric stabilizer
(Kolliphor P-188) were prepared and studied for its release profile from polymer with an aim
to improve its dissolution rate for increase in its activities.

2.2 Experimental section

2.2.1 Materials

Poly-D,L-lactide-co-glycolide (50:50) and Kolliphor P-188 were purchased from Sigma-
Aldrich. Ramipril was received as a gift sample from Mefro Pharmaceuticals (Mohali,
Punjab, India). All other reagents were obtained from Loba Chemie, India and used as
received without further purification. De-ionized water was obtained using an ultra filtration
system (Milli-Q, Millipore).

2.2.2 Synthesis of drug loaded nanoparticles

Synthesis of drug loaded NPs was done using nanoprecipitation method [47]. The details are
given in Chapter 1, section 1.4.2 and 1.4.5.

PLGA (125/250 mg) was dissolved in 25 ml of acetone and ramipril (5mg) was solubilized in
this solution. The contents were added drop wise to 50 ml of deionised water containing
(100/200 mg) Kolliphor P-188. Composition of nanosuspensions of K P-188: PLGA by
weight was F; (1:1.25), F, (1:2.50), F3 (1:0.62), F4 (1:0.80) and is given in table 2.1.

Table 2.1. Composition and polydispersity of various formulations.

Formulation Amountof Amountof Amount of Amount of  Amount of Polydispersity
code PLGA Acetone Ramipril(mg) Kolliphor  water (ml)  Index
(mg) (ml) P-188 (mQ)
F1 125 25 5 100 50 0.179
F, 250 25 5 100 50 0.032
Fs3 125 25 5 200 50 0.119
F, 250 25 5 200 50 0.125
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2.2.3 Drug content and Entrapment Efficiency of ramipril

The determination of total drug content and entrapment efficiency was determined
spectrophotometrically, the details are provided in Chapter 1, section 1.4.11.

2.2.4 Characterization

Synthesized NPs were characterized by various techniques like UV-Vis, FTIR, DLS, SEM
and TEM, the details of these techniques are given in Chapter 1, section 1.5.

2.2.5 In-vitro drug release of ramipril and kinetic studies

The amount of drug released was determined at 207 nm with UV-vis spectrophotometer
(Chapter 1, section 1.4.12). The data obtained from the in-vitro release study of the different
formulations (F;-F;) was fitted into various models of drug release kinetics and resulting
regression coefficient values were calculated. The data was also fitted into korsemeyer-
peppas model to determine the release exponent ‘n’ value for describing the mechanism of
drug release.

2.3 Results and Discussion

2.3.1 Structural and

Mna= 207 nm
Formulations

morphological

2.5 P na= 240nm

characterization

The UV-vis absorption Ramipril

o 20 A= 258nm
of  ramipril  showed 3
2
absorption bands at 237 | & 1.5
2]
nm and 257nm, whereas | &
. 8 1.0
formulations (F1-Fy) | <
showed  only  one -

absorption band at 207
nm (figure 2.2). The 0.0

absence of bands of

I I I I I I
200 225 250 275 300 325 350
Wavelengthh(nm)

ramipril indicates | Figure 2.2: UV-Vis absorption spectra of Ramipril, PLGA, K P-
entrapment of ramipril in | 188 and Formulations
PLGA.

The FT-IR spectra of ramipril, PLGA and formulation are shown in figure 2.3.
Ramipril showed absorption band at 3277 cm™ due to ~NH and —OH stretching’s of acid
group [48, 49], bands at 2930 cm™ and 2860 cm™ appear due to C-H aromatic stretching and
C-H aliphatic stretching’s, respectively. The band at 1748 cm™ and 1644 cm™ are due to C=0

of acid and ester groups. C-H aliphatic vibrations are observed in the fingerprint region. The
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spectra of PLGA showed C=0 absorption at1748 cm™ and C-H deformation of O-CH, group
at 1414cm™ [50]. In the formulation, absorption bands at 1748 cm™ and 1644 cm™ are due to

carbonyl and ester groups of acid. Moreover, band at 2860 cm™ have appeared due to C-H

aliphatic stretching.

) Fomulahon
An intense
absorption band at I 6t
-1
1088 cm was 1345
observed in the 1748 y
PLGA .

3
- -
. '3
formulation as § s
PLGA show a band E W
Raii 148 1414
at 1081 cm™. The E _Y‘Efv - 1081
—
presence of bands 1 3277 o, 2860
at 2860 cm™, 1748 1088
1748 on
cm™ and 1088 cm
indicated that 3500 3000 2500 2000 1500 1000 500
; Wavanmamber (an’
chemical (an)

interaction  that | Figure 2.3: FTIR spectrum of Ramipril, PLGA and Formulation
could alter the

chemical structure of ramipril in formulation did not occur.

DLS studies showed the average particle size of 121-156 nm for these formulations (figure

2.4). The variation in
ficl . f th —=— F - 156nm
particle size o ese ﬂm@- F- 141 nm
formulations is due to | &% & F _ 121 nm
— 1
different weights of KP- | & g5 —v— F-128 nm
188 to PLGA in these _%
formulations. The low 7]
< 60
polydispersity index | 2
(0.032-0.179) indicated | .2
: -2 40+
that the particles were =
[
nearly uniform in size.
. . 0
Th PLGA =7 | ) | !
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amount  resulted in Hydrodynaric diamter (nm)
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Figure 2.4: Average particle size distribution of various
formulations

24



ramipril loaded

particles which in turn 207

facilitated aggregation. il I
Addition of K P-188 - 154

stabilizer resulted in i

reduction of "g-lo-

aggregation. §

Zeta potential of the 3_5_

prepared formulations

ranged from -15.78 to

-19.54 mV (figure 2.5) 0- " s T
indicating  moderate Formulations

stability of the Figure 2.5: Zeta potential of various formulations

nanosuspensions and its negative value indicates the presence of hydroxyl groups of PLGA.

The SEM images of the nanoformulations are shown in (figure 2.6). The images indicate the
entrapment of ramipril as discrete spherical nano patches within PLGA matrix. TEM studies
(figure 2.7) showed that the size of nanoparticles (121-156 nm) in these formulations is in
correlation with particle size distribution measured by dynamic light scattering (DLS) i.e.,

about 121-156 nm for these formulations.

0.5um O0.5um 1 N 0.5pum

Figure 2.6: SEM images of ramipril loaded polymer particles
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Figure 2.7: TEM images of the formulations

2.3.2 Drug content and
Entrapment efficiency
of ramipril

Total drug content was
measured by UV-Vis
spectroscopy at 207
nm. The
nanosuspension  was
centrifuged and the free
drug  content  was
determined in clear
supernatant and results
are shown in figure 2.7
ranging from 0.355 mg
— 0.799 mg due to
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Figure 2.8: Drug content and free dissolved drug in various
formulations

limited solubility of ramipril in aqueous phase. The TDC in the nanosuspension varied from

2.04-2.39 (F1-Fa).

It has been observed that drug content in the formulations increased with increasing amount

of PLGA. Formulation F3; showed maximum percentage (94%) of drug content (figure 2.9). It

can be seen that entrapment efficiency also increased with increase in amount of PLGA.
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Figure 2.9: Percentage of total drug content, entrapment efficiency and drug
release in the formulations

2.3.3 In-vitro release of ramipril

The release of ramipril from PLGA matrix in phosphate buffer solution (PBS) of pH 7.3
(figure 2.10) showed initial burst release followed by sustained release in F, and F4
formulations. After 24 h of incubation in PBS, the percentage release of drug was 74% and
59% respectively in these formulations. The observed initial burst release of ramipril was due
to free dissolved drug in the nanoformulations having high concentration of K P-188. On the
other hand the nanoformulations (F; and F3) having smaller size prepared using lower amount
of PLGA showed higher release of drug in 24 h. This higher release of drug was seen because

of greater adsorption of ramipril over the PLGA surface.
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Figure 2.10: In-vitro release profile of drug in phosphate buffer solution

2.3.4 In-vitro release kinetics study

The release exponent (n) values for the different formulations obtained from fitting the drug
release profile into the korsemeyer- peppas model are shown in figure 2.11. The ‘n’ value of
0.85- 1.0 obtained for (F;-F,4) indicated that the drug release follows a zero order (figure 2.12)
release mechanism and anomalous (non-fickian) diffusion mechanism [51-54] signifying that
the release of ramipril from the matrix of PLGA is both diffusion as well as swelling
controlled. Correlation coefficients of kinetic plots for formulations (Fi1- F4) are shown in
table 2.2.
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Table 2.2. Correlation coefficients of kinetic plots of formulations.
Formulation code Korsemeyer-Peppas (n value) Zero order
Fi 0.859 4.28
F, 0.854 2.59
Fs 1.06 2.91
Fs 1.00 1.82
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2.4 Conclusions

The study showed that formulation approach can improve the therapeutic efficacy of ramipril.
The nanoprecipitation method is suitable for preparation of ramipril loaded PLGA
nanoparticles with fairly high encapsulation efficiency. Variations in PLGA and K P-188
concentrations lead to changes in entrapment efficiency and release profile of the drug. The
synthesized nanoparticles were in a size range of 121-156 nm having uniform size. Highest
percentage of entrapment efficiency was obtained in F; formulation. However, in F;
formulation almost same amount of ramipril was released as entrapped. Formulation F;
showed an initial burst release followed by sustained release up to 74% over 24 hours in PBS.
This release pattern of ramipril from PLGA matrix was attributed to its non- fickian diffusion
mechanism which indicates that the release is both diffusion and swelling controlled. The
sustained release of ramipril from polymer matrix indicated that the use of similar
formulations can be useful in reducing the frequency of administration of ramipril in the

treatment of hypertension.
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Section B: Core-Shell PLGA/PLA- pNIPAM
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2.6 Introduction

Biodegradable colloidal particles have received a significant interest as a possible means of
delivering drugs by several routes of administration [1]. Special interest has been focused on
the use of particles prepared from polyesters like PLGA and PLA, due to their
biocompatibility and biodegradability through natural pathways in the body [2, 3]. Although
PLGA and PLA NPs have been used commercially by many investigators for their
advantageous properties but still there are some limitations for them to be used as drug
delivery agents [4-7]. The long-term storage of aqueous suspensions of PLGA and PLA
nanoparticle is difficult, due to hydrolytic degradation of the polymer and subsequent release
of the encapsulated therapeutic. To overcome this issue, researchers have used lyophilisation
to prepare therapeutics containing PLGA and PLA NPs for long-term storage. However, this
simple solution introduces an additional difficulty i.e., lyophilisation that causes NPs to
aggregate into clumps and upon rehydration, fall’s out of solution readily [8, 9]. In an attempt
to overcome the limitations linked to PLGA and PLA NPs, and to increase their functionality,
the NPs are encapsulated within a shell of poly (N-isopropylacrylamide) (opNIPAM), because
of its versatility with some inherently unique properties. The pNIPAM shell has been
synthesized as a homopolymer or a copolymer with incorporation of a variety of chemical
moieties with defined concentrations that can be further modified with active targeting
functional groups. Also, it is one of the most stimuli-responsive polymers [10]. pNIPAM has
a great potential for applications in biomedical fields [11-13] and immobilization of enzymes
[14]. Moreover, pNIPAM has the ability to tolerate lyophilisation [15], so it was
hypothesized that a pNIPAM shell would protect the encapsulated PLGA and PLA NPs from
aggregation during lyophilisation. Therefore, by encapsulating them in pNIPAM shell, the
NPs will have the ability to respond to environmental stimuli, such as temperature. This
response could then further be used for loading and/or controlling the release of therapeutics
from the pNIPAM layer [16]. The PLGA core will then act as drug reservoir while its release
depends on the shell thickness of the pNIPAM layer [17].

