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Abstract

It was reported in world population prospects: the 2008 revision that the
world’s population is increasing 80 million yearly and by 2050, it will reach 9-10
billion. Unintended pregnancy plays major role in population increase. This increased
incidence of unintended pregnancy is owing to inadequate access to the presently
available contraceptive methods. Non-hormonal female contraception has become
more attractive method as it avoids the adverse connotations associated with the use
of hormones used in hormonal contraceptives. The process of non-hormonal female
contraception is accomplished through the intra-uterine contraceptive device (IUCD)
over the past decades. However, 1UD associated complications and side effects over
presently existing form of IUDs leads to non-preference of IUDs by majority of

female individuals.

RISUG® (Reversible Inhibition of Sperm Under Guidance) is a hydrogel and
is useful as vas deferens injected reversible male contraceptive which is under
advanced phase 11 clinical trial in India. The use of polymeric hydrogel RISUG® for
the purpose of establishing as a non-hormonal female contraceptive implant is
evaluated in this article. Different formulations of RISUG® hydrogel were developed
by grafting with suitable bio-polymers was developed in order to develop non-
hormonal female contraceptive implant. Physiochemical characterizations for all the
polymeric formulations were evaluated in order to identify the chemical integrity and
mode of interactions between the polymeric mixtures. Selective antimicrobial

property and antiviral property of RISUG® polymer was evaluated.

XXXV



Cytocompatibility for all the polymeric formulations were evaluated using
respective cell lines. In vivo biocompatibility of the polymeric formulations was
evaluated by histological and immunohistochemical evaluation of respective rat
tissue sections. Hematology, blood biochemistry and organ toxicity for the polymeric
formulations was also performed to reveal the biocompatibility of all the polymeric
formulations. The results of the current study indicated that the RISUG® has excellent
opportunity to be formulated as various forms of non-hormonal female contraceptive

implant as respective concentrations which can be implanted at respective sites.
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1.1 Introduction

Health promoters and professionals in collaboration with policy makers and
funding bodies are trying to establish the reasons and need for contraceptive techniques
in developing countries due to the prevalence of unmet need for contraception in these
countries [1]. Timely use of contraception can minimize the burden of unsafe abortion
and undesired child birth that may ultimately promote well-being of both mother and
child. These measures may indirectly contribute to other developmental factors like
reducing poverty and reduce the burden of population explosion [2-4]. The global
development program gives prime importance in empowering women to take decisions
on their pregnancy desires. With the aim of adding 120 million new women aware of
modern contraceptive methods by the year of 2020 among 69 poorest countries of world,
a global partnership has been established in the year of 2012 [5]. It was estimated in 2014
that about 225 million women of developing countries does not want preferential use of
contraceptive for their need to control child birth. Among these 225 million women, 160
million were not using any contraceptive methods and 65 million were practicing
traditional contraceptive methods. Reason behind this lack of interest to use contraceptive
methods may be due to the adverse effects of prevailing female contraceptive techniques

present till date [3].

According to global trend, the use of permanent contraceptive procedures in order
to prevent un-intended pregnancies show high prevalence rate than any other methods.
However the trend also depicts an increase in use of long-acting reversible contraceptive
techniques. Copper Intra-uterine Device (IUD), levonorgestrel Intra-uterine System
(LNG-IUS), injectable contraceptives (depot medoxy progeterone (DMPA) and
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norethindrone enanthate (NET-EN)) and Etonogestrel single-rod contraceptive implant
are the major long acting reversible contraceptive techniques [6]. Owing to the long term
associated side effects like stress, obesity, headache, nausea, breast tenderness, mood
swing, missed periods, cardio vascular disease risk factors, etc caused by hormonal
female contraceptive techniques, a substantial research focus is undergoing to ensure a
new form of potent non-hormonal female contraceptive [7, 8]. It is reported that around
14.3% of reproductive age women worldwide use 1UD for contraception purpose. It was
reported that IUD post implantation inside the uterus hinder mechanically with embryo
implantation and the rate of pregnancy is decreased with increased interaction of uterine
surface with IUD. These IUDs also expected to exert inflammatory reaction in the
endometrium that provides unfavorable environment for the survival of spermatozoa.
Increase in uterine motility and increase in tubal motility also have been evidenced.
Presence of prostaglandins were also identified in uterine fluid post implantation of 1UD.
However exact mechanism of action for IUD is not well established. These changes
inside the uterus exerted by IUD depend on shape, size and flexibility of the 1UD [9-12].
Although IUD is considered as an effective way for establishing long term reversible
form of contraception not less than 10 years [6], it also have major complications and
side effects even lethal to female users. Notable complications associated with 1UDs are
expulsion, bleeding, cramping pain that leads to major form of side effects like
penetration of 1UD inside uterine wall, exogenous and endogenous infections [12]. These
complications and side effects of presently existing form of IUDs leads to non-preference
of IUDs by majority of female individuals who are in need of contraception and if they

use then also of early removal of implanted 1UD [73].
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Regardless of substantial developments in new contraceptive methodologies un-
intended pregnancies remain as a considerable universal public health problem. Even
though women have acquired rights over multiple contraceptive techniques in 21st
century; about 222 million women in low income countries have not met their needs to
access contraceptive techniques to delay or to avoid their gestation. It was identified that
availability of limited contraceptive choices and family planning services, problems faced
due to complications and side effects, religious and cultural hostility and inequality to
female partners are major reasons for the increase in the incidence of un-intended
pregnancy [6]. Thus this introduction and literature survey focuses on impact of
unintended pregnancy on socio-economic point of health system and use of intra uterine

contraceptive device (IUD) to prevent the rate of un-intended pregnancies worldwide.

1.2 Un-intended pregnancy

The pregnancies occurring unwanted for at least one of the couples which are
inopportune and unplanned is said to be un-intended pregnancy. Un-intended pregnancy
is considered as undesired to one or both of the partners which may leads to public health
tribulations especially foremost reproductive health problems [13]. It was reported that
about 87 million of unintended pregnancies are occurring among 210 million of total
pregnancies of every year (WHO 2005). It was also reported that unsafe abortion has lead
to 18% of maternal death per year (2008). The rate of unsafe abortion was accounted as
22 per 1000 women of 15 - 44 age groups worldwide. About 48% of sexually mature
women (15-44 age) in America might have experienced one abortion [14-16]. This high
rate of unintended pregnancies has major negative impact on pregnancy related health
and social issues to mother, child and the male partner. Social issues like suicide, mental
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depression, unstable family relationships, physical and psychological violence and health
related issues like gestational malnutrition, psychological health issues, birth of infants
with low body weight and also risk of miscarriage [17, 18]. Year wise estimation on %
occurrence of unintended pregnancies worldwide is represented in Figure 1.1. Several
macro level studies had reported that, population health play a significant role in
economic performance and growth of a nation. Un-intended pregnancy entails
noteworthy financial and social impact on nation which is considered as most critical

challenges faced by the public health system of a nation [19, 20].

1.3 Economic effect of unintended pregnancy and unsafe abortion

Devoid of any race or socio economic status, unintended pregnancy is recorded as
high risk involving conception which shows high occurrence in poor or low-income adult
female [21]. This leads to dramatic increase in rate of illegal abortion. The global
statistics reports that more than 15 million women are experiencing illegal unsafe
abortion every year in Asia. The effect of pregnancy complication leads to death rate of
50,000 women for a year in developing countries. This portrays that illegal abortion
accounts for main cause for mortality rate worldwide. The medicinal expenses to treat
complications due to unsafe abortion exceed the expenditure for safe abortion. About
98% of illegal abortions were recorded in the year of 2008 in developing countries and
about 43.8% of abortions were recorded worldwide among which 50% of abortions were
illegal abortions [22-24]. The unsafe abortion may lead to irretrievable severe medical ill
health to the female individual both mentally and physically. This medical complication
may indirectly affect the cost of medical expenditure that acts as a heavy burden for

government programs. US economic analysis had reported that more than 12 billion was
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spent for a year on unsafe abortions. Avoiding these expenditures on unintended
pregnancies can save three-quarters of federal government allocated budget for INICEF
research assignments in 2010. Maternal mortality rate is considered as an effective
indicator for a countries' development in the world. It was aimed by Millennium
Development Goals that maternal mortality rate has to be reduced to 75% between 1990
to 2015. Family planning and effective contraceptive technique may reduce the incidence

of un-intended pregnancies worldwide [25, 26].

1.4 Population and socioeconomic effect of unintended pregnancy

The economic status of a country is affected by factors like reproductive behavior
healthcare, population welfare behavior and characteristics. The large-scale economic
system outcome of a country is influenced either positively or negatively by population
health. It was estimated that at every 40 years the population of the world doubles but it
occurs less than 20 years in developing countries [27-29]. The increase in population in
turn increases poverty and sickness in a country which also leads to dissimilar
distribution of health services. Increase in population will leads to deprived access to
edification and income. Population increase may show economic burden on third party
payers like employer supporting insurance programs to meet the rising demands. This
economic burden will directly reflect in Consumer Pay Index (CPI) that may direct to

noteworthy burden on common tax payers [30-32].
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1.5 Effect of population increase leads to health problems

Health indicators could able to express the effect of population of a community.
Important factors like labor, physical and human capital certainly affect the economic
growth [33, 34]. Economic literature defines education, training, skills, health, migration,
expertise, experience and some other investments are included in human capital [35].
Effect of public health should be inspected as one among the significant factors in
collecting human capital. But unintended pregnancy has a direct impact on health and

wellness in so many ways.
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Figure 1.1. Prevalence of unintended pregnancies worldwide. (Data Source [36])

It reduces the productivity of labor by reducing the eminence of existence. The
health stock of individual can be reduced by unintended pregnancies by reducing the

labor productivity which ultimately reduces the living standards [37-40].
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1.6 Effect of un-intended pregnancy in reproductive health

Reproductive health can be subdivided into categories like; discussion,
information, andragogy and communication regarding family planning, encouraging
individuals in right to independently choose marriage partner, gender equality
contribution and equal rights in marriage decision making, family planning assistance,
promoting reproductive decisions, provision for prenatal and health care for women,
assuring sexual and reproductive health, measures to prevent infertility, suitable therapy
for abortion, infertility and treating its complications as well as reproductive tract
infections and sexually treated diseases therapy. Unintended pregnancy may lead to high
risk in child mortality rate [41-44]. This un-intended pregnancy may also leads to mental
iliness like schizophrenia for infants due to malnutrition and child abuse [45]. This may
leads to poor academic performance of the particular child. Child mortality within the age
of 5 acts as an important marker for reproductive health which can be influenced by
prevalence of unintended pregnancy influenced unsafe abortion leading to maternal
deaths [46]. Among 43.8 million worldwide abortion, 86% of abortion occurred in low or
middle income countries which accounts for 13% of maternal death due to unsafe
abortion between the years of 2003 to 2008 [24, 47]. Lack of awareness regarding family
planning is associated with these unintended pregnancy and maternal deaths. Proper use
of family planning measures may reduce un-intended pregnancy that will reduce the
economic burden of the society. This safe and effective use of family planning will
provide significant economic savings for the government budget that will in turn be used

in different government development programs leading to economic growth [26].
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1.7 General prevalence of contraceptive techniques

Methods to improve reproductive health generally depend on use of contraceptive
techniques and their prevailing unmet needs. From the year of 1990 to 2011 the
prevalence of contraceptive techniques among women was observed to be increased
from 55% to 63% globally [48]. The number of female individuals practicing any method
of contraceptive technique is represented in Figure 1.2. About 36% of women were using
contraceptive techniques. However the use of contraceptive techniques is high in
economically high income countries. Number of female individuals using modern
method of contraceptive technique at reproductive age is represented in Figure 1.3.
Among many contraceptive techniques, the use of IUD and female sterilization showed
high prevalence rate from the year 1990 to 2011 in global scenario. It was observed that
the prevalence of female sterilization was common in Asia, Latin America, North
America and Caribbean and use of IUD was observed to be common in Europe and Asia.
In countries like India, female sterilization was observed to be more where gestation was
observed at young age. This clearly portrays that need for new contraceptive techniques
to delay gestation. About 57% of comprehensive contraceptive prevalence was observed
in low-income countries for which IUD (15%) and female sterilization (21%) shows
highest prevalence [49]. But the truth is this prevalence rate occurs only in low income
countries. Number of female individuals with unmet need for any method contraception

and modern method of contraception is represented in Figure 1.4 (A), (B) respectively.
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Figure 1.2. Female individuals using any method for contraception globally (Data Source

[50]1)

1.8 Long Acting Reversible Contraceptive (LARC) techniques

LARC is used as modern contraceptive technique that includes copper bearing
Intra Uterine Devices (IUD) and levonorgestrel Intra Uterine System (IUS). Sixty-one
percentage (61%) of reproductive age group (15 - 49 years) women were practicing some
form of contraceptive technique. Among them 9% in high income and 18% in low
income countries practice LARC in the year of 2003 [49]. The reproductive age US
women use only 17% of LARC among 56% of contraception practicing women. Globally
only 14% of reproductive age group women use IUD However, in Asia IUDs are used by
18% reproductive age group women and within Asia in China itself 40% IUDs are used

in China by reproductive age group women [49].
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Figure 1.3. Female individuals using modern methods for contraception globally (Data
source [50])

1.9 Uterine architecture

1.9.1 Mammalian uterus and its anatomical difference

The duplex, bicornuate and simplex (Figure 1.5) are the three anatomically
different types of the uterus [51]. The duplex type has two fallopian tubes joining
externally together and opens independently in to the cervical canals. In some species, the
fallopian tube combined inside the cervical region and opens in the vagina with single

ostium.
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Figure 1.4. (A) Number of women with unmet need for contraception. (B) Number of
women using modern contraception worldwide (Data source [50])

The bicornuate type has two fallopian tubes joining externally at cervical
beginning and is internally joined to form corpus - the body that opens in the vagina by a
single cervical canal. The simplex type uterus has externally unpaired single corpus that

consists internal cornual lumina with small rudiments.

7'<

Simplex Bicornuate Duplex

Types of uterus

Figure 1.5. Anatomically different types of female uterus

They have single cervical canal to communicate with the vagina. The evolution of
functional uterus might be originated from the region of each egg - transporting fallopian

tube of primordial egg laying mammals as similar to duplex type of marsupials. Due to
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the evolution of the eutherian type vagina, there arises a possibility for the external and
internal fusion of the uterus to originate as united corpus and cervical canal. Followed by
the fusion, the long bicornuate type might be evolved to short bicornuate and at last to
simplex type. There is a vast variation inside orders and suborders of the class of uterus
of a given mammalian species. Two to three different types of uterus are observed in
Megachiropeta, Microcheropeta, Rodentia and Artiodactyla. Particular species of bats

have double, bicornuate and simplex types of uterus [52, 53].

1.9.2 Macroscopic anatomy of human uterus

Uterus is the hollow, pear shaped fibro-muscular organ (Figure 1.6.) possess
considerable variation in shape, weight and dimensions depending on both estrogenic
stimulation and previous parturition. Uterus serves as incubator and nourishing chamber
to the embryo and fetus with the aid of continuous contraction attributed by its thick
muscular wall that expels the fetus to external parturition. This complex phenomenon of
the uterus is said to occur during child birth. Uterus measures 8 cm long, 5 cm wide and

2.5 cm thick and approximately weights 30 - 40 g in nulliporpus women.
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Female uterus

Uterine fundus

Figure 1.6. Female uterus anatomy

Uterus consists of two portions; corpus and cervix. Corpus lies in the upper
portion of the uterus having muscular in nature and cervix lies in the lower portion of the
uterus having fibrous in nature. Uterus narrows down to the cervix after a small
constriction slightly below the midpoint of the uterus. The region of the uterus extending
its portion above the beginning point of origin of the fallopian tube is called as fundus.
Uterine body lies below the initial opening of the uterine tubes. The size of the uterus
corpus is similar (larger in size in reproductive women) before menarche and after
menopause. Due to thick uterine wall, the cavity of uterus is comparatively small that
appears similar to cleft in sagittal plane having the anterior and posterior walls appears to

be in contact. The coronal section of uterus seems to be triangular in shape [54].
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1.9.3 Microscopic anatomy of uterus

Uterus consists of two muscular coats and serous coat. The endometrium which is
inner and mucous membrane coat; the highly vascular middle myometrium poised of
smooth muscular fibers having interspersed fibrous and elastic connective tissue; the
outer perimetrium is extended from peritoneal membrane which engulf maximum of

uterine surface but not the cervix [54].

1.9.4 Uterine Myometrium

Uterine myometrium is composed of several muscular layer composed of smooth
muscle fibers. The uterine myometrium contains vascularized thin connective tissue septa
separating the layers of flat bundles of smooth muscle fibers. The myometrial muscular
pattern originates from paramesonephric primordial pair. These muscular fibers are
arranged as criss-cross diagonal pattern originating from opposite side of each half. The
second statum submucosal layer consists of longitudinal muscular fibers with some
circular and oblique muscular bundles. The muscular layer of stratum submucosal layer
have sphincter like pattern in the inner walls of uterine tubes. The spongy intermediate
layer of myometrium is called as stratum vasculare which is rich in blood vessels

especially with large channels of vein [54].

1.9.5 Uterine endometrium

Endometrium is the mucous membrane which lines the uterine body and also
extends as lining of uterine tubes. The epithelium and lamina propria of endometrium
consists of simple tubular glands. Endometrial epithelial cells are composed of simple
columnar cells along with secretory and rare ciliated cells. Cellular rich connective tissue
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lamina propria is composed of cells containing amorphous intercellular components as
abundant material. Endometrium is nourished by specialized coiled arteries.
Endometrium can be divided in to two portions. First portion is the proliferative,
secretary and degenerating functional layer that prepare endometrium a suitable place for
implantation of blastocyst. This functional layer occupies two third portion of
endometrium. The lower basis layer nourishes endometrium for its regeneration post

menstrual cycle [54].

1.9.6 Cervix uteri

The extreme lower segment of the uterus which forms a small conversion region
between the corpus uteri and the vagina is called the cervix. Cervix can be divided in to
supra-vaginal cervix that lies superior to the vaginal vault and the portio vaginalis that
lies inferior and get exposed along with vagina. About 90% of the cervix is made up of
dense fibrous connective tissue and remaining 10% is made up of smooth muscle. The
columnar epithelial cells line the cervical canal and are secretary in nature. These
epithelial cells are arranged as V-shaped leaves folded as palm tree and so is called as,
plicae palmatae. The superficial portion of the cervical canal widens from narrow
cervical channel which consists of change over to columnar epithelium from squamous
epithelium. The secretions of cervical cavity originates from both uterus and cervix and
run towards vagina. This secretary nature of the uterine cavity has significant
consideration in administering any drug inside uterine cavity since it dilutes the drug post
administration. Secretions of uterus play a significant role in oocyte fertilization. The

secretions are watery during ovulation which facilitates the sperm to fertilize oocyte
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through penetrating the uterus. During pregnancy the viscosity of the secretions becomes

viscous that prevents microbial invasion and sperm penetration inside the uterus [54].

1.10 Methods of LARC

These methods of contraceptives are considered as cost effective and can be used
during intercourse which do not rely on user adherence furthermore this mode of

contraceptives do not demand daily observation [55].

1.10.1 Etonogestrel single-rod contraceptive implant

This cost effective form of contraceptive implant can provide three years of
contraception that shows high efficacy, low failure due to which high rate of continuation
were observed. They show lighter or less frequent bleeding which resumes normal
ovulation immediately post removal. Furthermore it shows less failure rate than IUDs,

LNG - IUS and ectopic pregnancies [6, 56-59].

1.10.2 Injectable mode of contraceptive

Norethindrone enanthate (NET-EN) and depot medoroxy progesterone acetate
(DMPA) is the most commonly prevailing injectable mode of contraceptive. The average

time to conceive after administration of DMPA is 8 - 10 months of duration [60].

1.10.3 Levorgesterel Intrauterine System (1US)

The kind of implant is used not only for contraception but also to treat
menorrhagia and its contraceptive efficacy last minimum of five years and maximum of

seven years in parous women [61]. About 80% of women get their gestation within 12
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months of removal of IUS. The hormone reduces the proliferative efficacy of
endometrium which reduces menstrual bleeding and also prevents anemia [62]. Side
effects like oligomenorrhea and amenorrhea was observed maximum of 24 months post
implantation. However the prevalence of IUS among women preferring contraception is

only 1% of rate [6].

1.10.4 Copper 1IUD

Copper 1UD effectively provides contraception for not less than 10 years. It can
also acts as an effective emergency contraceptive if implanted with in the interval of five
days post unprotected sex. The mode of action is still not clear. However, it was assumed
that 1UD directly disturbs the implantation of embryo. Furthermore copper containing
IUDs exert spermicidal actions by influencing local inflammatory response inside the
uterus. These induced inflammatory responses exert deleterious effect to developing
embryo. It is expected that inert metal like copper enhances the inflammatory response

inside the uterus that could conduct through lysosomal activation [6, 54].

1.11 1UD exerted biological changes in endometrium

IUD is always recognized as a foreign material by the uterine cavity that enhances
cellular biological and secretary changes inside uterine cavity. Changes like enhanced
vascular permeability, stromal leukocytic infiltration that includes mononuclear cells,
macrophages and neutrophils were observed [63]. A rise in leukocytic population was
observed post implantation of IUDs. Similar kind of leukocytic infiltration could be
observed 24 - 48 h prior to beginning of menstruation [64]. The adjacent area around IUD

inside the uterus cavity shows biological changes similar to endometriosis. The increased

Page | 17



Chapter 1

rate of leukocytes and macrophages was expected to exert unfavorable environment that
promotes fertility inside uterine cavity. IUD users have reported increased levels of
proteins from intrauterine cavity that was considered as a marker for cellular damage of
neutrophils and macrophages that in turn promotes unfavorable environment for fertility.
Furthermore copper IUDs affect cellular DNA of endometrium, glycogen metabolism
and estrogen response by mucosa of uterine cavity. These cellular and biological changes
may leads to normal enzymatic activity of endometrial cavity. Experimental observation
in non-primate animals has reported increased prostaglandin (PGF2) synthesis inside
uterus which includes luteolysis [65-68]. Endometrial cells that are adjacent to IUDs have
the ability to synthesize PGF2 and PGE2. Certain amount of copper from copper bearing
IUDs are released from inside the uterine cavity which enhances systemic copper
absorption via endometrium. However certain studies had reported no significant increase
of copper in serum post implantation of IUD. These studies suggest that copper released

from 1UD reacts only with uterine fluid [54].

1.12 1UD exerted complication

The reason for less prevalence of 1UDs are the IUD associated complications like
expulsion, perforation, pelvic inflammatory disease (PID), pregnancy with 1UD,
carcinogenicity and abnormal bleeding. These complications can be explained in detail as

follows.

1.12.1 Uterine perforation of IUD
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Uterine perforation is considered as serious complications associated with IUD
use. About 0.6 to 1.2 for 1000 1UD insertions has reported uterine perforations. There
was no significant difference in the rate of uterine perforations were observed during
push and withdrawal techniques of IUD implantation. IUDs are usually implanted during
menstruation in order to prevent fear of patients from bleeding. The cervical orifice also
observed to be wide open which facilitates the implantation of IUD during menstruation.
Serious medical consequences like bowel perforation or bowel obstruction could be
resulted due to intra-abdominal IUD. Immediate removal of 1UD through laproscopy is
advised to remove 1UD located in abdomen. Some times laprotomy is advised to remove

IUD which is observed showing peritoneal cavity adhesions [54].

1.12.2 Pregnancy with 1UD

Pregnancy with IUD may result to septic abortion during second trimester. About
3 - 9% of pregnancies with 1UDs are observed to be ectopic pregnancies. About 10 fold
of fetal loss was estimated in patients showing pregnancies with 1UDs during second
trimester and about 26 fold of fetal loss was observed by septic abortion. The fetal loss
was observed to be minimized by removing IUDs during first trimester. Septic fetal loss

may result in both fetal and maternal mortality [54, 69, 70].

