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“Things don’t go wrong and break your heart so you can become bitter and give up.
They happen to break you down and build you up so you can be all that you were

intended to be.”

Charlie Jones



Abstract:

Stimuli responsive drug delivery systems demonstrate one of the most promising areas in the drug
delivery sector due to their numerous advantages. Compared with traditional drug delivery
systems, they show an improvement in their efficacy, reduced side effects of toxicity and the
emergence of drug resistance in long term. Tethering of stimuli responsive polymer brushes on the
surface of drug delivery systems can be an effective method to functionalize the system with

desired features for on-demand drug release.

In this project, a new pH sensitive polyurethane intravaginal ring reservoir (PU Res IVR)
drug delivery system was developed using a novel and versatile method. A combination of surface-
initiated activator regenerated by electron transfer atom transfer radical polymerization (SI-
ARGET-ATRP) and alkyne-azide click reaction was applied to graft pH sensitive polymers with
different functional groups from the surface of PU Res IVR segments. First, poly(propargyl
acrylate) (PPA) brushes as an alkyne polymer were grafted from the surface of PU Res IVR
segments via SI-ARGET-ATRP. Secondly, pH sensitive monomers such as butyric acid (BAA)
and 4-vinyl pyridine (4VP) were bonded onto the surface of PU-PPA substrate via alkyne-azide
click reaction. Monomers with pH sensitive functional groups were synthesized in their azide
forms. Proton NMR and Attenuated Total Reflectance Fourier-Transform Infrared (ATR-FTIR)
results indicate that azide monomers were synthesized successfully. XPS and ATR-FTIR
confirmed that polymer brushes were successfully grafted from the PU surface. Grafting density
of poly(propargyl acrylate-co-butyric acid) PPA-BAA and poly(propargyl acrylate-co-pyridine)

PPA-PY brushes were determined to be 3.05+0.021 umol/cm? and 2.02+0.044 pmol/cm? using a



colorimetric method. The pH-responsive behaviour of untreated PU Res IVR segments and
functionalized segments with pH-responsive polymer brushes were studied in PBS buffer solution
at pH 4 and pH 7 over a minimum of 5 cycles using hydroxychloroquine (HCQ) as a model drug.
The untreated PU Res IVR does not show any pH responsiveness upon pH changes with average
release of 9.75+1.11 pug/ml. The average release of HCQ from PU-PPA-BAA Res IVR was 65.67
+3.83 pg/ml at pH 4 and 40.86+1.31 pg/ml at pH 7 between pH 4 and pH 7 cycles. On the other
hand, when the average release of HCQ from PU-PPA-PY Res IVR was determined to be
11.90+0.72 pg/ml at pH 7 and decreased to 3.87+1.29 pg/ml at pH 4 between cycles. Scanning
electron microscopy (SEM) images show that, the average size of pores decreased from 459+24
nm at pH 7 to 149+26 nm at pH 4 for PU-PPA-PY Res IVR segments. On the contrary, when PPA-
BAA brushes are grafted from the surface of PU Res IVR segments, pores are almost closed at pH

7 and they are open at pH 4 with the average size of 576+ 87 nm in length and 124+51 nm in width.
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Chapter 1. Introduction

1.1 Overview:
According to the data published at the end of 2013, by the Global Health Observatory (GHO), 78

million people have been infected with the human immunodeficiency virus (HIV) and nearly 39
million people died of HIV since the start of HIV epidemic.!? In 2014, approximately, 36.9 million
people were living with HIV, mostly in countries with low or middle-income economies. The vast
majority of people with HIV live in Sub-Saharan Africa: almost 71% of people infected with the
virus live in this region. Only 54% of people living with HIV know that they are infected with this

virus.®

In the first years of HIV prevalence, HIV infection was predominantly among men.
However, at the end of 2002, women accounted for nearly 60% of the infected population in low
and middle-class countries. Among young women in these countries, the infection is spreading at
a rate of one woman per minute. The majority of HIV infections are transmitted through sexual

interactions.*®

Biologically, women are more vulnerable to HIV infection than men. This can be due to the
following reasons: larger surface area of the vagina and cervix in women, being exposed to high
amount of seminal fluid, vulnerability to invasion by bacteria, viruses and other germs. Also, the
level of the hormone estrogen can determine the risk of transmission of HIV, because when the
level of estrogen is low, the vaginal wall becomes thinner, therefore it would be easier for HIV to
pass through the wall.® The vaginal pH of a healthy women is between 3.8 and 5.1° Lactic acid
produced from glycogen in the vagina keeps the pH of vagina in acidic state. This pH protects the
area against a variety of bacteria and viruses, including sexual transmission infections (STIs) such

as HIV."° During sexual intercourse, the pH in the vagina changes to 7.2 due to the alkaline nature
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of semen (pH 7.2-8), which prepares the environment for different bacteria and viruses to grow.*
Unfortunately, in many countries women are not able to communicate about protective sex such
as using condoms and sometimes they are more likely to be subjected to non-consensual sex. %1213
Hence, there is a need to develop methods that can help women to protect themselves from HIV

infection.

1.2 Human immunodeficiency virus (HIV)

Despite effective prevention approaches, such as using condoms, monogamy and abstention, HIV
is considered as one of the major public health problems. ® Acquired immune deficiency syndrome
(AIDS) is the cause of HIV. The human body is able to get rid of most viruses, however, as for

HIV, the human body is not capable of getting rid of it.

The virus can infect multiple cells in the body, such as brain cells, however the main target
for HIV is the CD4 lymphocyte which is called T-cell or CD4 cells. HIV infects the CD4 cells and
goes through multiple steps to reproduce itself and produce more virus particles. The dramatic loss

of T cells accounts for many of the manifestations of HIV disease.!*

1.2.1 Transmission ways:
It is found that HIV can be transmitted through blood, semen, and vaginal secretions. Also HIV
has been detected in saliva, tears and urine. However, the concentration of HIV in these fluids is

very low.131°

The majority of HIV infections are transmitted sexually. In 2008, approximately 44% of new

HIV infections belonged to men having sex with men (MSM) and 36% were through heterosexual
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intercourse. Most of the transmission occurs through the genital and reproductive systems of men
and women. The risk of HIV transmission from vaginal intercourse range from 0.05% to 0.19%.
Higher rate of transmission has been reported for male-to-female sexual transmission compared
with female-to-male sexual transmission. The virus can be transmitted via oral sex; however, the
risk of infection is less than for sexual intercourse.® Therefore, addressing the crisis of HIV

globally requires both prevention strategies and treatment methods.

1.2.2 Anti-HIV drugs and treatments:

There is no functional remedy for HIV or AIDS which means there is no procedure or medication
that has been proven to eliminate the virus. Nowadays there have been many advances in HIV
treatment that considerably increase the quality of life of the people infected with HIV.
Behavioural alterations influenced by education, using condoms and other protective methods,
along with male circumcision are crucial to prevent HIV transmission. In absence of a suitable
vaccine, microbicides as antiretroviral drugs (ARVSs) become one of the most effective strategies
to slow down the spread of HVI. An ARV can be used in a dosage that hampers the establishment
of HIV infection. Microbicides are inhibitory compounds that can be used in vaginal and rectal

applications to impede infection in early stages of sexual transmission.

In many countries, women are less likely to negotiate a protective sex, therefore,
microbicides are considered as a preventive option that enables women to control the situation

without cooperation, contest or even knowledge of their partner 7.

A valuable microbicide should be safe, effective, user-friendly and cost-effective. It should

not destroy natural defensive mechanism against HIV.® Also it should not induce inflammation,
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because any stimuli that activate immune system cells in the vicinity of the virus could promote
the transmission of HIV. 17 Also the product should be satisfactory to both partners. Any product
with an unusual property such as smell, colour, high or low viscosity or complexity to apply can
be rejected by women.*® Nowadays, there are four common antiretroviral drug categories used for
treatment of HIV. These drugs target different stages of the HIV infection cycle. These classes are

listed as below:

1.2.2.1.1 Nucleoside/Nucleotide Reverse Transcriptase Inhibitors (NRTIS)

NRTIs or sometimes called nucleotide or “nukes” were discovered in the 1980s when the AIDS
epidemic increased in Western societies. The first NRTI was zidovudine, which was the first step
towards the treatment of HIV. Among all NRTIs tested by the Food and Drug Administration
(FDA), the only NRTI approved is tenofovir.® These drugs work to block a very important step
in HIV’s production process. They inhibit HIV to use a special type of enzyme named reverse

transcriptase RT to correctly build a new DNA that the virus needs to make copies of itself.!*

1.2.2.1.2 Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs)

Non-nucleoside reverse transcriptase inhibitors (NNRTIs) are another category of antiretroviral
drugs used to combat HIV. NNRTIS, non-nukes, bind to reverse transcriptase (RT) and cause a
conformational change in the enzyme. Therefore, the enzyme cannot convert RNA into DNA. As
a result, new virus cannot be produced.'® 1-(2-2-hydroxyethoxymethyl)-6-(phenylthio) thymine
(HEPT) and tetrahydroimidazo[4,5,1-jkj][1,4]benzodiazepin-2(1H)-one (TIBO) are the first two

compounds of this category that were unexpectedly discovered to inhibit HIV activity.?
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After this discovery, three other compounds of this generation known as nevirapine,
delavirdine, and eavirenz were approved by the FDA and introduced to the market. Nowadays,
nevirapine and efavirenz are commonly used in the market, however, the last one is hardly used

because of complexity in its structure and consequently in its synthesis.?