These poorly water soluble antihypertensive drugs when administered in polymeric
vehicles like PLGA or PLA show better effects as compared to when administered
conventionally, as these polymeric carriers prevent them from degradation in gastrointestinal
tract (GIT) and boost their transmucosal transportation in the body [18]. Also the enhanced
transport and prolong release of drug may improve the plasma half life of the drug. Hsu et al.

[19] reported the effect of particle size on the efficiency and absorption of drug in the
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mucosal membrane. The particles of size less than 500 nm can pass the M cells and the GIT
easily, thereby transporting the drug to systemic circulation [3].

The aim of the study is to assess the release of ramipril, an antihypertensive drug from
biodegradable polymers PLA and PLGA modified with pNIPAM and to determine the
release kinetics of ramipril. Enhanced efficiency and release of ramipril has been observed
upon modification of the surface of PLA and PLGA with pNIPAM. The shell of pNIPAM
prevents the PLA and PLGA core from clustering and has given enhanced release efficiency
as compared to bare counterparts. Nanoprecipitation resulted in physical adsorption of
ramipril on the surface of core-shell matrix. This adsorption is mainly due to hydrophobic

interaction of drug with the polymer.

2.7 Experimental section

2.7.1 Materials

Poly-D,L-lactide-co-glycolide (50:50) (PLGA), Poly-lactic acid (PLA), Kolliphore P-188
(KP-188), N-isopropyl acryl amide (pNIPAM) and Sodium dodecyl sulphate (SDS) were
purchased from Sigma-Aldrich. N, N’-methylene bisacrylamide (N, N’-MBA) and
Ammonium persulfate (APS) were purchased from Spectrochem India. Ramipril was
received as a gift sample from Mefro Pharmaceuticals (Mohali, Punjab, India). All other
reagents were obtained from Loba Chemie, India and used as received without further
purification. De-ionized water was obtained using an ultra filtration system (Milli-Q,

Millipore).

2.7.2 Encapsulation of pNIPAM shells over PLA and PLGA core
Synthesis of core-shell structure was carried out in two steps:
2.7.2.1 Preparation of PLA / PLGA core

Single emulsion technique was used to prepare the core, the details of which are given in
Chapter 1, section 1.4.3.

2.7.2.2 Encapsulating pNIPAM shell over PLA/PLGA core

Free radical precipitation polymerization technique was used for the process of encapsulation,

the details of which are given in Chapter 1, section 1.4.4.

2.7.3 Synthesis of ramipril loaded nanoparticles
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The details of drug loading method are given in Chapter 1, section 1.4.5.

2.7.4 Characterization

As synthesized core-shell NPs were characterized by various techniques, the details of the

techniques are given in Chapter 1, section 1.5.

2.7.5 Drug content and Entrapment Efficiency of ramipril

The determination of total drug content and entrapment efficiency was determined

spectrophotometrically, the details of which are given in Chapter 1, section 1.4.11.

2.7.6 In-vitro drug release of ramipril and kinetic studies

The amount of drug released was determined at 29°C and 210 nm by HPLC using Phosphate

buffer: ACN (30:70 v/v) as mobile phase. 20 uL of sample was injected with a flow rate of

2.0 mL/min, the details of which are given in Chapter 1, section 1.4.12.

The data obtained from the in-vitro
release study was fitted into various
drug release kinetic models and the
resulting regression coefficient values
were calculated. The data was also
fitted into korsemeyer- peppas and
higuchi model to determine the release
exponent ‘n’ value for describing the

mechanism of drug release.
2.8 Results and Discussion

2.8.1. Structural and morphological

characterization

The UV-Vis absorption of PLA/PLGA
showed bands  at
202nm/240nm, but pNIPAM shell
showed two absorption bands at
229nm and 296nm figure 2.13(a).
Figure 2.13 (b) and figure 2.14, shows

the absorption bands for pure ramipril

absorption
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Figure 2.13: UV-Visible absorption spectra of (a)
PLA core, PLGA core and pNIPAM shell (b) Bare
ramipril and ramipril loaded in core-shell
nanoparticles
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at 237 nm and 257 nm however
after entrapment of drug in core-
shell and bare polymer matrix, the
absorption bands were observed at
249nm/220nm for PLGA/PLA.

The FT-IR spectra of ramipril,
PLGA, PLA and formulations are
shown in figure 2.15. Ramipril
showed absorption band at 3277
cm? due to -NH and —OH
stretching’s of acid group, bands at
2930 cm™ and 2860 cm™ appear
due to C-H aromatic stretching and
C-H

aliphatic stretching’s,
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Figure 2.14: UV-Vis absorption spectra of bare
ramipril, ramipril loaded in PLGA and ramipril loaded
in PLA

respectively. The band at 1748 cm™ and 1644 cm® are due to C=0 of acid and ester groups.

C-H aliphatic vibrations are
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Figure 2.15: FT-IR spectra of ramipril, PLGA, PLA, pNIPAM,
Ramipril loaded in PLGA-pNIPAM and ramipril loaded in
PLA-pNIPAM
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and at 1542 cm™ due to amide linkage. In the formulations, absorption bands at 1748 cm™
and 1644 cm™ are due to carbonyl and ester groups of acid. Moreover, band at 2860 cm™
have appeared due to C-H aliphatic stretching. An intense absorption band at 1088 cm™ was
observed in the formulation possibly as PLGA showed a band at 1081 cm™. The presence of
bands at 2860 cm™, 1748 cm™ and 1088 cm™ indicated that the drug has been encapsulated
within the polymer matrix and that any kind of interaction which could change the properties

of ramipril, did not took place.

An increase in size of the nanocomposite was observed by DLS studies shown in figure 2.16
along with its corresponding comparative histogram in figure 2.17. It was observed from

figure 2.17 that the particle size

R . (a) —a— PL.GA core
increased from 70-170 nm in 100.- logam - a68mm |, pAM shell
case of PLA while for PLGA it Afler diug loadine
increased from 68-155 nm after | = go
successive addition of pNIPAM %
o
shell and drug loading. The low | & 60
polydispersity index (0.141-
- N
0.389) indicated that the 404
particles were nearly of the \
uniform size SI(} l(l)(} lfl:oO 2(')0 250
' Hydrodynamic size (nm)
Zeta potential of the prepared (b) —a— DA core
A 100 - 70 nm —&— pNIPAM shell
formulations ranged from - —a— After drug loading
28.40 to -32.7 mV (table 2.3)
o . . = 804
indicating reasonable stability | <&
FonS
of the nanosuspensions. Shell | & 60
thickness calculated for =
PLGA/PLA was 18.5 nm/43.5 404
nm.
5I0 l(l)O 15lO 2(l)0 250
Hydrodynamic Size (nm)
Figure 2.16: Average hydrodynamic size of (a) PLGA
core and (b) PLA core after successive addition of
pPNIPAM and ramipril loading
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Figure 2.17: Comparative histogram showing average particle size
distribution of bare (PLGA/PLA), pNIPAM shell and ramipril loaded
PLGA /PLA- pNIPAM

Lyophilisation is useful in long term storage of therapeutics loaded onto PLGA and PLA
NPs. However, it can cause aggregation of the NPs preventing resolubilization of the
clustered NPs. The TEM images (figure 2.18), clearly indicate the aggregation of core NPs
after lyophilisation. On the other hand, encapsulation of core NPs within pNIPAM shell
prevented aggregation, confirming that pNIPAM shell fully encapsulated the core NPs. It was
also observed that lyophilisation of core + shell NP system doesn’t affected the size or zeta
potential of the NPs (table 2.3).
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Table 2.3: Zeta Potential and polydispersity of formulations.

S.No Sample Polydispersity Zeta Zeta “Shell
Name Index (PDI) Potential Potential Thickness
(mV) (mV) (nm)
Pre- Post-
lyophilisation lyophilisation
1. PLGA core 0.389 -28.4+ 0.5 -28.4+ 0.8 =
2. PLGA core 0.272 -32.7£ 0.7 -32.7£ 0.6 18.5
— pNIPAM
shell
& PLA core 0.141 -22.7£ 0.9 -22.7£1.0 =
4. PLA core — 0.220 -30.3£ 1.2 -30.3£ 1.3 43.5
pPNIPAM
shell

“Shell thickness was determined by subtracting corresponding core from core + shell sample
and dividing by 2.

2.8.2 Drug content and Entrapment efficiency of ramipril

Total drug content was measured by UV-Vis spectroscopy. The nanosuspension was
centrifuged and the free drug content was determined in clear supernatant (figure 2.19 &
table 2.4). Very low TDC

and entrapment efficiency 2,51 PLGA core +

PNIPAM shell PLA core +

was obtained for drug PNIPAM shell

loaded in PLGA/PLA only. 2
This may be attributed to
the initial burst of the

W
L

polymer after

Amount (mg)

1L

resolubilization due to

lyophilisation.

0.5 -
PLGA core

PLA core

Drug Content

Figure 2.19: Drug content in formulations
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Table 2.4: Amount of free dissolved drug and drug content in various formulations.

S.No Sample Name  Freedissolved  Drug Content Total Drug Entrapment

drug (mg) (mg) Content (%) efficiency (%0)
1. PLGA core 0.48 1.01 40 524
2. PLGA core — 0.35 2.3 91 78
PNIPAM shell
G PLA core 0.51 0.97 38.49 47.42
4. PLA core — 0.72 1.84 73 60
PNIPAM shell

However the TDC increased for the core-shell system to 73 - 91% for PLA/PLGA as shown
in figure 2.20. Also the entrapment efficiency was increased for the core-shell nanoparticle
system. Higher drug content and entrapment efficiency (78%) was obtained for drug loaded
in PLGA coated with pNIPAM.