1.12.3 1UD expulsion

The rate of expulsion of 1UD varies depending up on the devices from 11 to 13
per 100 women. The expulsion rate is higher in non medicated IUD and in nulliparous

women. Expulsion occurs during menstruation and especially 3 months of post 1UD
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insertion. The absence of IUD investigation thread in vagina may leads to expulsion of

IUD [54].
1.12.4 1UD exerted carcinogenecity

Subcutaneous implantation of foreign body in laboratory rats resulted in
development of sarcoma. Furthermore uterine sarcoma or carcinoma was observed in
uterus of laboratory rats implanted with plastic or stainless steel. But poor evidence for

IUD associated sarcoma or carcinoma was seen in human practitioners [71, 72].
1.12.5 1UD associated improper menstrual bleeding

Copper or non-medicated IUDs leads to double the amount of blood loss during
menstruation especially during first 3 months inter menstrual bleeding that may
potentially leads to iron deficiency and anemia. The contraction and relaxation of uterus
during menstruation has shown uterine trauma due to the presence of foreign body inside

the uterus [73, 74].
1.12.6 IUD associated PID

Symptoms like uterine motion tenderness, pain felt in abdominal region, purulent
cervical discharge, temperature of about 38° C and above, adnexal swelling with pain and
inter-menstrual bleeding acts as positive for PID. The probability of getting PID is more
if sedimentation rate of erythrocyte is more than 15 mm/h, which is generally observed
greater than 10,000 WBC/mm?® of blood. If the inflammation marker C-reactive protein is
positive and cervical microbial culture shows positive for micro-organisms Nisseria

gonorrhoea and Clamydia trachomatis, then there is greater chance for PID.
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Predominantly in nulliparous young women antibiotic treatement is provided often due to
serious PID associated consequences like pelvic adhesions and infertility. Patients who
are suspected with PID are advised to remove IUD. Two different groups of micro-
organisms are involved in PID: exogenous microorganisms especially Neisseria
gonorrhea, Mycoplasm hominis, Chlamidia trachomatis and endogenous microorganisms
includes lower female reproductive tract microbial flora [75, 76]. Although endogenous
microflora were also observed in patients with sexually transmitted disease associated
PID. IUD associated PID is more in initial few days usually not more than 30 days post
implantation. The mode of insertion of IUD acts as a main reason for pathogenic
microbial invasion to uterus. It is suggested that female individual having sexual
intercourse less than five times in a week and having single sexual partner whose age is
above 25 years were expected to have PID at less than 2 per 1000 IUD insertion. IUD
removal is advised as early as possible after detection of PID in order to avoid further

complications [77, 78].
1.13 RISUG® (Reversible Inhibition of Sperm Under Guidance)

RISUG® acronymed as Reversible Inhibition of Sperm Under Guidance is
composed of styrene maleic anhydride (SMA) and styrene Maleic acid (SMACc) dissolved
in dimethyl sulfoxide (DMSO) to form viscous hydrogel. This hydrogel is injected in to
vas deferens of male reproductive system to establish non-hormonal long term
contraceptive effect [79]. The hydrogel is injected in to vas deferens through minimally
invasive technique. When RISUG® comes in contact with biological fluid inside vas
deferens; the polymer tends to reduce the pH of the surrounding medium through ionic
dispersions from the polymer to the surrounding medium. This pH imbalance inactivates
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the male gamete sperm [80, 81] through establishing structural damages like acrosomal
damage, motility damage, etc. and these damages to sperm inactivates them from
fertilization. RISUG® also provides additional biological activities like anti-microbial
property and it is also proposed that, the polyelectrolytic property of RISUG® gel post
implantation in to vas deferens could inhibit the interaction between gp120 of HIV and
host CD4 cells through which it could also establish entry inhibitory activity against HIV
virus [82, 83]. Information on using RISUG® as non-hormonal female contraceptive
implant is not yet explored clearly. The present thesis focuses on developing RISUG® as
a non-hormonal female contraceptive implant and exploring its toxicology and anti-
fertility effects. Furthermore different implantable formulations of RISUG® polymeric
hydrogel by grafting with various bio-compatible polymers were developed. The
toxicological and anti-fertility effect of nude RISUG® polymer and RISUG® grafted other
polymeric formulations were also evaluated. Tissue specific reaction and histo-
architecture of the polymer implanted tissue sites were examined. The physiochemical
properties of RISUG® polymer, RISUG® grafted polymeric mixture were evaluated to
understand the chemical integrity of the polymers and the mechanism of polymer-

polymer interactions. Chapter wise objectives for this thesis are described as follows.

Chapter 2 describes an innovative insight about the use of hydrogel formulation
consisting of Styrene Maleic Anhydride (SMA) dissolved in Dimethyl Sulfoxide
(DMSO) as non-hormonal fallopian tube contraceptive implant. Firstly, in vitro behavior
of SMA hydrogel was evaluated by in vitro swelling and rheological properties to
comprehend the polymeric hydrogel property post implantation inside the fallopian tube.

Simulated Uterine Fluid (SUF) was used to simulate female reproductive tract
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environment in this study. Mechanical strength of the hydrogel when subjected to
dynamic environment post implantation in the fallopian tube was estimated by the G'
values demonstrated. SMA hydrogel expressed selective antimicrobial activity against
opportunistic pathogens (Escherichia coli, Pseudomonas aeruginosa and Staphylococcus
aureus) while having limited consequence over the growth of Lactobacillus spp. After
confirmation of cytocompatibility against primary rat endometrial cell lines, the
polymeric hydrogel was implanted inside the uterine horns of Sprague-Dawley rats. In
vivo biocompatibility of the hydrogel was confirmed by histological and
immunohistochemical evaluation of uterine tissue sections. Hematology, blood
biochemistry and organ toxicity (kidney, liver, spleen, lungs and heart) also revealed

biocompatibility of SMA hydrogel.

Chapter 3 delineates the use of RISUG® based non-hormonal female
contraceptive films. RISUG® was blended with polyvinyl alcohol (PVOH) to formulate
biodegradable intra-vaginal contraceptive films. The formulated films were characterized
for their thermal, physiochemical and biological features. The results showed that both
RISUG® and PVOH were miscible and interacted extensively at the intermolecular level.
Variations in the concentration of RISUG® resulted in the changes in physicochemical,
thermal and rheological characteristics of the formulated blends. In vitro toxicological
assay of the polymeric formulations did not show any significant toxicity. However, the
blend films retained spermicidal potential of RISUG®. Furthermore, in vivo toxicological
evaluation of the polymeric blend in the rat model revealed their biocompatibility with

no significant organ toxicity, hematological and biochemical alterations.
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Chapter 4 describes about fabricating a novel biodegradable flexible block co-
polymeric scaffold composed of PCL-DA: PEG-DA blend grafted with different
concentrations of RISUG®. The fabricated polymeric scaffolds were further investigated
for their physicochemical properties, mechanical property, anti-microbial property, sperm
killing ability, in-vitro biodegradability, in-vitro and in-vivo toxicological property for the
application of new form of implantable non-hormonal biodegradable intrauterine

contraceptive device.

Chapter 5 presents and validates a hypothesis that RISUG®-based intrauterine
could exert a potential anticancer effect in the earlier stages of cancer development. The
mechanism of anti-cancerous activity is hypothesized that RISUG® involves its lipid
membrane destabilizing activity. This activity is modulated by both, the cellular
microenvironment and lipid bilayer composition. Acidic environment along with the
significantly higher fluidic nature of lipid bilayer of the cancerous cells make them more
prone to lipid solubilisation effect of RISUG®. We here present an in-depth insight into
the factors that would favour faster solubilisation of cancer cell membrane, thereby
exerting an anticancer effect. Antiviral index of the polymer was characterized using
Cellosaurus cell line (CEMSss) cell lines. More specific studies could further validate the
hypothesis in order to establish Improved Intrauterine Contraceptive Device (IIUCD) as

anti-cancerous and anti-viral female contraceptive implant.
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Chapter 2

2.1 Introduction

It was reported in world population prospects in the 2008 revision that the world’s
population is increasing 80 million yearly and by 2050, it will reach 9-10 billion.
Population explosion is the principal reason of environmental dilapidation and human
suffering from poverty, starvation. Unintended pregnancy plays major role in population
increase. This increased incidence of unintended pregnancy is owing to inadequate access
to the presently available contraceptive methods. The presently available short term or
long term female contraceptives and sterilization methods have their own restrictions and
side effects. Non-hormonal female contraception has become more attractive method as it
avoids the adverse effects of hormonal contraceptives. The process of non-hormonal
female contraception is accomplished through the intra-uterine contraceptive device
(IUCD) over the past decades. However, there is a need for potentially superior
techniques as the known 1UDs causes trauma to the lining of the internal cavity of the
uterus. This mechanical trauma triggers nerves and pain sensors and bleeding, which
causes uterus to become more susceptible to various endogenous or exogenous infections.
In order to prevent IUCD associated bacterial infections FDA approved antibiotics are
generally used. However, these antibiotics also kill beneficial Lactobacillus population
inhabiting in the female reproductive tract. These adverse side effects limit acceptance of
known IUCDs by females in the reproductive age, and if accepted then often lead to the

demand for early removal thereof.

RISUG® (Reversible Inhibition of Sperm Under Guidance) is a hydrogel made up
with styrene maleic anhydride (SMA) and styrene maleic acid dissolved in DMSO is
useful as vas deferens injected reversible male contraceptive [1]. This drug is presently
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under advanced phase I11 clinical trial in India [2]. The polymeric hydrogel RISUG® is
not bio-inert material, but instead, the polymer has the property to reduce pH of the
medium in its instantaneous vicinity. The polymeric hydrogel inactivates most of the
sperm through damaging the acrosome by reducing the pH of the surrounding
environment. The low pH not only damages the acrosome but also alter sperm
morphology that results in poor motility due to which the fertilizing ability is lost in the
sperm. The possibility of using RISUG® as a fallopian tube implant provides an
opportunity to develop a novel and improved form of non-hormonal female contraceptive
implant which has not been explored yet. Besides providing contraception it may also act
as an antibacterial agent which is considered as vital biological property for a synthetic

bio-polymer [3-8].

The shape of the fallopian tube and the character of isthmic layers could restrict
the use of RISUG® as human female contraceptive implant especially for the long term
application. Interestingly RISUG® after deployment in the upper female reproductive
tract will be converted to semisolid mass upon exposure with the reproductive tract fluid.
The converted semisolid RISUG® should have sufficient structural strength to withstand
various shears which may vary from 0.1s to 100.0s™ due to gravity and capillary flow
inside the female reproductive tract. These internal forces existing in the female
reproductive tract and dilution of RISUG® due to the exposure with reproductive tract

fluid will have significant direct effect on rheological properties of RISUG® [9-11].

Keeping these demands of rheological properties of RISUG® for application as
female contraceptive gel, its rheological behavior has been evaluated. In order to mimic

the fallopian tube environment, RISUG® was allowed to react with Simulated Uterine
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Fluid (SUF) in three different conditions based on proportion of RISUG® and SUF; such
as 1) RISUG® is higher than SUF (RsU1), 2) RISUG® and SUF are in equal proportion
(R1U1), 3) RU is RISUG® only and 4) SUF is higher than RISUG® (R1Us) at 37°C. All
the rheological study was carried out in all four conditions. The descriptions of samples
were given in Table 2.1. The present study also aims to identify the selective
antibacterial profile of the test hydrogel RISUG® against opportunistic pathogens of the
female reproductive tract for using as fallopian tube implantable hydrogel formulation
which make RISUG® as a prime candidate for the development of the novel female
contraceptive hydrogel. Furthermore, RISUG®, as an implantable hydrogel, should
posses’ significant biocompatibility without altering the biological properties of the
female reproductive tract. Given the research hypothesis, in vitro toxicological profile of
RISUG® was characterized using rat primary uterine cell lines. Investigation of in vivo
toxicity of any biological implant is vital for its medical application. Despite the
circumstance that fallopian tube of rat is extremely long-winded and significantly smaller
when compared with that of human, the uterine horns of rat owns sole characteristics
making it equivalent to the isthmic portion of human fallopian tube. The in vivo toxicity
of RISUG® was investigated in uterine horns of female rat for 29 days post implanting

the RISUG® hydrogel.
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Table 2.1. Samples used and their nature

Sample Abbreviation Nature of samples
RISUG®: SUF
1.0 RU No precipitation
3:1 RsU1 Less precipitation
1:1 RiU1 Medium precipitation
1:3 RiUs Complete precipitation

2.2 Materials and Methods

2.2.1 Synthesis of RISUG®

The RISUG® used in this study was synthesized in our laboratory according to the
method patented [12]. Styrene Maleic Anhydride (SMA) is prepared through gamma
radiation polymerization. Styrene and maleic anhydride were taken in the ratio of 1:1 and
dissolved in ethyl acetate >99% (monomer conc. 50% by wt.). The polymerization was
carried after purging the nitrogen gas in to polymerization vessel in order to remove the
dissolved oxygen. Samples were subjected to gamma irradiation (0.3 Gy/s at 37 °C with a
total dosage of 2.4 Gy) in a Co-60 gamma radiation chamber. The co-polymers were
precipitated and vacuum dried. The homopolymer of styrene was removed from
precipitated SMA co-polymer by soxhlation using 1, 2-Dichloroethane. Furthermore the
homopolymers of polymaleic anhydride was removed from SMA co-polymer by washing
in distilled water. Finally the SMA precipitate is dried, powdered and stored in stoppered
sterile glass tubes inside vacuum desiccators. To obtain the final product RISUG®, SMA
was dissolved in dimethyl sulfoxide in the ratio 1:2 under controlled atmosphere.
Schematic representation for the synthesis of SMA polymer and RISUG® is provided in

Figure. 2.1a.
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2.2.2 Preparation of Simulated uterine fluid (SUF)

SUF was prepared according to the standard procedure [13]. The composition
used for SUF preparation is given in Table 2.2. The pH of SUF was adjusted to 7.3 using
IM hydrochloric acid.

2.2.3 In vitro characterization of RISUG®

"H NMR spectrum for the synthesized polymer was recorded ('"H NMR 400 MHz
Bruker ACF200 spectrometer) with deuterated DMSO as solvent to validate the chemical
structure of synthesized SMA co-polymer and the residual DMSO protons are used as
reference. Elemental analysis (C, H, N) for SMA polymer and RISUG® were done using
2400 series II Perkin Elmer, CHN analyzer. Static headspace - Gas
Chromatography/Mass Spectroscopy (GC/MS, Perkin Elmer Turbomatrix 650) having 30
meter XTI-5, 5% phenyl dimethylpolysiloxane column was used to determine the
aggregate of free DMSO in the RISUG®. The oven was held at 100° C for 0 minutes and
increased to 300° C at a rate of 12° C/min and held for 4 minutes. Mass Spectroscopy
(MS) temperature was 280° C. The temperature of front inlet was 210° C with 200:1 split

ratio (0.5% on-column). The flow rate inside the column was 1 ml/min.

The MS ion scan range was 25 - 100 amu. RISUG® gel (233.5 mg) was placed in
to tared 20 mL head space vial. The vial was then sealed and placed in to oven (for 15
min). Following the fifteen minutes out gas, the gasses within the vial was analyzed using
GC/MS. Two DMSO standards with known aggregate of 0.05 mg and 5.5 mg were
analyzed along with the samples in order to determine the amount of free or unreacted

DMSO after formation of RISUG® gel.
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Figure 2.1. (a) Schematic representation for the synthesis of SMA polymer. (b) *H NMR

spectra of SMA polymer in deuterated DMSO

Wide angle X-ray diffraction (WXRD) was performed to examine the crystal
structure of Styrene maleic anhydride powder, RISUG® and RISUG® precipitated in
SUF. The Philips PW-1710 X-ray diffractometer (Eindhoven, The Netherlands), with
crystal monochromator CuK radiation (A=1.540598 A) with an accelerating voltage of
40 kV and a beam current of 20 mA for the angular range of 10—-80° (26), was used for
performing WXRD of samples. The crystallite sizes were measured using the principle of
Scherrer’s equation. For SEM (EVO ZEISS, Carl Zeiss SMT AG, Oberkochen,

Germany) analysis, the contraceptive gel RISUG® and RISUG® precipitated in SUF were
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spread on aluminum foil and allowed to dry in desiccators for 60 h. Images of the
samples were obtained after gold-coating using plasma coater under high vacuum. FTIR
spectroscopy results of the RISUG®, RISUG® precipitated in SUF were obtained from
Nexus-870 FTIR spectrometer with Attenuated total reflection (ATR) mode to reveal the
intermolecular interaction between RISUG® and SUF. For every spectrum, 36 scans were
accumulated and the measurements were collected and co-added with a spectral

resolution of 1 cm™. Zinc selenide (Zn-se) ATR crystal was used in the spectrometer.
2.2.4 Rheological characterization

Rheological studies were performed using Bohlin CVO rheometer (Malvern
Instrument, Malvern, United Kingdom) using parallel plate (20 mm diameter spindle)
geometry maintaining a constant gap of 100 um for different samples of hydrogel
RISUG® as indicated in (Table 2.1).

Table 2.2 Composition of SUF in Distilled water

Composition Name Amount (mg/L)
Sodium bicarbonate 250
Sodium dihydrogen 72
phosphate
Calcium chloride 167
Potassium chloride 224
Sodium chloride 4970
Glucose 50
Urea 48

The gelation kinetics of the contraceptive gel RISUG® was studied using time
sweep complex viscosity (n*) and complex modulus (G*) within the elastic limit of the
gels under oscillatory mode. Viscosities of different samples of RISUG® were measured

at a shear rate ranging from 0.1 to 15000 s! and their flow behavior was characterized by
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Oswalt-de Waele power law model. Oscillatory stress sweeps from 100 to 10000 were
measured at a constant frequency of 1 Hz to obtain storage (G’) and loss (G”’) modulus.
The frequency sweep measurements were performed from 0.01 to 100 Hz in a constant
stress of 100 Pa. The experiments were performed at 37°C in SUF (pH:7.4) to mimic the

uterine environment.
2.2.5 Swelling Kinetics

Triplicates of RISUG®™ hydrogel samples were weighed before immersing in SUF
at 37°C. The weight of the hydrogel samples was weighed at specific time intervals after
removing the excess liquid over the hydrogel through gentle tapping. Swelling kinetics of
the hydrogel sample was analysed after the samples reach their equilibrium weight.
Swelling percentage (%S) and nature of diffusion of fluid into the hydrogel sample was

calculated using the following equations 1, 2:

%SJW_M%QOAG)

M
H:)QM:MW»Q

Here Mt is the mass of swollen hydrogel at respective time t and Mo is the initial mass of
hydrogel. F: represents the amount of solvent fraction at respective time t, K is water
constant that represents the structure of the polymeric network and exponent n reveals the
nature of diffusion of fluid into the hydrogel. The nature of fluid diffusion can be

classified in to Fickian diffusion (n = 0.5) and Non-Fickian diffusion (0.5 <n <I)
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2.2.6 Agar Well Diffusion Assays

Staphylococcus aureus (MTCC96), Pseudomonas aeruginosa (MTCC741) and
Escherichia coli (MTCC40) (procured from the Microbial Type Culture Collection and
gene bank (MTCC), Institute of Microbial Technology (IMTECH), Chandigarh, India)
were used as representative microorganisms for opportunistic pathogens. Lactobacillus
fermentum (KKL1) and Lactobacillus plantarum (MTCC1407) was provided by
Department of Microbiology, Vidyasagar University, West Bengal, India. A pure isolate
of microbial inoculums was maintained in their respective media (Nutrient media for
MTCC96, MTCC741, MTCC40 and deMan, Rogosa and Sharpe (MRS) media for
Lactobacillus strains procured from Himedia Pvt. Ltd., Mumbai, India). All the microbial
strains were maintained in their log phase by subculturing them in freshly prepared
nutrient broth for 3 h. Agar well diffusion assay was performed to identify the minimal
concentration of RISUG® hydrogel that could inhibit the growth of pathogens. Three
different concentrations were selected for the agar well diffusion assay (25, 50 and 100
mg). Bacterial colonies (100 pL) were spread on respective agar and small well was
carefully made using aseptic 1000 pL micro pipette tip. The wells were provided with
hydrogel sample and gentamycin (100 pg/mL) was used as positive control. After
overnight incubation in ambient environment microbial zone of incubation was

measured.
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2.2.7 Direct contact inhibition assay

Time-kill method of direct contact inhibition studies was performed as described
elsewhere [14]. Microbial inoculums were allowed to grow in their respective broth
holding 50 mg of the test sample in a total volume of 5 mL broth. This assay will mimic
the direct exposure of test hydrogel to the micro-organisms and the ability of test
hydrogel to control the microbial load. The test hydrogel occupies the bottom of the
culture tubes over which the broth along with particular micro-organisms was inoculated.
Broth culture without test hydrogel was used as control. 12 h grown cultures of bacterial
strains were diluted to 10° colony forming unit (CFU)/mL before inoculating along with
test hydrogel. Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli
growing along with direct contact with test hydrogel were incubated under aerobic
environment and Lactobacillus strains were incubated under anaerobic environment. At
regular time intervals of 0, 1, 3, 6 and 24 h; 100 pL of culture broth was removed for
enumerating by drop plate counting method. All the assay procedure was performed in

triplicates.
2.2.8 Microbial growth in pH adjusted media

Bacterial broth cultures of opportunistic pathogens and Lactobacillus strains were
grown in ambient environment for 12 h. Respective broth media was adjusted to pH 4.5
using 30% lactic acid. 100 pL of 12 h grown microbial samples were inoculated in 5 mL
of pH adjusted media. Microbial population growing in media without pH adjustment

serves as a control. At regular time intervals of 0, 1, 3, 6 and 24 h turbidity of the medium
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were measured at 595nm using 96 well plate reader. All the experiments were conducted

in triplicates [14].

2.2.9 In vitro cytotoxicity studies

2.2.9.1 MTT assay

MTT (3[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) assay was
determined by calorimetric method. This cell proliferation assay measures the ability of
metabolically active proliferating cells to cleave tetrazolium ring of MTT to blue color
formazan crystals. In-vitro cell proliferation assay was performed using primary rat
uterine cell lines isolated using standard procedure. Briefly, Uterine horns from mature
female rats were aseptically resected and incubated in 0.2% of collagenase type | in
DMEM and Ham’s F-12 (Thermo Fisher Scientific, India) at 1:1 volume ratio at 37°C for
1 h provided with continuous shaking. Collagenase type | treated uterine horns were
neutralized by adding an equal volume of DMEM/F12 cell culture media containing 10%
charcoal stripped Fetal Bovine Serum (FBS), 1% penicillin-streptomycin solution, 10
mmol/L HEPES, 1 nmol/L B-estradiol and 100 nmol/L progesterone. The tissue
suspension was filtered through 100 and 40 um strainer and centrifuged at 250 g for 5
minutes at 4°C. The viable cells collected as pellet was seeded on to 6 well plates. The
media was frequently changed with fresh media for removing the non-adherent uterine
cells. Passage numbers between 3 to 5 were used for further experiments. Rat uterine
primary cell lines were inoculated in both normal media and conditioned media
separately at a density of 10,000 cells per well on to 24 well plates. For preparing

conditioned media, twenty five micrograms of RISUG® suspended in five millilitres of
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DMEM/F12 cell culture media and vortexed for 3 h which was then incubated for thirty
days under aseptic condition. This conditioned medium was then filtered using 0.22 um
(Millex® - GV PVDF) filter unit before using for cell culture assay. The cell lines were
then inoculated at 37°C in 5% CO2 and 95% air humidified atmosphere for 24, 48 and 72
h. Absorbance at 590 nm was measured to quantify cell viability. Uterine primary cells

grown in normal media was considered as control cells [15].
2.2.9.2 Real time-PCR

Seventy two hours grown uterine cell lines in normal and conditioned media were
collected in RNA later (Procured from Qiagen) and stored in -80°C for RNA extraction.
Total RNA extraction from uterine primary cell lines was carried by using Hipure Kit
(Procured from Himedia, Mumbai, India). The purity of the RNA extracted was
spectrometrically checked before synthesizing cDNA. One microgram of extracted RNA
was used for the cDNA synthesis using High-Capacity cDNA Reverse Transcription kit
(Applied Biosystems) by following manufacturer’s protocol in GeneAmp® PCR system
2720 Thermal Cycler (Applied Biosystems). Light Cycler® 480 SYBR Green | Master
from Roche Diagnostics GmbH, Mannheim, Germany was used for the reactions of
Estrogen Receptor-o (ER-a), Vascular Endothelial Growth Factor (VEGF), Cyclin D1
and Cyclin-dependent Kinase 4 (CDK4) genes on Light Cycler® 480 Il (Roche
Diagnostics GmbH, Mannheim, Germany). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) was used as an endogenous control. In a total reaction volume of 10 pL about
1 pL of 10 X diluted cDNA template was used for amplification [16, 17]. Best

reproducibility was ensured by performing Reverse Transcription reactions in triplicates.
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In each set of PCR assays, negative controls without template were included. Details of

the primers of each gene along with their cycling conditions are mentioned in Table 2.3.

Table 2.3 Cycling conditions along with primer sequences for real time PCR.

Gene Forward Primer Reverse Primer Annealing
temperature
ER-a GGAGACATGAGAGCTGCCAAC CCAGCAGCATGTCGAAGATC 58°C
Cyclin D1 CTGGCCATGAACTACCTGGA GTCACACTTGATCACTCTGG 55°C
VEGF GATCAAGTTCATGGACGTCT GATCAAGTTCATGGACGTCT 55°C
CDK4 TGGTGTCGGTGCCTATGGGA GGTAGCTGTAGATTCTGGCT 55°C
GAPDH GACATCAAGGTGGTGAAGCAG CACCCTGTTGCTGTAGCCATATTC 55°C

Cycling conditions: 95°C for 5 min (1 cycle), 95°C for 30s, annealing cycle for 30s, 72°C for 30 S (40 cycles)

2.2.9.3 Cellular morphology analysis

Rat primary uterine cell morphology was analyzed after the cells were cultivated
in conditioned media for 24h, 120 h and staining via Rhodamine-Phalloidin and DAPI
(Life technologies) fluorescent stains. The morphology of the cell was visualized in Zeiss
ZEN Fluorescence microscope and Scanning Electron Microscopy (SEM; EVO ZEISS,
Carl Zeiss SMTAG, Oberkochen, Germany). The rat uterine primary cell lines were
washed three times with cold phosphate-buffered saline (pH:7.4) and fixed overnight in
formaldehyde 4% (in phosphate-buffered saline) at each time point for Fluorescence
Imaging. For SEM analysis, the test conditioned media treated uterine cells were washed
with cold phosphate-buffered saline (pH7.4) and dehydrated through a series of ethanol

dilutions (20, 40, 60, 80, and 100%, 10 min each). The uterine cell lines were sputter
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coated with gold to enhance the conductivity and observed under SEM at an accelerating

voltage of 5 kV.