1.2.2.1.3 Protease Inhibitors (Pls)

Protease inhibitors (PIs) are third class of antiretroviral drug which targets a protein in HIV named
protease. This protein is responsible for cutting proteins and making functional new HIV
particles.’* Nowadays ten Pls are available in the market for the treatment of HIV infection
including tipranavir, indinavir and saquinavir.

Most Pls have shown high efficacy in treatment when they are used in a combination with
another PI drug by speeding up or slowing down their processing in the body. For instance,
ritonavir is a strong Pl and it slows down the processing of other Pls in the body. It has been shown
that a small amount of ritonavir in combination with other Pls can boost blood level of other Pls

and extend dosing intervals.?t

1.2.2.1.4 Entry/Fusion Inhibitors

Entry inhibitors are another class of antiretroviral drugs for the treatment of HIV infection. In order
to enter to a host cell, first glycoprotein gp120 on the surface of HIV interacts with the CD4
receptor of the host cell.?? When this step is achieved, gp120 binds to a second co-receptor, CCR5

or CXXR4. Once gp120 binds to both CD4 and a co-receptor, fusion to the host cell can happen
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and then viral components can release in to the cell. Entry inhibitors act at different stages of HIV
entry including fusion and co-receptor attachments.?32*

Entry inhibitors can be divided in two groups based on their functions: fusion and co-receptor
inhibitors. Enfuvirtide (Fuzeon) is the only fusion inhibitor that is available in the market for the
treatment of HIV infection. Maraviroc (Selzentry or Celsentri) is a co-receptor inhibitor came to

the market in 2007 for use in treatment of patients with HIV infection.?®

1.2.2.2 Alternative drugs with Anti-HIV properties:

As mentioned, microbicides have a significant influence on the HIV prevention. The affordability
of a microbicide, along with other factors such as its safety, acceptability and efficacy will
determine its popularity in developing countries. For instance, some microbicides show high
efficiency in preclinical studies, however, their high manufacturing cost might affect their
acceptance.!® Therefore, these days, available and inexpensive antiretroviral drugs to combat HIV

are desirable.
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1.2.2.3 Hydroxychloroquine (HCQ)
Hydroxychloroquine (HCQ) has been used for more than 70 years for the treatment of malaria. It

was synthesized in 1946 and proposed as a safer alternative to chloroquine. In World War Il, its
anti-inflammatory properties were discovered when soldiers who took chloroquine and its
derivatives for malaria treatment, experienced an improvement in their auto-immune condition.
Since then, they have been used widely for the cure of autoimmune diseases including rheumatoid
arthritis, because of its anti-inflammatory properties.?®

Recently it has been shown that HCQ has anti-HIV activity through the changes in
glycoprotein 120 (gp 120) in T cells and monocytes. It is presumed that HCQ inhibits the gp120
production by increasing endosomal pH and changing the enzyme required for gp120 production.
The risk of HIV infection caused by inflammation in the genital track can also be reduced by the
anti-inflammatory properties of HCQ. 2"2

The parent molecule for this antimalarial agent is quinine. Hydroxychloroquine
(C18H26CIN3O) is an alkylated 4-aminoquinoline, a hydroxyl derivative of chloroquine with a
molecular weight of 336 g/mol. HCQ is considered as an amphiphilic weak base. It contains two
aromatic rings with conjugated double bonds, the 4-aminoquinoline nucleus. It also contains two
basic groups: a quinolone-ring nitrogen and diethyl amino side-chain nitrogen with pKa values of
8.3 and 9.7 respectively, which means the majority of these nitrogen groups are ionized at pH 7.4

(Scheme 1-1).2%30
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Scheme 1-1. Hydroxychloroquine structure.

1.3 Drug delivery systems

There has been a significant progression in the drug delivery sector over the past three decades. A
decline in the development and design of new drugs, has encouraged scientists with the same
interest to put effort in this field to develop novel drug delivery systems.3!%2

Due to the fact that the process of design and development of new drug molecules requires
lots of money and time, significant research has been done to existing drugs to design them in a
new structure or new forms of delivery.®! New strategies or devices have been developed in the
field of drug delivery considering the carrier, the route and the target, to improve the adequacy of
the controlled drug release.®

As mentioned, the highest rate of HIV transmission is through sexual intercourse, especially
through the vagina. A study showed that in the case of using a condom as an effective way to
prevent from HIV infection, 67% of participants did not use condoms frequently and 31% never
considered using condom for protection. Therefore, development a female-controlled device such
as intravaginal rings (IVRs) that can deliver anti-HIV drugs to protect women against HIV

infection is needed.1334
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1.3.1 Vaginal route:

It has been proved, that the vagina can be considered as a route for drug delivery. Vaginal route is
better than oral routes, since it shows less gastrointestinal side effects. Its large surface area with
dense blood networks and high permeability to drugs, not only makes it a favourable route for
local-acting drugs, but also a great site for systematic delivery.'® The physiological properties of
the vagina cavity such as pH, vaginal secretions and enzyme activity can impact the efficacy of
delivery systems for drug release.®% Also, the physiochemical properties of the drug will

influence the release of drugs from delivery systems and their adsorption into the vaginal cavity.

1.3.2 Vaginal drug delivery systems for preventing the spread of STIs and HIV
In the absence of an efficient HIV vaccine, developing new strategies to prevent STIs and HIV
infection is needed. Intravaginal delivery systems for anti-HIV drugs are promising methods to
deliver drugs in an efficient way with minimum toxic side-effects and virus resistance. 113173537
Microbicides and anti-HIV drugs can be delivered with different types of delivery systems
such as semi-solids, tablets, foams, capsules, films, tampons and vaginal rings based on the type
of drug, drug adsorption, release duration and distribution of the drug in the vaginal cavity.*® For
instance, for rapid release, vaginal gels and tables are efficient. The duration of drug release from
these systems is between 6 to 8 hours 3% while this time can increase to 71 days for vaginal
rings.*
A perfect vaginal drug delivery system allows the drugs to spread evenly and not concentrate
in one part of the vaginal cavity.'®* From this point of view, solutions, foams and suspensions are

better than tablets.3®
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1.3.2.1 Intra-vaginal ring drug delivery systems (IVRs) for prevention of STIs and HIV
transmission:

With the introduction of vaginal drug delivery technology, intravaginal ring drug delivery systems
(IVRs) drew considerable attention in 1966, when for the first time, silicon elastomers were used
to deliver steroids at a constant rate for a period of time.?*? At the beginning, IVRs were designed
to deliver contraceptive agents such as progesterone and norethisteron through the vaginal track.?
However, with an increase in STIs and HIV infection among women over the past decades, there
is an interest to develop multipurpose prevention technology (MPT) IVRs which can be used for
both contraceptive and therapeutic purposes.?

The IVR is a ring-shaped device designed to provide a long-term, sustained or controlled
release of therapeutic agents to the vagina.? IVRs are superior to other intravaginal drug delivery
systems since they can be inserted or taken out by women and they do not cause any problems
during sexual intercourse. Also, they provide a constant release of drugs in low dosage and also a
daily intake of drug is not required.t33542

Each IVR system can contain one or more microbicides that are designed to be delivered
into the vaginal track at a high concentration.*® Design of polymeric IVRs for a desirable drug
delivery contains several parameters such as solubility, diffusion coefficient, and initial loading of
drug in the polymer. The flexural/compressive characteristics, as well as the geometry and
dimension of IVRs are also important for the ease of insertion, comfort of fit and prevention of
tissue damage. The acceptance durometer for all rings according to ASTM D2240-05 is 40+5 D.*
Consistency in durometer is critical since it determines the amount of tension caused by a
compressed ring, and how comfortable and how well the ring fits? in the vaginal track. *° Also it

is reported that the size of the ring has a significant effect on the flexibility. In one study, IVRs
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with different sizes (30x5, 25x5 and 20x5 mm) were inserted in two different macaques species
ranging from 5 to 12 kg in weight for up to one month. The results indicate that the 25x5-mm rings
would work well for both macaque species based on how comfortable they are during insertion
and how well they are held in their place.3*

The hot-melt extrusion or injection molding methods are usually used to fabricate IVR
devices. Drug can be distributed totally or partially in the IVR systems during the fabrication
process. Matrix and reservoir systems are two major types of IVR devices available on the
market. 4

The matrix system is a homogeneous ring, where the drug is dispersed throughout the entire
polymer. The rate of drug release in these systems is dependent on (1) the solubility of drug in the
polymer, (2) the diffusion of the drug in the polymer (3) the solubility of the drug in vaginal fluid
and (4) the partition coefficient of the drug between the IVR and the vaginal fluid 424, In this
system the drug located near the surface is released first. Therefore, the daily amount of released
drug decreases.