100 1 § [[ﬂlémTotal Drug Content
- Entrapment Efficiency
§ Dnlg Release
80 1 \
- .
860 1 § § §
5 =M - [\
g0 §§§ . =l:
B ELE
“TIEE] R
d PL.GA PLGA Core+ PLA  PLACore+
Core  PNIPAMshell Core  pNIPAMSshell
Figure 2.20: Percentage of total drug content, entrapment efficiency
and ramipril release in the formulations
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2.8.3 In-vitro release of ramipril
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Figure 2.21: (a) HPLC chromatogram for standard stock solution of ramipril and
(b) calibration curve for standard stock solution

The release profile of ramipril was determined using HPLC. Firstly, appropriate aliquots of
ramipril stock solution were taken in different 10 ml volumetric flasks and diluted with the
mobile phase to obtain the final concentration. A calibration curve for standard solution of
drug was plotted between average peak area versus concentration shown in figure 2.21. It was
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observed that the release of ramipril from PLGA/PLA matrix in PBS of pH 5.3 (figure 2.22
and the corresponding chromatographs in figure 2.23) shows initial burst release followed by
sustained release. After 24 hrs of incubation in PBS, the percentage release of drug was 67%

and 45% for PLGA and PLA respectively.
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Figure 2.22: In-vitro release profile of ramipril in phosphate buffer solution

D
-
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The initial burst release was due to presence of free dissolved drug. However an increase in
percentage release of drug was observed from the core-shell system. PLGA+ pNIPAM

showed highest release of drug (96%) while PLA+ pNIPAM showed 70% of drug release.
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Proposed mechanism of release of ramipril from core-shell matrix

The ramipril encapsulated NP when placed in buffer solution of appropriate pH environment,
allows initially the penetration of water from the surface to the inside of the core-shell NP.
This in turn activates the hydrolytic cleavage within the polymer and diffusion of
encapsulated ramipril starts from the NP. As the degradation of the core-shell NP continues
thereby increasing the rate of ramipril diffusing from the matrix. The schematic
representation of the release mechanism is shown in figure 2.24. This controlled release of

ramipril from core-shell matrix tends to increase the bioavailability of ramipril. Also decrease

in the dosage of the drug by providing greater effects in single dose can be achieved.

Ramipril

PLGA-pNIPAM
Core-shell NP

—pNIPAM
O’ PLGA
@-Ramipril
o -Water

encapsulation
_—

Buffc?r _
solution

Ramipril loaded

Core-shell NP Penétratfon of water

inside core-shell NP

° . . °
Diffusion of ramipril
from core-shell NP

Figure 2.24: Schematic representation of release mechanism of ramipril from
PLGA-pNIPAM core-shell nanoparticles

2. 8.4 In-vitro release kinetics study

Figure 2.25 shows the release exponent (n) values for PLGA and PLA obtained by fitting the

drug release profile into Korsemeyer-Peppas and higuchi model of drug release. The ‘n’
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value of 0.882 and 0.866 for PLGA and PLA showed that the drug release followed zero
order (figure 2.25 (e-f)) rate and an overall anomalous (non-fickian) diffusion mechanism,
which indicates that the release of ramipril from the matrix of PLGA and PLA was diffusion
controlled. The corresponding correlation coefficients of these kinetic plots are shown in

table 2.5.

Table 2.5: Correlation coefficients of kinetic plots of formulations.

Formulation code Korsemeyer-Peppas (n value) Zero order
Release from PLGA 0.882 4.97
Release from PLA 0. 866 291

2.9 Conclusion

In summary, to improve the functionality of poly-lactic-co-glycolic acid and poly-lactic acid
as therapeutic agents, these were encapsulated within poly (N-isopropylacrylamide) shell.
Poly (N-isopropylacrylamide) was chosen due to its ability to protect the core nanoparticles
from aggregation and external stimuli. Also these (poly- lactic /poly-lactic-co-glycolic acid-
poly N-isopropylacrylamide) core- shell nanoparticles are non-toxic in nature suggesting
biocompatibility. These core-shell (poly- lactic /poly-lactic-co-glycolic acid- poly N-
isopropylacrylamide) nanoparticles were used to study the release profile of ramipril an
antihypertensive drug. The synthesized nanocomposites were in a size range of 68 — 170nm.
Higher percentage of entrapment efficiency (78%) was obtained for ramipril loaded in poly-
lactic-co-glycolic acid- poly N-isopropylacrylamide nanoparticles. Also, a sustained release
upto 96% over 24 hours in PBS medium was obtained for poly-lactic-co-glycolic acid- poly
N-isopropylacrylamide nanoparticles core-shell as a matrix. This release pattern is attributed
to its non-fickian nature which suggested that release of ramipril is diffusion controlled.
Overall, PLGA showed better characteristics than PLA as a drug carrier in case of ramipril
adsorption over its matrix. These abilities of the core — shell nanoparticle system will prove to
be important in future in-vivo studies focused on probing the capability of these nanoparticles

to deliver the therapeutics.
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CHAPTER 3

Entrapment and Release Efficiency of Hollow Chitosan

Nanospheres Incorporated Ramipril
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3.1 Introduction

Biodegradable polymers have gained immense importance in the field of controlled drug
delivery due to their size and simplistic fabrication. The main advantage of biodegradable
drug loaded polymers is their enhanced therapeutic effect of drug and subsequent lower dose
requirement and reduction in toxic side effects [1]. PLGA and chitosan (Cs) are two widely
used biodegradable polymers. PLGA is biocompatible, non-toxic biopolymer that degrades
into lactic and glycolic acid in the body.

Similarly, Cs, a biopolymer of chitin monomeric units is an excellent flocculent,
adhering to negatively charged surfaces is non-toxic, biocompatible, biodegradable and also
have fungicidal activities [2-6], apart from having a unique chemical structure as a linear
polyelectrolyte with a high charge density and reactive hydroxyl and amino groups [7].
Chitosan and its derivatives are widely used as drug delivery vehicles [8] like, chitosan
modified with PLGA nanoparticles for improved drug delivery was reported by Wang et al.
[9]. Also, Campos et al. [10] reported the use of chitosan as solid lipid nanoparticle (SLN) for
effective delivery of paclitaxel. Cs microspheres have been used in gastric drug delivery [11].
For increasing insulin’s intestinal absorption and to enhance its pharmacological
bioavailability insulin loaded chitosan nanospheres have been used [12].

Chitosan also exhibits various fascinating biological activities like induced disease
resistance in plants, antimicrobial activity etc. [13, 14]. All these properties of chitosan makes
it useful in different fields like food and chemical engineering, pharmaceuticals, nutrition etc.
[15]. In recent years, hollow nanospheres have attracted great potential as drug delivery
carriers due to high surface area and low effective density [16]. Several methods for
preparation of hollow nanospheres are available [17] like emulsion polymerization [18, 19],
self-assembly of block copolymers [20-22] and template polymerization [23, 24], etc.

The template method is the most frequently employed to synthesize hollow
nanospheres, as it can control the core size and the hollow structure can easily be obtained
after removal of template by evaporation or thermolysis. Drug loading in polymer
nanoparticles takes place by two ways, firstly- addition of drug during the preparation of
particles itself and secondly-after the formation of the particles. In case of hollow
nanospheres, the second method is applicable i.e., the drug is loaded afterwards and hence,
the aqueous/organic interface produced by water-in-oil micro emulsion. The acute shearing

strength is brought by the high-speed homogenizer causes drug (like bio macromolecules)
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denaturation and the aggregation could be avoided, which is advantageous compared to non-
hollow nanoparticles [25].

In this study, template method was employed to prepare hollow Cs nanospheres.
Presence of positive charge over the surface of Cs allows it to bind readily to the negatively
charged surfaces. For superior binding of the chitosan shell to the PLGA template core, the
negative charge on the surface of PLGA template was enhanced by treating it with sodium
dodecyl sulfate (SDS). The adsorption of chitosan over PLGA template occurred mainly due
to the electrostatic interactions between sulphuric acid groups of SDS present on the PLGA
template and amino groups of chitosan. The adsorbed Cs layer was further crosslinked to the
PLGA template with a non-toxic crosslinker d,l-glyceraldehyde to further solidify the
chitosan layer over the PLGA template. The hollow chitosan nanospheres (CsNs) were
obtained by subsequent removal of PLGA template in acetone as shown in scheme 3.1.

+
+iat
+ .|.+
+ Removal of
S —_—
* FITC PLGA
L labelled template .
PLGA chitosan CS‘L GA Hollow-Cs
Template
Ramipril in
@ | acetone

Biological
.éz ¢ _ pH medium
1.ABS medium
2.PBS medium
Ramipril loaded
hollow-Cs
Ramipril diffusing
from swollen hollow-Cs
ABST Acetate buffer PLGA- poly-D.L-lactide-co-glycolide
solution Cs- Chitosan
PBS- Phosphate buffer
solution

Scheme 3.1: Schematic representation showing preparation of hollow chitosan
nanospheres and diffusion of ramipril through hollow chitosan matrix in different
biological pH mediums
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3.2 Experimental section

3.2.1 Materials

Poly-D, L-lactide-co-glycolide (50:50), Chitosan, PEG 6000, and Tween 80 were purchased
from Sigma-Aldrich. Ramipril was received as a gift sample from Mefro Pharmaceuticals
(Mohali, Punjab, India). All other reagents were obtained from Loba Chemie, India and used
as received without further purification. De-ionized water was obtained using an ultra

filtration system (Milli-Q, Millipore).

3.2.2 Preparation of PLGA nanoparticle template

The details of PLGA template preparation are given in Chapter 1, section 1.4.6.

3.2.3 Preparation of core@ shell Cs@PLGA nanospheres

The details of CS@PLGA nanospheres preparation are given in Chapter 1, section 1.4.7.
3.2.4 Preparation of ramipril loaded hollow Cs NS

The details of loading of ramipril in hollow Cs NS is given in Chapter 1, section 1.4.8.
3.2.5 Characterization

As synthesized core@shell NPs were characterized by various techniques, the details of the

techniques are given in Chapter 1, section 1.5.
3.2.6 In-vitro drug release of ramipril and kinetic studies

Preweighed nanospheres (0.1g) were suspended in 50 mL of Tris buffer pH 8.0, phosphate
buffer solution (PBS) pH 6.3 and acetate buffer solution (ABS) pH 3.3. At pre determined
intervals, 5 ml of sample was withdrawn and replaced with fresh Tris buffer, PBS and ABS.
The withdrawn sample was centrifuged at 10,000 rpm for 15 minutes and the amount of drug
released was determined by HPLC using Tris buffer: ACN (30:70 v/v), Phosphate buffer:
ACN (30:70 v/v) and Acetate buffer: ACN (30:70 v/v) as mobile phase. 20 uL of sample was

injected with a flow rate of 1.0 ml/min at 210nm wavelength.