2.2.10 In vivo toxicity studies

2.2.10.1 Animals Maintenance

15-16 weeks old female Sprague-Dawley rats were isolated from the breeding
colony and maintained under controlled conditions having 25+2°C temperature and
50+15% relative humidity. The animals were exposed to normal photoperiods of 12 h
dark and 12 h light. All the animals were provided with sterile food pellets and water ad
libitum. Vaginal lavage of the animals was checked periodically to identify the estrus
cycle. All the experiments were performed after prior approval from the institutional

animal ethical committee. Two groups (n=10 each) were randomly selected for the study.

2.2.10.2 Test hydrogel treatment

Animals were anaesthetized by intraperitoneal injection of ketamine (75 mg/Kg)
and xylazine (100 mg/kg). After confirming the surgical anesthetic stage through toe
withdrawal reflex, a low abdominal middle incision was made. The uterine horns were
exposed with the help of blunt end sterile cotton swab. Uterine horns of the test animals
were injected with 8.03 mg/Kg [18] of test hydrogel and uterine horns of the control
animals were injected with saline water. Postoperative pain management and suitable
antibiotic coverage was performed. From each group 5 animals were sacrificed using

chloroform as inhalant on Day 29. Uterine tissues were removed and quickly washed in
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0.9% (w/v) saline. At first tissue samples were aseptically excised from control, treated
animals and then fixed with 4% of formalin solution. Tissue samples were further
dehydrated with graded ethanol (50 - 100%), cleared with xylene and embedded in
paraffin blocks. Post embedding, the 3 pum sections were sliced using microtome and
placed on 3-aminopropyltriethoxysilane treated glass slides for further pathological

evaluation.

2.2.10.3 Histology and Immunohistochemistry

The paraffin embedded tissues were dewaxed using xylene followed by graded
dehydration using 70 to 100% alcohol subsequently. 3 um paraffin sections were stained
by hematoxylin-eosin double staining procedure following manufacturer’s protocol. The
double stained tissue sections were observed under microscope. The tissue sections were
subjected to immunohistochemistry after the process of deparaffination, hydration and
were subjected to antigen retrieval process (EZ-Retriever System V.2; BioGenex, San
Ramon, California, USA) in 0.1M sodium citrate buffer (pH 6.0) for 20 min.
Chromogenic methods were then used to immunostain sections. Anti-ER-a, anti-Cyclin
D1, anti-VEGF and anti-CDk4 (Santa Cruz Biotechnology, CA, 1:250) were used as
primary antibodies [19]. The secondary antibody used was goat anti-rabbit HRP-

conjugated secondary antibody (1:1000).

2.2.10.4 Immunohistochemistry scoring

The qualitative immunohistochemistry was converted to the quantitative method
by scoring the staining intensity in the areas of epithelial cells, blood vessels and the

stromal area of uterine tissues. Ten different areas of tissue sections were randomly
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chosen for scoring a single tissue sample by a person who did not know from which
group the tissue samples originated. Score values were semi-quantitatively assigned from
0 to 10 (0 = no staining, 2.5 = staining of less than one third of total area, 5 = staining of
only one third of total area, 7.5 = staining of two third of total area and 10 = staining of
more than two third of total area). For every tissue samples, separately the areas of
epithelial cells, blood vessels and the stromal area of uterine tissues was counted to score
individually and then scores from every tissue samples were summed to calculate the

mean values.

2.2.10.5 Hematology, blood biochemistry and organ pathology studies

Both control and treated animals were observed daily for any signs of behavioral
changes, reaction to treatment or ill health throughout the study. Cage-side observations
were made to detect any changes in skin, fur, eyes and general activity of the animals.
Blood samples were collected from heart by cardiac puncture of anaesthetized animals
before sacrifice. Standard hematology markers including Eosinophil, Haemoglobin
(HBG), Lymphocyte, Mean Corpuscular Hemoglobin (MCH), Mean Corpuscular
Hemoglobin Concentration (MCHC), Mean Corpuscular Volume (MCV), Monocyte,
Neutrophil, Platelets, Total Red Blood Cell Count (T-RBC), Total Leucocyte Count
(TLC) and Packed Cell Volume (PCV) or Haematocrit (HCT) were observed. Blood
biochemical analysis were performed to elucidate general metabolic functions [Glucose
(GLU), Cholesterol (CHOL), Triglycerides (TG), Total proteins (TP) and Albumin
(ALB)], Kidney function [Blood Urea Nitrogen (BUN), Creatinine (CRTN), Phosphorus
(P), Calcium (CA) and Urea] and Liver function [Alkaline phosphatase (ALP), Alanine

aminotransferase (ALT), Aspartate aminotransferase (AST) and Total Bilirubin (TBL)].
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Organs like heart, kidney, liver, lung and spleen were collected and representative pieces
of all the isolated organs were processed for paraffin embedding and tissue sections of 3
pm thickness were made for staining with hematoxylin and eosin for histopathological

examination.
2.3 Statistical analysis

The experimental data in this manuscript have been reported as average +
standard deviation. Statistical significance between the experimental groups was
calculated by one-way ANOVA using Origin Pro 8.5 software under CI (Confidence
Interval) of 95%. Symbol "*" in the respective images represents significantly different
values with p < 0.05. Values which have not shown significant difference with p > 0.05

were mentioned as "n.s".

2.4 RESULTS

2.4.1 NMR and Elemental analysis

'H NMR was used to validate the chemical structure of SMA polymer
synthesized. As shown in Figure. 2.1b. *H signals at 1.7 ppm is correlated to 3H, -CHs of
-CH(CHs) phenyl chain moiety, 2.1 - 3.3 ppm corresponds to -CH2-CHa- in styrene chain
and -CH-CH- in maleic anhydride chain, -CHz2- and -CH- of terminal group. The
resonance signals of 6.2 - 6.9 ppm may correspond to styrene molecule consisting of aryl
protons of its aromatic groups. New peak around 2.3 ppm corresponds to DMSO
interacted with SMA polymer. Aromatic protons of styrene appeared around 7 ppm.
Broad peak around 1.7 and 3.0 ppm corresponds to aliphatic protons of SMA polymer

[28]. Peaks around 2.5 and 3.5 ppm correspond to Deuterated DMSO and water
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respectively. The SMA polymer and RISUG® gel are moisture sensitive due to
susceptibility to hydrolysis of acid anhydride group. The best obtained CHN values are

depicted in Table 2.4.

Table 2.4 Elemental analysis of SMA and RISUG® polymer

Element % Calculated for %o Obtained for %o Calculated %0 Obtained
SMA polymer SMA polymer for RISUG® for RISUG®

Carbon 71.21 65.69 53.61 54.62
Hydrogen 4.98 5.57 6.19 6.32
Nitrogen 0 0.05 0 0.01
2.4.2 GC/MS analysis

GC/MS analysis was performed to calculate the amount of free DMSO present in
RISUG®. The obtained aggregate of free DMSO in the RISUG® gel, based on GC/MS
standard curve depicts the presence of negligible or minimal concentration (2.54%) of
free DMSO in the sample. Almost all the DMSO molecules (92%) are interacting with
SMA polymer to form the RISUG® gel. It can be attributed that DMSO not only act as a
solvent molecule, it reacts with SMA polymer to form a pharmacological ingredient of
RISUG®. The amount of free DMSO eluted after synthesis of RISUG® was presented in

Table 2.5. and Figure. 2.2.
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Table 2.5 Concentration of free DMSO eluted from RISUG® analysed using GC/MS

Concentration of Concentration of DMSO  Concentration of free % of DMSO reacted
RISUG® gel used (mg)  present in RISUG® gel DMSO eluted from with SMA to form
used (mg) RISUG® gel (mg) RISUG® gel
2335 160 13.07 92%

2.4.3 ATR-FTIR spectrometry studies
The ATR/FTIR spectrums of RISUG® and RISUG® precipitated in SUF were
shown in Figure. 2.4a. The spectrum of RISUG® shows peaks for sulfonyl group at (d)

1015 cm™ and (¢) 1175 cm™. These bands can be attributed due to the symmetric

vibrations of sulfonyl group, respectively.

200 -
[ Total DMSO Concentration used in synthesis of RISUG®

[_1Free DMSO concentration eluted after synthesis of RISUG®
*

100

Concemtration of DMSO (mg)

0 |
Figure 2.2. Concentration of residual DMSO concentration eluted in GC/MS. The

experiment was carried out in triplicates. Symbol "*" represents significantly different
values with p < 0.05

The appearance of broadband at around (a) 3415 cm™ may be associated

with the stretching mode of ~OH bond of SO3H. RISUG® precipitated in SUF due to the
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intermolecular interaction between OH in SUF and C=O (carbonyl group) from maleic
anhydride. This intermolecular interaction of the OH group with maleic anhydride shows
peak shift about ~8 cm™! toward the lower wave number side (b and e) thereby altering

the electrochemistry of RISUG® [20-24].

2.4.4 Wide angle X-ray diffraction studies

The WXRD spectrum of RISUG® and RISUG® precipitated in SUF are shown in
the Figure. 2.4b. All the samples exhibited major broad diffraction peaks at 23° (20
value). RISUG® and RISUG® precipitated in SUF, demonstrated amorphous
characteristics and there have been no structural alterations in both the spectrums. The
mean crystallite size of RISUG® and RISUG® precipitated in SUF were calculated by
using Scherrer’s equation as follows [25-27]

_ k*A
pcosd

- ()

Where D is the crystallite size; A is the wavelength of X-ray radiation. The A for
Cu K, radiation is 1.5418A and the constant K= 0.89; B is full width half maximum by
subtracting the equipment broadening (from the software X’Pert HighScore) and 6 is the
Bragg angle of the peak. The calculated crystallite size is shown in Table 2.6. Crystallite
size of RISUG® and RISUG® precipitated in SUF has not shown the significant
difference which reports that RISUG® is structurally stable even after mixing it with
SUF. SUF had no impact on the polymeric structure of RISUG® instead it may act as a

transport vehicle to the surface of the uterus.
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Table 2.6 WXRD data of RISUG® and RISUG® in SUF

Sample 20 (Degree) D (Angstrom) A°
RISUG® 23 0.36
RISUG® in SUF 23 0.44

2.4.5 Scanning Electron Microscopy (SEM) of RISUG and RISUG in SUF

Surface morphology of RISUG® and RISUG® precipitated in SUF is shown in
Figure. 2.3. RISUG® precipitated in SUF had a rough surface with flake formation
(Figure. 2.3b), which was not observed in RISUG® (Figure. 2.3a). The maleic anhydride
present in RISUG® has electronegative oxygen group which has high affinity towards the

hydrogen molecules of SUF.

2 : ~
EHT = 5.00kV. ignal A = InLens f—
H WD = 38mm Mag= 5.00KX H WD= 6mm Gun Vacuum = 2.44e-009 mBar

Figure 2.3. SEM images of (a) Vacuum dried RISUG® gel and (b) Vacuum dried
RISUG® in SUF

Interaction of positively charged hydrogen molecules of SUF with the negatively
charged oxygen molecules of maleic anhydride commences the hydration process in
RISUG®. This hydration of RISUG® may be responsible for the formation of precipitate
flakes that may results in the generation of the irregular rough surface in RISUG® mixed
with SUF.

2.4.6 Gelation Kinetics of RISUG
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The gelation kinetics was studied for RISUG® with the addition of SUF (pH 7.6)
as described (Figure. 2.4c). The gel was precipitated by forming flakes [28] while mixed
with SUF. In order to observe the rate of gelation in accordance with time, the gelation
forming ability was studied through complex modulus in Figure. 2.4c. (G*) and phase
angle in Figure. 2.4d (tan §) against time sweep measurement in the linear viscoelastic
range (at frequency 1 Hz and shear stress of 10 Pa) before and after addition of SUF (pH
7.6) at 37 °C. Addition of SUF in RISUG® resulted in instantaneous gel formation which
is evidenced by the rapid rise in G* and change in tan & demonstrating the viscoelastic
nature of the gel [29]. Furthermore, the sudden drop in tan d (stress/strain) was observed
after the addition of SUF which indicates the SUF guided gelation process in RISUG®
test hydrogel sample.

RISUG® being a hydrogel absorbs the water molecule. This hydrogel property
may act as external media acting on RISUG® which increase the G*. A steady flow of
RISUG® was observed before addition of SUF at the continuous shear stress of 10 Pa.
After addition of SUF, RISUG® (along with viscous flow) tends more towards the elastic
displacement thus exhibiting the viscoelastic property. This viscoelastic property may
thereby provide structural strength to RIUSG® for resisting expulsion and for retaining in

the upper reproductive tract for an extended duration.
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2.4.7 Frequency Sweep measurements of RISUG®

Frequency sweep measurements indicate the elastic nature of RISUG® and its
dilutions [(a) RU (b) R3Ui1 (¢) R1Ui and (d) R1Us] in SUF (Figure. 2.5). Values of elastic
modulus (G’) and viscous modulus (G”) of RISUG® dilutions (R3U1, RiU; and R3Us)
exhibited increasing trend more than RISUG® (RU) with increase in the frequency. At
any given frequency, G’ is higher than G and they are independent to each other which
demonstrates the viscoelastic nature of the samples. This independent and highest value
of & (Table 2.7) specify the rigidity of the RISUG® dilutions which is capable of
application in dynamic environment [30]. This rigidity may help RISUG® to retain in the
uterus and to resist the expulsion. As the rate of frequency increases G’ should always be
higher which describes the limit of the energy that the material could withstand. Higher
the G’, higher the material can withstand energy and can return to its original state after

subjecting to dynamic applications.

Table 2.7 Frequency sweep values for RISUG® and its dilutions

Samples Freuency Sweep

G,/G,’
RU 2.42
R1U3 2.28
Ri1U1 2.11
R3U1 1.01
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Figure 2.4. (a) ATR-FTIR results of RISUG® and RISUG® in SUF(b) WXRD results of
RISUG and RISUG in SUF (c) Gelation kinetics of RISUG® before and after addition of
SUF determined by complex modulus(G*) against time sweep measurement at frequency
1 and shear stress of 10 Pa (37 °C) (d) Gelation kinetics of RISUG® before and after
addition of SUF determined by phase angle (Tan 6) against time sweep measurement at
frequency 1 and shear stress of 10 Pa (at generally accepted normal body temperature 37
OC)

These results imply that at even higher frequencies RISUG® behaves as polymeric
gel without any structural damage. When subjected to various frequencies RISUG® and
its dilutions exhibited viscoelastic behavior which implies that RISUG® have viscous

property to flow and once get precipitated after reacting with SUF, it attains better elastic

property to withstand dynamic stress [31].
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Figure 2.5. Variation in the Elastic modulus (G”) and viscous modulus (G”) with
frequency of (a) RU (b) RsU: (c) RiU1 and (d) RiUs

2.4.8 Gel Strength of RISUG®

In order to identify the critical stress value at which RISUG® starts to flow after
being reacted with SUF, the G’ and G versus applied stress (o) at a constant frequency
of 1Hz was plotted for precipitated samples [RiU: (b) and RiUs (a)] (Figure. 2.6). At
certain value above critical stress, both G’ and G” rapidly falls to lower value which
confirms the flow property of RISUG® after mixing with SUF. The critical stress value at
which the gel starts flowing is called as yield stress (oy) [32]. According to the values in

Table 2.8, RiUs have a highest (oy) value. Yield stress may influence the spreadability

and retention of gels. The average molecular weight between crosslinks (M_C) for
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RISUG® and its dilution were calculated using G’ based on rubber elasticity [29, 32] as

per equation 4.
M. = pRT/G'—> (4)
Where p is the density, R is the gas constant (8.314), T is the absolute temperature

(37°C). Table 2.9 shows that, RiUs shows higher M_Cthan RiUi. This change in

M_C may be due to the interaction between positively charged hydrogen molecule in SUF

and negatively charged oxygen molecule of maleic anhydride in RISUG®. RISUG® after
implantation inside the fallopian tube should retain its mechanical strength at various
dynamic environments for extended duration in order to provide contraception and
antimicrobial property. Gel strength analysis shows the values of elastic and viscous
modulus at different increasing rate of shear stress. The oy value of both the dilutions of
RISUG" is quite larger (Table 9) which suggests that both the dilutions of RISUG® have
high mechanical strength when subjected to dynamic environment. The oy exhibited by
the gel may be due to the intermolecular hydrogen bonding in RISUG® when mixed with
SUF. These values collectively indicates that after interacting with increasing amount of
SUF, RISUG® express high mechanical strength that may help RISUG® to provide
contraception and antimicrobial property at a range of dynamic environments after
implantation.
Table 2.8 Average molecular weight between effective cross links and yield stress of

RISUG® dilutions

Sample Mc (kDa) Yield stress (oy)
R1Us 145.50 2321.32
R1U1 212.92 1589.51
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Table 2.9 Amplitude sweep values of RISUG® dilutions

Amplitude Sweep
RISUG® Dilutions

Yield stress (oy) G’IG”

R1Us 2321.32 1.088
R1U1 1589.51 1.018

2.4.9 Viscosity behavior of RISUG® and its dilutions

Shear rate dependent viscosity of RISUG® (RU) and its dilutions ( R3Ui, RiUi
and R1U3) are shown in the Figure. 2.6c. The RISUG® and its dilutions showed shear
thinning behavior due to polymer chain entanglements. Relative constant slopes were
observed by plotting the logarithmic graph. Shear thinning behavior exhibited by
RISUG® and its dilutions (R3U1, RiUi and RiU3) is the characteristic feature of non-
Newtonian fluid. Oswalt-de Waele power law is a mathematical relationship to describe
the behavior of the real non-Newtonean fluid. If the flow behavior index of power-law

value is less than 1 then the material will have shear thinning behavior.

Y(x) = K(xX)A — (5)

The flow characteristics of RISUG® and its dilutions can be quantified by power
law constants n (flow behavior index) and k (consistency index) (Table 2.10). The values
of n and K were determined by slope and intersection of the linear fit of the logarithmic
value of viscosity-vs. logarithmic value of shear rate plot. RISUG® and its dilutions have
n value less than 1 that confirms that RISUG® has shear thinning behavior as like a
pseudoplastic polymeric gel [33, 34]. As a solution of large polymeric molecules,
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RISUG® with large molecular chain may form clumsy at random and affect the flow of
fluid by resisting against low shear rate. When high shear rate is applied the polymeric
molecules in RISUG® gradually align themselves in the direction of increasing shear and
produce less resistant to flow towards the shear rate which ultimately leads to the shear
thinning behavior of RISUG®. The consistency index (K) increases when RISUG® get
diluted more with SUF. The increase in consistency index may be due to the
intermolecular hydrogen bond in RISUG® when mixed with SUF.

Table 2.10 Flow behavior index (n) and consistency index (k) of RISUG® and its

dilutions
RISUG® Power law constants Regression
Dilutions Flow behavior ~ Consistency coefficient
index index r?
(n) (k) (kPas)

RU 0.53 109.0 0.944
RiUs 0.49 120.1 0.965
RiU1 0.46 149.3 0.985
RsU1 0.44 151.4 0.921

2.4.10 Swelling kinetics

Figure. 2.6d explains the swelling kinetics of RISUG® hydrogel in the simulated
uterine fluid. The test hydrogel attains equilibrium swelling after 110 h, which is
evidenced by the plateau region of % swelling in the graph. The diffusion behavior of
SUF into test hydrogel was determined as non-Fickian diffusion by the value of n (n =
0.85). The formation of intermolecular hydrogen bonding between strong electronegative
oxygen group of maleic anhydride and hydrogen molecule in SUF plays an essential role
in the swelling behavior of RISUG®. The hydrogen molecule of SUF attaches on the
surface of RISUG® which may enhances the precipitation of the hydrogel. This property

of affinity towards hydrogen molecules in SUF leads to the increase in weight of
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RISUG® hydrogel. The precipitation of hydrogel RISUG® provides the property of
viscoelasticity that may help in expressing high mechanical strength under dynamic
environment.

2.4.11 Effect of RISUG® hydrogel on bacterial cultured agar plate.

Figure. 2.7 a, b and c. portrays the agar plates with a zone of inhibition against
Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus respectively.
Three different concentrations of test hydrogel RISUG® (25, 50 and 100 mg in what mL
of which solvent) were used to determine the minimum concentration of test hydrogel to
inhibit microbial growth in well diffusion assay. Microbial zone of inhibition was
observed in all three concentrations. The zone of inhibition provided by the positive
control (+) was significantly greater (Table 2.11) than the 25 mg (A), 50 mg (B) and 100

mg (C) of test hydrogel [4].
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Figure 2.6. Gel Strength analysis for (a) R1Us and (b) R1U1. (c) Viscosity vs. Shear rate
for RISUG and its dilutions. (d) Swelling kinetics of RISUG in SUF

It is assumed that the dispersion of hydrogel into the agar was less that resulted in
a reduced a zone of inhibition compared to the positive control. It is due to the test
hydrogel byproducts that diffuse into the agar medium to show antimicrobial activity
against Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus. From
FTIR result it was observed that test hydrogel in contact with biological fluid, results in
the alteration in electrochemistry of RISUG® which may exert anti-microbial activity
against Staphylococcus aureus, Pseudomonas aeruginosa and Escherichia coli in the

agar well diffusion assay. The test hydrogel has not exerted any evidences of zone of
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inhibition in Lactobacillus fermentum and Lactobacillus plantarum growing agar plates

(Figure. 2.7d and e respectively).

Figure 2.7. Microbial zone of inhibition (a) Escherichia coli,(b) Pseudomonas
aeruginosa and (c) Staphylococcus aureus, (d) Lactobacillus fermentum and (e)
Lactobacillus plantarum

2.4.12 Selective anti-microbial activity of test hydrogel RISUG® towards

opportunistic pathogen

The effect of test hydrogel on Staphylococcus aureus, Pseudomonas aeruginosa and
Escherichia coli in well diffusion assay was inferred through the zone of inhibition
against microbial growth. To identify the effect of test hydrogel directly on the microbial
growth, direct contact assay was performed. Fifty (50) mg test hydrogel sample was
selected for the assay since the concentration of 50 and 100 mg hydrogel produced a

similar zone of inhibition. The viability of bacterial cells was monitored at frequent time
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intervals. Direct exposure of test hydrogel (Figure. 2.8a) provided significant growth
reduction (p < 0.05) of the microbial population. The p values were obtained by
statistically estimating (ANOVA) the values of CFU/mL between control and test group
of micro-organisms. About 99% of growth inhibition to E. coli and P. aeruginosa, 98%
of growth inhibition to S. aureus was observed after 24 h. However, there is no
significant reduction (p > 0.05) in the growth of Lactobacillus spp (Figure. 2.8Db).
Lactobacillus planatarum expressed minimal growth reduction at 6 h exposure with test
hydrogel. However, the microbial population increased during 12 and 24 h of test
hydrogel exposure. Thus the test hydrogel could able to reduce the growth of
opportunistic pathogens but has not shown any harmful effect on Lactobacillus spp which
maintains the healthy ecology in the vagina. The test hydrogel may have the potency to
establish selective toxicity towards harmful bacteria associated with reproductive tract

infections without disturbing the beneficial flora of female reproductive tract.
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Figure 2.8. Antimicrobial activity against (a) Escherichia coli, Pseudomonas aeruginosa,
Staphylococcus aureus, (b) Lactobacillus fermentum and Lactobacillus plantarum. All
the experiment was carried out in triplicates. Symbol "*" represents significantly different
values with p < 0.05. Values which has not shown significant difference with p > 0.05
were mentioned as "n.s"

2.4.13 Microbial growth on pH adjusted media

The test hydrogel when comes in contact with biological media have the property
of reducing the pH of surrounding media through ionization due to the formation of
intermolecular hydrogen bonds with the polymeric network. The micro-organisms were
grown on pH adjusted media to know the effect of pH on the viability of micro-
organisms. The viability of the micro-organisms got reduced (P < 0.05) not only to the
opportunistic pathogens but also to the Lactobacillus species (Figure. 2.8a, b). However
considerable reduction was not observed in the viability of opportunistic pathogens when

compared with direct contact inhibition assay. Furthermore, the test hydrogel has the
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property to selectively reduce the viability of opportunistic pathogens but not the

Lactobacillus spp.