The reservoir IVR is a core-type ring that contains drugs in one or more central cores that
are encapsulated by a drug-free layer of polymer membrane. The reservoir type removes the time-
dependent release rate observed in matrix rings by slowing down the diffusion of the drug from
the device. In this type of device, the drug concentration remains uniform in the core to provide a
driving force for diffusion though the membrane that is almost constant with time which in turn
results in a zero-order release. Compared with the matrix system, the release of drug from a
reservoir-type is lower but it can be constant for several months. Also the manufacture of reservoir
type is more complicated because of the multistep process in their manufacturing. 424347,

Materials used in the manufacture of vaginal rings should be biocompatible, they should be

flexible enough to deform during insertion, also they should be permeable to drugs.*? Silicone
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elastomers, especially polydimethylsiloxane (PDMS), were the first materials used for
manufacturing IVRs due to their excellent biocompatibility and ease of fabrication.*

Thermoplastic elastomers are another class of materials which are used in IVRs. The
common thermoplastic polymers used to fabricate IVRs are poly(ethylene vinyl acetate) (PEVA)
and polyurethane (PU). They are particularly used for some of the polar anti-HIV drugs such as
tenofovir (TVF) which are not released efficiently from silicone elastomers due to their low
solubility in silicone.*® Nowadays, thermoplastic polyether urethanes are used for fabrication of
IVRs, because of their biocompatibility and favourable mechanical properties.*6>4°

These polymers are made of a polymeric diol (soft segment) like polyethylene oxide (PEO),
a chain extender and an aliphatic isocyanate (hard segment). Aromatic isocyanates are commonly
used to prepare medical devices made of PU because of their superior physical properties and
reasonable cost. However, aromatic isocyanate can breakdown and convert to aniline derivatives
under indecent conditions. Due to the concern about the toxicity of aniline compounds, aliphatic
isocyanates are preferable to be used for synthesis of PUs.*® Due to the fact that polyurethanes are
made of two soft and one hard segment, by changing the ratio of the components, physical and
mechanical properties of PU such as crystallinity and hydrophilicity can be altered. These changes

in turn can affect the drug release in the final product.*?48
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1.4 Stimuli responsive drug delivery systems:

1.4.1 A need for controlled release systems:

Stimuli-responsive controlled drug delivery technology is one the most promising areas in the field
of drug delivery and health care. These types of systems have drawn attention of many
pharmaceutical scientists, chemists and materials scientists, since they offer various advantages
compared to the sustained-released systems. Stimuli-responsive systems are highly efficient in
drug delivery with a precise amount of dosage. They also show less toxicity and they are more

convenient to the patients.>%5t

1.4.2 Polymers in controlled drug release:

Synthetic polymers are promising materials, in delivery of drug due to their physical and chemical
properties. These polymers can provide a passive function as a drug delivery system or they can
adopt a more active role for releasing a drug upon an external stimulus such as temperature and

pH, which in this case they are called stimuli-responsive polymers.>?

Preparation of drug delivery systems using pH-responsive polymers is an important
approach in the design of stimuli-responsive drug delivery systems. In this method, stimuli-
responsive polymers can be synthesized and directly used as a drug delivery system.>® Surface
modification of existing drug delivery systems with responsive polymer brushes is also an
important alternative approach, as in this way, responsive properties can be introduced to the
surface of a drug delivery systems by grafting so-called “smart” polymers. In this approach, the
surface of a drug delivery system becomes responsive, while the bulk properties remain

unchanged.>*
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1.4.2.1 Stimuli-responsive polymer brushes for controlled drug delivery systems:

Polymer brushes are described as polymer chains grafted form a surface, to an interface, or to a
backbone of other polymer molecules with high grafting density; therefore, the crowded polymer

chains stretch away from the surface in a “brush-like” conformation to avoid overlap.®

Depending on the grafting density known as the number of polymer chains per unit area,
three different regimes are distinguished for polymer brushes. If the distance between grafting
points is larger than the size of the molecules and there is a strong interaction between polymer
chains and the substrate, the polymer chains have a flat “pancake-like” conformation.>® However,
if there is a repulsion force between polymer chains and substrate in a low grafting density regime
a “mushroom-like” conformation is observed.>” And finally, in high grafting density the polymer
chains are in their “brush-like” regime to avoid overlap among polymer chains and minimize the
excluded volume interaction.>°
1.4.2.2 Mechanism of drug release from pH sensitive polymer brushes grafted substrate:
Stimulus-responsive polymer brushes (SRPBs) show changes in their physical and mechanical
properties such as conformation, surface energy or charge state in response to stimulus including
temperature, pH,%2 ionic strength and light.®° For instance, poly(N-isopropylacrylamide) (PNIAM)
with lower critical solution temperature 32 “C (LCST) shows changes in their surface wettability
with change in temperature.5! Diblock copolymer brushes of polystyrene-b-poly(4,5-dimethoxy-
2-nitobenzyl methacrylate) were synthesized and their photo-controlled release was achieved by
using a photo-cleavage process in which o-nitrobenzyl groups were converted to hydrophilic

PMAA 52

Among SRPBs, polyelectrolyte brushes have drawn much attention due to their properties

and applications in the biomedical and drug delivery fields.®% External pH and ionic strength can
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change the ionization state and ionic strength in weak anionic and cationic polymers. Poly cationic
brushes extend with a decrease in pH, while, polyanionic polyelectrolyte brushes extend with an
increase in pH. The conformational changes because of association and disassociation of polymer
chains upon pH changes can be used for stimuli-responsive drug release. Lay et al. studied the
release of encapsulated dyes in poly(methyacrylic acid) (PMAA) grafted fro the surface of hollow
silica at different pH values. It was observed that the release of calcein blue from PMAA-g-hollow
silica is very low at pH 2.0, but increased dramatically when the pH increased to 7.4.%* A pH-
sensitive nano-shell containing poly(methacrylic acid-co-vinyl triethoxylsialne) (PMV) was
grafted from the surface of mesoporous silica nanoparticles (MMS) using reversible addition-
fragmentation chain-transfer (RAFT) polymerization. A cumulative release study of lbuprofen
(1IBU) from PMV/MMS showed that the IBU release was very fast at pH 7.5 with 85% release
within 1hr, while the release decreased at pH 4 and pH 5 with an amount of less than 15% in 8 hr

at pH 5.8566

This can be explained by conformation changes of PMAA brushes on the surface. At pH
values lower than the pKa of PMAA (pKa 6.5), PMAA brushes are protonated; the neutralized
polymer brushes shrink and adopt a “mushroom” conformation. Therefore, pores on the surface of
hollow silica shells are covered with shrunken polymer brushes. When the pH increased to values
higher than the pKa of the PMAA brushes, deprotonated polymer chains adopt a “brush-like”
regime because of repulsion between negatively charged polymer chains. Therefore, the pores in

the hollow silica are opened and encapsulated species can be released.?% (Scheme 1-2)
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Scheme 1-2. Response of anionic polymer brushes grafted from the surface of PU Res IVR upon pH
changes.

Wang et al.®8 grafted poly (acrylic acid) (PAA) brushes onto the surface of polypropylene
(PP) membranes in supercritical CO.. They observed that water permeation of the unmodified
membranes did not change with changes in pH, however, when the pH increased from 3 to 6 water
permeation of the PAA grafted membranes declined due to the changes in conformation of the
PAA chains. The same behavior was observed when pH-sensitive polypeptide brushes were
grafted on the surface of a gold nanoporous membrane. The rate of water permeation was high at
low pH values but low at high pH values.®® This behaviour can be explained by the mechanism
called the “through-pore mechanism”.’®2 For the first time, this mechanism was proposed by
Isreals et al. using a two-dimensional self-consistent mean-field (SCF) theory.”> According to this
mechanism, at pH values above the pKa of an anionic polymer brush such as PAA, polymer chains
are deprotonated and extended due to repulsive forces between the negatively charged groups.

The chains cover the pores and water permeation decreases. However, at pH values less than pKa,
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polymer chains contract and go to their mushroom conformation. The steric obstruction of the

pores is decreased and water permeation rate increases(scheme 1-3). 27

PU Substrnle

Scheme 1-3. Response of anionic polymer brushes grafted onto the walls of pores of PU Res IVR
substrate.
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1.5 Surface-initiated Activators regenerated by electron transfer atom
transfer radical polymerization (SI-ARGET-ATRP)

The two most commonly employed techniques to impart polymer brushes onto the surface are: the
“grafting to” and ““grafting from” methods.