The data obtained from the in-vitro release study was fitted into korsemeyer- peppas drug
release kinetic model to determine the release exponent ‘n’ value for describing the

mechanism of drug release and the resulting regression coefficient values were calculated.

55



3.3 Results and Discussion

3.3.1.

morphological

Structural and

characterization

The DLS studies showed
build up of Cs shell over
PLGA template with an
increase in average particle
size of CS@PLGA Ns (186

nm) in comparison to 125

nm of PLGA template
(figure 3.1(a)). The
observed polydispersity

along with DLS for PLGA
template was 0.651 while
for CS@PLGA Ns it was
0.428 which indicated that
the particles were evenly
distributed in the solution.

A shift in
potential value from PLGA
template to CS@PLGA was
observed (figure 3.1(b)).
PLGA template showed a

the zeta
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Figure 3.1: (a) Average particle size and (b) Zeta potential of
PLGA template and chitosan coated PLGA nanospheres

zeta potential of -30.4 £ 0.3 mV due to the presence of hydroxyl groups on its surface,

whereas Cs@PLGA showed a zeta potential of + 42.5+ 0.2 mV. This shift in surface charge

can be attributed to adsorption of Cs layer over PLGA surface due to the presence of

positively charged amino groups on the surface of Cs. In addition the zeta potential of

hollow-Cs and bare Cs-solution was also observed. Nearly similar values were obtained for

Cs@PLGA, hollow-Cs and bare Cs-solution. All the measurements were taken in triplicate

with £5% error as shown in (figure3.1 (b)).
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The BET surface area of PLGA template and Cs nanospheres after the removal of PLGA was
62.9m%g™* and 111.8m?g™ respectively (figure 3.2) indicating hollow morphology of the Cs

nanospheres.

PLGA After PLGA
2 template removal
Chitosan

Hollow-Cs

Cs-PLGA

120

100

0
[

Surface Area (m%g')
BN N
o o

N
()

Cs-PLGA Hollow-Cs

Figure 3.2: Surface area of core-shell Cs@PLGA nanospheres
and hollow-Cs nanospheres after removal of PLGA template

TEM images of PLGA template, Cs@PLGA nanospheres, hollow-Cs nanospheres and
ramipril loaded hollow—Cs nanospheres are shown in figure 3.3. A uniform dispersion of the
Cs@PLGA and hollow-Cs nanospheres is observed. The core@shell structure can be seen in
figure 3.3 (b). It was observed that the inner PLGA template core being solid is darker than
the outer shell of chitosan layer (transparent gel). Nearly hollow morphology of the Cs
nanospheres was also confirmed (figure 3.3 (c)) and ramipril loaded hollow-Cs were also
obtained (figure 3.3 (d)).
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Figure 3.3: TEM images of (a) PLGA template (b) chitosan coated PLGA nanospheres (c)
hollow chitosan nanospheres and (d) ramipril loaded hollow chitosan nanospheres

A Change in surface roughness of CS@PLGA (246.752 nm) to (14.297 nm) for hollow- Cs
was observed in the AFM study (figure 3.4 and 3.5) further confirming the hollow structure

of the nanospheres.
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Figure 3.5: AFM images of chitosan after removal of template in amplitude mode
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Thermo gravimetric analysis of Cs@PLGA and hollow-Cs is shown in figure 3.6. It was
observed that compared to hollow-Cs, Cs@PLGA has low thermal degradation temperatures.
Cs@PLGA showed initial weight loss due to moisture vaporization and the pyrolisis
appeared around 250°C. Chain and branch bonding was thermally decomposed in the range of
300-400°C. On the other hand in case of Cs, after initial evaporation of residual moisture, the
thermal decomposition took place in two steps. Firstly at around 200-400°C depolymerisation
and decomposition of glucosamine units of chitosan took place followed by oxidative
decomposition of residues in temperature range of 400-500°C. The thermal degradation
patterns showed that the Cs nanospheres were stable in a temperature range (upto 200°C)

where it can be used as delivery carrier.

IDD""“.J—L" ——Cs@PLGA
SN Hollow-Cs
80 4
£ 604
5 40 -
1
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20 -
0 . . RS ESh
0 200 400 600 800
Temprature(=C)
Figure 3.6: Thermo gravimetric analysis of CsS@PLGA and Cs after
removal of PLGA template

4.3.2. Encapsulation of ramipril in hollow-Cs nanospheres

Diffusion of ramipril took place inside the hollow-Cs nanospheres since there is difference in
the concentration of ramipril in the hollow nanospheres and outer surroundings [26].
Interaction between the amino group of chitosan and carboxylic group of ramipril (Figure
3.7) allows the entrapment of ramipril within the chitosan matrix.
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Figure 3.7: Schematic representation of interaction between chitosan
polymer and ramipril

In order to obtain high drug loading in hollow nanospheres effect of different concentrations
and time was investigated.
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Figure 3.8: Influence of different concentrations of ramipril
on entrapment efficiency
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Figure 3.8 indicated that adsorption reached the peak and kept stable after 2h when ramipril
concentration was 5 mg/ml. High entrapment efficiency of 90.8% and total drug content of

95.2% was obtained shown in figure 3.9.
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Figure 3.9: Total drug content and entrapment efficiency of drug in hollow-Cs
nanospheres

4.3.3. In-vitro release of ramipril and kinetics study

A calibration curve for the standard ramipril solution was plotted and is shown in figure 3.10.
The in-vitro release of ramipril in phosphate buffer solution (PBS) of pH-6.3 and acetate
buffer solution (ABS) of pH- 3.3 was determined using HPLC (figure 3.11). The percent
release of ramipril from hollow-Cs nanospheres incubated in Tris buffer, PBS and ABS is
shown in figure 3.12. Around 45% of drug release in the first 5h is observed in ABS medium.
This initial burst release is followed by levelling off. Nearly 86% of drug release is observed
over 24h from NS in ABS, while 73% drug was released from NS in PBS and only around
48% of ramipril was released from tris buffer. pH of the medium played an important role in
release of ramipril from Cs matrix. It is observed that release rate decreased with increase in
pH of medium i.e. a more rapid release was observed at pH 3.3 than at pH 6.3and pH 8.0.
This difference in release rate may be ascribed to the swelling behaviour of hollow-Cs

nanospheres in different pH mediums.
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Figure 3.10: (a) HPLC chromatogram of standard ramipril solutions and

(b) calibration curve for the standard solutions
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The hollow-Cs nanospheres swell to a greater amount in acidic medium conditions due to
breakage of amino groups, which in turn leads to breaking of strong hydrogen bonding within
the chitosan chains, thereby making it easier for the drug to be diffused out of polymer
matrix. However, at higher pH (8.0 & 6.3) it was observed that the swelling of hollow
nanospheres is limited and hence ramipril could not diffuse out easily [25]. The experiments

were repeated three times with £5% error.
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Figure 3.12: In-vitro release of ramipril from hollow-Cs incubated in phosphate
buffer, acetate buffer solution and tris buffer at different time intervals

Mechanism of ramipril release from Cs matrix

The matrix of chitosan swells in a pH dependent manner when placed in an appropriate
buffer solution thereby breaking the hydrogen bonding capacity of the chitosan. This pH
sensitive behaviour is due to presence of amino groups on its chains. As the chitosan network
contains pH-ionisable groups, a pH variation will modify the network electrical state and thus

the swelling behaviour [27]. This pH-responsive behaviour could be ascribed to the
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protonation of the primary amino group on the chitosan chain, resulting in the increase of
electric density and repulsion force between crosslinked chitosan chains. This leads to
breaking of interaction between the amino groups of chitosan and carboxylic acid of ramipril.
The swelling creates a build up of an osmotic pressure due to which the ramipril starts
diffusing out of the chitosan matrix. The sustained release of ramipril from chitosan is mainly

due to the chitosan-ramipril interaction.
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Figure 3.13: Kinetic models of drug release (a-b) Korsemeyer-Peppas plots and (c-d)

Zero order plots in acetate buffer and phosphate buffer medium

Figure 3.13 shows the release exponent (n) values for different formulations obtained from
fitting the drug release profile into the Korsemeyer-Peppas model. The ‘n’ value of 1.69 for
ABS medium, 1.55for PBS medium and 1.40 for tris buffer medium (figure 3.13(b))
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indicated that drug release follows a zero order (figure 3.13(c)) release mechanism and
anomalous (non-fickian) diffusion mechanism, which signifies that release of ramipril from

the matrix of hollow-Cs is diffusion as well as swelling controlled.
3.4 Conclusion

In summary, template method is used to fabricate biodegradable and biocompatible Cs
nanospheres. PLGA was employed as template prepared by solvent evaporation method. An
increase in size from 125-186 nm and shift in zeta potential indicated adsorption of chitosan
layer over PLGA template. BET surface area analysis confirmed the formation of hollow Cs
nanospheres which were further characterized by TEM and AFM. Higher entrapment
efficiency (90.8%) was obtained when ramipril concentration was 5 mg/mL in polymer
matrix. The release profile of ramipril was influenced by pH of the medium i.e. with increase
in pH from 3.3 to 6.3 to 8.0 the release rate decreases. 86% drug was released in ABS (pH
3.3) while 73% and 48% of drug released from polymer matrix in PBS (pH 6.3) and tris
buffer (pH 8.0) over 24 hours. The kinetic data obtained for the release profile of ramipril
showed that release of ramipril was diffusion as well as swelling controlled.
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CHAPTER 4

Cytotoxic Evaluation of Fe;O, Modified PLGA-PEG for
Improved Delivery of Methotrexate to Target Site in

Cancer Therapy
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4.1 Introduction

Magnetic nanoparticles (MNPs) are gaining attention in the field of medicine [1],[2]. These
MNPs posses attributes that allows them to be used as drug carrier [3, 4], in tumour therapy
[5, 6] and MRI agents [7-9]. Other elements like manganese (Mn), copper (Cu), zinc (Zn) and
nickel (Ni) can also be applied for preparation of ferrites having general formula M-Fe,O4
[10, 11]. However the most widely studied and applied magnetic nanoparticles are iron oxide
NPs due to their well known biocompatibility compared to other heavy metal containing

nanomaterials that are hard to be degraded and eliminated from the body [12].