Table 2.11 Microbial zone of inhibition

Bacteria Gentamicin 25 mg p 50 mg p 100 mg p

incm RISUG® value RISUG® value RISUG® value
in cm in cm incm
E. coli 2.9+0.2 0.60+0.3 0.0002 1.8+0.2 0.0008 1.8+0.2 0.0003
P. auregenosa 3.3+0.1 0.73+0.3  0.0001  1.8+0.5 0.006 1.8+0.2 0.0003
S. aureus 2.0+0.2 0.47+0.7  0.004 1.240.7 0.01 1.3+0.3  0.01
L. fermentum 1.7+0.1 0.0 - 0.0 - 0.0 -
L. planatarium 1.5+0.1 0.0 - 0.0 - 0.0 -

The p values (ANOVA) for the microbial zone of inhibition was obtained by comparing
the zone of inhibition values of test sample (25, 50, 100 mg) with Gentamicin

2.4.14 In vitro cytotoxicity studies

2.4.14.1 Cell Proliferation assay and Real time-PCR

The effect of RISUG® conditioned media on the viability of primary rat uterine
cell line was compared by measuring the activity of mitochondrial dehydrogenases. This
mitochondrial dehydrogenase acts as a representative for both cytostatic and cytotoxic
effects of RISUG® conditioned media on rat primary uterine cell lines. The test was
performed after 24, 48 and 72 hours exposure of RISUG® conditioned media to rat
primary uterine cell lines. The MTT result has not shown any significant reduction (p >

0.05) in mitochondrial dehydrogenase activity (Figure. 2.9a).
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Figure 2.9. (a) MTT assay (b) RT-PCR results for control and RISUG® conditioned

media treated rat uterine primary cell lines. All the experiments were carried out in

triplicates. Values which have not shown significant difference with p > 0.05 were
mentioned as "n.s"

The population of uterine cell lines increased with increase in time duration.
RISUG® conditioned media has not reduced the growth of primary rat uterine cell line in
all the tested time intervals when compared with control media. Moreover, it was
observed that there was no significant difference in the morphology of both control and
treated primary rat uterine cell lines grown in conditioned media. RISUG® conditioned
media treated rat primary uterine cell lines has not shown any significant change in the
expression of ER-a and VEGF genes (Figure. 2.9b). Further, the expression level of cell
cycle regulators Cyclin D1 and CDK4 of RISUG® conditioned media treated uterine cell

lines has not shown any significant change (p > 0.05) compared to control cell lines.
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Figure 2.10. Rhodamine and DAPI stained control and RISUG® conditioned media
treated rat uterine primary cell lines

Control

RISUG® Conditioned

2.4.14.2 Cellular morphology and proliferation analysis

The morphological analysis of rat primary uterine cell lines grown in conditioned
media has not shown damage in their extracellular or intracellular morphology (Figure.
2.10, 2.11). The rat primary uterine cell lines grown in conditioned media exhibited well
extended cytoskeleton as same as the control cell lines. Moreover, the uterine cell lines

were capable of making cellular contact with one another.
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Figure 2.11. SEM of control and RISUG® conditioned media treated rat uterine primary
cell lines

2.4.15 In vivo studies
2.4.15.1 Gross anatomical macroscopic observation

Test hydrogel implanted uterine isthmuses have not shown any indication of
implant oriented swelling, dilation, discontinuation, contraction or any abnormal growth
in the external surface when compared with control uterine tissues. The cornua
posteromedially extended from the ovary dorsal to the urinary bladder and they normally
united to form the corpus as flexible tubular structure. The smooth uterine horns were

suspended from the dorsal body wall by heavy wide elastic ligaments through which,
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blood vessels and nerves lined without any irregular pattern over the tubular surface of

both test and control uterine tissues (Fig. 2.12).

Treated

Figure 2.12. Gross anatomical macroscopic observation of control and treated uterine
tissue samples

| trol

2.4.15.2 Microscopic anatomical observation

Histological analysis of control and treated rat uterine tissues sample showed no
significant alterations in the uterine morphology (Figure. 2.14). The compact architecture
of the uterine cells was well defined with prominent nucleus located within the cells in
both control and treated uterine tissues. The simple columnar epithelial cells of both
control and treated tissue samples normally extended in to branched tubular glands
projected in to stroma without any significant morphological change. The stroma of both
control and treated uterine tissue samples had many polyhedral cells which has not shown
any implant oriented microscopic change when compared with control samples [35]. The

microscopic architecture of myometrial muscular layer consisting of inner and outer
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differential polyhedral cells lined with loosely connective stratum vasculosum has not

shown any significant change in both control and treated tissue samples.
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Figure 2.13. Immunohistochemical staining scores of control and RISUG® treated rat
uterine tissue samples expressing ER-a, VEGF, CyclinD1 and CDK4 proteins. All the
experiments were carried out in triplicates. Values which have not shown significant
difference with p > 0.05 were mentioned as "n.s"

2.4.15.3 Immunohistochemical observation

The effect of test hydrogel on expression of ER-a on uterine tissue samples was
investigated through immunohistochemical localization of ER-a receptor (Figure. 2.14).
Both test and control tissue samples expressed ER-o without any significant change [36].
The control and treated uterine tissue samples showed immunoreactivity to VEGF in
agreement with the expression of ER-a. The test hydrogel has not exerted any implant

oriented deleterious effects on VEGF expression. To check the effect of test hydrogel on
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cell cycle in uterine tissue samples, the expression of cell cycle regulators Cyclin D1 and
CDK4 were investigated. Both the cell cycle regulators have not shown any significant
difference in their expression when compared with 29 days control and test tissue
samples [37]. The test hydrogel has not shown any significant changes (p > 0.05) in the
expression of estrogen-responsive ER-o and VEGF and also in cell cycle regulators
among both control and test uterine tissue samples at 29 days duration. The quantitative
method for immunohistochemistry was obtained by scoring the stained areas (epithelial
cells, blood vessels and the stroma) of uterine tissue samples. Stained areas in
immunohistochemistry express the presence of epitope molecule for the attachment of

respective antibodies (Figure. 2.13).

2.4.15.4 Organ pathology

Pathological changes in organs after 29 days of test hydrogel treatment of both control
and treated samples were investigated (Figure. 2.15). Heart, Lungs, Liver, Spleen and
Kidney were collected and sliced for haematoxylin and eosin staining. The microscopic
anatomy of cardiac tissue sample has not shown any sign of interfibrillar hemorrhages,
infiltration congestion, or focal disruption of cardiac muscle of both control and treated

cardiac tissue samples.
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Figure 2.14. Hematoxylin and Eosin stained control and RISUG treated rat uterine tissue
samples and Immunohistochemical staining of ER-a, VEGF, CyclinD1 and
CDKA4 and their receptors in control and RISUG treated rat uterine tissue
samples
Microscopic anatomy of both control and treated animal lungs samples were observed

since, implant-associated stress may deprive the respiration of rat due to the formation of
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free radicals. Alveolar septa with rich capillarization were visible. The flat alveolar cells
and the large granulated pneumocytes were distributed among the tissue sections without
any morphological damage. The test hydrogel has not shown any signs or symptoms of
respiratory insufficiency in 29 days lungs sample of both control and treated animals. The
normal sinusoids in liver assure that the implant has not exerted any change in even
distribution of blood to the liver. The hepatic parenchymal cells were observed normal
with prominent nuclei. There were no signs of implant-associated ductal hyperplasia in
liver sample of both control and treated animals. Both control and treated spleen tissue
samples have shown normal inward projecting smooth muscle cells filled trabeculae with
a network of reticular fibers with oriented framework. There were no signs of
inflammation or fibrosis was observed in kidney sample of both control and treated
animals. Both the cortex and medulla of the kidney parenchyma have not shown any
morphological damage. Healthier straight tubule segments were evenly arranged as
medullary rays. Both outer and inner medullary stripes were distinguishable and had not

shown any structural alteration in both control and treated tissue sections [38].

2.4.15.5 Hematology and blood biochemistry

Hematology results have not shown any significant alteration in both control and
treated animals (Figure. 2.16a, b, c and d). The critical indicators WBC, RBC and PLT of
control rats have not shown considerable differences when compared with untreated rats
(p > 0.05). All the other hematology markers like MCV, MCH, MCHC, HGB and HCT
also had not shown any toxicological change in treated rats when compared (p > 0.05)
with control. These results inferred that test hydrogel had not shown any biological

systemic toxicological effect post-implantation inside the uterus. Blood biochemical
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parameters for general metabolic function, kidney and liver function were investigated
and compared with 29 days treated animals along with their controls. There was no
significant difference in the 29 days treated samples when compared with their respective

controls [39].

2.5 Discussion

In vitro characterizations especially oy values of gel strength analysis have
inference that RISUG® expresses high mechanical strength which could help in resisting
expulsion in the upper reproductive tract for an extended duration after implantation. In
fact, we have shown that upon dilution with (SUF), RISUG® forms intermolecular H-
bonding and exhibited instantaneous gelation as a result of its’ viscoelastic nature. It has
been shown that water-mediated intermolecular H-bonding between maleic anhydride
group of RISUG® and SUF is responsible for surface roughness and mechanical strength
of RISUG®. Crystallite size estimated from broadening peaks by Scherer equation has
proved that RISUG® after experiencing the dilution by SUF has not shown a structural
change in its polymeric structure. The viscosity curves obtained at different shear rate
indicate the shear thinning behavior of RISUG® and its dilutions with power-law

exponent n ranging to 0.46 from 0.53 at 37°C.
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Figure 2.15. Hematoxylin and Eosin stained Heart, Lungs, Liver, Spleen and Kidney of
control and RISUG treated rat tissue

The viscoelastic property of RISUG® and its dilutions increases with increase in
the interaction of SUF (upon increasing the amount of SUF). These results suggested that

mechanical strength of RISUG® depends upon the intermolecular H-bonding interaction
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with SUF. This work has demonstrated that these rheological results can be correlated

with the composition of the RISUG® and therefore with its retention and also with their

stability and compliance.
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Figure 2.16. (a) Haematological parameters of control and RISUG® treated rat. All the
experiments were carried out in triplicates. Values which have not shown significant

difference with p > 0.05 were mentioned as "n.s"
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Figure 2.16. (b) General metabolic function of control and RISUG® treated rat. All the
experiments were carried out in triplicates. Values which have not shown significant

difference with p > 0.05 were mentioned as "n.s"
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Figure 2.16. (c) Liver function of control and RISUG® treated rat. All the experiments
were carried out in triplicates. Values which have not shown significant difference with p
> 0.05 were mentioned as "n.s"
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Figure 2.16. (d) Kidney function of control and RISUG® treated rat. All the experiments
were carried out in triplicates. Values which have not shown significant difference with p
> 0.05 were mentioned as "n.s"

The test hydrogel, when implanted inside the uterus, should provide antimicrobial
activity around the reproductive tract to efficiently prevent implant associated bacterial
infections without disturbing the beneficial Lactobacillus spp. The test hydrogel RISUG®
established selective antimicrobial activity against opportunistic pathogens while having
limited consequence over the growth of Lactobacillus spp. The exact selective
mechanism for the antimicrobial activity is still unknown but specific mechanism may be
hypothesized. Female reproductive tracts naturally have body fluids like uterine, cervical

and vaginal fluid. These body fluids will be replenished continuously [40] at any
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particular time intervals. The test hydrogel may exert ionic dispersion into the biological
fluids that render unfavorable environment only to pathogenic microbial growth. Further,
the dispersed ions in the biological fluid from the three-dimensional structure of test
hydrogel may cause morphological damage, lipid peroxidation or DNA damage to the
micro-organisms. During the process of exchange of ions and solvent between biological
media and RISUG®, a polymeric network of RISUG® hydrogel may generate carbooxyl
radicals due to intermolecular H-bonding between maleic anhydride and SUF [40].
Polymeric hydrogel acquires particular attention in biomedical application. When
a polymeric hydrogel was synthesized for serving as a biological implant,
biocompatibility characterization is of utmost importance. /n vitro cell culture study is a
useful tool for monitoring the cytotoxicity of the synthesized hydrogel. In vitro
biocompatibility assessment is more important for reducing the suffering of animals
during in vivo toxicity studies. Furthermore the sensitivity produced by primary cell lines
and established cell lines were significantly different. To reduce the sensitivity in vitro
cytotoxicity assay was performed using rat uterine primary cell lines. The test hydrogel
RISUG® has not shown any significant damage to the rat uterine primary cell lines during
the period of in vitro toxicological assessment. /n vivo toxicity results inferred that
RISUG® hydrogel implant has not exerted any implant associated toxicity post-
implantation inside the uterus. Moreover, the effects of RISUG® hydrogel on the
expression of estrogen receptor, the estrogen-responsive gene VEGF, along with cell
cycle regulatory proteins were investigated. Estrogen receptors are activated by the action
of estrogens in the female reproductive tract. Estrogen receptors alpha (o) and beta () are

expressed all over the body tissues. However, ER-a is predominantly expressed in uterus,
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mammary glands, pituitary, ovarian cells and hypothalamus. Estrogen enzyme
distinctively targets the uterine tissue and possesses the significant expression of ER-a all
over the estrus cycle. ER-a dependent uterine tissue proliferation was explained in the
majority of research works. Since ER-a plays an essential role in maintaining healthy
[37] uterine tissue, the effects of test hydrogel in the expression of ER-a in uterine tissues
were investigated. Further, the expression of estrogen-responsive gene Vascular
Endothelial Growth Factor (VEGF) was evaluated since uterine tissues are nourished
with vascular tissue and it is well known that it responds primarily to the estrogen in
uterine tissues. The change in ER-a expression may significantly affect the cell cycle
regulators. So the expression of cell cycle regulators cyclin D1 and CDK4 has also
investigated in test hydrogel treated uterine tissues. The test hydrogel has not inferred any
change in the expression of ER-a, VEGF and cell cycle regulators (Cyclin D1 and
CDK4) which are primarily responsible for estrogen signaling pathway.

Organ tissue pathology studies have shown no significant damage observed in the
organs during the entire treatment period. It was described that implant-associated
infection or inflammation might alter the biochemical parameters. The test hydrogel has
not shown any significant change in any of the biochemical parameters during the
treatment phase. The observed hematology and blood biochemical study depicts that the
RISUG® does not have any interaction with the systemic biological system. The test
hydrogel only has physiological interaction with the implanted site post-implantation.
Finally, the results presented here extend these observations to explain that RISUG® can

be used as a novel non-hormonal female contraceptive fallopian tube hydrogel implant.
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2.6 Conclusion
The authors conclude from the evidence represented by the above research work
that, the styrene maleic anhydride based polymeric hydrogel RISUG® is highly applicable

for the development of a new improved form of [UCDs as an uterine implant.
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3.1 Introduction

Women are provided rights to choose the suitable contraceptive technique on their
own to control the child birth for establishing effective contraception according to the
global movement, “the family planning 2020 (FP2020)”. This FP2020 movement set
their bench mark to make 120 female individuals residing in poor countries as additional
contraceptive users to access modern contraceptive techniques. An increase of 80 million
population was observed every year was recorded as current population statistics all over
the world which may lead to overall increase of 9-10 million in world population by the
year of 2050 [1]. Such an increase in the populations has resulted in extensive
environmental destruction, poverty and starvation. Among many reasons for the
population explosion, unintended pregnancy has played a prime role all over the world
[2]. The rate of unintended pregnancy could be prevented by implementing adequate
access to prevailing contraceptive techniques.

Among the various contraceptive techniques, non-hormonal female contraceptive
techniques are considered to be safe and effective. Commercially available vaginal
contraceptives encompass detergents such as isonyl-phenyl-polyoxyethylene ether, p-
menthanyl-phenyl-polyoxuethylene ether and isooctyl-phenyl-polyoxyethylene ether
which have the ability to disrupt cell membranes of the sperms [2]. Other class of
surfactants include benzalkonium and dioctyl sodium sulfosuccinate which show direct
effects on vaginal epithelial cells and beneficial microflora colonising in the lower female
reproductive tract [3-5]. However, recurrent use of these contraceptives has been related
with the irritation and ulceration of the female reproductive tract along with the alteration

in the population of beneficial micro-organisms of female reproductive tract, thereby
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leading to increased threat of opportunistic infections [6-8]. Due to these prevailing side
effects, an ideal vaginal contraceptive which poses tissue safety needs to be developed [9-
11].

In a determination to develop a new form of spermicidal non-hormonal intra-
vaginal contraceptive, RISUG® comprising of SMA and Styrene maleic acid could be a
suitable alternative. RISUG® is presently under phase three clinical trial as male
contraceptive vas deferens implant [12]. Upon implantation in the vas deferens, it reduces
the pH of the surrounding medium, thereby causing damage to the acrosome of the
sperms [13, 14]. However, RISUG® cannot directly be implanted into the female
reproductive tract due to precipitation property of the polymer. The polymer when in
contact with biological fluids it gets precipitated followed by reducing the pH of the
medium at its immediate vicinity [15]. This flaky property of the polymer may develop a
maze inside the vagina of the female individual that may ultimately result in
inconvenience to the individual. Due to this precipitation and flaky properties of RISUG®
it can be used as long term contraceptive implant as explained in chapter 2. However,
these physiological properties of RISUG® limit its application as short term vaginal
contraceptive implant. To overcome these limitations, it needs to be blended with some
biocompatible and biodegradable polymer.

In this regard, we have blended RISUG® with Polyvinyl alcohol (PVOH) to
formulate films. PVOH was selected since majority of the presently available vaginal
film products use PVOH in their formulation and has been regarded safe for vaginal use
by U.S. Food and Drug Administration [16, 17]. Furthermore, the bio-degradability and

bio-compatible property of PVOH is significantly more in order to make vaginal
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contraceptive film. This new for of formulation will aid application of RISUG as a
vaginal contraceptive film for fulfilling the purpose of developing short term female
contraceptive polymeric film. The presence of strong electronegative oxygen of RISUG®
polymeric hydrogel accounts for its robust adhesive features with pendent hydroxyl
group of PVOH. We further evaluated RISUG®/Polyvinyl alcohol (PVOH) blended films
extensively for their physiochemical characteristics, in vitro and in vivo biocompatibility
and in vitro spermicidal activity. To the best of our knowledge, there is no report on using
RISUG®-based composite polymeric films for intra-vaginal female contraceptive
application. This RISUG®-based composite polymeric films could establish short term
contraceptive effect for female individual as a non-hormonal and non-surfactant new
form of contraceptive film. This may confort female individuals in order to establish

short term female contraception without any side effects and mental stress.

3.2 Materials and methods
3.2.1 Materials

PVOH (GHOSENOL-GH-17-R, Singapore) [18] with saponification degree (mole %) of
86.5 — 89.0 was used in this study to prepare polymeric blends with RISUG® hydrogel. RISUG®
polymeric hydrogel was synthesized following standard procedure [15]. The solvents used for
this study were procured from Sigma Aldrich. Cell culture media, antibiotics and Fetal Bovine

Serum Albumin (FBS) were purchased from thermo fisher scientific, India.
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3.2.1.1 Synthesis of RISUG®

Synthesis of RISUG® was done by following the protocol explained in chapter 2
section 2.2.1. Briefly, maleic anhydride and styrene was taken in the ratio of 1:1 and
dissolved in ethyl acetate under nitrogen atmosphere in order to avoid the formation of
peroxy radicals during polymerization. Ethyl acetate solution containing equal proportion
of styrene and maleic anhydride was subjected to y-irradiation. Irradiation was provided
at 0.2 megarad dose for every 40 g to the polymerization solution in sealed glass bottle.
The irradiation dose rate was maintained as 30 to 40 rad/sec using cobalt as y-irradiation
source. The irradiated polymer was precipitated using 60/80 grade petroleum ether. The
unreactive monomers were removed by dissolving the polymer in 1,2 dichloro ethane
followed by precipitation and drying. Dried SMA was dissolved in medical grade
Dimethyl Sulfoxide (1:2 ratio) under controlled atmosphere to obtain final SMA

hydrogel.

3.2.2 Methods
3.2.2.1 Preparation of polymeric blends

PVOH polymer was dissolved in dual solvent mixture of DMSO and distilled water
(H20) at proportion of 108g and 27g respectively [19] and in order to make 10% (w/w)
homogenous solution PVOH polymer in dual solvent mixture was heated at 95 °C with
continuous stirring.. Weight ratio of PVOH in DMSO:H,0 was maintained constant and RISUG®

was added at four different concentrations with reference to PVOH as indicated in Table 3.1.
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Table 3.1 Compositions of PVOH/ RISUG® hydrogel polymeric films

Sample description PVOH concentration RISUG® concentration
RO 10% 0
R0O.5 10% 2.5%
R1 10% 5.0%
R1.5 10% 7.5%
R2 10% 10%

The polymeric blends were mixed using magnetic stirrer for 8 h to make homogenous
solution followed by freezing at -20 °C overnight. The frozen polymeric films were gently peeled
off and immersed in excess ethanol at 25 °C for 72 h (ethanol was changed periodically) in order
to remove solvents from the polymeric film. Further ethanol was removed by vacuum drying for

48 h. The dried polymeric films were used for further testing and characterization.

PVOH in dual solvent Addition of RISUG® Polymeric film casting Polymeric film

(stirring in 95°C) (homogenization for freezing at -20 °C
8h) overnight

[—

=) T

Polymeric film
vacuum drying for 24h

Polymeric film immersed
in ethanol at 25 °C for 72h

Figure 3.1. Schematic representation of Polymeric film preparation

3.2.2.2 Rheological characterization of polymeric blends

For rheological evaluation, the homogenous solution of polymeric blends was analysed

with rheometer with diameter of 50 mm plate diameter and 1° cone-plate geometry. The
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polymeric blends were subjected to thermal equilibrium at 35 °C (the average normal body
temperature) before starting the rheological experiment. The steady state rheological
measurements were carried out at 35 °C and at shear rates ranging from 0.01 to 1000 S
Frequency sweep measurements were carried out at 35 °C at frequency ranging from 0.1 to 100
rad/s.

3.2.2.3 FTIR spectroscopy

Infrared spectra for virgin polymer and the polymeric blends were documented by ATR
mode FTIR spectrometer (NICOLET 6700 Thermo fisher scientific instruments) in the
wavenumber region ranging from 4000 — 400 cm™. The readings were recorded with a spectral
resolution of 0.5 cm™.
3.2.2.4 Differential Scanning Calorimetry (DSC)

Crystallinity percent, glass transition temperature (T4) for polymeric films were recorded
using differential scanning calorimetry (Perkin Elmer Pyris Diamond DSC). All the polymeric
samples were weighed (= 10 mg) and scanned in aluminum pans for scanning under a controlled
dynamic nitrogen atmosphere at 10 °C/min from the temperature range of -150 to 250 °C. All the
samples underwent initial scanning procedure to remove any residual elemental stress. Initial run
for the virgin polymer and the polymeric blends consist of heating from ambient temperature to
150 °C at a rate of scanning at 10 °C/min. The second run consists of reducing the temperature to
-150 “C followed by heating the polymer samples from -150 to 250 °C. The results of the second
run for the polymeric samples (-150 to 250 °C) were recorded for further characterization of the
polymeric samples. Crystallinity percent for all the polymeric samples were determined by

measuring the area under the DSC peak by using the formula given below,

AH
— F
P = /Wz' ¥ AHf 1005 + 100 egn (1)
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where, Pc is crystallinity percent, AHy is calculated melting enthalpy of polymeric samples (J g™),
Wi is taken as weight fraction of the polymeric samples used for the experiment, AHxigos is the
theoretical melting enthalpy of pure PVOH at its crystalline phase (138.7 J ¢%) [20, 21].

3.2.2.5 X-Ray Diffraction (XRD) Spectroscopy

The variation in crystal structure of polymeric blends and their alteration in crystallinity
were studied using an Philips PW-1710 X-ray diffractometer (Eindhoven, The Netherlands)
having crystal monochromator CuK, radiation (A=1.540598 A) having accelerating
voltage of 40 kV with beam current of 20 mA for the angular range of 10-80° (260). Areas
under the peaks of crystalline and amorphous part of the polymers were identified in
arbitrary values using X pert highscore plus 2.1 and Origin Pro 8.5 software in order to
identify the degree of crystallinity. The values for degree of crystallinity (Xc), interchain
distance (r) and interplanar distance (d) and average crystallite size were calculated using
the following equations (2,3.4,5).