In the “grafting to” approach, an end-functionalized polymer can be grafted onto the reactive
sites on the surface of a substrate. This grafting technique can be performed physically or
chemically. Controlled living radical polymerization technigues (CRP) can be applied to introduce
polymers with a narrow molecular weight distribution. Functional groups can be attached to the
surface of a substrate using coupling agents or self-assembled monolayers (SAM).> “Grafting to”
methods, provide a way in which a free polymer with desirable properties can be synthesized
before attachment, therefore, a layer of polymers with well-defined structure will be built up in
this method. However, in this method, since the polymer chains should diffuse through polymer
layers so that they can attach to the active sites on the surface, only a small amount of polymer
brushes can be grated onto the surface and grafting density is relatively low. As the thickness of
the polymer brushes increases, the hindrance from polymer film also increases.>>"®

In recent years, the “grafting from” method has been widely used to synthesize grafted
polymers onto the surface of solid substrates. This technique includes two steps: in the first step
an initiator is immobilized onto the surface of a substrate. In the second step, monomers add to the
immobilized initiator sites and polymer chains grow from those sites. This method can lead to a
stronger structure. Well-controlled polymer structures with high grafting densities can be prepared
since diffusing small monomers have less steric hindrance than diffusing polymer chains. 557681

Surface initiated controlled radical polymerization (SI-CRP) such as atom transfer radical

polymerization (ATRP) is a suitable technique to synthesize polymer brushes through the grafting
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from technique. ATRP can be considered as one of the most robust and powerful CRP techniques
which have been used to produce polymers on a surface because it can offer efficient technique to
synthesize polymer brushes with well-controlled molecular weight and novel structures.5882
Indeed, ATRP is a repeated activation/deactivation of alkyl halide, in which a vast majority of the
polymer chains are allowed to grow with the same rate.8® A functional nylon membrane was
prepared with SI-ATRP by the Xu et al. group.®

SI-ATRP has been successfully used to graft functional polymer brushes from the surface of
different substrates such as cotton®, polymer microspheres, 8 cellulose, and chitosan beads.®’
However, the main drawback of SI-ATRP is that a large amount of a transition metal catalyst,
usually copper-based, is necessary for this reaction. This copper-based catalyst is expensive and
harmful to biological systems. Another disadvantage associated with SI-ATRP is that this reaction
is very sensitive to the air, therefore a completely inert atmosphere is needed for this reaction,
which makes the process complicated.%

More recently, Matyjaszewski and his group developed an improved version of the ATRP
technique which overcomes problems associated with this technique. This modified version is
called “activators regenerated by electron transfer” (ARGET) ATRP.%2° In this method, a Cu (l1)
compound, which is more stable than Cu(l), is used instead of a mixture of Cu(ll) and Cu(l). Also,
a reducing agent such as ascorbic acid is used in this reaction in order to convert dormant Cu(ll)
compounds to active Cu(l) compounds. Therefore, the concentration of Cu can be reduced to ppm

level in this reaction. 838889
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1.5.1 Immobilization of ATRP initiator on the surface:

The most important step in SI-polymerization is the immobilization of initiator. Various methods
and approaches have been developed to immobilize the ATRP initiator on different substrates. Zhu
and Edmondson developed a versatile method using a polydopamine (PDA) coating to immobilize
ATRP initiator on the surface of a variety of different substrates.?’ In this method a thin layer of
PDA containing ATRP initiator is coated onto the surface of the substrates.

Xu et al. applied a two-step approach to immobilize ATRP initiator onto the surface of the
nylon membrane.? First formaldehyde was used to produce N-methylol polyamide membrane. In
the second step, hydroxyl groups of the nylon-OH membrane react with ATRP initiators to
immobilize the initiator on the surface of the nylon membrane. In this study both mentioned

methods were used to immobilize ATRP initiators on the surface of PU Res IVR segments.

1.6 Combination of SI-ARGET-ATRP and alkyne-azide click reaction

The alkyne-azide click reaction, or the Sharpless click reaction, is a new method of reaction where
an aryl/alkyl azide reacts with a strong active alkyne. Tetrazoles, 1,2,3 triazoles or 1,2-oxazoles

are outcomes of this reaction.®® It is a simple, fast reaction with high yield and selectivity.

A combination of click chemistry reaction with controlled radical polymerization (CRP) has
been extensively used for the development of new materials with new architecture and new
functionalities.®>%2 Among controlled radical polymerization methods, ATRP has been used
widely in conjunction with the azide/alkyne click reaction.®*°* A well-defined homo- and
copolymer of acrylonitrile (AN) was prepared first by ATRP and modified with a click reaction

with sodium azide and zinc azide to obtain copolymers with 5-vinyltetrazole.®®
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A combination of ATRP and alkyne/azide click reaction was employed to prepare well-
defined (meth)acryloyl macromonomers.** Molecular brushes of poly(2-hydroxyethyl
methacrylate) (PHEMA) with alkynyl side groups were synthesized using a “grafting onto”
method through a combination of ATRP and click reaction. In this method, developed by
Matyjaszewski’s group, first PHEMA brushes were synthesized by ATRP. Afterwards, PHEMA
polymers with alkynyl side groups were obtained via esterification between pentynoic acid and
hydroxyl groups of PHEMA. At the end, click reaction between alkyne-containing PHEMA and
azido-terminated polymeric side chains such as poly(n-butyl acrylate)-N3 were applied to make
molecular brushes. This study demonstrated that several parameters such as chemical structure,
molecular weight of azido-end polymer and initial ratio of linear chains to alkyne groups affect the

grafting density of molecular brushes.%

In this project, an alkyne containing monomer such as poly(propargyl acrylate) (PPA)
brushes were grafted onto the surface of PU Res IVR via SI-ARGET ATRP. Then an alkyne-azide
reaction was carried out between PPA brushes with anionic and cationic monomers with azide
groups to produce polyelectrolyte brushes on the surface of PU Res IVR segments. In fact, PPA
brushes were used as a platform in which various different functional groups can be conjugated on

the surface of PU Res IVR for different applications.
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Chapter 2. Hypothesis and objectives

In order to decrease side effects related to long-term exposure to anti-HIV drugs and the emergence
of drug resistance in the virus, vaginal track stimuli-responsive drug delivery systems such as
stimuli-responsive IVRs, have attracted significant interest in the drug delivery sector. Compared
to the sustained release systems, stimuli-responsive release systems can improve therapeutic
efficacy through selective release. They reduce toxicity related to long-term release of drugs and
improve patient compliance and convenience.>®” To achieve a stimuli responsive drug delivery
system, functional and stimuli-responsive groups can be incorporated into polymers with good

biocompatibility.

As mentioned above, the choice of polymer material to fabricate IVRs is for
biocompatibility, the ease of insertion, comfort of fit and prevention of tissue damage. For
instance, it is reported that an ideal ring should have a durometer measure of 40+5 D according to
ASTM D2240-05* with a size of 25x5 mm (overall diameter and cross-sectional diameter

respectively).®*

Polyurethanes PUs as a class of biocompatible polymer, have been used to fabricate IVRs,
because of their excellent physical and mechanical properties as well as their biocompatibility.
Chen et al., developed a PU-based IVR matrix and reservoir to deliver HCQ through the vaginal

track for more than 14 days.’

In general, PUs are thermoplastic polymers, synthesized by step reaction between
diisocyanates and polyols. The structure of the diisocyanates and polyols, as well as the structure

and the length of the chain extenders play an important role in the final properties of the polymer.
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For instance, the choice of polyols can affect the physio-chemical and mechanical properties of
PUs. It is reported that polyester based PUs show more sensitivity to hydrolytic cleavage than
polyether-based ones. Also PUs made of aliphatic diisocyanates show more durability to
ultraviolet irradiation while PUs based on aromatic diisocyanates undergo photo-degradation when
they are exposed to UV light.®® Moreover, the choice of reactants can also affect biocompatibility
of PUs. Aromatic-based PUs are known to be less biocompatible compared with aliphatic-based
PUs.%°1% This can be related to the fact that toxic products can be produced from degradation of
aromatic compounds. In addition, the molecular weight of the polymer and the interaction of a

drug with the PU matrix also affect the drug release from PU-based drug delivery systems. 100102

Therefore, synthesis of stimuli-responsive PUs that can be used for fabricating IVRs is very
challenging due to the fact that besides being stimuli-responsive, the new polymer structure should
provide enough flexibility and biocompatibility required for IVRs, and it should be easily

manufactured through hot-melt extrusion or injection molding methods used for fabricating IVRs.

Hence, surface modification of existing PU-based IVRs with pH sensitive polymer brushes
seems to be an attractive approach to functionalize the PU-based IVR without negatively changing

the desirable bulk properties.

The purpose of this thesis is to graft pH-sensitive polymer brushes onto? the surface of
intravaginal ring (Res IVR) made of polyurethanes (PUs) to achieve a switchable rapid release of
the immunomodulatory drug hydroxychloroquine (HCQ), as a potential drug for prevention of

HIV at basic pH (pH 7) and zero or close to zero drug release at acidic pH (pH 4).

We hypothesize that by chemically grafting a pH-sensitive polymer brush from the surface

of PU IVR Res, an on-off release of drugs can be achieved.
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The specific objectives of this project are:

1. To identify feasible surface priming and grafting techniques for imparting PU-based
reservoir IVR with the property of tuning the release of encapsulated model drug HCQ in
response to changes of environmental pH.

2. To study and obtain a clear understanding of the correlation between specific pH-
responsive functional polymers and the pattern of pH responsive drug release, given a
chosen surface engineering technique.