PLGA is one of the most efficient biodegradable polymers to be used in the field of drug
delivery. Surface modification of PLGA with poly ethylene glycol (PEG) renders it
hydrophillicity and other physio-chemical properties. Block copolymers having hydrophilic
segment have applications mainly due to their biodegradability, biocompatibility etc [13].
Various surface modified drug loaded PLGA nanoparticles have been synthesized and used
for controlled/target drug delivery. Parveen et al. [14] reported the development of a surface
coating by hydrophilic polymer PEG which was used to limit the phagocytic properties and to
boost the endurance of the NPs. PLGA has been frequently used as a drug delivery carrier in
treatment of cancer therapy. Qiong et al. [15] reported the release behaviour of docetaxel an
antitumor drug from PLGA coated silica nanorattle. To further improve the targeting ability
of PLGA-PEG towards cancer therapy these were modified with magnetic nanoparticles
(Fe304). EI-Boubbou et al. [16] reported the preparation of chemotherapeutic agent formed of
stabilized metal oxide NPs, which was found to be more efficient than free DOX for the
treatment of acute myeloid leukaemia. In lieu of the fact that environment of cancer cells
have an acidic pH compared to healthy cells, Nejad et al. [17] reported the synthesis of novel
electrospun magnetic nanofibers linked with dopamine based polymers for their use as
hyperthermic chemotherapeutic agents. They observed that the catechol moieties over
electrospun nanofibers bind with the borate containing anticancer drug BTZ and facilitated a
pH dependent release of BTZ.

Methotrexate (MTX) {(2S)-2-[[4-[2,4-diaminopteridin-6-yl]methyl-
methylamino]benzoyl]amino]pentanedioic acid} an antineoplastic antimetabolite (folate
analog metabolic inhibitor) has broad range of medical applications in cancer treatment. It is

a common drug for treatment of lung cancer as well as breast cancer. Apart from this MTX
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Figure 4.1: Structure of Methotrexate

is also widely used for treatment of rheumatoid arthritis. Although useful it has
limited solubility in water besides having side effects [18, 19].

In the present study, Fe;O, modified PLGA-PEG nanocomposite is prepared by
double emulsion method to investigate its capability to deliver MTX. The drug release
amount in cancer pH environment as well as the cytotoxic effect on the cell lines by in-vitro

toxicity assays is further studied.
4.2 Experimental section

4.2.1 Materials

Ferric chloride hexahydrate (FeCl3.6H,0), Ferrous chloride tetrahydrate (FeCl,.4H,0), Poly-
D, L-lactide-co-glycolide (50:50), Tween 80 and Methotrexate (MTX) were purchased from
Sigma-Aldrich. PEG 6000 was purchased from Spectrochem India. All other reagents were
obtained from Loba Chemie, India and used as received without further purification. De-

ionized water was obtained using an ultra filtration system (Milli-Q, Millipore).
4.2.2 Preparation of magnetic (FesO4) nanoparticles

The magnetic (FesO4) NPs were prepared by chemical co-precipitation method, details of

which are given in Chapter 1, section 1.4.9.
4.2.3 Preparation of Pegylated-PLGA
The details of this are given in Chapter 1, section 1.4.6.

4.2.4 Preparation of Methotrexate (MTX) loaded Fe;O,—PLGA-PEG particles
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MTX loaded particles were prepared by double emulsion method (o/w/0), details of which
are given in Chapter 1, section 1.4.10.

4.2.5 Characterization
As synthesized core-shell NPs were characterized by various techniques, the details of the

techniques are given in Chapter 1, section 1.5.
4.2.6 In-vitro release of MTX and kinetic studies

To study the release profile of the prepared MTX encapsulated Fe3O4-PLGA-PEG
nanoparticles, preweighed nanoparticles (3 mg) were suspended in 20 mL of phosphate
buffer solution (PBS) pH 7.3 and acetate buffer solution (ABS) pH 4.6. Samples were
incubated at 37°C. At regular time intervals, 5 ml of sample was withdrawn and replaced with
fresh PBS and ABS. The withdrawn sample was centrifuged at 10,000 rpm for 15 minutes
and the amount of drug released was determined by HPLC using Phosphate buffer: ACN
(20:80 v/v) and Acetate buffer: ACN (20:80 v/v) as mobile phase. 20 pL of sample was
injected with a flow rate of 1.0 ml/min at 302 nm wavelength. Further, the data obtained from
the in-vitro release study was fitted into different drug release kinetic models to determine the
release exponent ‘n’ value for describing the mechanism of drug release and the resulting

regression coefficient values were calculated.
4.2.7 In-vitro cytotoxicity assay

The cytotoxicity studies of bare MTX, PLGA-PEG and MTX loaded nanoparticles were done
by MTT assay at Centre for Cellular and Molecular Biology (Hyderabad). SK-BR-3 (breast
adinocarcinoma) cells and L929 non cancerous cells were used in this study. Both SK-BR-3
and 1929 cell lines were cultured separately in Dulbecco’s modified Eagle’s medium
(DMEM), enriched with 10% foetal bovine serum (FBS) and 1% antibiotic penicillin-
streptomycin (Pen Strep). The cells were then kept in humidified incubator at 37°C with 5%
COs,. The assay was done for 1, 2, 3 and 4 days.

Further, cells with a density of 5x10%ells/well were seeded in 96 well plates and again
incubated at 37°C with 5% CO, for 24h. After the attachment of cells they were washed with
phosphate buffered saline (PBS), prior to treatment with medium containing 10% of bare
nanoparticles, free MTX and MTX loaded nanoparticles. After the incubation of plates for 1,

2, 3 and 4 days, MTT assay was done and the absorbance values of the plates were read at
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570 nm using a micro plate reader (ELX800; BioTek). The percentage cell viability was

calculated using the equation [20]

0.D of sample

0.D of control x 100

Cell viability (%) =

4.2.8 Fluorescent Imaging

The cells were cultured on cover slips-12 well plates with 40x10%cells/well and incubated
with different nanoparticle formulations for 24h. After complete incubation, cells were
washed with PBS thrice and fixed with 70% ethanol. The cells were stained with 10 uL of
Gold Antifade Reagent containing DAPI (4’°,6-diamidino-2-phenylindole). Finally, the cover
slip containing nanoparticle treated cells were placed over the glass slide.

4.3 Results and Discussion
4.3.1. Structural and morphological characterization

The average hydrodynamic size of the prepared Fe;O, NPs, PLGA-PEG and FPP NC is
determined by DLS shown in Table 4.1. It was observed that bare Fe;04 NPs and PLGA-
PEG have 90 nm and 125nm average size. However an increase in size was observed for FPP
NC (140 nm) which indicates the formation of the nanocomposite. The low polydispersity
values show that the particles were uniform in shape and evenly distributed in the solution.
Table 4.1: Average particle size and polydispersity of particles.

S.No Sample Average Particle  Polydispersity
Size(nm) Index(PDI)
1. FesO4 NP 90 0.42
2. PLGA-PEG 125 0.49
&k FPP 140 0.62

The FTIR spectra of Fe;04, PLGA-PEG and FPP are shown in figure 4.2. A prominent
stretching absorbance band at 578 cm™ for Fe-O bond was observed in spectra of FesO, [21,
22]. Band at 1748 cm™ is observed for C=0 stretching in the spectra of PLGA-PEG. Also a
band at 1463 cm™ for C-H deformation of O-CH, and 1112 cm™ for stretching’s due to
asymmetric and symmetric C-C=0O vibrations are observed respectively. Band in the
fingerprint region is due to C-H aliphatic vibrations. Band for O-H stretching in the spectrum
of PLGA-PEG is observed at 2921 cm™ [23, 24]. The blue shifting of Fe-O band at 510 cm™
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is accredited to the
formation of Fe30,-
PLGA-PEG nanoparticle
system [25]. The data
showed the formation of
magnetite modified
PLGA-PEG

nanocomposite.

The XRD-diffraction
pattern of the prepared
Fe3O, nanoparticles and
the  Fe;04,-PLGA-PEG

nanocomposite are shown

in figure 4.3. The
characteristic peaks at 26
angles of 30.4, 35.6,
37.6, 43.4, 54.0, 57.4 and
63.1 which corresponds
to (220), (311), (222),
(400), (422), (511) and
(440) diffraction planes
are  observed. These
peaks are found to be
consistent with JCPDS
card no. 65-3107 [26, 27]
indicating a spinel cubic
structure of Fe3O,4. Broad
diffraction patterns are
obtained which can be
attributed to the smaller
size of the nanoparticles.

The average crystallite

Fe O 5787
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Figure 4.2: FTIR spectra of bare Fe;O4, PLGA-PEG and
Fe;04-PLGA-PEG nanocomposite
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(311) (400)

PLGA-PEG

Intensity (au)

20 (degree)

Figure 4.3: XRD diffractograms of bare Fe3O,;, PLGA-PEG
and Fe3O4-PLGA-PEG nanocomposite
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size is obtained in the range of 10-20 nm as calculated using Debye-Scherrer equation. The
FWHM (full width half maxima) for (220) plane is 0.30° showing high crystallinity of the
sample. Slight changes in the 26 values for Fe304-PLGA-PEG nanocomposite are observed.

This shift can be ascribed to the interaction between both the moieties.

Surface morphology of the prepared Fe;O4 nanoparticles and Fe304-PLGA-PEG

nanocomposite is determined by TEM shown in figure 4.4.

PLGA-PEG

100 nm

Figure 4.4: TEM images of (a) FesO4 nanoparticles, (b) PLGA-PEG
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Spherical shape and nanocrystalline nature of the magnetite particles is clearly observed in
figure 4.4 (a).

100 nm

MTX-FPP

Figure 4.5: TEM images of (a) FPP nanocomposite (inset-magnified view of the
nanocomposite) and (b) MTX loaded FPP
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Size of particles ranged from 15-25 nm. The presence of agglomeration can be attributed to
the presence of dipole-dipole interactions between the magnetic Fe;O, nanoparticles.
Uniform particle distribution and spherical morphology was clearly seen for the PLGA-PEG
polymer (figure 4.4 (b)) and the particles ranged from 80-100 nm as observed from the
image. Improved dispersion of the Fe;O4-PLGA-PEG was observed in figure 4.5 (a). This is
may be due to the electrostatic repulsion force and possible steric hindrance between the
magnetic nanoparticles and the polymer chains. Also an increase in size of the nanocomposite
was observed in the range of 110-150 nm which clearly indicates the formation of Fe3O,-

PLGA-PEG nanocomposite. MTX loaded FPP nanocomposite was observed in figure 4.5 (b).

The magnetism of the prepared Fe3O4 nanoparticles was simply done by dissolving 5mg of
the nanoparticle in water in a glass vial and stirred well to make a suitable solution. A magnet
was then rolled from outside walls of the vial and the magnetic separation was Fe;O4

nanoparticles from water was achieved as seen in figure 4.6.

Figure 4.6: Magnetic separation of Fe3O4 nanoparticles in solution
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Figure 4.7 and 4.8 shows the AFM images of bare Fe;O, nanoparticles, PLGA-PEG and
Fe;04-PLGA-PEG nanocomposite in height mode.