X, = [*rf,ffﬂ 4+, 17100 ean )

Where, Xc is degree of crytallinity, la is an integrated intensity corresponding to
amorphous peak and Ic is an integrated intensity corresponding to crystalline peak of the
polymeric samples. The average crystallite size (Cs) for all the polymeric samples were
identified using Full Width at Half Maximum (FWHM) values of diffraction peaks using
Scherre’s equation 5. Furthermore the interchain distance (r) and interplanar distance (d)

were also calculated[2] by using the respective formulas (3,4):

54

r= 55 eqn (3)

d=—-——=—eqn(4)
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C.= 5
s ﬁ@ﬂeqn(}

3.2.2.6 In vitro degradation study of polymeric blends

In vitro degradation study was performed by monitoring the changes in weight of
pre-weighed polymer sample as a function of the incubation time in Simulated Vaginal
Fluid (SVF). Dry pre-weighed (10 mg) polymeric sample was incubated in SVF at 37 °C
with a regular change every 3™ day. The SVF was prepared with a composition
previously described elsewhere [22]. The composition of SVF was described in Table
3.2. Prepared SVF was adjusted to pH 4.2 with the help of lactic acid which is normally
prevalent in the female reproductive tract produced by vaginal lactobacilli. Polymeric
samples were retrieved at defined time interval, dipped in distilled water three times to
remove excess SVF and vaccum dried in order to obtain dry weight. The percentage

remaining (R%) of the polymeric samples were calculated [23] using the formula 6,

W, — W,
R% =100 — [T* 1:]{]] eqn (6)

Where, Wi is the initial dry weight of polymeric blends (10 mg) and W is the dry weight
of polymer sample at respective time interval.

Table 3.2 Compositions of SVF in distilled water

Compositions of SVF in water Quantity (g/L)
Potassium hydroxide 1.40
Calcium hydroxide 0.23
Sodium chloride 3.51
Bovine Serum Albumin (BSA) 0.01
Acetic acid 1.00
Lactic acid 2.00
Glycerol 0.16
Glucose 5.00
Urea 0.40
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3.2.2.7 Morphological analysis of polymeric blends
Morphological analysis of the polymeric blends was carried out using scanning electron
microscope (SEM, EVO, ZEEIS, Carl Zeiss SMT AG, Oberkochen, Germany) at an
accelerating 20 kV voltage. The polymeric samples were sputter coated with gold and
successively examined under SEM. Surface topology of the polymeric blends was
evaluated using atomic force microscopy (AFM, Agilent 5500 Scanning Probe
Microscope) by intermittent contact mode. The force constant and the resonance
frequency of AFM tip was 48 Nm™ and 146-236 kHz respectively having tip radius and
stiffness of 10 Nm and 40 Nm™* respectively
3.2.2.8 In vitro toxicological assay

In vitro cytotoxic effects of each polymeric blend were investigated in HelLa cell
line. The cells were maintained in minimal essential media supplemented with 10% FBS,
1x non- essential amino acid solution, and 1x antibiotic-antimycotic solution with regular
passage upon 90% confluency. The cells were seeded in 96 well plates at a concentration
of 5X 10* cells/well and incubated overnight for cell adhesion. Thereafter the cells were
treated with the conditioned media which was prepared by dissolving polymeric film in
media at a concentration of 1mg/mL for 24 h followed by cell viability analysis using
standard MTT assay. Viability percentage (V%) of vaginal primary cell lines were

calculated using the equation (7)

A
Voo = [—r] + 100 egn (7)
A

where, At is absorbance of the test at 590 nm and Ac is absorbance of control at

590 nm [24].
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Furthermore, live/dead staining was also performed using calcein AM/ethidium
homodimer as instructed by the manufacturer. The imaging was performed using
fluorescence microscopy (Olympus X171).
3.2.2.9 In vitro spermicidal activity of polymeric blends

Human semen samples were obtained from healthy individuals following 2-3 days
of abstinence. Sterile polyethylene containers were used to collect and transfer the semen
samples. Semen samples were allowed to liquefy followed by diluting (1:10) in HEPES
buffer supplemented with 10% Bovine Serum Albumin (BSA). The diluted semen
samples were incubated in conditioned media for 15 minutes [25]. Control samples were
incubated with PBS. In vitro spermicidal activity of the polymeric films was evaluated as
per protocol defined elsewhere [25] with slight modification.
3.2.2.10 In vivo toxicological study
3.2.2.10.1 Maintenance of experimental animals

Adult female Sprague-Dawley rats were procured and maintained in an ambient
environment containing 25 + 2 °C and 50 + 15% as relative humidity. Normal
photoperiod of 12 h dark and light was maintained inside the animal house. The
experimental animals were provided with sterilized food and water ad libitium. Estrus
cycles for the experimental animals were examined through vaginal lavage. The
experimental procedure for in vivo toxicological study was approved by institute animal
ethical committee. Two groups of experimental animals each group containing 5 animals

were randomly selected.
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3.2.2.10.2 Intravaginal administration of polymeric blend

The experimental animals were anesthetized using ketamine and xylazine (75 and
100 mg/Kg intraperitoneal injection respectively). The anesthetic stage was confirmed by
toe withdrawal reflex. About 4% (w/v) of the respective polymeric blend was dissolved
in sterile PBS in aseptic condition. Anesthetized animals which received 200 pL of
polymeric blend solution were included as treated and control animals received 200 pL of
sterile PBS . All the animals were consecutively treated with polymeric blend solution for
four days in order to complete a single estrus cycle. After completing the treatment all the
experimental animals were sacrificed by using chloroform inhalation. Blood from both
control and treated animals were collected for hematological and blood biochemical
study. Organs like kidney, spleen, liver, heart, and lungs were isolated for histological
studies. The vaginal tissues of the experimental animals were aseptically removed and
washed three times in 0.9% (w/v) saline and fixed using 4% formalin. Formalin-fixed
tissues were subjected to gradient dehydration in ethanol (from 70%to 100%).
Dehydrated tissue samples were embedded in paraffin [26, 28].
3.2.2.10.3 Haematology and blood biochemical study

Throughout the study period, all the experimental animals were daily observed for
signs of abnormal behavioral changes, reaction to treatment or ill health. Animals were
also observed for signs of changes in skin, fur, eyes and general activity. Blood samples
from the experimental animals were collected through cardiac puncture of anesthetized
animals prior to sacrifice. Eosinophil (E), haemoglobin (HBG), lymphocyte, mean
corpuscular hemoglobin (MCH), mean corpuscular hemoglobin concentration (MCHC),

mean corpuscular volume (MCV), monocyte, neutrophil, platelets, total red blood cell
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count (T-RBC), total leucocyte count (TLC) and packed cell volume (PCV) or
haematocrit (HCT) were estimated for standard hematology marker. Glucose (GLU),
cholesterol (CHOL), triglycerides (TG), total proteins (TP) and albumin (ALB)], blood
urea nitrogen (BUN), creatinine (CRTN), phosphorus (P), calcium (CA) and urea were
estimated to elucidate general metabolic functions. Alkaline phosphatase (ALP), alanine
aminotransferase (ALT), aspartate aminotransferase (AST) and total bilirubin (TBL)
were examined for liver function.
3.2.2.10.4 Histological and Immunohistochemical examination

Paraffin tissue sections of approximately 3 pum were double stained with
hematoxylin and eosin by following the manufacturer’s protocol. For the purpose of
immunohistochemical staining, the tissue sections were deparaffinized, hydrated and
exposed to the process of antigen retrieval using EZ-Retriever System V.2; BioGenex,
San Ramon, California, USA for 20 min in 0.1 M sodium citrate buffer (pH 6.0). The
tissue sections were immunostained by the chromogenic method. Primary antibodies like
Anti-ER-a, anti-Cyclin D1, anti-VEGF and anti-CDk4 (Santa Cruz Biotechnology, CA,
1:250) were used for immunohistochemistry. Goat anti-rabbit HRP-conjugated secondary
antibody (1:1000) was used. Immunohistochemical scoring was performed following the

protocol explained before in Chapter 2.10.4.

3.2.3 Results and discussion
3.2.3.1 Rheological characterization
Rheological characterization of the PVOH and other polymeric blends showed a

steady increase in the viscosity with an increase in the shear rate (Figure 3.2A). Sample
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RO showed the least viscosity, followed by R0.5, R1.0, and R1.5. Such an increase in
viscosity could provide a hint regarding the intermolecular interaction between the
polymers. On the contrary, sample R2 showed a decreased viscosity than that of sample
R1.5. Similar flow behavior was observed in frequency sweep curve. Both, storage and
loss modulus of the polymeric blends had ascending trend till R1.5. At higher
concentration of RISUG® (R2), the polymeric blends attained the saturation reaction
point which may alter the rheological parameters of the corresponding polymeric blend.
The slopes of the linear regression of angular frequency (w) against elastic (G”) and
viscous (G”) moduli (Figure 3.2A, B) helps to mathematically calculate the viscosity of
gels through following the power type affiliation using the formula,
G'orG" = Kw™egn (8)

Where K is the intercept and n is the slope of the equation (8). The true gel is
considered by the slope of the power law model having a positive value. In our case also,
all the polymeric blends had positive slopes which confirm all of them are true gel having
viscous nature (Table 3.3). Generally it is explained that, the homogenisity of any
polymeric mix or solutions can be pervaded using Cole-Cole plot. Cole-Cole plot is the
graphical representation of G’ values versus G” values. The slope value of the plotted
graph of G’ versus G” for the polymeric solutions at about 2 signifies that, the polymeric
solution is homogenous. The slope value lesser that 2 signifies that the polymeric
solutions or mix exhibit heterogenesity of the polymeric mix. In our experimentation
results of the Cole-Cole plot (Figure 3.2C) depicted that all the polymeric blends except

R1, had a slope value of 2, thereby indicating homogeneity in their solutions. For, sample
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R1, the slope value of 1.77 was observed which may be due to greater intermolecular
hydrogen bonding interaction between the polymeric samples [19].

Table 3.3 Rheological Slope values for the polymeric blends

Sample Slope of Slope of Slope of
o Vs G’ o Vs G” G’ Vs G”
RO 1.35 0.64 2.07
RO.5 1.41 0.60 2.05
R1 1.42 0.67 1.77
R1.5 1.45 0.57 2.03
R2 1.51 0.60 2.09
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Figure 3.2. (A) Storage modulus of polymeric blends; (B) Loss modulus of polymeric
blends; (C) Cole-Cole plot of polymeric blends
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3.2.3.2 Fabrication of RISUG® and PVOH polymeric blend films

The polymeric films blending PVOH and RISUG® were successfully formed. A
visual inspection revealed that RO (without RISUG®) appear more flexible, softer and
smoother as compared to those containing RISUG®. Increase in the concentration of the
RISUG® resulted in a reduction of the flexibility and smoothness of the polymeric
samples. Sample R2 had the roughest surface among all the blends.
3.2.3.3 FTIR spectroscopy

FTIR spectroscopy is an appropriate method to investigate chemical interactions
between the molecules of polymeric blends. The IR spectra of virgin PVOH and
polymeric films are shown in Figure 3.3B. The specific molecular peak assignments are
revealed in Table 3.6. The results showed significant alterations in the carbonyl and CH
rocking peaks of RISUG® and PVOH respectively (Figure 3.3a, b). With an increase in
the RISUG® concentration, the carbonyl peak of RISUG® at 1716 cm™ in the polymeric
blends portrayed a band shift from 1716 cm™ to 1721 cm™ and CH rocking peak of
PVOH at 1250.26 cm™ shifted from 1250.26 cm™ to 1233.35 cm™. Shifting of these
peaks clearly specifies the interaction between PVOH and RISUG® via means of
intermolecular hydrogen bonding. The maleic anhydride group of RISUG® hydrogel have
a strong electronegative oxygen which extends its affinity towards PVOH through
hydrogen molecular bonding, where —OH group of PVOH plays the role of proton donor
and —COO" of SMA plays the role as proton acceptor [30]. An in-depth evaluation of
these peak shifts revealed that the reaction enthalpy of the polymeric blends is negative as
both, carbonyl stretching and CH rocking peaks of IR spectra shifted to lower

wavenumber, thereby providing negative values for AHs in case of polymeric blends.
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This present study comprehended the molecular interaction between PVOH and SMA
hydrogels by using Fowkes equation. Fowkes equation is the tool to relate IR associated
peak position change with that of enthalpy of the molecular interaction between the
individual phase in dual polymeric system like polymeric blends or polymeric composites
[4]. Enthalpy of molecular interaction of polymeric blends were identified using the

formula (9),

AH =0.236 X Avegn(9)

Where, enthalpy of the interacting polymers in dual polymeric system, Av is the
change in the corresponding peak position of functional group of polymer involved in
molecular interaction like hydrogen bonding. The change in free energy of the polymeric

blend post mixing of two different polymers can be expressed as,

AG"' = AHP' — TAS™! for polymer 1 eqn ( 10)

AG"? = AHP? — TAS"? for polymer 2 eqn (11)
In the above discussed equations (9 & 10) the super scripts P1 and P2 corresponds
to polymer system 1 and polymer system 2 in dual polymeric system. With the help of
equations (10 & 11), the total free energy change in the dual polymeric system can be

obtained as,
AG; = AH;— TAS; = AH.— T(ASP' + ASP%)egn ( 12)

Both PVOH and SMA hydrogels will be mutually miscible when the value of
AHs falls negative and ASs falls positive in order to promote a thermodynamically
favourable reaction between the polymers. This favourable interaction of both the
polymers ultimately results in negative value of AGs. Since the reaction enthalpy of the
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polymeric blends is negative, both carbonyl stretching along with CH rocking peaks of IR
spectra is shifted to lower wave number (Table 3.4, 3.5). The polymeric blend
composition provides negative values for AHs. The calculated AHs values for
corresponding carbonyl stretching peaks lie in-between the range from 1.891 to 3.990
kcal/mol and the values corresponding to CH rocking peaks lie in-between the range
from 0.16 to 1.18 kcal/mol. Increase in the values of AHs also increases the values of
AGs. Since the randomness of the dual polymeric blend system grows upon blending, the
value of AS falls negative for blending of two different polymers. Thus the value of AH is
a best hallmark for the miscibility of two different polymers. Thus it can be concluded
that all the polymeric blends shows good miscibility at all the blend proportions through
this thermodynamic calculation. It has been reported that the miscibility of the polymeric
blends may be due to intermolecular hydrogen bond between C=0 of maleic anhydride
and hydrogen group of PVOH.

Table 3.4 Carbonyl peak position shift of RISUG® polymer and corresponding enthalpy
of SMA and PVOH interaction in polymeric blends

RISUG  Wave Number of C=O  Av of C=0 Stretching  AH (Kcal mol?)

(wt) Stretching (cm™) (cm?)

R2g 1721 0 0
R1.5¢ 1720.31 -0.69 -0.16284
R1g 1718.19 -2.81 -0.66316
R0.5g 1717.63 -3.37 -0.79532
ROg 1716 -5 -1.18
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Table 3.5 CH rocking peak position shift of PVOH polymer and corresponding enthalpy
of SMA and PVOH interaction in polymeric blends

RISUG Wave Number of CH Av of CH Rocking AH (Kcal mol?)

(wt) Rocking Band (cm™) Band (cm™)

ROg 1250.26 0 0
R0.5¢ 1242.55 -7.71 -1.81956
Rlg 1239.57 -10.69 -2.52284
R1.5¢ 1236.14 -14.12 -3.33232
R2g 1233.35 -16.91 -3.99076
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Figure 3.3. (a) Carbonyl peak position shift of RISUG® polymer; (b) CH rocking
peak position shift of PVOH polymer

Table 3.6 Specific molecular assignments of virgin polymers

Peak wave number (cm™) Corresponding Functional group
3327 OH stretching of PVOH
2942 CH vibrational stretching of PVOH
1727 C = O stretching vibration of PVOH
1432 CHOH stretching vibration of PVOH
1090 CO vibrational stretching
840 C-C ring and side group vibration of PVOH
3424 OH stretching of sulfoxide group of RISUG®
1724 C=0 stretching vibration of RISUG®
1415 Stretching frequency of organic sulftaes
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3. 2.3.4 Differential scanning calorimetry

Endothermic peaks of polymeric bends were obtained using DSC (Figure 3.4D)
calorimetric parameter values like crystallinity temperature (Tc) and glass transition
temperature (Tg) were evaluated thereafter (Table 3.7). The DSC curve of RO showed a
first endothermic peak between 50-150 °C which may be due to the relaxation of
crystalline domains of P\VOH [31]. This peak may also be correlated with the presence of
water molecules in free form in PVOH. However, the peak is not close to boiling point
(100 °C) of pure water because less number of free water molecules may be associated
with PVOH. The second endothermic peak was observed between 150 °C which might
be due to melting and relaxation of crystalline domains of PVOH. Interestingly, upon
addition of RISUG® to PVOH, a reduction in Tc of the polymeric blends along with a
slight increase in the Tq was observed. The increase in Tg might be attributed to an
intermolecular hydrogen bond between the polymeric blends. Again due to this
intermolecular hydrogen bonding between PVOH and RISUG, formation of crystallion
region within PVOH has been hindered (Table 3.7) resulting fall in Tc in the polymeric
blends. The presence of single Tg in all the polymeric blends depicts that the polymeric
blends were miscible mixtures. These results reveal about the occurrence of chemical
synergy between PVOH and RISUG® at the molecular level, thereby promoting mutual
miscibility of both the polymers. The intensity of DSC curves of the polymeric blends
showed continuous reduction upon increasing the concentration of RISUG®. This
inference may be discussed as the three-dimensional crystal growth of PVOH polymer is

hindered by the increased concentration of RISUG® within its molecular chains.
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Table 3.7 Crystalization temperature, Glass transition temperature and Crystallinity %
properties of polymeric films

Sample  Crystalline % Tg Tc
RO 5.39 77 153.81
RO.5 2.21 80 131.80
R1 1.48 80.63 116.83
R1.5 1.03 81.71 116.03
R2 0.958 82.4 116.03

3. 2.3.5 XRD analysis

The X-ray diffractogram showed a single sharp crystalline peak at the 26 range of
19.3° corresponding to (101) plane was present in all the cases (PVOH and all other
polymeric blends) (Figure 3.4C). However, the addition of RISUG® to PVOH resulted in
significant peak broadening and a decrease in the degree of crystallinity (Xc) (Table 3.8).
This may be attributed to the intermolecular interactions including hydrogen bonding as
discussed previously in the DSC data. Initial increase in crystalline size may be due
increased hydrogen bonding between RISUG and PVOH, but overall crystallinity
decreases for the same reason.

Table 3.8 XRD results of the polymeric films

Sample Xc % Cs r d
RO 84.82 1.76 5.74 4.59
R0O.5 80.14 1.98 5.85 4.68
R1 79.76 1.76 5.81 4.65
R1.5 79.42 1.57 5.80 4.64
R2 75.56 1.57 5.77 4.62

3. 2.3.6 Morphological analysis of polymeric blends
The morphological micrographs revealed the presence of single phase

morphology in all the samples without any evidence of phase separation, agglomeration
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or precipitation, especially in the polymeric blends (Figure 3.5). This, in turn, validated
out FTIR, XRD and DSC analysis regarding the complete miscibility of both the
polymers in all proportions. However, there was a visual increase in the surface
roughness with the increase in RISUG® concentration. To validate this we performed
AFM analysis (Figure 3.5). The surface of polymeric blends provides increased
roughness with increasing the concentration of RISUG®. In general, AFM tapping mode
data was used to assess the distribution homogeneity of H-bond of polymeric blends [32,
33]. The regions of H-bonds on the surface of polymeric blends can be characterized by
the spatial variations. These spatial variations occur due to the interaction of the AFM tip
with the polymeric surfaces in which the interaction is longer with the softer material that
results in dark color phase images and H-bond regions possess bright color phase images.
The PVOH polymer surface provides dark color phase images whereas the bright colored
phase images started developing in the polymeric blends with sample R2 showing the
most bright colored phase images. Increased adhesion of RISUG® polymer through
intermolecular interactions increases the roughness of the polymeric blends was
evidenced by these observations.
3. 2.3.7 In vitro degradation study

Polymer degradation parameter is the important factor in order to establish the
polymer as vaginal formulation. In vitro degradation study revealed significant alteration
in the degradation kinetics of the polymeric blends (Figure 3.4E). The virgin PVOH
polymer (RO) showed a complete degradation within 10 h of incubation in SVF.
Interestingly, upon addition of RISUG®, there was a significant reduction in the rate of

degradation of the polymeric films with R0.5 and R1 showing complete degradation in 13
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and 19 h respectively. The polymeric blends, R1.5 and R2 did not degrade completely
even after 30 hours of incubation. This could be explained in terms that the polymeric
blends, RO.5 and R1 established a loose network architecture that resulted in their faster
degradation than R1.5 and R2. Furthermore, R1.5 and R2 had a larger proportion of
RISUG® that restricted the flow of solvent molecules into their three-dimensional
architecture, thereby resisting the degradation of the polymeric blends. In accordance
with the in vitro degradation study, sample R1.5 and R2 was neglected for cytotoxicity
studies since vaginal contraceptive films reciding in female vagina may leads to

discomfort to the female individuals.
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Figure 3.4. Physico-chemical characterization of the polymeric blends. (A) Viscosity vs.
shear rate for the polymeric samples. (B) FTIR spectroscopic profile for the polymeric
films. (C) XRD profile for the polymeric films. (D) DSC profile of the polymeric films.

(E) In vitro degradation profile for the polymeric films
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Figure 3.5. Representative images of atomic force microscopy (AFM) and scanning
electron microscopy (SEM) of the polymeric films. AFM profile for all the samples was
obtained for an area of 100 um?. The SEM micrographs have the scale bar of 3 pum.
3.2.3.8 In vitro cytotoxicity, cellular morphological and spermicidal activity of

polymeric blends

In vitro cytotoxicity assay using MTT assay revealed that neither of the polymeric
blends showed any significant toxicity. Percentage viability in case of RO, R0.5, and R1
were 97%, 95% and 92% respectively with respect to tissue culture plate. To further
validate our results, we performed calcein/ethidium homodimer staining. Fluorescent
micrographs revealed no significant increase in the number of dead cells in comparison to
control (Figure 3.6A). The cells retained their normal spread morphology in all the cases
(control and treated). Further, we checked for the spermicidal activity of the blend films.
The results revealed significantly high number dead sperms (Pl positive) in semen
samples treated with R1 followed by R0.5 and RO (Figure 3.6B). These results confirm

that RISUG® retained its spermicidal activity even after it was blended with PVOH in the
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films. Based on these results we used sample R1 to check it’s in vivo biocompatibility

and hemocompatibility in adult female Sprague-Dawley rat models.

A HeLa B Human sperms

Calcem-AN//Ethidium homodimer Propidium Iodide

100pm
im—

100pm
[E—

Figure 3.6. (A) In vitro biocompatibility evaluation of the polymeric blends in HeLa
cells using calcein-AM/ethidium homodimer-1 based live/dead assay. (B) In vitro sperm
Killing efficiency of the polymeric films using propidium iodide staining. The scale bar
represents 100 pm.
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3. 2.3.9 In vivo toxicological study
3. 2.3.9.1 Haematology and blood biochemistry

Upon regular intravaginal administration of polymeric solution for four
consecutive days, the safety of the fabricated polymer was assessed. Both the treated and
control groups did not show any variations in their general health and behavior. The
hematological studies showed no significant changes in the critical blood test analysis,
like platelets, WBC (TL) and RBC (TR) in control and treated group. In addition, no
alterations in the levels of AST, ALP, and bilirubin were observed in the treated set as
compared to control. General metabolic markers including glucose, urea, albumin,
creatinine, phosphate, calcium, cholesterol and triglyceride also did not change
significantly in trated set compare to control. These results together confirm
haemocompatibility of blended film (Figure 3.7A, B).
3. 2.3.9.2 Histological studies to determine organ pathology

Further, we evaluated the histopathological alterations in the architecture of
organs like heart, kidney, liver, spleen, and lungs (Figure 3.7C). No morphological
changes like infiltration congestion or of interfibrillar hemorrhages in the heart tissue
sections were observed. Both control and treated animal lungs have shown well
distributed granulated pneumocytes and flat alveolar cells. The normal prominent nucleus
was observed in hepatic parenchymal cells in both control and treated animals. The
kidney of both control and treated animals has not shown any signs and symptoms of
fibrosis or inflammation. The parenchymatic cells of the kidney have shown the good
orientation of cortex and medulla in treated animals when compared with control. The

well-oriented framework of reticular fibers smooth muscles projected inwards in the
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spleen of both control and treated animals were observed. These results together confirm
that the polymeric solution did not show any toxicological effect to organs of the treated

animals when compared to the control.
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Figure 3.7. (A) Haematological and (B) serum biochemical parameters of control and
treated groups of rats after 4 days of sample injections. (C) Histological images of the
heart, lungs, liver, spleen, and kidney from control and treated groups of rats after 4 days
of sample injections to evaluate organ pathology. The scale bar represents 50 pm.

3. 2.3.9.2 Histological and immunohistological observation of vaginal tissues
Upon evaluation of the vaginal tissue from both the groups, we found no

observable difference in their architecture with similar epithelial layer thickness and

tissue weight. A well-established stratum corneum (arrowhead) along with large anuclear
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cornified epithelium (CE) were observed in both control and treated tissue samples. In
both and control tissue sections, dehiscence of stratum corneum occurred without any
significant difference, thereby exposing the underlying stratum granulosum (SG) which
releases a number of cornified epithelial cells into the lumen of vagina [27]. We further
evaluated the expression of estrogen-responsive genes including ER-a and VEGF within
the vaginal epithelium using immunohistological studies (Figure 3.8). The results did not
reveal any evidence of implant oriented variations in their expression in both the groups
[28]. Change in ER-a responsive genes expression may result in tissue irritation and
tissue aberration but the histochemical evaluation provided an inference that the
polymeric blend has not shown any significant level of toxicity in vaginal epithelial

tissues.