3. To achieve the pattern of pH-responsive drug release desirable for the end-use:

heterosexual intercourse-triggered drug release from reservoir-type IVRs.
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Chapter 3. Materials and Experiments
3.1 Materials

All reagents and solvents were purchased from Sigma-Aldrich or Fisher Scientific and used as
received. Methocel K100M premium hydroxypropyl methylcellulose (HPMC) (Error! Reference s
ource not found.) and intravaginal ring reservoir (Res IVR) segments were kindly supplied by
Dr. Emmanuel Ho’s lab at the Department of Pharmacy, the University of Manitoba. A non-
biodegradable medical-grade aliphatic polyether-based polyurethane Teco-philic HP-60D-35
(referred to here as (PU 60D 35) was used for fabrication of Res IVR segments. Shore hardness of
this polyurethane is 42 D and it can absorb 35% water. The cross-sectional diameter, the wall
thickness and the height of the Res IVR segment was determined to be 5 mm, 0.75 mm and 16
mm respectively. A digital caliper was used for the measurements. Ultra-pure water (18.2 MQ)

was obtained from a Millipore water purification system.
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Scheme 3-1. Methocel K100M premium hydroxypropyl methylcellulose (HPMC) structure.
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3.2 Experimental section

3.2.1 Immobilization of ATRP initiator

ATREP initiator, 2-bromoisobutyrylbromide (BIBB) was immobilized using two different methods:

3.2.1.1 Immobilization of ATRP initiator using poly(dopamine) PDA coating:

In order to immobilize the ATRP initiator on the surface of PU Res IVR segments, a method
proposed by Zhu and Edmondson was applied. *° In brief, dopamine hydrochloride (400 mg, 2.1
mmol) was dissolved in 20 mL dimethylformamide DMF under N2 purge for 10 min. Then BIBB
(0.23 mL, 1.05 mmol) and triethylamine (0.15 mL, 1.05 mmol) was added to the reaction mixture.
After 3 hr stirring under N at a round bottom flask (RT), the reaction mixture was transferred to
a conical flask containing 100 mL Tris(hydroxymethyl)aminomethane (TRIS) buffer (10 mM).

In this condition, the pH decreases to acidic values because of the presence of carboxylic
acid groups produced by acid bromide). Hence to adjust pH to basic pH (pH 8.5), 1 M TRIS was
added to the solution. Finally, PU 60D 35 Res IVR was immersed in this reaction mixture and
continuously shaken for 24 hr in the air. After that the PDA initiator-coated PU Res IVR (referred
to as PU-PDA-BIBB) was removed from the solution, rinsed with deionized water and shaken in

deionized water for overnight and dried with compressed air. (Scheme 3-2)
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Scheme 3-2. Immobilization of ATRP initiator on the surface of PU 60D 35 Res IVR segments using
poly(dopamine) PDA coating.
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3.2.1.2 Immobilization of ATRP initiator using formaldehyde activation.
In this method, a two-step procedure was applied to immobilize ATRP initiator on the surface of
PU IVR Res.34 Briefly, in a 100 mL round bottom flask (RB) containing 10 PU Res IVR segments,
formaldehyde solution (50 mL) was mixed with 1 mL of 85% phosphoric acid. The reaction
mixture was kept at 50 “C for overnight to produce the PU-OH Res IVR segments.

After that, the PU-OH Res IVR were washed with plenty of water and dried under vacuum.
In the second step, PU-OH Res IVR segments were immersed in a solution of n-hexane (50 mL)
and triethylamine (4 mL). BIBB (2 mL in 5 mL n-hexane) was added into the reaction mixture,
dropwise. The reaction mixture was gently stirred for 5 min at 0 °C and then 1 hr at room
temperature. The PU-OH-BIBB Res IVR segments were washed with copious amounts of

water/methanol (1:1 v/v) mixture and then dried under vacuum. (Scheme 3-3Scheme 3-3)

NCH,OH 0 Br
NH o) 2 c Br
NH J\ NCH,OH Hj Br

Br

NH H™ TH NCH,OH Br CHs Br

NCH,OH -
NH - 2 > Br
NH He NCH,OH o

NCH,OH
NH 2 Br
NH NCH,OH .

Scheme 3-3. Immobilization of ATRP initiator on the surface of PU 60D 35 Res IVR segments by
formaldehyde method.
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3.2.2 Surface-initiated ARGET-ATRP

3.2.2.1 |Surface-initiated ARGET-ATRP of poly(methacrylic acid) (PMAA) from the surface
of BIBB-immobilized PU Res IVR segments:

PMAA brushes are grafted from the surface PU-OH-BIBB Res IVR segments. For this purpose,
sodium methacrylate (NaMA) (1g, 9.25 mmol), CuBr2 (7.75 mg, 0.034 mmol) and N, N, N, N, N-
pentamethyldiethylenetriamine (PMDTEA) were dissolved in 4 mL of pure water and charged into
a 25 mL RB flask containing PU-OH-BIBB Res IVR segments. Next, the reaction mixture was
purged under N2 atmosphere for 30 min. Afterwards, the flask was placed in water bath at 45 °C.
The reaction was started by adding ascorbic acid (79.2 mg, 0.45 mmol) into the solution. The
polymerization was stopped after 24 hr by exposing to the air. The samples were washed with lots
of water, followed by immersing in 1 M HCl solution for 4 hr to exchange Na* for H*. The prepared

samples were dried under vacuum at 40 "C. (Scheme 3-4)
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+Na-O HO

Scheme 3-4. SI-ARGET ATRP of poly (methacrylic acid) (PMAA) from the surface of PU-OH-BIBB
Res IVR segments.
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Experimental design based on the combination of SI-ARGET-ATRP and alkyne-azide click
reaction:

3.2.3 Synthesis of Azide monomers:

3.2.3.1  Converting 2-bromobutyric acid monomer to 2-Azidobutyric acid monomer

For this reaction, 2-bromobutyric acid monomer (5 g, 30 mmol) was mixed with sodium azide
(9.75 g, 150 mmol) in 20 mL water in a round bottom flask. Then the reaction mixture was refluxed
overnight. After cooling down, the solution was acidified with 1 M HCI solution and extracted

with ethyl acetate. The organic part was evaporated and 2-Azidobutyric acid was obtained.%®

3.2.3.2 Converting 4-Chloromethylpyridine to 4-Azidomethylpyridine monomer
In a round-bottom flask, 2.5 g (15 mmol) of 4-Chloromethylpryidine dissolved in 20 ml of water

and reacted with 4.57 g (150 mmol) of sodium azide. The reaction was continued at 50 “C for
overnight, followed by quenching with sodium bicarbonate. An oily product was obtained after

extraction with methylene chloride.1%

3.2.3.3 Combination of SI-ARGT-ATRP and alkyne-azide click reaction

3.2.3.3.1 Surface-initiated ARGET-ATRP of poly(propargyl acrylate) (PPA) on the surface of PU-
OH-BIBB Res IVR segments

Poly(propargyl acrylate) (PPA) brushes were grafted from the surface of PU-OH-BIBB Res IVR
segments via SI-ARGET-ATRP. PPA (1g, 9.08 mmol), CuBr2 (7.75 mg, 0.034 mmol) and
N,N,N,N,N-pentamethyldiethylenetriamine (PMDTEA) ( 86.75 mg, 0.5 mmol) were dissolved in
4 ml of methanol and charged into a 25 mL RB flask containing PU-OH-BIBB Res IVR segments.
The reaction mixture was purged with nitrogen for 30 min. After that, Ascorbic acid (79.2 mg,

0.45 mmol) was added to the reaction mixture and reaction mixture was purged with nitrogen for
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extra 10 min. At the end, the flask containing the reaction mixture was placed in a 40 °C water bath
and shaken for 36 hr. The polymerization was stopped by exposing the reaction mixture to air. The

samples were washed with methanol and dried in a vacuum oven at 40 °C.

3.2.3.3.2 Alkyene-azide reaction of azide monomers on the surface of PU-PPA Res IVR segments.

In a 250 mL Erlenmeyer containing PU-PPA Res IVR segments, 10 mL water was mixed with 10
ml methanol. After that, the Azide monomers 1 mmol, 50 pl triton X were added into the solution.
The reaction mixture was shaken for 30 min. Then, sodium ascorbate 1 mmol and copper sulfate
0.1 mmol were added to the solution and the mixture was shaken at room temperature overnight.
Afterwards, samples were washed with methanol and acetone and dried at 40 °C under vacuum.
PU-PPA Res IVR was grafted with butyric acid groups BAA and 4-vinyl pyridine 4VP were
labeled as PU-PPA-BAA and PU-PPA-PY Res IVR respectively. Scheme 3-5 shows a
combination of SI-ARGET-ATRP of PPA and alkyne-azide click reaction on the surface of PU

60D 35 Res IVR segments.

ARGET-ATRP

(0]
Br _
HZC=)J\O/=CH

L
>

R= /@l o;_(}LOH
=
N3
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Scheme 3-5. Combination of SI-ARGET-ATRP and alkyne-azide click reaction of pH sensitive
monomers from the surface of PU-OH-BIBB Res IVR segments.
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3.2.4 Grafting density of acidic groups on the surface of PU-OH-PMAA and PU-PPA-
BAA Res IVR

The grafting density of acidic groups on the surface of PU-OH-PMAA and PU-PPA-BAA were
evaluated using the toluidine blue (TBO) dye method. 1* Res IVR segments were immersed in 10
mL of 0.5 mM TBO solution (pH 10) for 6 hr at room temperature while stirring. Samples were
then rinsed using NaOH solution (pH 10) to remove unreacted TBO. The stained samples were
immersed into 50% acetic acid which unbinds the TBO from the carboxylic acid groups of PMAA

or PBAA.