(@)

12.1 nm

8
92.9: -12.2 nm

(b)

17.5 nm

16.7 nm

Figure 4.7: AFM images in height mode (scale-2um) of (a) Fe3O4, (b) PLGA-PEG
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Figure 4.8: AFM images in height mode (scale-2um) of (a) FPP nanocomposite and (b)
MTX loaded FPP
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Surface roughness (40.4nm) and average maximum height (20.6nm) for Fe3O,4 is shown in
figure 4.7 (a) while for PLGA-PEG the surface roughness (39.9nm) and average maximum
height of 22.8nm is shown in figure 4.7 (b). An increase in surface roughness (61.0nm) along
with average maximum height (31.6nm) after the interaction of the two moieties confirms the
formation of Fe3O4-PLGA-PEG nanocomposite as shown in figure 4.8(a). Figure 4.8(b)

shows the MTX loaded FPP nanocomposite.

TGA thermograms of pure

100
FesO;, PLGA-PEG and
FeO,
Fe304-PLGA-PEG
nanocomposite are shown in | ¢ 81
figure 4.9. The TGA curve of E PLGA-PEG
FesO4 shows about 5-6% of '@ -
. : B
weight loss in the
temperature ranging from
Fe,0,PLGA-PEG
200-300°C. This weight loss 404
can be attributed to loss of . . . . T . .
0 100 200 300 400 500 600 T00

residual water in the sample Temp (°C)

[28]. In PLGA-PEG thermal | Figure 4.9: TGA thermograms of pure Fe;O,, PLGA-PEG
and Fe304-PLGA-PEG nanocomposite

decomposition initially is

obtained due to loss of residual moisture followed by pyrolisis temperature appearing around
200°C. Further weight loss is obtained in the region of 300-600°C due to thermal
decomposition of chain and branch bonding in polymer [29]. The TGA curve of Fe;O;-
PLGA-PEG nanocomposite showed no weight loss upto 250°C. The weight loss mainly
occurred in the temperature region of 300-500°C with negligible changes at temperature
higher than this. This weight loss can be attributed to decomposition of organic polymer in
this region [30]. The obtained results show that presence of Fe;O,4 in the composite increases

the overall thermal stability of the nanocomposite.
4.3.2. Drug loading and Entrapment Efficiency

According to drug bank, MTX is a hydrophobic drug with a very slight solubility of
approximately 2.6mg/mL. PLGA-PEG copolymer has the ability to efficiently load these
kinds of hydrophobic drugs. In order to obtain high drug loading, effect of different
concentrations is studied. Table 4.2 demonstrates that highest drug loading (TDC) and
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entrapment efficiency of 56.3% and 95.8% respectively when the MTX to polymer ratio was
1:1.

Table 4.2: Drug loading and Entrapment efficiency of MTX in different ratios of polymer
and drug.

S.No. Polymer : Drug Drug loading (%) Entrapment efficiency (%)
1. 1:0.25 45.2 81.3
2. 1:0.5 49.7 89.5
3. 1:1 56.3 95.8

4.3.3. In-vitro release of MTX and kinetic studies

The in-vitro release of MTX in phosphate buffer solution (PBS) of pH-7.3 and acetate buffer
solution (ABS) of pH- 4.6 is determined using HPLC. A calibration curve for the standard
ramipril solution was firstly plotted shown in figure 4.10. The percent release of MTX from
Fe304-PLGA-PEG incubated in PBS and ABS is shown in figure 4.11. MTX showed three
different phases of release pattern. Nearly 86% of MTX is released over 72h of incubation in
ABS.
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Figure 4.10: (a) HPLC chromatogram of standard MTX solutions and (b) calibration curve
for the standard solutions (chromatogram of stock solution of MTX inset)
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An initial burst release of MTX is observed for nearly 10h and then levelling off is seen upto
40h. This initial burst release of MTX is attributed to release of surface bounded MTX. An
increase in release of MTX is seen for the next 30h. This gradual increase in release rate can
be due to the breaking of bonds between surfaces of polymer which allows the drug to be

released over a longer duration of time since the ester linkage hydrolysis of the polymer
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Figure 4.11: In-vitro release profile of MTX from Fe3O4-PLGA-PEG nanocomposite
incubated in phosphate buffer and acetate buffer solution at different time intervals

causes increased swelling as the hydrolysis proceeds with time. Polymer swelling also
increases in acidic pH environment because of the protonation of PEG groups attached to
PLGA and the subsequent formation of positively charged chains in the polymer [31].
However, in case of release of MTX in PBS medium, no significant release is observed. Only
15% of MTX was nearly released after 72h. This shows that the release of MTX was highly
influenced by pH of medium. These observations were in correlation with literature that since
the magnetic nanoparticles has the ability to target the cancer cells, the MTX loaded magnetic

nanoparticles show negligible release in physiological pH environment. However, they show
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a significant release in acidic pH environment similar to that of cancer cells surrounding

environment. The experiments were repeated three times with £5% error.
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Figure 4.12: Kinetic models of MTX release (a-b) Zero order plot, (c-d) Korsmeyer-
Peppas plot and (e-f) Higuchi plot at pH-4.6

The MTX release profile was fitted into various kinetic drug release models shown in figure
4.12. A non fickian supercase-Il transport is observed as the release exponent n value of 1.0
(n>0.89) is obtained. It is indicated that the data fitted well in the Korsemeyer-Peppas model
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of drug release (R?=0.986) which signifies that MTX release from the matrix of polymer is

swelling controlled and independent of time.

5.3.4. Cytotoxicity assay

The in-vitro release of free MTX and MTX from Fe;04-PLGA-PEG nanocomposite in SK-
BR-3 (breast adinocarcinoma) cell line is shown in figure 4.13. It is observed that after
incubation of 4 days only 20% of MTX is released while almost 80% of MTX is released
when it is loaded in Fe304-PLGA-PEG nanocomposite. This indicates that Fe3O4-PLGA-PEG
acts as a good delivery agent for transporting MTX.

£
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Figure 4.13: Live cell imaging of (a-d) MTX-FPP, (e-h) free MTX and (i) in-vitro
release profile of MTX from FPP nanocomposite in SK-BR-3 (breast
adinocarcinoma) cell line.
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The cytotoxic cell viability assay of free MTX, bare nanoparticle and MTX loaded
nanoparticle at different incubation period in SK-BR-3 (breast adinocarcinoma) cells is
shown in figure 4.14. It was observed that bare nanoparticles do not show any prominent

cytotoxic effects on the cells as there is nearly no cell death observed. For free MTX a

100

Figure 4.14: Cytotoxicity assay of free MTX, Fe3;04-PLGA-PEG and MTX loaded
Fe;sO4-PLGA-PEG at different incubation period in SK-BR-3 (breast adinocarcinoma)

cells
decrease in viability is observed with increased incubation time. However, for MTX loaded

nanoparticles in the same concentration range showed higher cytotoxic effects on SK-BR-3
cells with increased incubation time than free MTX. It is reported in the literature [32, 33]
that nanoparticles internalize inside cells by endocytosis, while the free drugs can diffuse
inside as minute molecules swiftly. Taking this hypothesis into account, it is postulated that at

the end of fourth day the MTX is released from the nanoparticles inside the cells, without

losing its cytotoxic effect on the cancer cells.
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Similarly the cytotoxic cell viability assay of free MTX, bare nanoparticle and MTX loaded

nanoparticle at different incubation period in L929 non cancerous cells shown in figure 4.15
is also done to ascertain the targeting ability of MTX on cancer cells. It was seen that bare

110

I;)es 04‘PLGA .

T

Figure 4.15: Cytotoxicity assay of free MTX, Fe304-PLGA-PEG and MTX loaded in
Fe304-PLGA-PEG at different incubation period in L929 (non-cancerous) cells

nanoparticles do not show any effect on cell viability similar to SK-BR-3 cells. However, an
inverse effect is observed in case of MTX and MTX loaded nanoparticles. An increase in cell
growth is observed. This clearly indicates that MTX has no effect on healthy non cancerous

cells and is well targeted towards the infected cells. All the experiments were repeated three

times with £5% error.
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5.3.5. Fluorescent Imaging

24h

Figure 4.16: Fluorescence microscopy images of SK-BR-3 cells after incubation with (a-c)
bare nanoparticle and (d-f) free MTX for 72 h

The fluorescent cell images show that MTX in free form localises in the nucleus to a greater
extent than when encapsulated inside nanoparticles, indicating slower internalisation of NPs
(figure 4.16 and 4.17). A variety of cell uptake mechanisms are reported in literature [34-36]
for free drug and drug encapsulated nanoparticles. It was postulated that MTX releases from
NPs due to acidic nature of lysosymal/endosomal compartments, allowing reaching the

nucleus slowly. This deferred release of MTX is favourable for the overall effect on the cell.
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Figure 4.17: Fluorescence microscopy images of SK-BR-3 cells after incubation with
MTX loaded nanoparticle for 72 h

4.4 Conclusion

In summary, surface modification of amphiphilic block polymer PLGA-PEG was done by
magnetic Fe;O4 nanoparticles to improve the targeting ability of the PLGA-PEG for release
of methotrexate. Firstly, the FesO4 nanoparticles are prepared by chemical co-precipitation
method and then the Fe3O4 modified PLGA-PEG nanocomposite was prepared by double
emulsion method. The synthesized nanoparticles were characterized using FTIR, XRD.
Spinel cubic structure of Fe;O, is obtained in the size range of 5-10 nm. A shift in 26 values
in Fes04- PLGA-PEG nanocomposite confirmed the interaction between the two moieties.
Surface morphology of the Fe3O4,-PLGA-PEG nanocomposite is obtained by TEM analysis.
To obtain high drug loading, effect of different polymer to drug ratios are studied and high
drug loading (56%) and entrapment efficiency (95%) is observed when drug to polymer ratio
is 1:1. The in-vitro release profile of methotrexate indicated that there was a significant
release of 86% of methotrexate over 72h which showed that the magnetic nanoparticles were
able to release the drug in acidic environment. Further, the release data fitted well in the
korsemeyer-peppas model of kinetic drug release (R?*=0.9868) which indicated that drug
release was diffusion controlled. The in-vitro cytotoxicity assay of the free MTX and MTX

loaded nanoparticles was done using SK-BR-3 (breast adinocarcinoma) cells and L929 non-
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cancerous cells. It was observed that loaded MTX showed higher cytotoxic effect on the
cancer cells rather than the free MTX and an inverse effect were observed in case of non-
cancerous cells. Further, the fluorescent cell imaging was done to ascertain the release of
MTX from nanoparticles. It is seen that MTX internalises into the nucleus slowly without
losing its cytotoxic effect. These properties of Fe3O, modified PLGA-PEG renders it

effectiveness to be used as drug delivery carriers for cancer therapy.
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CONCLUSIONS

Chapter_1: Covers the general introduction to the biodegradable polymer nanoparticles
(PNPs), their applications in various biological and pharmaceutics as drug delivery carriers
for varied hydrophobic/hydrophilic drugs; importance of these PNPs over conventional
medication. Effect of different shape, size and drug to polymer ratio for better release of drug
from polymer matrix is also discussed. An overview of the various studies reported earlier for
the preparation of different drug loaded nanocomposites having different characteristics is
also discussed. A short description of methodology and characterization techniques for the
determination of structural and morphological properties is also illustrated.