Page | 122



| Chapter 3

Control Treated

A

H&E

Relative immunohistochemical scoring

ER VEGF

Figure 3.8. (A) Histological evaluation of the vaginal tissue sections derived from
control and treated rats. CE and SG represent large anuclear cornified epithelium and
stratum granulosum present in the vaginal tissue respectively, while the arrowheads show
the presence of well-established stratum corneum. The scale bar represents 50 um. (B)
Immunohistological staining of the vaginal tissue sections from control and treated
groups against estrogen receptor o (ER-a) and VEGF. The scale bar represents 50 pum.
(C) Immunohistochemical scoring of ER and VEGF immunostained images.
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3.2.4 Conclusions

The authors would like to conclude that from the present research work that the
SMA based polymeric hydrogel RISUG® can also be formulated as non-hormonal
vaginal contraceptive film by blending with PVOH polymer at suitable above explained
concentration. The future work of the research team will focus on in vivo release kinetics
of RISUG® from polymeric blends post implantation of the polymeric blends in large

animals.
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Chapter 4

4.1 Introduction

Population growth is the major global socio-economic problem that can have
direct or indirect effect on environment, wealth, land-use, health and education of the
society. Unintended pregnancy plays a major role for the cause of population increase.
The effect of unintended pregnancy has led to unsafe abortion in many countries which
ultimately resulted in damage to the health of female individuals and even led to their
mortality [1]. Providing effective and reliable methods of contraception plays a vital role
in empowering women to have sway over their reproductive lives. As discussed in the
earlier chapters, long-acting reversible method of contraceptives like IUD or Intrauterine
System (IUS), contraceptive implants and contraceptive injections are considered as
effective methods for female contraception, which are reported to have their own side
effects to the practitioners [2]. There is a need for developing a new non-hormonal
contraceptive in order to encourage the female practitioners to use contraceptive and thus

to reduce population explosion.

The present aim of this study is to fabricate a novel biodegradable flexible block
copolymeric scaffold grafted with RISUG® for establishing bio-degradable form of
IUCD. Implantation of RISUG® in fallopian tube (Chapter 2) is a surgical method that
requires cut and stitch in order to achieve non-hormonal contraception by female
individuals. Vaginal formulation of RISUG® (chapter 3) polymer can be used as non-
hormonal female contraceptive implant only for a short duration of time. By considering
these limitations of chapter 2 and 3, this study focuses on developing a new form of
female non-hormonal intrauterine implant to provide female contraception for long
duration of time. The technical advancement of this present study is that the RISUG®
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grafted intrauterine contraceptive implant has complete biodegradable property.
Furthermore, the implant could establish long time contraception and can be implanted as
similar to commercially existing any form of IUDs. Furthermore this biocompatible
RISUG® grafted intrauterine contraceptive implant is biodegradable which does not

require any surgical method to remove it [3].

Considerable attraction has been provided to biodegradable hydrogels for past
decades for their application in biomedical uses since they do not require any surgical
procedures to remove after the system achieves its objective. Furthermore, the rate of
degradation can be customized by altering the physico-chemical parameters of the
hydrogel system. This alteration in the hydrogel system provides flexibility in fabrication
of the biomedical devices blended with target drug or pharmacologically active
ingredient to achieve specific goal post implanting the device inside human body.
Majority of the polymeric hydrogels uses physical or chemical cross-linking methods to
blend natural water-soluble polymers or segmented block co-polymers comprising both
hydrophilic and hydrophobic segments. Practice of using segmented block co-polymers is
the improved way to regulate the physical and chemical properties of the fabricated
hydrogels including their biodegradability [4]. Polyether-polyester block co-polymer
contributes major application in fabricating biomedical hydrogels. More particularly
poly(e-caprolactone) (PCL) have been comprehensively investigated in fabricating
biocompatible and bio-degradable polymeric scaffolds. The crystallinity factor of PCL
inhibits their biodegradability. However, copolymerization of PCL with other monomers
is the best way to overcome the problem of biodegradability. Radical crosslinking of PCL

with Polyethylene glycol (PEG) terminated by diacrylate (DA) groups provided a
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multipurpose tool to have control over the biodegradability and biocompatibility of the
crystalline PCL. The present study focuses on fabricating a novel biodegradable flexible
block copolymeric scaffold composed of PCL-DA: PEG-DA blend grafted with different
concentrations of RISUG®. The fabricated polymeric scaffolds were further investigated
for their physico-chemical properties, mechanical property, sperm killing ability, in-vitro
biodegradability, in-vitro and in-vivo toxicological property required for the application
as new form of implantable non-hormonal biodegradable intrauterine contraceptive

device [5].
4.2 Materials and Methods
4.2.1 Materials

Polycaprolactone diol (PCL diol) with average Mn~2,000, benzene anhydrous
with 99.8% purity, triethylamine with 99.5% purity, anhydrous grade DMSO were
procured from Sigma-Aldrich (Bangalore, Karnataka, India). Acryloyl chloride stabilized
with phenothiazine was procured from Merck Millipore, India. Azobisisobutyronitrile
(AIBN) synthesis grade was procured from JUNSEI chemicals Japan. Polyethylene
glycol diacrylate (PEG-DA) polymers were procured from Sigma-Aldrich (Bangalore,

India). All the chemicals procured were used without further purification.
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4.2.2 Synthesis of PCL diacrylate (PCL-DA)

PCL diacrylation was performed by following the method described elsewhere
[5]. Briefly, 4 mmol of PCL diol was dissolved in anhydrous grade benzene. After
completely dissolving PCL diol under magnetic stirrer in round bottom flask, 10 mmol of
triethylamine and acryloyl chloride was added to the solution under nitrogen atmosphere.
The solution mixture was heated at 80 °C for 3 h with continuous stirring. The reaction
solution containing triethylamine hydrochloride as a by-product was separated by
filtering the solution. PCL diacrylate was precipitated from the filtrate using cold n-

hexane. The precipitated product was further subjected to drying in vacuum oven.
4.2.3 Synthesis of RISUG®

RISUG® polymer was synthesised by following the procedure described in chapter 2
section 2.2.1. Briefly, styrene and maleic anhydride monomers were equally mixed in the
ratio of 1:1 in a borosil glass bottle. Ethyl acetate (>99%) was used as a solvent to mix
the monomers under pure nitrogen atmosphere. A calculated dose of Gamma irradiation
(0.3 Gyls) was provided to obtain SMA copolymer. The SMA copolymer was
precipitated using petroleum ether. The impurities in the polymer were removed using
soxhlet distillation process by adding 1,2-dichloroethane. Purified form of Styrene Maleic
Anhydride (SMA) copolymer was powdered and kept in sterile glass tubes. SMA was

mixed with DMSO (1:2) to get the ultimate product RISUG® [6].

Page | 136



Chapter 4

4.2.4 Polymeric scaffold preparation

Calculated amount amounts of PEG-DA and PCL-DA were taken in
polypropylene conical tube. Both the diacrylate polymers were dissolved in 5 mL of
DMSO. The ratio of PEG-DA and PCL-DA was maintained constant as 20% with
determined feed ratio of 7:3 (PEG-DA:PCL-DA). The complete polymer concentration
was determined to 2 g. With this fixed amount of PEG-DA:PCL-DA polymer, SMA
hydrogel was added at four different concentrations. The compositions of polymeric

scaffolds along with their descriptions were given in Table 4.1.

Table 4.1 Compositions of polymeric scaffolds along with their descriptions

Sample description PEG-DA:PCL-DA SMA hydrogel
concentration concentration
S0 29 0
S0.5 29 05¢g
S1 29 19
S1.5 29 15¢g
S2 29 24

To the polymeric mixture 0.1% of AIBN was added as an initiator. Immediately after
adding initiator the solution was kept inside convection oven holding temperatire of 70 °C for 12
h. The polymeric scaffold formed was removed from the polypropylene tubes and immersed in
ethanol solution to remove residual debris for 24 h. The polymeric scaffolds were removed from

the ethanol solution and subjected to freeze drying for 36 h after washing in distilled water.

4.2.5 Preparation of Simulated Uterine Fluid (SUF)

By following the standard protocol elsewhere [7] SUF was prepared. The compositions
used for the preparation of SUF were given in Table 4.2. The final pH of SUF prepared was

adjusted to 7.3 by adding 1M hydrochloric acid.
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Table 4.2 Compositions of SUF

Composition Name Amount (mg/L)
Sodium bicarbonate 250
Sodium dihydrogen phosphate 72
Calcium chloride 167
Potassium chloride 224
Sodium chloride 4970
Glucose 50
Urea 48

4.2.6 Nuclear Magnetic Resonance (NMR) and Fourier Transform Infrared (FTIR)

Spectroscopy

Both *H and **C NMR spectrum of the PCL-DA were recorded by 400 MHz Bruker
spectrometer using deuterated DMSO (DMSO-d®) as solvent along with internal standard as
tetramethylsilane (TMS). Attenuated total reflectance (ATR) mode FTIR spectra for the nude and

polymeric blends were recorded in Nexus-870 FTIR spectrometer. Every spectrum of the
corresponding sample were collected and co-added with 1.5 cm™! spectral resolution after
36 scans. Before reporting the results, background spectra obtained using Zinc selenide
ATR crystal was subtracted from the sample spectra in the wavenumber region of 4000-

400 cm.
4.2.7 Differential Scanning Calorimetry (DSC)

Differential scanning calorimeter (Perkin Elmer Pyris Diamond DSC) was used to
record the percent crystallinity (C%) and glass transition temperature (Tg) of nude
polymers and polymeric scaffolds (SO, S0.5, S1, S1.5 and S2). The polymeric samples
were weighed before locking them inside aluminium pans associated with differential

scanning calorimeter for scanning the samples. The calorimeter was operated under
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controlled oxygen free nitrogen atmosphere from the temperature range of -150 to 250 °C
and at scanning rate of 10 °C min™'. Initial scanning procedure was carried out for all the
samples in order to eliminate any residual elemental stress. All the samples were
subjected to three thermal runs, heating run (ambient temperature to 150 °C), cooling run
(150 °C to ambient temperature) and final heating run (from -150 to 250 °C). The rate of
scanning (10 °C min') was maintained constant for all the thermal runs. The calorimetric
data of second thermal heat run was recorded for further analysis. The % of inaccuracy
linked with the measurement of the distinctive temperatures was with +1%. The percent
crystallinity for all the polymeric samples were calculated by determining the area under

the curve formula for the endothermic DSC curves by using the following equation 1,
AH,
Bl = [ H'II_VF - ﬁHﬂlDD%] + 100 eqr (1}

Where, %C is crystallinity percent, AHe is melting enthalpy of samples (J g*), Wk is
weight fraction of the polymeric samples, the theoretically reported melting enthalpy of pure PCL

at its crystalline phase (139.3 J 9%) is, AHe1o0% [8].
4.2.8 X-Ray Diffraction (XRD) Spectroscopy

XRD is the best tool to identify the crystal structure of the polymeric samples. Variation
in the crystallinity of sample polymers due to blending with SMA hydrogel was identified using
Philips PW-1710 X-ray diffractometer (Eindhoven, The Netherlands). The crystal
monochromator with A = 1.540598 A of CuK, radiation with accelerating voltage of 40
kV having 20 mA beam current for 10-80° (20) angular range was used to accomplish
WXRD experiment. The degree of crystallinity (Dc) for all the samples were identified by

measuring area under the peaks of the crystalline and amorphous peaks using X'pert
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highscore plus 2.1 and Origin Pro 8.5 softwares. The calculated values were substituted

in the following equation 2,

C
De=[""/4, 4 ¢,1¥100 eqn (2)

Where, Dc is calculated degree of crytallinity, Ci is an integrated intensity of
corresponding amorphous peak and Ci is an integrated intensity corresponding crystalline
peak of the samples. The Full Width at Half Maximum (FWHM) values obtained using
the X pert highscore plus 2.1software from the diffraction peaks of the samples, which
were used to calculate the average crystallite size (Cs) of all the samples. In addition to
that the interchain distance (r) and interplanar distance (d) for the samples were
calculated using the following equations 3, 4 and 5 [9],

54

r= T eqn (3)

P
d=5mg cm 4

C.= 5

4.2.9 Morphological analysis of polymeric blends

The corresponding morphological analysis for the samples was recorded using

Scanning Electron Microscope (SEM, EVO, ZEEIS, Carl Zeiss SMT AG, Oberkochen,
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Germany) predominantly at an accelerating voltage of 20 kV. The samples were
subjected to sputter coating with gold and consecutively inspected under SEM. Atomic
Force Microscopy (AFM, Agilent 5500 Scaning Probe Microscope) using intermittent
contact mode was used to evaluate surface morphology for the samples. The AFM tip
was having force constant as 48 Nm™ and resonance frequency as 146-236 kHz
respectively. The polymeric films were prepared as thin films for subjecting them to

perform AFM study at devising tip radius of 10 NM and stiffness of 40 Nm™ [9].
4.2.10 In-vitro degradation study

The changes in weight of polymer sample at corresponding incubation time were
monitored to investigate the in-vitro degradation study for all the polymeric samples. All
the polymeric samples were pre weighed (3 g) and incubated in SUF at 37 °C. The SUF
was changed periodically during the experimental procedure. At respective time intervals
the polymeric samples were taken out from the SUF and excess simulated fluid was
driven out before weighing the sample. The percentage remaining (%S) of the samples

were calculated by the equation 6,

I — T,
hw—Tw, m] eqn (6)
W

%S =

Where, lw is the initial weight of polymeric sample (10 mg) and Tw is the weight

of polymeric sample at corresponding time interval [6].
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4.2.11 In-vitro toxicological study

Primary rat uterine cell lines were used to investigate in-vitro toxicity of the
polymeric samples. The primary rat uterince cell lines having passage number three were
used for the study. Primary rat uterine cell lines were isolated from the female Sprague-
Dawley by following the method described elsewhere [10] with some alterations. The
animals were euthanized by following the ethical guidelines and the uterine horns were
removed aseptically. Aseptically removed uterine tissues were washed with Phosphate
Buffered Saline (PBS) to remove excess blood and were subjected to enzymatic digestion
using 0.2% of collagenase type I mixed in DMEM and Ham’s F-12 (Thermo Fisher
Scientific, India) at equal proportion. The tissues were incubated for an hour provided
with continuous shaking. The enzyme digested tissue samples were neutralized using of
DMEM/F12 cell culture enumeration media having 10% of charcoal stripped Fetal
Bovine Serum (FBS). The neutralization media is also provided with 1% penicillin-
streptomycin, 1 nmol/L B-estradiol, 100 nmol/L progesterone and 10 mmol/L HEPES. In
order to collect the viable cells, the tissue suspension was subjected to filtration using 100
and 40 um strainer respectively followed by centrifugation at 250 g for 5 minutes (4°C).
Finally the cells were seeded on to Nun™ EasYFlask™ cell culture flasks (Thermo
Fisher Scientific) until desired passage number was obtained. Non adherent cells were
removed by periodical changing of the cell culture media. In-vitro toxicological study
was performed in cell culture enumeration media conditioned with respective polymeric
samples and also in normal media without conditioning with polymeric sample. MTT
(3[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide) toxicological assay was

carried out to investigate the toxicological effect of polymeric samples on primary cell
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lines. The efficiency of viable primary rat uterine cell lines to cleave tertrazolium ring in
order to form blue colour was measured calorimetrically to evaluate in-vitro toxicity. The
polymeric conditioned media was prepared by incubating the respective polymeric
samples in cell culture media under aseptic condition (1 mg/mL) and allowing the sample
to completely dissolve in the media. The primary rat uterine cell lines were seeded on to
24 well cell culture plates (density of 10,000 cells per well) and incubated under
controlled environment provided with 95% air humidified atmosphere and 5% of CO2 at
37 °C for 12 and 24 h. The viability of primary rat uterince cell lines were
calorimetrically quantified by measuring the absorbance at 590 nm. The percent viability

(V%) of the rat uterine cell lines were calculated by using the equation 7,

A
Vi = [—r] * 100 eqn (7)
Ag

Where, Atis absorbance of media containing cells grown in conditioned media at 590 nm

and Ac is absorbance of control (cells grown in normal media) at 590 nm [11].
4.2.12 Quantitative rt-PCR

Twenty four hours grown uterine cell lines cultivated in normal and conditioned
media were taken in RNA later (Qiagen) and kept in controlled environment for
extracting cellular RNA. With the help of Hipure Kit (Himedia, Mumbai, India) total
RNA was extracted from primary rat uterine cell lines and the purity of extracted RNA
was verified spectrometrically. By following manufacturer’s protocol cDNA synthesis
was carried out using High-Capacity cDNA Reverse Transcription kit (Applied

Biosystems) in GeneAmp® PCR system 2720 Thermal Cycler (Applied Biosystems). By
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using Light Cycler® 480 SYBR Green | Master from Roche Diagnostics GmbH,
Mannheim, Germany the reactions of Estrogen Receptor-a. (ER-a), Vascular Endothelial
Growth Factor (VEGF), Cyclin D1 and Cyclin-dependent Kinase 4 (CDK4) genes were
amplified (endogenous control as Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH)). About 1 pL of 10 X diluted cDNA template was used in a total reaction
volume of 10 pL for amplification. Each set of PCR assay includes a negative control
without template [12, 13]. The primers for each gene including their cycling settings are

stated in the Table 2.3.
4.2.13 Spermicidal activity of polymeric blends

The spermicidal activity of polymeric blends was performed based on the method

explained in chapter 3 section 3.2.3.8.
4.2.14 In-vivo toxicological analysis
4.2.14.1 Experimental animal maintenance

Adult female Sprague-Dawley rats were purchased and maintained under ambient
environmental condition with 50 + 15% relative humidity and 25 + 2 °C temperature.
Photoperiod of 12 h dark and light was continued inside the animal house. Sterilized food
and water ad libitium was provided to the experimental animals. Estrus cycles for the
female rats were inspected through vaginal lavage. In-vivo toxicological experimental
procedure was permitted by institute animal ethical committee. Two experimental groups

of animals each containing 5 female rats were arbitrarily selected.
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4.2.14.2 In-vivo implantation of test polymer inside rat uterus

Surgical anaesthesia was induced using ketamine and xylazine (75 mg/Kg and
100 mg/Kg intraperitoneal injection respectively). The state of surgical anaesthesia was
confirmed by toe withdrawal reflex of the animals. The uterine horns of the animals were
located by making ventro-median incision in the middle of the last teats with sterile
scalpel. The isthmus regions of the uterine horns were held upright with the help of sterile
cotton swab. A small key hole was made using blunt end sterile scissor. The polymeric
sample was inserted inside the uterine horns of the animals with the help of double lumen
central venous catheter kit (Polymed). The incision was closed using 8-0 Vicryl plus
absorbable suture. The control non treated animals were injected with sterile PBS. From
treated and control groups five animals were euthanized and the uterine tissues were
removed aseptically after 142 days by following the in-vitro rate of degradation of
polymer. The tissues were fixed in 4% formalin solution. The control and treated tissue

samples were further processed for both immunohistochemical and histological analysis.

4.2.14.3 Histological and Immunohistochemical study

The formalin fixed tissue samples were cleared using xylene and further
dehydrated in graded alcohol solution from 70 to 100% subsequently. The tissue sections
were stained using hematoxylin-eosin double staining by following the manufacturer’s
protocol. The hematoxylin-eosin double stained tissue sections were observed under
microscope. The uterine tissue sections were subjected to antigen retrieval procedure
using EZ-Retriever System V.2; BioGenex, San Ramon, California, USA in 0.1M sodium

citrate buffer (pH 6.0) following the deparaffination and hydration for the purpose of
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immunohistochemical analysis. The tissue sections were immunostained by chromogenic
method. The primary antibodies used in this study were Anti-ER-a, anti-Cyclin D1, anti-
VEGF and anti-CDk4 (Santa Cruz Biotechnology, CA, 1:250). Goat anti-rabbit HRP-

conjugated was used as secondary antibody (1:1000) [12].

4.2.14.4 Immunohistochemistry scoring

The immunohistochemical staining was quantitatively measured by scoring the
staining intensity of the tissue sections. Ten random areas of the tissue sections were
selected to score the stain intensity by a person who does not have any information about
the group of the tissue sample. Scoring values were semi-quantitatively allotted from 0 to
10 (O = the tissues were not stained, 2.5 = less than one third of the total tissue area
stained, 5 = only one third of the total tissue area was stained, 7.5 = almost two third of
the total tissue area was stained and 10 = more than two third of the total tissue area was
stained). For every stained tissue samples, the areas of epithelial, stromal and blood
vessel portions were scored separately and the scores of the tissue areas were summed to

estimate the mean score value [15].

4.2.14.5 Hematology, blood biochemistry and organ pathology studies

All the animals were observed daily for any change in their behaviour or any signs
and symptoms of infection during the treatment procedure. Body weight of each rat was
recorded at the beginning and end of the study. In order to perform standard
haematological analysis blood samples from all the animals were collected by cardiac
puncture from heart of anaesthetized rats afore sacrifice. Regular haematological

indicators like Eosinophil, Haemoglobin (HBG), Lymphocyte, Mean Corpuscular
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Hemoglobin (MCH), Mean Corpuscular Hemoglobin Concentration (MCHC), Mean
Corpuscular Volume (MCV), Monocyte, Neutrophil, Platelets, Total Red Blood Cell
Count (T-RBC), Total Leucocyte Count (TLC) and Packed Cell Volume (PCV) or
Haematocrit (HCT) were analysed and compared between the control and treated
animals. General metabolic function elucidation was analysed by measuring blood
biochemical markers like Glucose (GLU), Cholesterol (CHOL), Triglycerides (TG),
Total proteins (TP) and Albumin (ALB) for both control and treated group of animals.
Kidney function of the control and treated group animals were analysed by measuring the
Blood Urea Nitrogen (BUN), Creatinine (CRTN), Phosphorus (P), Calcium (CA) and
Urea. Finally Alkaline phosphatase (ALP), Alanine aminotransferase (ALT), Aspartate
aminotransferase (AST) and Total Bilirubin (TBL) were analysed to identify the liver
function of the control and treated animals. Kidney, Spleen, Liver, Lungs and Heart of
both control and treated animals were isolated and stained with hematoxylin and eosin to

evaluate implant associated toxicological effect.
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4.3 Results
4.3.1 Characterization of PCL Diacrylate

Figure 4.1 A and B shows the qualitative (*H) and quantitative (*3C) NMR
spectrum of the synthesised PCL-di Acrylates (PCL-DA) to confirm the proposed
structure. In figure 1, a small doublet peak at 6.1 ppm (H-1) is assigned to the CH=
proton of the acryloyl chloride moieties of the polymerization reaction. A prominent
intense signal was received at 3.9 ppm (H-2) corresponding to the methylene proton
attached to the oxygen next to the carbonyl group (C=0) of the PCL backbone chain. The
combined methylene protons of the main chain (H-3 and H-5) were received at 1.5 with
intense triplet peak signal. A peak at 2.2 ppm (H-6) corresponds to the end methylene
proton of the main chain and peak at 1.5 ppm (H-4) assigned to the mid methylene proton
(—CHz—) of the PCL main chain. 13C NMR spectrum of the synthesized PCL-di

Acrylates (PCL-DA) is shown in figure 2.

In figure 2, a convincing intense peak at 173 ppm corresponding to the carbonyl
carbon of the PCL main chain (C-1). Likewise, number of intense peaks at 24, 25, 28, 33
and 63ppm were also observed, corresponding to the different carbons of the PCL main
chain: (C-2), (C-3), (C-4), (C-5), and (C-6), respectively. The appearance of these all
intense peaks from the *H and 3C NMR spectrums authorises the proposed structure of

the synthesised PCL-di Acrylates (PCL-DA) copolymer [16].
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Figure 4.1. Structural elucidation of synthesised PCL-DA polymer (A) *H NMR
spectrum of PCL-DA. (B) 3C NMR spectrum of PCL-DA. (C) FTIR spectroscopy of
PCL-DA.
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Figure 4.2. FTIR spectroscopy for PCL diol

4.3.2 FTIR Spectroscopy

IR results of PCL-DA, RISUG® and polymeric blends were represented in Figure
4.3.A. The IR peak distributions are in agreement with the reports described elsewhere.
The FTIR spectrum of PCL-diol (Figure 4.2) shows spectral peaks a, b which attributes to
asymmetrical and symmetrical stretching of C — H bonds. Peak c attributes to CH:
bending and peak d attributes to C — O — C stretching. The FTIR spectrum of synthesized
PCL-DA was similar to previous studies (Figure 4.1.C) which display C — H stretching
vibration at peak position 1, C = O stretching at peak position 2, CH2 bending at peak
position 3, (O =)C — O stretching vibration at peak position 4, O — CHz stretching bond at
its corresponding peak position 5, CH2 rocking peak position at 6. The process of

diacrylation of PCL-diol provided C = C corresponding peak position at 7 [17, 18].
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The FTIR spectra recorded for the polymeric blends exhibit well defined peak
shifting and peak broadening corresponding to carbonyl stretching of RISUG® polymer
and also to the CH rocking of PCL-DA: PEG-DA blend by varying the composition of
RISUG® polymer. The decrease in wavenumber was observed by increasing the
concentration of RISUG® polymer due to the result of intermolecular interface between
the polymers. It was observed that the carbonyl peak at wavenumber (cm™) 1722 of
RISUG® polymer has shifted its appearance towards lower wavenumber as shown in
figure 4.3.A for PCL-DA: PEG-DA: RISUG® blends. It was also observed that
intermolecular interaction between the polymeric blends resulted in shift in CH rocking
peak from the wavenumber (cm™) regions of 1449 to 1435 (figure 4.3.B). The affinity
between different polymeric chains for the polymeric blends was understood using
Fowkes equation. The shift in IR peak position due to intermolecular reaction and change
in the enthalpy of polymeric affinity due to polymer blending reaction can be interrelated

using Fowkes equation 8.