The absorbance of the solution containing TBO was measured by UV-spectrophotometer
(Ultrospec 4300 pro, Biochrom, England) at 630 nm. At pH 10, TBO forms a one-to-one complex
with carboxylic acid groups on PMAA or PBAA. A calibration curve of TBO with different
concentration in 50% acetic acid against corresponding absorbance was made. (Figure 3-1) The
concentration of TBO in solution was calculated using this calibration curve. The PU-OH-BIBB
and PU-PPA Res IVR were used as controls for samples grafted with PMAA and BAA

respectively. The experiment was done in triplicate. (Figure 3-2)
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Figure 3-1. Absorbance of TBO against the concentration of TBO in % 50 acetic acid solution.

Figure 3-2. PU-OH-BIBB Res IVR (left) and PU-OH-PMAA Res IVR (Right) in 50% acid acetic
solution
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3.2.5 Grafting density of cationic groups on the surface of PU-PPA-PY IVR Res IVR

In order to determine the grafting density of pyridine groups on the surface of PU-PPA-PY IVR
Res, the Acid Orange Il (AO) method was applied. PU-PPA-PY Res IVR and PU-PPA Res IVR
segments (as controls) were immersed into a 0.5 mM Acid Orange Il (AO) solution in deionized
water (D.l.) with pH adjusted to 3 with hydrochloric acid. At this pH, amino groups form

complexes with AO.

After shaking overnight at 37 “C, samples were washed 3 times for at least 15 mins with D.I.
water at pH 3. The AO concentration, which is proportional to the amine groups, was determined
with a UV-spectrophotometer (Ultrospec 4300 pro, Biochrom, England) at 485 nm. A calibration
curve of AO with different concentrations in water with pH=12 (which is adjusted with NaOH)
verses their absorbance values was made. (Figure 3-3) The grafting density of PY was determined

with reference to the calibration curve 19510
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Figure 3-3. Absorbance of AO against the concentration of AO in water with pH=12
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3.2.6 Release studies.

3.2.6.1 Semisolid HCQ-HPMC preparation

The preparation of a semi-solid containing HCQ-HPMC has been reported elsewhere, by Yannick
etal. & In brief, HCQ-HPMC semi-solid was prepared by weighing 160 mg of HCQ and dissolving
it in 1.28 ml of distilled water, followed by adding 160 mg of HMPC to the solution. The mixture
was mixed with a spatula, then transferred into a 5 ml syringe connected to another syringe. The
content of the syringe was passed in and out of the syringe, 80 times to make a homogenous

mixture.

3.2.6.2 pH responsive behavior at pH 4 or pH 7
Untreated PU 60D 35 IVR and modified PU 60D 35 Res IVR segments were filled with 80 mg of

semisolid containing HCQ-HPMC. The end of each segment was capped with silicon caps and
sealed with Loctite® 4013™ Prism® instant adhesive (Henkel Corporation). The “capped”
segments were immersed in 5 ml Phosphate buffered saline PBS at pH 4 or pH 7, and placed in an
incubator equipped with an orbital shaker set at 100 rpm and a temperature of 37 ‘C. Sink
conditions were maintained by replacing the entire release medium after a desired time. The
amount of released HCQ was determined using a UV spectrophotometer (Ultrospec 4300 pro,

Biochrom, England) at 343 nm. (Figure 3-4)
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Figure 3-4. Silicon-capped PU 60D 35 and modified PU 60D 35 Res IVR segments.

3.2.6.3 Release study at pH 4 and pH 7 switch on/off cycle
For this set of experiments, the capped Res IVR segments filled with HCQ/HPMC semisolid were

immersed in 5 ml of PBS solution (pH 4). After a desired time (4 hr), samples were taken out and
immersed in pH=7 PBS solution. This cycle was repeated several times (minimum 5 times). All

experiments were done in triplicate and the mean +1 standard deviation is reported.

3.2.7 Surface characterization

The Attenuated Total Reflectance Fourier-transform infrared (ATR-FTIR) spectra were recorded
with a Nicolet S10 spectrometer (ThermoScientific) with a resolution of 4 cm™ for 16 scans. The
IH NMR spectra of synthesized samples were recorded on a Bruker MSL 300 spectrometer (300

MHz). The surface chemical composition of the PU samples was analyzed by X-ray photoelectron
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spectroscopy (XPS). XPS measurements were performed on a Kratos Axis Ultra spectrometer

using a monochromatized Al K X-ray source (1486.7 eV photons).

The topography of the unmodified and modified PU Res IVR segments was studied by
atomic force microscopy (AFM) using a Vecco D3100. In each case an area of 20x20 pm? was
scanned using the tapping mode with a scan rate of 1 Hz. The arithmetic means of the surface
roughness (Ra) was calculated from the roughness profile determined by AFM. NanoScope

Software 6.13 was employed to analyze the data.

Scanning electron microscope (SEM) images of unmodified and modified PU 60D 35 Res
IVR segments at different pH values were obtained on a FEI Quanta 650 FEG. Unmodified and
modified PU 60D 35 Res IVR segments were immersed in PBS solution at pH 4 and pH 7
separately for 24 hr. After removing samples from PBS solutions and removing extra water
solution from the surface, samples were frozen at -80 °C followed by freeze-drying. In order to
study the cross-sectional view of samples, they were broken using a mortar and pestle, after
immersing in liquid nitrogen. The samples were mounted on the sample studs and coated with a

thin layer of gold. (

Figure 3-5)
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Figure 3-5. Samples after coating with a gold layer.
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Chapter 4
Results and discussion
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Chapter 4. Results and Discussion

As mentioned previously in the first chapter, the position of polymer brushes relative to pores on
the surface of the substrate determines the final response of the responsive substrate. For instance,
if an anionic polymer brush such as PMAA is grafted only on the opening end of pores on a
substrate, higher release rate would be observed at basic pH values compared to acidic pH values.
At basic pH values, polymer chains are deprotonated and because of the repulsion forces between
negatively charged polymer chains, they adopt a “brush-like” conformation. As a result, Pores are
open and release rate increases.®* % In contrast, if polymer brushes are grafted inside the pores
along the thickness of pores’ walls, at higher pH values, the negatively charged polymer chains
are extended along the thickness of walls in the pores. Therefore, they cover the pores and release
rate decreases. While in acidic pH values, polymer brushes adopt a “mushroom” conformation and

solutes can release easily from the substrate.5%70.72

Surface modification methods, i.e. the techniques used to immobilize initiators and the
grafting techniques, can affect the position of polymer brushes relative to the pores on the surface
of the substrate, pore size and their distribution which in turn leads to different responses of

polymer brushes to external stimuli.*%’

Hence, in the first part of this project, | aimed to find a suitable surface priming and
modification method for imparting PU Res IVR with the property of tuning the release of the
encapsulated model drug HCQ in response to changes of environmental pH. In the second part, it
was aimed to study and obtain a clear understanding of the correlation between specific pH

responsive functional polymers and the pattern of pH-responsive drug release according to the
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specific surface engineering technique. Moreover, it was aimed to use this correlation to achieve

a heterosexual-triggered drug released from PU IVR Res.

4.1 Finding a feasible and suitable approach to achieve desirable pH
sensitivity:

4.1.1 The choice of suitable surface priming and modification technique

As it was mentioned, the most important step in the Sl-polymerization technique is the
immobilization of initiator on the surface of a substrate. We applied two methods to immobilize
BIBB as an ATRP initiator on the surface of PU IVR Substrate. The first method is polydopamine
(PDA) coating which is a universal method that can be applied to immobilize an ATRP initiator
such as BIBB on the surface of a wide range of substrates.’®® In this method, the dopamine
monomer reacts with BIBB under base catalysis before polymerization of PDA happens. This
reaction is performed in a polar aprotic solvent such as DMF and in the absence of air to avoid
premature polymerization. After that, polymerization happens in an aqueous solution in the

presence of air.

Also an alternative method, activation with formaldehyde in an acidic condition, was
applied for BIBB immobilization on the surface of PU substrate.®* In this method, formaldehyde
reacts with a nitrogen in urethane group in an acidic condition to form hydroxyl groups on the
surface of the PU membrane. After that, theses hydroxyl groups react with BIBB to produce alkyl

bromide-terminated PU membrane (Scheme 4-1).
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OR;

Scheme 4-1. Schematic illustration of activation of the surface of PU IVR substrate and subsequently the
reaction of hydroxyl groups with BIBB.

Also in our first attempt, PMAA (Scheme 1-1Scheme 4-2) with pKa 6.5 1% was chosen to be

grafted form the surface of PU Res IVR using SI-ARGET-ATRP.