Chapter 2: Section A: Summarizes, the study showed that formulation approach can

improve the therapeutic efficacy of ramipril. The nanoprecipitation method is suitable for
preparation of ramipril loaded PLGA nanoparticles with fairly high encapsulation efficiency.
Variations in PLGA and K P-188 concentrations lead to changes in entrapment efficiency and
release profile of the drug. The synthesized nanoparticles were in a size range of 121-156 nm
having uniform size. Highest percentage of entrapment efficiency was obtained in F3
formulation. However, in F, formulation almost same amount of ramipril was released as
entrapped. Formulation F, showed an initial burst release followed by sustained release up to
74% over 24 hours in PBS. This release pattern of ramipril from PLGA matrix was attributed
to its non- fickian diffusion mechanism which indicates that the release is both diffusion and
swelling controlled. The sustained release of ramipril from polymer matrix indicated that the
use of similar formulations can be useful in reducing the frequency of administration of

ramipril in the treatment of hypertension.

Section B: In summary, to improve the functionality of poly-lactic-co-glycolic acid and poly-
lactic acid as therapeutic agents these were encapsulated within poly (N-isopropylacrylamide)
shell. Poly (N-isopropylacrylamide) was chosen due to its ability to protect the core
nanoparticles from aggregation and external stimuli. Also these (poly- lactic /poly-lactic-co-
glycolic acid- poly N-isopropylacrylamide) core- shell nanoparticles are non-toxic in nature
suggesting biocompatibility. These core-shell (poly- lactic /poly-lactic-co-glycolic acid- poly
N-isopropylacrylamide) nanoparticles were then used to study the release profile of ramipril
an antihypertensive drug. The synthesized nanocomposites were in a size range of 68 —

170nm. Higher percentage of entrapment efficiency (78%) was obtained for ramipril loaded
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in poly-lactic-co-glycolic acid- poly N-isopropylacrylamide nanoparticles. Also, a sustained
release upto 96% over 24 hours in PBS medium was obtained for poly-lactic-co-glycolic
acid- poly N-isopropylacrylamide nanoparticles core-shell as a matrix. This release pattern is
attributed to its non-fickian nature which suggested that release of ramipril is diffusion
controlled. Overall, PLGA showed better characteristics than PLA as a drug carrier in case of
ramipril adsorption over its matrix. These abilities of the core — shell nanoparticle system will
prove to be important in future in-vivo studies focused on probing the capability of these
nanoparticles to deliver the therapeutics.

Chapter 3: In the present study, template method is used to fabricate biodegradable and
biocompatible hollow-Cs nanospheres. PLGA was employed as template prepared by solvent
evaporation method. An increase in size from 125-186 nm and shift in zeta potential
indicated adsorption of chitosan layer over PLGA template. BET surface area analysis
confirmed the formation of hollow Cs nanospheres which were further characterized by TEM
and AFM. Higher entrapment efficiency (90.8%) was obtained when ramipril concentration
was 5 mg/mL in polymer matrix. The release profile of ramipril was influenced by pH of the
medium i.e. with increase in pH from 3.3 to 6.3 to 8.0 the release rate decreases. 86% drug
was released in ABS (pH 3.3) while 73% and 48% of drug released from polymer matrix in
PBS (pH 6.3) and tris buffer (pH 8.0) over 24 hours. The kinetic data obtained for the release
profile of ramipril showed that release of ramipril was diffusion as well as swelling

controlled.

Chapter _4: In summary, methotrexate (anticancer drug) loaded Fe;O4-PLGA-PEG
nanocomposite is prepared in order to improve the release of methotrexate to the target site.
Drug loading (56%) and entrapment efficiency (95%) was effected by ratio of methotrexate
to that of polymer. Significant release of 86% methotrexate in acidic tumor environment was
seen over 72h in-vitro. Ability of the polymer nanocomposite to transport and release the
drug to its target site is assed as compared to conventional mode of medication. Also a case Il
transport for release of methotrexate was observed. Further, methotrexate showed higher
cytotoxic effect on SK-BR-3 (breast adinocarcinoma) cells when loaded in the composite as
compared to when administered in free form. It is seen that methotrexate internalizes into the
nucleus slowly without losing its cytotoxic effect when loaded in the nanocomposite.
Significantly the drug did not show any cytotoxic effect on non cancerous L929 healthy cells.

These properties of Fe3O4-PLGA-PEG nanocomposite to release drug in a controlled manner
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to its target site renders them the ability to be used as delivery carriers for hydrophilic drugs

having low bioavailability in cancer therapy.
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Synthesis and Characterization of Ramipril Embedded
Nanospheres of Biodegradable Poly-D,L-Lactide-co-

Glycolide and Their Kinetic Release Study
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Development of biodegradable polymers for controlled drug delivery has gained immense impor-
tance as these can be broken down into biologically acceptable monomeric units that can be elim-
inated by natural metabolic pathways from the body. In order to improve the therapeutic efficacy
of ramipril, an antihypertensive drug, a study has been carried out to ascertain the duration of its
action. Ramipril loaded biodegradable nanoparticles of poly-D,L-lactide-co-glycolide (PLGA) were
prepared by nanoprecipitation using tribloere stabilizer kolliphore P-188 (K P-188). Four different
formulations F; to F, were prepared by altering the weight of K P-188:PLGA as 1:1.25, 1:2.50,
1:0.62 and 1:0.80. These were characterised by zeta potential, SEM and TEM studies. The F4
formulation showed highest drug content and entrapment efficiency of 94% and 84%, respectively.
In-vitro release study of these formulations at pH 7.3 in phosphate buffer indicated F, formula-
tion to be efficient with an initial burst release followed by 74% sustained release of ramipril over
24 hours. The korsemeyer—peppas model for determining the kinetic drug release showed that
ramipril release form PLGA matrix followed zero order rate kinetics and an anomalous (non-fickian)
diffusion mechanism.

Keywords: Biodegradable Polymer, PLGA, Antihypertensive Drug, Ramipril, Drug Content,

Entrapment Efficiency, Drug Release.

1. INTRODUCTION

It is estimated that about 40% of new chemical enti-
ties or many existing drugs, although efficient are poorly
water soluble or lipophilic in nature yet lead to poor oral
bioavailability, high intra and inter-subject variability and
lack of dose proportionality.! A new and novel field of
biodegradable polymer nanoparticles (PNPs) is an emerg-
ing field. Over the past few decades, there has been consid-
erable interest in developing biodegradable nanoparticles
(NPs) varying from 10-1000 nm? as effective drug deliv-
ery devices.

Liposomes have been used as potential drug carriers
instead of conventional dosage forms because of their
unique advantages like their ability to protect drugs
from degradation, target the drug to the site of action
and reduce the toxicity or side effects.> However, devel-
opmental work on liposome has been limited due to

*Author to whom correspondence should be addressed.

Adv. Sci. Eng. Med. 2016, Vol. 8, No. xx

2164-6627/2016/8/001/006

inherent problems such as low encapsulation efficiency,
rapid leakage of water-soluble drug in the presence of
blood components and poor storage stability. However,
polymeric NPs offer some specific advantages over lipo-
somes. For instance, NPs help to increase the stability
of drugs/proteins and possess useful controlled release
properties. Polymers are very convenient materials for the
manufacture of numerous and varied molecular designs
that can be integrated into unique nanoparticle structures
with many potential medical applications.* Among those,
polymeric nanoparticulate systems from biodegradable
and biocompatible polymer are interesting alternative for
controlled drug delivery and drug targeting.”” Poly(D,L-
lactide-co-glycolide) (PLGA) has gained attention for
the preparation of wide variety of delivery systems
containing several drugs®® due to their biodegradable,
biocompatible properties'®!" and low toxicity'> and has
been approved for human use by FDA.'> The copoly-
mers of PLGA degrade in body via hydrolytic cleavage

doi:10.1166/asem.2016.1878 1
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Polylactic acid (PLA) and poly(lactic-co-glycolic) acid (PLGA) are two commonly applied biodegrad-
able polymers for the preparation of nanocomposites used in drug-delivery systems. However, these
polymers lack desirable attributes such as resistance to aggregation during long-term storage due to
lyophilisation. To improve their efficacy, in this work, PLA and PLGA were encapsulated within a shell of
poly(N-isopropylacrylamide) (pNIPAM) using a single emulsion technique followed by an aqueous free
radical precipitation polymerisation process, yielding core-shell PLA/PLGA-pNIPAM nanocomposites.
The nanocomposites were characterised using zeta potential, dynamic light scattering, and transmission
electron microscopy analyses and were further applied as a delivery system for ramipril, an antihyper-
tensive drug. The drug-loaded PLGA-pNIPAM core-shell nanoparticles exhibited a higher drug content
(91%) and entrapment efficiency (78%) than their PLA counterparts. An in vitro release study of the for-
mulations at pH 7.3 in phosphate-buffered saline indicated that PLGA was more efficient than PLA with a
sustained release of 86% of ramipril from the polymer matrix within 24 h. Furthermore, to determine the
release kinetics, the data were fitted to Korsmeyer-Peppas and Higuchi models; the release of ramipril
from the polymer matrix followed zero-order rate kinetics and an anomalous (non-Fickian) diffusion
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Poly(N-isopropylacrylamide)
Antihypertensive drug
Entrapment efficiency
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mechanism.
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Introduction

Biodegradable colloidal particles have received significant inter-
est as a possible means of delivering drugs by several routes
of administration (Lemoine et al., 1996). Polymeric nanoparticles
(NPs) help to increase the stability of drugs/proteins and pos-
sess useful controlled release properties. Special interest has been
focused on the use of particles prepared from polyesters such
as poly(lactic-co-glycolic) acid (PLGA) and polylactic acid (PLA)
because of their biocompatibility and biodegradability via natu-
ral pathways in the body (Basu, Pal, & Singh, 2016; Jain, 2000;
Panyam, Zhou, Prabha, Sahoo, & Labhasetwar, 2002). PLGA copoly-
mers degrade in the body via hydrolytic cleavage of ester linkage
to lactic and glycolic acid. These two monomers are metabolised in
the body through the Krebs cycle before finally being eliminated in
the form of CO, and H,O0. Although PLGA and PLA NPs have been
used commercially by many investigators because of their advan-
tageous properties, certain issues remain that limit their use for
drug delivery (Anderson & Shive, 1997; Hans & Lowman, 2002;

* Corresponding author.
E-mail address: ssingh@thapar.edu (S. Singh).
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Panyam & Labhasetwar, 2003; Wischke & Schwendeman, 2008).
The long-term storage of aqueous suspensions of PLGA and PLA
NP systems is difficult because of the hydrolytic degradation of
the polymer and subsequent release of the encapsulated therapeu-
tics. To overcome this issue, researchers have used lyophilisation to
prepare therapeutics containing PLGA and PLA NPs for long-term
storage. However, this simple solution introduces an additional dif-
ficulty i.e., lyophilisation causes the NPs to aggregate into clumps
that upon rehydration, readily fall out of the solution (Chacon,
Molpeceres, Berges, Guzman, & Aberturas, 1999; Holzer et al,,
2009).