AH =0.236 X Avegn(8)

Whereas AH is the enthalpy of affinity between the polymeric blends and Av is
change in peak position. Fowkes equation usually identifies the polymeric affinity in
binary phases. Here in this study RISUG® polymer is assumed as one phase and PCL-
DA: PEG-DA was assumed as another phase of polymeric system. The shift in
wavenumber corresponding to CH rocking and carbonyl stretching resulted in negative
enthalpy change which represents that the polymeric affinity happened in

thermodynamically favourable environment (Table 4.3 and 4.4). The calculated AH
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values for corresponding carbonyl stretching peaks lies in-between the range of -0.57 to -
0.92 kcal/ mol. The AH values corresponding to the peak shift of CH rocking falls in-
between the range of -9.44 to -3.29 kcal/ mol. As the negative values for calculated AH
acts as a good indicator for the polymeric miscibility it was understood that these
polymeric blends shows good compatibility at different blending ratios used in this work.
This compatibility or miscibility of the polymeric blends may be due to the

intermolecular hydrogen bond between the polymeric blends [9].
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Figure 4.3. (A) Carbonyl stretch in FTIR spectrum. (B) CH bending in FTIR
spectrum

Table 4.3 Shift of Carbonyl Stretching Peak in FTIR spectrum of polymeric

blends
RISUG Wave Number of C=O AV of C=0 Stretching AH (Kcal mol-1)
(wt) Stretching (cm-1) (cm-1)

S2g 1722.66 0 0
S1.5¢g 1720.21 -2.45 -0.5782
Slg 1719.25 -3.41 -0.80476
S0.59 1715.47 -7.19 -1.69684
SOg 1718.77 -3.89 -0.91804
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Table 4.4 Shift of CH bending Peak in FTIR spectrum of polymeric blends

RISUG  Wave Number of CH A 'V of CH Rocking AH (Kcal mol-1)
(wt) Rocking Band (cm-1) Band (cm-1)
SOg 1449.26 0 0
S0.5¢ 1409.24 -40.02 -0.44472
Slg 1439.14 -10.12 -2.38832
S1.5¢ 1436.24 -13.02 -3.07272
S2g 1435.28 -13.98 -3.29928

4.3.3 Differential scanning calorimetry

The melting endotherm along with crystallization temperature of the individual
polymers was shown in figure 4.4.C and D. PCL-diol when encapped with acrylate
groups at its terminal end reduces both the melting temperature (Tm) and crystallization
temperature (Tc). Introducing acrylate group in to the PCL-diol backbone may provide
flexibility to the polymer that result in reduction of sharp thermal peaks. The calorimetric
values like T¢, Tm, AH (heat of fusion), Xc (percent crystallinity) for the polymeric blends
were calculated (Table 4.5). By increasing the concentration of RISUG® polymer shift in
calorimetric values towards lower temperature was observed. The T4 of the polymeric
blends almost falls under the same range which infers that the polymeric blends were
equally miscible at all the proportions. The values of Tc, Tm and AH had shown
significant difference with increasing the concentration of amorphous RISUG® polymer.
This may be due to the ability of RISUG® polymer to hinder the crystallization property
of PCL-DA: PEG-DA polymeric blend. The polymeric blends tends more towards the
region of amorphous region which may be due to (i) inhibition of polymeric backbone

chain mobility, (ii) increasing the concentration of amorphous polymer, (iii)
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intermolecular interaction between the polymeric blends which may interfere with the
free energy nucleation of the polymers, (iv) development of spherulite morphology due to
the competition between amorphous and crystalline polymer concentrations which may
diffuse the amorphous polymeric materials towards the interfibrillar region. It was
observed that Tc of the polymeric blend decreases with increasing the concentration of
RISUG® polymer and at higher concentration of RISUG®, T¢ tends to vanish. This
change observed in Tc may be due to the property of polymeric blends that polymeric
blends tends to attain randomness with increase in the concentration of amorphous
segment of blend ie RISUG® polymer. The increased concentration of amorphous
RISUG® polymer may disturb the Tc of the polymeric blends that results in the

disappearance of crystallization peak.

The miscibility of the polymeric blends can also be evidenced by the shift of Tm
value. This may be due to the addition of amorphous RISUG® polymer which may
disturb the three-dimensional crystal growth of PCL-DA: PEG-DA polymeric blend and
thus dropping the lamellar thickness. Furthermore Tm is influenced by Tc¢ in a polymeric
system. It is evident that RISUG® polymer reduces the Tc of PCL-DA: PEG-DA that in
turn reduces the lamellar thickness and melting property of the PCL-DA: PEG-DA
polymeric blend. Both morphological and thermodynamic effect may also contribute to
the reduction of Tm of polymeric blend system. As per the mechanism of polymeric
miscibility both chemical potential and crystalline polymer free energy decreases with
increase addition of amorphous polymer in the polymeric blend system. This reaction
may lead to reduction in melting temperature of subsequent miscible PCL-DA: PEG-DA:

RISUG® polymeric blends. The polymeric blend R2 displays increase in the Tm in the
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DSC thermogram. This may be due to the saturated level of intermolecular interaction
between the polymeric blends. The intermolecular reaction gets saturated above 1.5g of

RISUG® concentration which shows shift in the value of Tm towards higher temperature

[9, 19].
Table 4.5 Glass Transition, Crystallization, and Melting Characteristics of
polymeric blends
Sample Xe Tg Tm Tc

SO 1.7 -36.6 325 -21.0

S0.5 11 -37.3 31.5 -11.5

S1 0.8 -37.5 313 -17.2

S1.5 0.7 -37.8 30.0 -20.4

S2 1.7 -38.2 34.5 -23.5

4.3.4 XRD analysis

XRD peaks for the polymeric blends were shown in Figure 4.4.B. The polymeric
blends show XRD peaks at 21.5° and 23.5° of 20 values that corresponds to (110) and
(200) PCL crystallographic planes. The calculated crystallographic values like degree of
crystallinity (Dc), crystallite size (Cs) interchain distance (r) and interplanar distance (d)
were calculated using respective equations (Table 4.6). A significant change in the Dc
was observed by increasing the concentration of RISUG® polymer. The D¢ values got
reduced upon increasing the concentration of RISUG® polymer which may be due to the
intermolecular interaction between the polymeric blends which tends towards amorphous
nature. The values of r and d were relatively similar which shows the equal miscibility of

the polymeric blends [20].
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Figure 4.4 Physico-chemical characterization of the polymeric blends. (A) FTIR

spectroscopic profile of the polymeric blends. (B) XRD profile for the polymeric films.
(C) Exothermic peak of polymeric blends in DSC. (D) Endothermic peak of polymeric
blends in DSC.

Table 4.6 Calculated crystallographic values for the polymeric blends

Sample Dc Cs r d
SO 76.10 3.15 5.16 4.12
S0.5 73.32 1.14 5.18 4.16
S1 70.32 2.36 5.25 4.20
S1.5 66.64 2.83 5.20 4.16
S2 64.95 3.54 5.20 4.16
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4.3.5 Mechanical testing

Mechanical strength of the polymeric blends was displayed in Figure 4.5 A. The
stress strain curves of the polymeric blends showed an increasing trend upon increasing
the concentration of RISUG®. The polymeric blend S2 showed decrease in the stress
strain curve. This phenomenon may be due to the saturated level of intermolecular
interaction between the polymeric blends. The increase in the tensile strength of the
polymeric blends may be due to the property of adhesion of RISUG® polymer with PCL-
DA: PEG-DA polymers. The intermolecular interaction may occur by the formation of
hydrogen bonds between the polymeric blends by providing more point-bonded sites in
the polymeric backbone [21]. Decrease in the crytalinity of the polymer ultimately leads
to decrease in their mechanical strength. The regularly ordered molecular chains of the
crystalline polymer (PCL-DA: PEG-DA polymers) may start converting themselves to
disordered macromolecular assembly upon addition of RISUG® polymer. The decrease in
the mechanical strength of the polymer blends by addition of RISUG® may reflect the
development of spherulite form in the polymeric backbone of PCL-DA: PEG-DA blends.

4.3.6 In-vitro swelling Kinetics study

In-vitro swelling kinetics study is considered as vital factor in developing bio-
degradable uterine implantable contraceptive formulation. Significant changes were
observed in the swelling kinetics of the polymeric blends upon increasing the

concentration of RISUG®.
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Figure 4.5. (A) Mechanical testing of polymeric blends. (B) In-vitro degradation profiles

of the polymeric blends.

The polymeric sample SO without RISUG® attained its maximum swelling at 10
weeks of time duration. The polymeric samples S0.5 and S1 attained maximum swelling
at 20 and 21 weeks of time duration respectively. Sample S1.5 and S2 25 and 33 weeks
of total time duration in order to achieve maximum of its swelling. This phenomenon of
swelling reaction might be due to the intermolecular interaction between the polymeric
blends. Upon increasing the concentration of RISUG® polymer, the mechanical stability
of the PCL-DA: PEG-DA could increase that ultimately leads to the increase in the time
duration for achieving maximum swelling for the polymeric blends. Sample S1 was

selected to evaluate acute in-vivo toxicological study of the fabricated polymeric blends.
4.3.7 In-vitro toxicological study

The calcein-acetoxymethyl (Calcein AM) dye showed (Figure 4.6 B) good
retention inside primary rat uterine cell lines. The viability of the cell lines was accessed
through the retention ability of (green) fluorescent Calcein AM dye inside the significant

number of viable primary rat uterine cell lines, than the DNA binding ethidium
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homodimer (red) fluorescent dye. Furthermore the in-vitro sperm killing activity of the
polymeric blends showed increasing trend of dead sperm by increasing the concentration
of RISUG® polymer. Sperm Kkilling activity (Figure 4.6 D) of the sample S2 was also
performed inoredr to identify the sperm killing ability of the polymeric blend having
RISUG® at maximum concentration. Both cytotoxic and cytostatic effects on primary rat
uterine cells by conditioned media were evaluated through the mitochondrial
dehydrogenase activity. Observed mitochondrial dehydrogenase (Figure 4.6 A) activity
has shown 80% of viability in all the polymeric samples. Based on the MTT and live
dead assay results quantitative rt-PCR and in-vivo toxicological experiments were
performed using sample S1. The change in cycle threshold value (ACt) obtained from
gRT-PCR (Figure 4.6 C) for the expression levels of ER-a, VEGF, Cyclin D1 and CDK4
genes has not shown any significant changes in the values of both control and treated

cells [13, 14, 22].
4.3.8 In-vivo toxicological study
4.3.8.1 Microscopic anatomic observation

Hematoxylin and eosin stained uterine sections (Figure 4.7 A) of treated uterine
tissue has not shown any morphological changes when compared with control. Tall
columnar epithelial cells have not shown any implant associated architectural change.
The luminal and glandular epithelium of control and treated uterine tissue showed

vacuolar degeneration that represents the oestrus phase of the rat reproductive cycle.
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1 based

live/dead assay. (C) Quantitative rt-PCR assay “(n.s. signifies that the values has not
shown any significant difference). (D). In vitro sperm killing efficiency of the polymeric

In both control and treated tissue sections the outer and

films using propidium iodide staining.
Furthermore large numbers of polymorphonuclear (N) cells infiltrate the lamina

Figure 4.6. (A) In-vitro biocompatibility evaluation of the polymeric blends in primary

rat endometrial cell lines (A) MTT assay. (B) Calcein-AM/ethidium homodimer
inner differential polyhedral cells covered with slackly connective stratum vasculosum

propria and endometrial glands.
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containing myometrial muscular layer (D) has not shown implant associated

morphological change when compared with control tissue sections [22].

4.3.8.2 Immunohistochemical observation

The polymer implant has not exerted any change in the expressions of Estrogen
responsive genes (ER-a, VEGF) when compared with control uterine tissue (Figure 4.7
B). The immunoreactivity of both ER-o. and VEGF in both control and treated tissue
sections are in good agreement with each other in their expressions. The polymer implant
has not altered the vascular development or tissue architecture. It was also observed that
the cell cycle receptors (Cyclin D1 and CDK4) (Figure 4.7 B) of treated tissue have not
exerted any change in their expression while compared with control tissue.
Immunohistochemical results were quantitatively evaluated by scoring the protein
expression areas of stroma, blood vessels and epithelial cells of both control and treated
tissue sections. Thus the polymer extract in the conditional media has not altered the

estrogen responsive protein expressions and cell cycle regulator protein expression [12].

4.3.8.3 Organ pathology

Microscopic anatomical changes in organs (Figure 4.9 A) of control and treated
animals were evaluated in order to identify any implant associated stress or toxicological
effects. Organs like heart, lung, liver, spleen and kidney were observed after hematoxylin
and eosin staining. The heart muscles of treated animals have not expressed any signs and
symptoms of interfibrillar depletions, penetration congestion or focal commotion while
compared with control heart tissue sections. In order to evaluate implant associated stress

generated respiratory deprivation in polymer treated lung tissues, the hematoxylin and
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eosin stained tissues of control and treated animals were compared. No signs and
symptoms of respiratory insufficiency were observed in treated lungs tissue when
compared with control. The polymer implant has not exerted any metabolical change in
the animal which was indemnified by the normal sinusoids of liver tissue. Prominent
nuclei were observed in both control and treated liver tissue which assure that the
polymer implant has not exerted any ductal hyperplasia. The kidney cells have not shown
any evidences of inflammation or fibrosis in the treated tissue when compared with
control. The morphological orientation of medulla and cortex of treated kidney tissue has
not shown any significant change when compared with control. The smooth muscles of
spleen filled with trabeculae showed oriented frame work of reticular fibers in treated
tissue as like in control tissue. No significant morphological changes were observed in

the hematoxylin and eosin stained organs of treated animal.

4.3.8.4 Hematology and blood biochemistry

The hematology and blood biochemistry (Figure 4.9 B and C) has not shown any
significant amount of changes in treated animals when compared with control animals.
When compared with control animals critical blood indicators like differential leukocyte
count (Neutrophil (N), Platelets (PI), Eosinophil (El), Monocyte (MS), Lymphocyte
(LS)), Total RBC (Tr), Total leucocyte (TI) and Platelets (Pl) has not shown any
significant changes. Other haematological markers including Mcv, Mch, Mchc, Hgb and
Hct has not shown any significant change in treated animals when compared with control.
These haematological markers indicate that polymeric implant has not exerted any

significant amount of toxicity in animals. The treated animals have not shown any
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significant amount of changes in the general metabolic functions, kidney and liver

functions when compared with control animals.

A Control

Treated

VEGF Cyclin D1 &

ER-a

Figure 4.7. (A) Histological evaluation of the uterine tissue sections derived from control
and treated rats. N and D represents polymorphonuclear cells and myometrial muscular
layer respectively. (B) Immunohistological staining of the uterine tissue sections from
control and treated groups of rats against cyclin D1, VEGF, estrogen receptor o (ER-a)
and CDKA4.
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4.4 Discussions

Biocompatible form of PCL-DA was synthesized through the process of
esterification and with the help of acryloyl chloride. Synthesized PCL-DA was
structurally confirmed by NMR analysis. For the purpose of enhancing the
hydrophillicity, the PCL-DA was blended with PEG-DA at desired proportion. This PCL-
DA and PEG-DA polymeric blends were evaluated for the application of biodegradable
form of female contraceptive implant by grafting the polymeric blends with styrene
maleic anhydride copolymer male contraceptive RISUG® for the development of

nonhormonal female contraceptive implant.
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Figure 4.8. Immunohistochemical staining scores of polymeric blend samples compared
with treated rat uterine tissue samples expressing ER-a, VEGF, CyclinD1 and CDK4
proteins expression. All the experiments were carried out in triplicates. Values which

have not shown significant difference with p > 0.05 were mentioned as "n.s"
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Physiochemical characterizations like FTIR, DSC, XRD, AFM and SEM studies
reveal the nature of interaction between RISUG® and PCL-DA: PEG-DA polymeric
blend. Miscibility between the polymeric blends and RISUG® was clearly evidenced by
the enthalpy of polymeric affinity (AH) between the polymeric mixtures. The peak shift
in the regions of carbonyl stretching and CH rocking reveal the nature of intermolecular
interaction between the polymeric mixtures after grafting with RISUG®. Furthermore the
intermolecular interaction between RISUG® and PEG-DA: PCL-DA polymeric blends
altered the melting point (Tm) of the polymeric blends. Increase in the concentration of
RISUG® shift Tm towards the amorphous region since RISUG® polymer composed of
SMA, is amorphous in nature. Further reduction in crystallization temperature (Tc) may
be reduction of lamellar thickness in the polymeric blends due to the addition of RISUG®
polymer. Weak hydrogen bond between the strong electronegative oxygen groups in
maleic anhydride of RISUG® may interact with hydrogen molecules present in the PEG-
DA: PCL-DA polymeric blends. There are possibilities for the establishment of surface
interaction of RISUG® over the PEG-DA: PCL-DA polymeric blend. Addition of more
amount of amorphous polymer with PEG-DA: PCL-DA polymeric blend resulted in
accumulation of RISUG® over the surface of the polymeric blend. The stress versus strain
curve of polymeric blends provided information about the mechanical strength of the

polymeric blends.
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Figure 4.9. (A) Representative histological images of the heart, lungs, liver, spleen, and
kidney from control and treated groups of rats to evaluate organ pathology. (B)
Haematological and (c) serum biochemical parameters of control and treated groups of
rats.

Page | 166



Chapter 4

The strength of the polymeric blends increased with increasing concentration of
RISUG®, while sample S2 showed a sudden decrease in the curve. The intermolecular
interaction between the polymeric blends might have reached the saturation point in
which amorphous solid polymer RISUG® surrounds the PEG-DA: PCL-DA polymeric
blend that may result in the reduction stress strain curve. Furthermore the exothermic
peak of polymeric sample S2 also shows shift towards increasing temperature (34 °C)
which may infer saturated level of intermolecular interaction between the polymeric
blends. In-vitro toxicological effect of primary rat uterine cell lines treated with
conditioned media has not shown significant level of toxicity when compared with
control cells. The mitochondrial dehydrogenase activity has not shown any significant
level of change in conditioned media treated cells even after 24 hours of treatment. The
quantitative RT-PCR results of gene expression (VEGF, ER-a, Cyclin-D1 and CDK4)
has not shown any significant level of change in the ACt values between control and
treated primary rat uterine cell lines. Histochemical and histopathological evaluation of
control and treated uterine tissues of rats has not shown any significant levels of
difference between them. Implant associated tissue irritation or tissue damage may exert
variation in the estrogen responsive gene levels that may in turn directly affect the
expression levels of cell cycle regulators CDk4 and Cyclin-D1. But the protein
expression on treated tissue sections has not shown any change in their expression levels
when compared with control rat uterine sections. Histological evaluation of organs like
kidney, liver, spleen, heart and lungs has not shown any evidence of implant associated
toxicity. The blood biochemical and haematological parameters of treated animals has not

shown any significant change while compared with control animals. The present research
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work concludes that biodegradable formulation of intrauterine nonhormaonal
contraceptive device can be developed by grafting RISUG® with PEG-DA: PCL-DA
polymeric blends at proportion of S1. The future research work of the authors will be
focused on analysing release kinetics RISUG® from the polymeric blends at particular

time duration.
4.5 Conclusions

The present research work concludes that a new form of biodegradable intra-
uterine nonhormonal female contraceptive implant can be formulated by grafting RISUG
with suitable proportion of PEG-DA: PCL-DA. This polymeric formulation is
biocompatible and may further effectively function as nonhormonal female contraceptive

intrauterine implant.
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Chapter 5

5.1 Introduction

Intra Uterine contraceptive Devise (IUD) is considered as an effective method to
prevent pregnancy from the year of 1909. The contraceptive mechanism of non-hormonal
IUD is not completely elucidated. It was explained that 1UD directly interfere with the
implantation of fertilized ovum which provides contraception. Furthermore it was also
understood that IUD persuades inflammatory response inside uterine cavity. This
inflammatory response activates lysosome along with other inflammatory pathways
providing lethal environment to the sperm. Copper bearing IUD provides various
complications like uterine perforations, Pelvic Inflammatory Disease (PID), expulsion,
improper bleeding, cramping pain etc. It was expected that the local inflammatory
response exerted by the IUD may results in development of endometrial carcinoma was
anticipated due to some known scientific observations [1]. Since 1UD invoked prolonged
inflammatory responses continue as a chronic effect inside uterine cavity post 1UD
implantation in could persuade endometrial cancer. When compared with other bio-inert
devices the irritation inside uterine cavity by copper makes IUD more susceptible in
inducing cancer. 1UD alters the uterine tissue sensitivity to hormones like progesterone
and oestrogen which is providing the information of cancer induction theoretically. In
addition to hormonal changes, IUD also induce loss of epithelial cells over the surface of
uterine tissue and also reduce the number of ciliated cells which shows a risk of
development of endometrial neoplasm. These IUD associated complications limit their
use which ultimately leads to increase in unintended pregnancy which acts as adverse

social Impact [2-5].
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A new form of IUD which could lower the risk of cancer induction or 1UD provided with
anti-cancer drug will eradicate the panic of using IUD as a long term contraceptive
implant. In order to achieve the objective a new form of 1UD called an Improved Intra-
uterine Contraceptive Device (IIUCD) comprised of flexible form of polymeric tubelets
has been developed. This new form of IUD is provided with contraceptive polymer
composed of high and low molecular weight SMA and SMAc polymers dissolved in
DMSO. The in-vitro and in-vivo results of this IUD found to be capable of providing

long-term contraception [6].

SMA is an amphiphilic polymer which comprises of critical concentrations of
acidic carboxylic group and hydrophobic aromatic groups. When the carboxylic are
exposed to low pH, the hydrophilic nature of the polymer undergoes conversation to
hydrophobic biologically inert form which ultimately results in destabilization of cellular
membranes. This characteristic nature of shift in hydrophilic and hydrophobic form
provides a name as pH responsive “smart polymer” [7]. Membrane destabilization may
be due to the merge of smart polymers with the lipo-protein membranes of cells. The
contraceptive SMA polymer when get exposed to biological environment develops
electrical charge over its surface. Electrical charge generation occurs due to hydration of
SMA polymer which helps to possess positive and negative charges over the polymeric
surface with positive charge occurring more [8]. By having more positive charge around
the surface of the polymer it may act as cationic polymer which may activate the “Proton
sponge effect” when exposed to acidic pH of cancer cells [9, 10]. The acidic residues on
the surface of plasma membrane [11] and around extracellular microenvironment of

cancer cells may trigger the SMA polymer to influence proton sponge effect like reaction
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[12]. This change in the cellular microenvironment may destabilize the cancer cell

membrane which may ultimately results in anticancer activity of SMA polymer.

HIV spread from the male sex partner to the female sex partner is a foremost
health predicament. An objective of recommending an intra vas deferens implant of an
antimicrobial composite to avert the infection spread is evaluated in HIV infected cell
lines. Mode of action for the reticence could comprise inactivating HIV in sperms
transient through the vas deferens and drug discharge from the intra vas implant to
annihilate HIV spreading into semen from genital structures situated away from the vas
deferens. A new drug RISUG® (Reversible Inhibition of Sperm Under Guidance) which
is in advanced phase I11 clinical trials for its male contraceptive effect has the potency to
establish selective antimicrobial activity against opportunistic pathogens. The drug is
composed of SMA, SMAc dissolved in DMSO can be developed in to female
implantable contraceptive implant as whole as described in Chapter 3 and can also be
grafted with biodegradable various forms of female contraceptive implants ( Chapter 4
and 5) this SMA is hypothesized to establish entry inhibitory activity against HIV virus
by inhibiting the interaction between viral surface protein gp120 and host cell surface
protein CD4. Hence SMA is here anticipated as a potential candidate substance for the

HIV inhibiting implant when administered in below contraceptive threshold quantity.
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5.2 Supporting evidences for the research hypothesis

5.2.1 Interaction of RISUG® with phospholipid membrane:

The basis of this hypothesis lies in the structure, composition and physiochemical
characteristics of RISUG® polymer. RISUG® mainly consists of SMA (14). Upon
exposure to the biological fluids, it undergoes hydrolysis, thereby, gradually getting
converted into SMAc (15). This SMAc is an amphipathic molecule consisting of
hydrophobic styrene units and hydrophilic carboxyl/carboxylate (COOH/COQ") groups
(16, 17). The carboxyl groups of the maleic acid unit have 2 pka values; first at pH 6 and
other at pH 10 which plays vital role in determining the charge of the SMAc molecules
depending on the pH of the surrounding medium (17).