HOOC HOOC HOOC

Scheme 4-2. The chemical structure of PMAA

Controlled polymerization of acid monomers such as (acrylic acid) (AA) or (methacrylic
acid) (MAA) using ATRP is very challenging because the acid monomer poisons the catalysts by
converting the Cu(l) catalyst to Cu(l) carboxylate which retards the catalyst activity.” Also,

ligands can be protonated, which interfere with the metal complexation ability.8"11011
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Alternatively, the PMAA brushes can be prepared through ATRP using precursor monomers of
MAA such as (trimethylsilyl) methacrylate, tert-butyl methacrylate or p-nitrophenol methacrylate,
followed by hydrolysis or pyrolysis of the protective groups. However, the de-protection of the
initial monomer such as tert-butyl group not only introduces an additional synthetic step, but also,
the prolonged hydrolysis times were found to cause partial cleavage of polymer chains from the
surface.!™ Another possibility for grafting PMAA brushes from the surface is using sodium
methacrylate (NaMA) instead of MAA. Billingham et al., for the first time reported the direct
ATRP of sodium methacrylate in aqueous media.'? Huang et al., grafted PMAA brushes from the
surface of cross-linked chitosan microspheres using NaMA?®’ to remove Cd(l1) ions from aqueous
solutions. In another work, PMAA brushes were grafted the surface of a quartz crystal
microbalance (QCM) using NaMA to study the influence of thickness and density of polymer
brushes on the pH responsiveness of PMAA brushes.!® In this dissertation, poly(sodium
methacrylate) PNaMA brushes were grafted from the surface of PU 60D 35 Res IVR via Sl-
ARGET-ATRP, followed by immersing in 1 M HCI solution to convert carboxylate groups to

carboxylic acid groups.

4.1.2 Invitro HCQ release

Figure 4-1 shows a non-cumulative release of HCQ from PU 60D 35 Res IVR segments at pH 4
and pH 7. The PU used to fabricate IVR Res is an aliphatic hydrophilic polyether-based resin
which can absorb water up to 35% of the weight of dry resin. As it can be seen in Figure 4-1 the
release profile of HCQ was the same at pH 4 and pH 7 with the average release of 86.33+6.1
pg/mL after 24 hr. Also the pH sensitivity of PU 60D 35 Res IVR samples was studied at pH 4

and pH 7 cycles in a 4 hr time interval. First, the average release of HCQ was 1.16+0.88ug/mL at
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pH 4 and then it increased to 5.33+1.77 pg/mL at pH 7, and it continued to increase to 8.6+0.5

pg/mL at pH 4 and finally it reached a constant release of 9.75+1.11 pg/mL every 4 hr. The reason

might be related to the fact that, at first PU is in its dry state. However, after immersing in PBS

solution PU starts to absorb water until it reaches its equilibrium point. These results suggest that,

the release of HCQ from PU 60D 35 Res IVR is pH independent (Figure 4-2).
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Figure 4-1. Release of HCQ from PU 60D 35 Res IVR at pH 4 (blue line) and pH 7 (red line) (n=3).
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HCQ Release (pg/ml)

Figure 4-2. Release of HCQ from PU 60D 35 Res IVR at pH 4/pH 7 cycle at 4hr time interval n=3.

Figure 4-3 shows the release of HCQ from PU-PDA-BIBB Res IVR at pH 4 and pH 7. Since the
first data point was collected in 12 h instead of 24 h, the average release of HCQ from PU-PDA-
BIBB Res IVR at pH 4 and pH 7, was determined without considering the first data point. The
average release of HCQ from PU-PDA-BIBB was determined to be 102.38+6.49 pg/ml at pH=4
and 53.92+3.42 ug/ml at pH=7 per day respectively (p<0.05 n=3). The higher release at pH=4
than pH=7 is because of decrease in interaction of PDA and HCQ because of protonation of amino

and catechol groups of the PDA at low pH values.

61



n
HO OH HO OH
Scheme 4-3. Chemical structure of PDA.
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Figure 4-3. Release of HCQ from PU-PDA-BIBB Res IVR at pH 4 (blue line) and pH 7 (red line) (n=3).

62



Based on the release studies above, because PU-PDA-BIBB showed pH sensitivity at
different pH values, this method cannot be considered as a good option to immobilize ATRP

initiator on the surface of PU substrate.

In the next step the release profiles of HCQ from PU-OH-BIBB Res IVR segment at different
pH values were studied and the results are shown in Figure 4-4. It can be seen that release curves
at both acidic and basic pH are the same, indicating that release of HCQ from PU-OH-BIBB Res
IVR is pH independent. The higher release of HCQ from PU-OH-BIBB Res IVR compared with
PU Res IVR might be related to some degradation that can happen to the PU substrate during the
immobilization of BIBB on the surface of the PU IVR Res. Also, the pH sensitivity studies of PU-
OH-BIBB Res IVR were performed at pH 4/pH 7 cycles. Figure 4-5, also confirms that PU-OH-

BIBB Res IVR does not show any pH sensitivities at different pH values.
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Figure 4-4. Release of HCQ from PU-OH-BIBB Res IVR at pH 4 (blue line) and pH 7 (red line) (n=3).
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Figure 4-5. Release of HCQ from PU-OH-BIBB Res IVR at pH 4/pH 7 cycle at 4hr time intervals (n=3).

Since PU-OH-BIBB Res IVR does not show pH sensitivity upon pH changes, this method

is applied to immobilize BIBB on the surface of PU Res IVR.

Figure 4-6 shows an XPS spectrum of (a) PU 60D 35 Res IVR and (b) PU-OH-BIBB Res
IVR segments. Compared to PU 60D 35 IVR Res, a small peak appears in the spectrum of PU-
OH-BIBB Res IVR at 70 eV. The presence of this peak corresponding to Br core level electron

suggests the incorporation of 2-bromoisobutyrate groups onto the PU substrate.
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Figure 4-6. XPS spectra of (a) PU 60D 35 Res IVR segment and (b) PU-OH-BIBB Res IVR segment

with inset showing Br core level scan.

The density of the BIBB (p*, [Br]/nm?) layer on the surface of PU-OH-BIBB Res IVR was
obtained from the XPS results.%14115 The thickness of the initiator layer h was determined to be

0.27 p* based on Equation 4.1:
: UM
Equation 4.1 h=p*x /(NA % p1)
1

Where, M1 and p; are molecular weight of BIBB (165.5 g/mol) and mass density of BIBB

(1.0 g/cm?®, or 1.0 x1072! g/nm?) respectively. NA is the Avogadro constant (6.022x 10%).
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The number (n) of the total C atoms per unit surface area (A=1 nm?, with the XPS probing

depth of 7.5 nm) is expressed in Equation 4.2:

Equation 4.2 n=4p"+3((7.5— k) x Ny x P2y )

Where 4 and 3 refer to the number of C atoms in BIBB group (C4HsO2Br) and the repeating
unit of polyurethane (CsHsN20) respectively. p, is the mass density of the polyurethane (1.2 g/cm?®

or 1.2x1072t g/nm?), and M is the molecular weight of the polyurethane repeating unit (88 g/mol).

We obtained n=184.725+2.65p" after substituting h, Na, p2 and M2 with data. Based on the
[Br]/[C] ratio of 1.6x107 (determined from the sensitivity factor-corrected area of Br 3d and C 1s
peaks in the high-resolution spectrum of PU-OH-BIBB Res IVR segment (Error! Reference s

ource not found.Table 4-2), the initiator density p* is estimated to be 0.29 [Br]/nm? from the
following equation: r = %*. This density is higher than the reported value of 0.21 [Br]/nm?which

was shown to be high enough to initiate surface graft polymerization. *°

In the next step, PMAA brushes were grafted from the surface of PU-OH-BIBB Res IVR
segments. The grafting density of PMAA brushes is determined to be 2.43+0.055 mg/cm? using
the TBO dye method. In one study the permeability of riboflavin was investigated from
poly(acrylic acid) PAA grafted poly(vinylidene fluoride) PVDF membrane. It was observed that
the permeability of the model drug depends on the graft density of PAA chains on the surface of
the membrane. It was observed that when the grafting density of PAA chains is between 0.35 and
2.17 pmol/cm?, the permeability of riboflavin decreased dramatically at pH 4-5 which is close to
the pKa of PAA.! Therefore, the grafting density of PMAA grafted from the surface of PU-OH-

BIBB is high enough to show pH responsiveness.
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The response of PU-OH-PMAA Res IVR after application of the new immobilization
method of ATRP initiator at different pH values is illustrated in Figure 4-7. Interestingly, it is
observed that the release profiles of HCQ from PU-OH-PMAA Res IVR segments, at two pH
values of 4 and 7 are the same (p>0.05 n=3). This suggests that although the presence of PMAA
brushes decreases the rate of drug release compared to PU-OH-BIBB IVR Res, the presence of
PMAA brushes does not affect the pH sensitivity of Res IVR segments. This could be related to
the nature of the PMAA polymer chains. Poly(methacrylic acid) chains can be hydrated over the
entire pH range. It has been shown that a layer by layer (LBL) hydrogel, which contains PMAA
chains remains hydrated over the entire pH range with the lowest static water contact angle and
the largest swelling ratio among the family of poly(2-alkylacrylic acid) (PaAAs).**"!8 Hence,
changes in the conformation of PMAA chains upon different pH values do not have a dramatic

influence on profile release of HCQ from PU-OH-PMAA IVR Res.
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Figure 4-7. Release of HCQ from PU-OH-PMAA Res IVR at pH 4 (blue line) and pH 7 (red line) (n=3).