In an attempt to overcome the limitations linked to PLGA and
PLA NPs and to increase their functionality, in this work, these NPs
were encapsulated within a shell of poly(N-isopropylacrylamide)
(pNIPAM) because of its versatility and beneficial inherent prop-
erties. The pNIPAM shell can be synthesised as a homopolymer
or as a copolymer with incorporation of various chemical moi-
eties with defined concentrations that can be further modified
with active targeting functional groups. In addition, it is one of
the most stimuli-responsive polymers (Zhang & Zhuo, 2000). pNI-
PAM shows great potential for applications in biomedical fields
(De Groot et al., 2001; Duracher, Elaissari, Mallet, & Pichot, 2000;
Suzuki, Yumura, Tanaka, & Akashi, 2001) and for the immobilisa-

1674-2001/© 2018 Chinese Society of Particuology and Institute of Process Engineering, Chinese Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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Hollow biodegradable polymer nanoparticles as drug carrier possess effective low density and higher sur-
face area. Chitosan hollow nanospheres were prepared using poly-p,.-lactide-co-glycolide as template by
single emulsion method. The DLS studies showed increase in size from 125 nm to 186 nm for the forma-
tion of core@shell structure. The BET surface area increased from 62 m? g~ for chitosan@poly-p..-lactide-
co-glycolide to 111 m?g ' for hollow chitosan nanospheres. TEM analyses indicated core@shell,

Keywords: chitosan@poly-p,-lactide-co-glycolide and the hollow morphology of the chitosan nanospheres.
Elﬁﬁsan Ramipril in acetone (1.5 mg/mL, 3 mg/mL and 5 mg/mL) was physically adsorbed onto hollow chitosan
Core@shell nanospheres and the amount of adsorbed ramipril was determined by HPLC. Higher entrapment effi-
Hollow nanospheres ciency (91%) with 96% of the drug content was observed for the sample with 5 mg/mL of the drug. The
Ramipril in-vitro release of ramipril of 86% and 73% was achieved in acetate (pH-3.3) and phosphate (pH-6.3) buf-

Entrapment efficiency fers respectively while only 48% of ramipril in Tris buffer (pH-8.0) medium. Korsemeyer-Peppas model of

Drug release

drug release indicated the release of ramipril being swelling controlled.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Biodegradable polymers have gained immense importance in
the field of controlled drug delivery due to their various properties
like small size and simplistic fabrication techniques. The main
advantage of these biodegradable drug loaded polymers is their
enhanced therapeutic effect of drug, subsequent lower dose
requirement and reduction in toxic side effects [1]. Poly-pb,
L-lactide-co-glycolide (PLGA) and chitosan (Cs) are two widely
used biodegradable polymers. PLGA is biocompatible, non-toxic
biopolymer [2] that degrades into lactic and glycolic acid in the
body that are utilized into the natural metabolic pathway kreb’s
cycle also called as the TCA cycle inside the body and finally elim-
inates out as H,O & CO,. Similarly, Cs, a biopolymer of chitin is an
exceptional flocculent, adhering to negatively charged surfaces is
non-toxic, biocompatible, biodegradable and also have fungicidal
activities [3-7], besides having a unique chemical structure as a
linear polyelectrolyte with a high charge density and reactive
hydroxyl and amino groups [8]. Chitosan and its derivatives are
widely used as drug delivery vehicles [9] like; chitosan modified
with PLGA nanoparticles for improved drug delivery was reported
by Wang and co-workers [10]. Also, Campos and co-workers [11]

* Corresponding author.
E-mail address: ssingh@thapar.edu (S. Singh).
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0009-2614/© 2018 Elsevier B.V. All rights reserved.

reported the use of chitosan as solid lipid nanoparticle (SLN) for
effective delivery of paclitaxel. Chitosan microspheres have also
been used in gastric drug delivery [12]. To increase insulin’s
intestinal absorption and enhance its pharmacological bioavail-
ability insulin loaded chitosan nanospheres have been used [13].
Chitosan also exhibits various fascinating biological activities
which include induced disease resistance in plants, antimicrobial
activity, etc. [14,15]. All these properties of chitosan makes it
useful in many different fields that includes food and chemical
engineering, pharmaceuticals, nutrition, etc. [16].

In recent years, hollow nanospheres have attracted great poten-
tial as drug delivery carriers due to high surface area and low effec-
tive density [17]. Several methods for preparation of hollow
nanospheres are available [18] like emulsion polymerization
[19,20], self-assembly of block copolymers [21-23], template poly-
merization [24,25], etc. Although, there are many methods to pre-
pare hollow nanospheres still the template method is the most
frequently used method, as it can control the core size and hollow
structure can easily be obtained after removal of the template by
evaporation or thermolysis. Drug loading in the polymer nanopar-
ticles takes place by two ways firstly, addition of drug during the
preparation of particles itself and secondly, after the formation of
the particles. In case of hollow nanospheres, the second method
is applied i.e. the drug is loaded afterwards and hence, the aque-
ous/organic interface produced by water-in-oil micro emulsion
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Fe;O0, @ PLGA-PEG Nanocomposite for Improved Delivery
of Methotrexate in Cancer Treatment

Tanushree Basu, Satnam Singh, and Bonamali Pal*

Magnetic Fe;O, nanoparticles are gaining significance in drug
delivery applications owing to their targeting capability. Sur-
face modification of amphiphilic block polymers by Fe;O,
nanoparticles increases their properties. In this study, Fe;0, @
PLGA-PEG nanocomposite is prepared by double emulsion (w/
o/w) method. A shift in the 20 values for the composite in XRD
attributes to interaction between Fe;0, and PLGA-PEG. Also, a
shift in the Fe-O band in the FTIR spectrum of Fe;0,@PLGA-PEG
from 578 cm™ to 510 cm™” confirms the formation of nano-
composite. Surface morphology of the prepared nanocompo-
site is analyzed by TEM and AFM. Decrease in agglomeration
due to electrostatic repulsion between the polymer chains and
magnetic particles is observed while an increased surface area
(61.0nm) confirms the formation of the nanocomposite. To
determine the effectiveness of the prepared magnetically
modified nanoparticles, methotrexate (anticancer drug) is
encapsulated into the nanocomposite. High entrapment effi-

Introduction

Recent advancements in nanotechnology have developed new
research strategies in the field of drug delivery. The use of
biodegradable polymeric nanoparticles for targeted as well as
controlled drug delivery is fast emerging and replacing the
conventional mode of medication in the last decade . Magnetic
nanoparticles (MNPs) are gaining attention in the field of
medicine . These MNPs posses certain attributes that allows
them to be used as drug carrier's” in tumour therapy" and
MRI agents.”) Although iron (Fe) is mostly used but other
elements like manganese (Mn), copper (Cu), zinc (Zn) and
nickel (Ni) can also be applied for preparation of ferrites having
general formula M-Fe,0,.!

Poly (lactic-co-glycolic) acid (PLGA) is one of the most
efficient biodegradable polymers to be used in the field of
drug delivery. Surface modification of PLGA with poly ethylene
glycol (PEG) renders it hydrophillicity and other physio-
chemical properties. Block copolymers having hydrophilic seg-
ment have applications mainly due to their biodegradability,
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ciency of 95% is observed when polymer:drug is 1:1. The in-
vitro release profile shows that pH of release medium plays a
significant role. At physiological pH of 7.3 there is only 15%
methotrexate release while nearly 86% of methotrexate release
is observed at acidic pH of 4.6 over 72h. Korsemeyer-Peppas
model of drug release (R*-0.9868) represents swelling con-
trolled release of methotrexate. Further, the cytotoxic cell
viability assay on SK-BR-3 (breast adinocarcinoma) cells showed
that methotrexate loaded onto the nanocomposite showed
higher cell viability as compared to free methotrexate after 96h
of incubation. The fluorescent cell imaging also showed that
methotrexate released slowly from the nanoparticles and
diffused into the nucleus without losing its cytotoxic effect on
the cancer cells. Based on these properties of the magnetically
modified PLGA-PEG nanoparticles they can be used as target-
ing drug delivery agents in treatment of cancer therapy.

biocompatibility etc.”’ Various surface modified drug loaded
PLGA nanoparticles have been synthesized and used for
controlled/target drug delivery. Parveen et al. reported the
development of a surface coating by hydrophilic polymer PEG
which was used to limit the phagocytic properties and to boost
the endurance of the NPs.! PLGA has been frequently used as
a drug delivery carrier in treatment of cancer therapy in recent
times. Fang Qiong et.al reported the release behaviour of
docetaxel an antitumor drug from PLGA coated silica nano-
rattle.” To further improve the targeting ability of PLGA-PEG
towards cancer therapy they are modified with MNPs (Fe;0,).
The as prepared MNPs have the capability to target the tumour
tissues. El-Boubbou et.al reported the preparation of chemo-
therapeutic agent formed of stabilized metal oxide NPs!'”
which was found to be more efficient than free DOX for the
treatment of acute myeloid leukaemia (AML). Also,FG. Souza Jr
etal™ associated cotrimoxizole (antibiotic) to multi block
polymer aiming to reach a controlled drug release system. In
addition to PLGA there are several other polymer particles
which are used in pH dependent release of drug from its
matrix. Z. Deng et.al investigated the use of silica coated hollow
chitosan nanospheres for the release of model protein BSA
from its matrix. They reported about 83% of BSA release from
Cs-SiO, hollow NPs in PBS at pH 4.0 compared to when
released (17.4%) at pH 7.4. This variation in release behaviour
of BSA is attributed to swelling behaviour of Cs-SiO, hollow
NPs in acidic medium.!'? Also, Basu etal reported the pH
dependent release of ramipril from hollow chitosan matrix.!"”

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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