The interaction between phospholipid membrane and SMAc molecule is driven by the
hydrophobic interactions between phenyl group of SMAc and lipid fatty acid chains of
phospholipid membrane. This interaction is modulated by the electrostatic forces between
anionic charges from partially deprotonated maleic acid groups of the SMAc and
phosphate head of the phospholipids (18-20). The binding is followed by insertion of
SMACc deeply into the hydrophobic core of the phospholipid membrane. This insertion
results in the destabilization of the cellular lipid membrane architecture followed by
formation of vesicular intermediates and membrane solubilization to disc-shaped
nanostructures. The interaction of RISUG® with lipid membrane is an interplay between
the composition of both, RISUG® polymer (ratio of SMAc units) and lipid membrane
(phospholipid type and chemical characteristics of fatty acyl chains) (21). In addition, the
pH of the surrounding medium also plays a crucial role, thereby affecting the interaction

of the polymer with the lipid membrane (Figure 5.1.) (21). At alkaline pH, the carboxyl
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groups of SMACc are deprotonated which causes electrostatic forces to dominate over the
hydrophobic forces, thereby restricting incorporation of the polymer into the lipid
membrane. On the other hand, at acidic pH values, the protonation of the carbonyl groups
causes loss of electrostatic repulsion with dominating hydrophobic effect which results in
faster incorporation of SMAc molecules with phospholipid membrane.

5.2.2 Interaction of RISUG® with normal and cancerous cells:

Several studies have already shown that the SMACc interacts with the mammalian
cells and exerts effects based on cellular microenvironment and architecture (21, 22). In
this regard, both normal and cancer cells share a number of differences. We made these
differences as the base to validate our hypothesis pertaining to the potential anticancer
effect of RISUG® polymer.

5.2.3 Effect of cellular microenvironment on RISUG® incorporation:

Under normal conditions, the ionic and pH homeostasis is maintained with a
lower intracellular pH (~7.2) and a higher extracellular pH (~7.4) (23). However, under
cancerous conditions, poor vascular perfusion, regional hypoxia, and fermentative
glycolysis results in reversed pH gradient with higher intracellular (~7.9 to 7.4) and lower
extracellular pH (~6.4 to 6.8). Interaction of SMAc with the acidic external environment
of cancer cell would result in the shielding of its negative charges. Such decrease in the
charge density would cause dominating hydrophobic forces to induce faster incorporation
of the SMAc polymer into the lipid bilayer of the cancerous cells which may leads to
cytolysis through membrane destabilization (Figure 5.1.). On the other hand, the external
alkaline pH in case of normal cells would resist its incorporation due to the electrostatic

repulsion between the negatively charged polymer and negatively charged cell

Page | 181



Chapter 5

membrane. Previously Scheidelaar et al. has also demonstrated a similar result wherein a
decrease in pH of the medium significantly increases the degree of SMAC incorporation
into the phosphatidylcholine (PC) lipid membrane (24). Here, it is important to mention
that an optional ratio of SMAC units in the polymer is essential for efficient incorporation
into lipid membrane. The variation in the lipid composition significantly alters the
physiological behavior of the cells and also alters their response to the chemotherapeutic
drugs.

5.2.4 Effect of membrane lipid composition on RISUG® incorporation:

Apart from the differences in their microenvironment, both the normal and cancer
cells also differ in their lipid bilayer composition and also vary significantly between the
different cancer types (25). In this section, we would discuss the efficacy of RISUG® as
an anticancer agent of different cancer types.
5.2.4.1 Drug-sensitive cancer cells v/s normal cells

The cell membrane of cancer cells has marked decrease in the molar ratio of
cholesterol (C) to phospholipids (PL) (25). The molar C:PL ratio for healthy normal cells
is estimated between 0.6 and 1.0, while for cancer cells, it varies in between 0.31 — 0.46
(25, 26). Such a reduction in the cholesterol levels results in the fluidity of the plasma
membrane. These cancer cells also show an increase in short and unsaturated acyl chains
(C16:0 and C18.1, n-9) in the bilayer of the membranes which further provide a hint
regarding an increase in their fluidity (26-28). In addition to this, the membranes of the

cancerous cells have a disordered symmetrical distribution of lipids (28).
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Figure 5.1. Membrane destabilization activity of SMAc derived from SMA in normal
and cancer cells.

In normal cells, the phosphatidylethanolamine (PE) and Phosphatidylserine (PS)
are exclusively localized in the inner leaflet of the membrane, while in the cancerous
cells, both, PE and PS also get distributed to the outer leaflet (28). Such an alteration in
the lipid composition and distribution in the bilayer affects its functionality and

permeability of the phospholipid membrane. Peetla et. al. has stated that the presence of
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high concentration of PE on the outer leaflet increases the membrane permeability of the
cancer cells (28).

Another aspect that needs to be highlighted here is that the lipid membrane of the
cancer cells have a significant increase in the negative charge density on their surface due
to the localization of PS and increased the concentration of sialic and folic acid (29, 30).
Such an increase in the negative charges could slightly alter the interaction of SMAc with
the bilayer. But the acidic pH of the microenvironment could also protonate these
negatively charged groups and reduce the degree of electrostatic repulsion between
polymer and cancer cell membrane.

Previous studies have shown that the presence of short chain fatty acid, lower
cholesterol levels in the lipid membrane, and reduced electrostatic repulsion between
membrane and SMAc allows faster membrane solubilization (25). Based on these
ground, we could hypothesize that the increase in membrane permeability along with an
increase in membrane fluidity would allow faster incorporation of the SMAc in the drug-
sensitive cancerous cells in comparison to the normal cells. This would eventually lead to
membrane permeabilization, thereby disrupting the ionic balance and allowing
unrestrained flow of molecules inside-out of the cell. Such alteration in the cellular
environment would ultimately trigger cellular apoptosis/necrosis (31, 32). A similar
membrane destabilization and permeabilization has recently been reported by Tan et. al.
as a potential strategy for exerting anticancer effects. The study made use of PE-binding
peptides and other small molecules (ophiobolin A) that bind specifically to the
ethanolamine head group of PE and facilitate the formation of transmembrane pores and

eventually lead to cell death (33).
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5.3 Materials and Methods

5.3.1 Polymer extract

The contraceptive polymer SMA and SMAc polymers dissolved in DMSO was
incubated in Simulated Uterine Fluid (SUF) (1:5 at 37 °C and pH 7.8) containing Sodium
bicarbonate (0.25 g/L), Sodium dihydrogen phosphate (0.072 g/L), Calcium chloride
(0.167 g/L), Potassium chloride (0.224 g/L), Sodium chloride (4.97 g/L) and Glucose
(0.50 g/L) dissolved in distilled water [1]. The polymeric extract was subjected to freeze
drying following the complete dissolution of the polymer in the SUF. This freeze dried

polymer extract was further utilized for further experiments.

5.3.2 Cancer cell lines

Two types of cervical cancer cell lines (SiHa and ME-180) were procured from
National Centre for Cell Science (NCCS), Pune, India. The cells were cultured as
monolayer in MEM medium provided with 1 mM sodium pyruvate, 10% Fetal Bovine
Serum (FBS), 10 mM HEPES, 1.5 g/L sodium bicarbonate, 2 mM L-glutamine, and 100
U/ml antibiotic (penicillin-streptomycin) and maintained at 37 °C with 5% CO2
atmosphere. Cancer cell lines were treated with polymer extract at different concentration
ranges (10, 20, 30, 40, 50, 60, 70, 120, 240 pug/ml) and nurtured for duration of 24 h. The
cytotoxicity provided by the polymer extract was calculated by MTT assay according to
the equation 1. The IC50 values for the polymeric extract were calculated and optimal

dosage was used for further experiments [2-4].
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5.3.3 Viral cell culture and treatment

CEMss cells were obtained from the National Institutes of Health AIDS Research
and Reference Reagent Program. Obtained cells were cultured grown in RPMI 1640
medium supplemented with 10% heat-inactivated fetal bovine serum, 1% L-glutamine,
and 1% penicillinstreptomycin at a cell population of 0.6 X 10° to 0.8 X 10° /ml. Cultured
cells were treated with SMA and AZT at different concentrations (a = 3 pg/ml, 6 pg/mi,
20 pg/ml, 90 pg/ml, 200 pg/ml, 1000 pg/ml) . MTT (3[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) assay was performed by calorimetric method to determine
the viability percentage (V%) of the clls post drug and test sample treatment using the
formula,

A
V% = [A—f]*mn eqn (1)

c

Where, Atis absorbance of test at 590 nm and Ac is absorbance of control at 590 nm. The

untreated cells were cosnidered as cells having 100% viability.
5.3.4 Plaque reduction assay and antiviral Index

CEMss cells at density of 1 X 10° /ml were cultured in 60 mm tissue culture
dishes. The cells were infected with 100 plaque forming units (PFU/0.2 ml) of virus after
the cells attain 80 - 90% of confluence. The virus was allowed to adsorb for 1 h at 37 °C
in 5% CO2 atmosphere. The solution was removed and the cells were washed twice with
pre-warmed MEM medium. While virus adsorption, drug dilutions were prepared in the
overlay medium. The infected cells were overlaid with 5ml 0.8% of nutrient

methylcellulose. The plates were incubated at 37 °C in 5% CO2 atmosphere for three to
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five days before fixing with 10 % formalin solution for 30 min. Cells were either stained
with 1 ml per well of methylene blue. Stain was removed and rinsed gently three times
with tap water and allowed to dry inverted overnight and plaques (dark areas) were
counted using low power magnification on a binocular microscope. The percentage of

inhibition of plaque formation was calculated using the formula,

Mean number of plaques in control - Mean 0D plagques in sample

100 2
Mean 0D of plagques in control ] * eqn (2)

The value of TC50, which is the concentration of test sample required to inhibit upto 50%
of virus growth as compared with the virus control group, were estimated from the
graphical plot of the data. Furthermore the antiviral index (Al) was calculated using the

formuls,

IC,
ECgq

Al = [ ] eqn (3)

Where ICsp is the maximum drug concentration which causes cytotoxic effect in 50% of the
cultured cells and ECsp is the minimum drug concentration which is effective to inhibit virus

induced plagque formation or cytopathic changes by 50%.

5.3.5 In-vitro toxicological assay

In-vitro toxicological assay of respective polymeric sample was investigated in
primary rat vaginal cell lines, having passage number of three after consecutive two
passages. The primary rat vaginal cell lines were isolated by the procedure described
elsewhere [5]with some changes. Briefly, vaginal tissues from rats were aseptically

excised and incubated in DMEM and Ham’s F-12 mixed in equal proportion (V/V),
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having 0.2% collagenase type | at 37 °C for 1 h in a shaker. The tissue containing
collagenase solution was added with equal volume of DMEM/F12 cell culture media
having 10% Fetal Bovine Serum (FBS stripped with charcoal to remove native
hormones). The cell culture media was also added with 1% penicillin-steprtomycin
solution, 1 nmolL™? B-estradiol and 10 mmolL™* HEPES. The neutralized tissue sample
was filtered through 100 and 40 pm tissue strainer respectively prior to centrifugation at
250 g for 5 minutes at 4 °C. The pellet containing viable cells were seeded on 6 well
plates for further study. Fresh media was frequently added to the growing cells by
removing the non-adherent vaginal cells. MTT (3[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide) assay was performed by calorimetric method. The ability
of proliferating and metabolically active primary vaginal cells that can cleave MTT
containing tetrazolium ring to form blue coloured formazan crystals was measured. Rat
primary vaginal cell lines were incubated in both normal and special media conditioned
with polymeric sample. The special conditioned media was prepared by dissolving
respective polymeric sample (25 mg in 5 mL) for 3 days under aseptic condition. The cell
lines were seeded at a density of 10,000 cells per well on to 24 well plate. The primary
cell line was incubated inside 95% air humidified atmosphere having 5% of CO: at 37 °C
for 12 and 24 h. The viability of proliferating cells were quantified by measuring
absorbance at 590 nm. The vaginal primary cell lines growing in normal media was
considered as 100% viable control cells. The viability percentage (V%) of vaginal

primary cell lines grown in special conditioned media was investigated [6].
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5.3.6 Haemolysis assay

The ability of polymeric extract to destabilize cellular membrane was identified
using pH dependent haemolysis assay describe elsewhere [7]. Briefly, human whole
blood samples were collected on EDTA coated BD vacutainer tubes. Followed by the
blood collection, the RBC cells were diluted at a concentration of 1:10 in 0.1M phosphate
buffered in order to harvest final concentration of RBC at 108/200 pL solution (followed
by washing). The pH of the RBC solutions was adjusted (5.8, 6.6 and 7.4) to acidic and
normal microenvironment of cancer and normal cells respectively. The polymer extract
was added to to eppendorf tubes at desired concentration containing 800 pL of PBS and
200 pL of RBC solution. The mixture was incubated at 37° C for 1h in water bath.
Followed by the incubation, the eppendorf tubes were centrifuged at 13,500 g for 5 min
and the supernatant containing haemoglobin was transferred to 96 well plate to take
absorbance reading at 541 nm using 96-well plate reader. PBS and triton X-100 (non-
ionic surfactant that has haemolytic property) was used as negative and positive control.

All the experiments were done in triplicates [7].

5.3.7 Cellular morphological study

The primary rat uterus cell lines and cancer cell lines were fixed overnight in 4%
formaldehyde prepared in phosphate-buffered saline after washing in cold Phosphate-
Buffered Saline (PBS pH7.4) at their respective time points for fluorescent imaging. The
morphology of cell lines were examined after by staining with Rhodamine-Phalloidin for
cytoplasm and DAPI for nucleus. Morphology of the primary cell lines were visualized

using Zeiss Observer.Z1 Microscope (Carl Zeiss, Germany).
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5.4 Results

5.4.1 Viral cell culture and treatment

The drug AZT has not shown significant reduction in V% at any of the
concentration used (Figure 5.2 a). SMA treated cells expressed significant reduction at
the concentration of 1000 pg/ml. However the percentage of inhibition of plaque
formation exhibited by SMA was more when compared with the AZT. The Al of SMA
exerted towards the HIV was significantly more when compared with the standard drug
AZT (Figure 5.2 b). Thus SMA may have the ability to reduce the viral load more

effectively than that of AZT.

5.4.2 Haemolysis assay

The polymer extract provided favourable haemolytic activity (Figure 5.3 ¢) at pH 5.6 (90
- 95%), moderate haemolytic activity at pH 6.5 (30 - 35%) and very little haemolytic
activity at pH 7.4 (< 10%). The highly favourable haemolytic activity provided by the
polymer extract showed good evidence in order to establish contraceptive SMA polymer
as an anti-cancer drug. The haemolytic activity at acidic pH may be due to the fact that
that when the polymeric extract get exposed to microenvironment which is having pH
value lower than pKa of carboxylic group present in the polymer extract, the polymer
becomes protonated due to which the polymer becomes hydrophobic. This protonated
polymer may have the ability to interact with biological membranes that ultimately

results in membrane destabilizing activity of the polymer [7].
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Figure 5.2. In vitro viral cell culture and drug treatment results. (a) Percentage viability
of cells treated with SMA and AZT. (b) Percentage reduction of viaral load in cells after
treating with SMA and AZT.

5.4.3 MTT assay

Cell growth inhibitory concentration 50 (IC50) value for the polymer extract was
observed to be 20 pg/mL for SiHa and 30 pg/mL for ME180 (Figure 5.3 a and b). The
IC50 value concentration of the polymeric extract has not shown any significant level of
toxicity to the primary rat endometrial cell lines. Furthermore morphological changes of
the cancer cell lines and primary rate endometrial cell lines were observed post treatment
with polymeric extract (with IC50 concentration after 24 h). It was observed that no

significant level of morphological changes to primary rat endometrial cell lines. Cell
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death and morphological damage was observed in both the cancer cell lines (Figure 5.4).
The observed results also provided evidences of anticancer activity of contraceptive SMA

polymer.
5.5 Discussions

The FIR spectrum of SMA polymer explained about the property of
hydration of the polymer after mixing with simulated uterine fluid. This property of
hydration changes the electrochemistry of the polymer. Furthermore the anti HIV
property established by HIV is significantly more than the drug molecule AZT. These
results infer the hypothesis provided by Guha SK et al and Banergy S et al. The
polymeric hydrogel RISUG® may effectively function as anti HIV implant after suitable
in vivo characterization of the anti-viral efficacy. The SMA provided haemolysis only at
acidic pH which clearly depicts that the anti-cancer activity is limited to the acidic
cancerous cells and not to the normal cells however the mode of administration has to be

validated for effective chemotherapeutic effect.

Page | 192



Chapter 5

100 . Cervical carcinoma (SiHa) cell line 1004 = Cervical carcinoma (ME180) cell line
a b
80 > 80 -
£ H 1
2 >
z ®
° [] o
o X S
© 40 ', X 0 .,
B . N-&
e ) v
-
20 4 - 20 i
= - . ”
0 0
T T T 0 100 200
0 100 200
Concentration (ug/ml) Concentration (ug/ml)
100 4
80 4
2
@ 604
2
<]
E
3
£ 404
]
2
204
i 1
pHS5.6 pH6.5 pH7

Figure5.3. (a) MTT assay for SiHa cell line, (b) MTT assay for ME180 cell line,
(c) hemolysis % assay

The cell morphological and MTT assay evidenced the anti-cancer effect of SMA
at various different concentrations. All the test results have supported the objective that
SMA hydrogel RISUG® can be administered as anti-cancerous and anti-HIV establishing
female contraceptive implant. Suitable in vivo model could provide additional validation

for the results of in vitro characterization.
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Control

Figure 5.4 Microscopic cellular morphology of cancer cell line and primary rat uterine

Rat

cell lines
5.6 Conclusions

Observed evidences showed clear confirmation of anti-cancerous and anti-HIV
activity of SMA hydrogel RISUG®. Upon implanting the polymer inside the female
reproductive tract, the polymer not only function as contraceptive implant but may also
act as anti-cancerous drug that may lower the risk of cancer induction and could establish
entry inhibitory activity against HIV. This advantage will provide confidence of

implanting 1HUCD as s long term contraceptive device.
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Chapter 6

6.1 Conclusions and Summary

RISUG® polymer expresses significant rheological properties which could help in
resisting expulsion in the upper reproductive tract for an extended duration after
implantation which was evidenced in /n vitro characterizations especially through
rheological study results. In chapter 2 it has been shown that water-mediated
intermolecular H-bonding between maleic anhydride group of RISUG® and SUF is
responsible for surface roughness and increase mechanical strength of RISUG®.
Crystallite size estimated from broadening peaks by Scherer equation has proved that
RISUG" after experiencing the dilution by SUF has not shown a structural change in its
polymeric structure. The viscoelastic property of RISUG® and its dilutions increases with
increase with the interaction with SUF. These results suggested that mechanical strength
of RISUG® depends upon the intermolecular H-bonding interaction with SUF. RISUG®
established selective antimicrobial activity against opportunistic pathogens while having
limited consequence over the growth of Lactobacillus spp. RISUG® has not shown any
significant damage to the rat uterine primary cell lines during the period of in vitro
toxicological assessment. /n vivo toxicity results inferred that RISUG® hydrogel implant
has not exerted any implant associated toxicity post-implantation inside the uterus.
RISUG® hydrogel has not inferred any change in the expression of ER-a, VEGF and cell
cycle regulators (Cyclin D1 and CDK4) which are primarily responsible for estrogen
signaling pathway. Organ tissue pathology studies post implantation of RISUG® have
shown no significant damage observed in the organs and also in the blood biochemical

parameters.
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Interaction between PVOH and RISUG® via means of intermolecular hydrogen
bonding was confirmed in chapter 3. Molecular interaction between PVOH and SMA
hydrogels were studied by using Fowkes equation. In-vitro physiochemical
characterization confirmed good miscibility between RISUG® (SMA) polymer and
PVOH. AHs values of the polymeric blends signify that the interaction between the
polymers at different proportions happens at the thermodynamically favorable
environment. The intensity of DSC curves of the polymeric blends showed continuous
reduction upon increasing the concentration of RISUG®. This inference may be discussed
as, the three-dimensional crystal growth of PVOH polymer is hindered by the increased
concentration of RISUG® due to its amorphous nature. Increasing the concentrations of
RISUG® increased hydrophobicity of the polymeric blends which affects the
bidegradablity of the polymeric blends. In-vitro bio-compatibility of the polymeric blends
was validated in cervical (female reproductive tract) cancer cell line (HeLa cell). In-vivo
biocompatibility study revealed that RISUG® polymeric blend has not exerted any
toxicological effect post exposure to the vaginal tissue. Microscopic anatomical
observation depicted safety of the polymeric blends. Furthermore immunohistochemical
study also confirmed the bio-comaptibility of the polymeric blend. Organ tissue
pathology and blood biochemical parameters have not shown any evidence of toxicity in
the vaginal tissues of the animal exposed to polymeric blend.

Polymeric formulation for the application of establishing biodegradable form of
intra-uterine implantable contraceptive polymer was developed and characterized in
chapter 4. RISUG® grafted with PCL-DA:PEG-DA polymeric mixture is proposed to

have the property to degrade gradually post implantation inside the uterus by the
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experimental results. These polymeric blends were evaluated for the application of
biodegradable form of female contraceptive implant by grafting the polymeric blends
with styrene maleic anhydride copolymer male contraceptive RISUG® for the
development of nonhormonal female contraceptive implant. Physiochemical
characterizations revealed the nature of interaction between RISUG® and PCL-DA: PEG-
DA polymeric blend. Miscibility between the polymeric blends and RISUG® was clearly
evidenced by the enthalpy of polymeric affinity (AH) between the polymeric mixtures.
Weak hydrogen bond between the strong electronegative oxygen groups in maleic
anhydride of RISUG® may interact with hydrogen molecules present in the PEG-DA:
PCL-DA polymeric blends. The mechanical strength of the polymeric blends increased
with increasing concentration of RISUG®. Thus the polymeric blend could withstand the
structural integrity in the dynamic environment of uterus and could slowly degrade to
establish the contraceptive effect. In-vitro toxicological effect of polymeric blend was
evaluated in primary rat uterine cell lines. Histochemical and histopathological evaluation
of control and treated uterine tissues of rats has not shown any significant levels of
implant associated tissue irritation or tissue damage. Histological evaluation of organs
like kidney, liver, spleen, heart and lungs has not shown any evidence of implant
associated toxicity. The blood biochemical and haematological parameters of treated
animals has not shown any significant change while compared with control animals.
Chapter 5 contains preliminary evaluation for the future scope of establishing
RISUG® as anticancer/tumor and antiviral non-hormonal female contraceptive implant.
The Antiviral Index (Al) of SMA exerted towards the HIV was significantly more when

compared with the standard drug AZT in CEMss cells. Thus SMA may have the ability to
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reduce the viral load more effectively than that of AZT. Furthermore percentage of
inhibition of plaque formation exhibited by SMA was more when compared with the
AZT. The polymer extract provided favourable haemolytic activity at pH 5.6 (90 - 95%),
moderate haemolytic activity at pH 6.5 (30 - 35%) and very little haemolytic activity at
pH 7.4 (< 10%). Cell death and morphological damage was observed in both the cancer
cell lines. The observed results also provided evidences of anticancer activity of
contraceptive SMA polymer. Thus it was evidenced that SMA polymer not only could
acts as a contraceptive polymer, it also provide antiviral and anticancer effect along with
selective anti-microbial property only towards the opportunistic pathogens.
6.2 Future scope

RISUG® polymer can be fabricated as various forms of non-hormonal female
contraceptive implants either as a virgin polymer or by grafting with other bio-polymeric
mixtures. However detailed study on the mechanism of antimicrobial activity of the
polymer has to be evaluated. Antimicrobial efficacy towards other pathogenic bacteria
responsible for establishing female reproductive tract infections should also be evaluated.
Sustained release of RISUG® breakdown products has to be evaluated and characterized
in order to understand long duration contraceptive efficacy of the RISUG® and RISUG®
grafted polymeric mixtures. The mode of action for establishing anti-cancerous activity
of the SMA/RISUG® also has to be evaluated. Moreover, the bio-distribution of the
degraded chemicals from the 3D polymeric structure and their accretion or excretory
pathways also needs to be extensively evaluated. These detailed studies could aid in
developing new form of female non-hormonal contraceptive implant which could

eradicate the prevailing complications associated with known form of female
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contraceptive modalities. This multiple advantage carrying contraceptive implants could
decrease the fear of using contraceptives due to its side effects and increase the usage
between sexually matured female practitioners with increased awareness that ultimately

leads to the reduction in the burden of population explosion in developing countries.
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