4.2 Alternative polymer brushes in order to achieve desirable pH
responsiveness:

4.2.1 The choice of anionic polymer brushes

According to the pervious results, it seems that PMAA is not a good candidate for pH
responsiveness, therefore a monomer which presents more changes in hydrophobicity and
hydrophilicity in response to changes of pH is needed. Unlike PMAA and PAA, other PaAAs
including poly(2-ethylacrylic acid) (PEAA) (pKa=5.2-6.2), poly(2-n-propylacrylic acid) (PPAA)
(pKa=5.5-6.5) and poly(2-n-butylacrylic acid) (PBAA) (pKa=6.5-7.2) (Scheme 4-4) that become
more hydrophobic in acidic pH values and show prominent changes upon pH changes were
investigated.!"119 We aimed to graft PaAAs with more hydrophobicity/hydrophilicity from PU

Res IVR segments to achieve desirable pH responsiveness.
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The main challenge in the first place was synthesis of these monomers. Huntington et al,
reported a three-step method to synthesize 2-Alkylacrylic acid monomers. In this method, first
dimethyl-2alkylmalonates were prepared by using dimethyl malonate and corresponding sodium
alkyl ethoxide. Then dimethyl-2alkylmalonate was alkylated with the corresponding alkyl bromide
and hydrolysis of the ester groups to give white solids of 2-alkylmalonic acids. Finally, acidic
monomer can be synthesized from treatment of 2-alkylmalonic acid with formaldehyde or
paraformaldehyde.'?%2! |y et al., used free a radical polymerization method to synthesize PaAAs

with average molecular weights of 100,000 g/mol and polydispersity (PDI) of 2.2.118

We tried to synthesize alkyl acylic acid monomers in our lab. However, not only the procedure to
synthesize the monomers was too long, but also the purification steps results in a low yield of final
products (less than 20%). Therefore, we tried to find an alternative method which can overcome

these obstacles.

n
COOH n

COOH COOH

Scheme 4-4. Chemical structures of poly(2-alkylacrylic acids) (PaAAs). The abbreviations PEAA,
PPAA, PBAA stands for poly(2-ethylacrylic acid), poly(2-n-propylacrylic acid) and poly(2-n-butyric
acid), respectively.
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4.2.2 Choice of cationic polymer brushes

In our attempt to understand the correlation between the position of polymer brushes on the
surface, and the mechanism of release from modified PU 60D 35 Res IVR segments, a cationic
polymer such as Poly(4-vinylpyridine) PAVP pKa 5-6 122 was considered to be grafted from the

surface of PU 60D 35 Res IVR as well.

Poly(4-vinylpyridine) (P4VP) is a pH-sensitive polymer which has attracted a great interest
over past decades, because of its applications as a water-soluble polymer and coordination reagent
for transition metals. Also this polymer can be used as a conductive polymer and a compatiblizer

in block copolymers. 123125

Homopolymers and copolymers of P4VP and polymer brushes of P4VP have been produced
by ATRP1%-1% and SI-ATRP.>"126127 However, the ATRP of 4VP is very challenging, because of
the complex behaviour of the pyridine rings of 4VP and P4VP with the copper catalysts. Both 4VP
and P4VP can compete for the binding of the metal catalysts in ATRP systems due to the fact that
the monomer and polymer are strong coordinating ligands. Furthermore, because of the excess
amount of monomer in the solution compared to the ligand used, there is a possibility of the
formation of a tspyridine-coordinated metal complex in the polymerization solution. These metal
complexes are not effective catalysts for ATRP and in many cases, this leads to partial or complete
loss of catalyst activity.'?>'?° The second challenge in ATRP of 4VP is the necessity of chloride-
based initiators and catalysts for a successful polymerization. The chloride-based initiator or
catalysts avoid side reactions that supress the main reaction. For instance, it was observed that a
polymer with a polymodal molecular weight distribution was obtained when a bromide-based

initiator or catalyst was used. The bromine-terminated P4VP can react with either the monomer or
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the polymer, yielding pyridinium salts and hence producing a branched polymer.*?® This reaction

can be supressed when a chloride based initiator was used in the reaction.

Because of these challenges related to the synthesis of PaAAs and P4VP, finding a versatile
approach that can overcome these obstacles is needed. In our effort to solve the mentioned
problem, we used a novel method to graft acidic and pyridine groups the surface of PU 60D 35
IVR Res. This novel method is a combination of the SI-ARGET-ATRP and the alkyne-azide click
reactions. In this approach, first poly(propargyl acrylate) (PPA) brushes were grafted from the
surface of PU-OH-BIBB using SI-ARGET-ATRP. PU-PPA Res IVR can be used as a versatile
platform where monomers with different functionalities can be easily immobilized on the surface

of this platform with an alkyne-aizde reaction for desirable applications.
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4.2.3 Synthesis of Azido compounds:
In order to impart pH sensitive groups onto the surface of PU-PPA Res IVR segments, first pH-
sensitive monomers were synthesized in their azide format. 2-Azidobutyric acid was synthesized

from 2-bromobutyric acid.

The formation of an azide compound was detected by ATR-FTIR and *H-NMR. Figure 4-8
demonstrates ATR-FTIR spectra of 2-bromobutyric acid and 2-Azidobutyric acid. A strong

N==n asymmetric stretching absorption appears at 2100 cm* which is related to the azido group.

'H-NMR spectra of 2-bromobutyric acid and 2-azidobutyric acid are demonstrated in Figure
4-9 and Figure 4-10 respectively. It can be observed that the methine group shifted from 4.2 ppm
to 3.5 ppm after replacing the bromide group with an azide group in 2-azidobutryic acid. (Figure

4-10)
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Figure 4-8. ATR-FTIR spectra of 2-bromobutyric acid (blue line) and 2-Azidobutyric acid (red line).
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Figure 4-9. *HNMR peaks for 2-bromobutyric acid.
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Figure 4-10. *tHNMR peaks for 2-azidobutyric acid.

Moreover, 4-azidomethylpyridine was synthesized from 4-chloromethylpyridine as
mentioned in Chapter3. ATR-FTIR analysis of 4-chloromethylpyridine and 4-
azidomethylpyridine are illustrated in Figure 4-11. The strong peak at 2100 cm™ is related to the
azide group in the synthesized compound. *H-NMR results of 4-chloromethyl pyridine and 4-
Azidomethyl pyridine are illustrated in Figure 4-12 and Figure 4-13. After replacing the chlorine
group with an azide group, there is a shift from 4.8 to 4.6 of the C-H bond connected to the azide

group. (Figure 4-13)
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Figure 4-11. ATR-FTIR spectra of (a)4-chloromethylpyridine (red) (b) 4-azidomethylpyridine (blue).
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Figure 4-12. *H-NMR peaks for 4-chloromethylpyridine.
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Figure 4-13.'H-NMR peaks for 4-azidomethyl pyridine.

4.2.4 Surface characterization:

ATR-FTIR and XPS were conducted to analyze the surface of modified samples. The ATR-FTIR
spectra of PU-PPA Res IVR before and after alkyne-azide reaction with 2-azidobutyric acid and
4-azidomethylpyridine are demonstrated in Figure 4-14 and Figure 4-15 respectivelyFigure 4-13.
A broad N=N stretch can be observed around 1610 cm™ which confirms the formation of a triazole

ring from the click reaction.

Grafting density of acidic groups on the surface of PU-PPA Res IVR segments was
determined to be 3.05+0.021 pmol/cm? using the TBO dye method. As for the PU-PPA-PY, the

grafting density of cationic groups on the surface of PU-PPA-PY Res IVR was determined to be
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2.02+0.044 umol/cm? using the AO dye method. As it was mentioned in the previous section this
amount is high enough for pH responsiveness.®”11® Table 4-1 summarizes the grafting density of

all modified PU 60D 35 Res IVR segments with anionic and cationic groups used in this project.

Table 4-1. Grafting density of anionic and cationic groups on the surface of PU Res IVR segments.

Sample Grafting density (umol/cm?)
PU-OH-PMAA 2.43+0.055
PU-PPA-BAA 3.05+0.021
PU-PPA-P4VP 2.02+0.044
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Figure 4-14. ATR-FTIR spectra of (a) PU-PPA Res IVR (blue) and (b) PU-PPA-BAA Res IVR (red)
segment.
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Figure 4-15. ATR-FTIR spectra of (a) PU-PPA Res IVR (red) and (b) PU-PPA-PY (blue) Res IVR
segment.

Figure 4-16 shows the C 1s high-resolution spectrum of untreated PU 60D 35 Res IVR and
PU Res IVR with pH sensitive functional grroups after the combination of SI-ARGET-ATRP and

a click reaction. Three peaks are observed in each spectrum. For untreated PU (

Figure 4-16,a), peaks are (A) aliphatic or aromatic hydrocarbon (C-C/C-H) at a binding
energy of 285 eV, (B) the carbon linked to an ether group (COC), at the binding energy of 286.5

eV and (C) carbon related to a carbamate group (OCON) at the binding energy of 289 eV. However,
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in the spectrum of PU-PPA-BAA and PU-PPA-PY Res IVR, the peak related to the carbon attached

to the nitrogen atoms in the triazole ring is observed at 287 eV (Figure 4-16, b, c).
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Figure 4-16. XPS C 1s high-resolution spectrum of (a) PU 60D 35 (b) PU-PPA-BAA and (c) PU-PPA-

PY Res IVR segments.

Also N1s high-resolusion spectra of ummodified and modified segments are shown in Figure

4-17. It 1s observed that a new peak at 401 related to N1s of triazole ring appears after click reaction

for PU-PPA-PY (b) and PU-PPA-BAA (c).
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Figure 4-17. XPS N 1s high-resolution spectra of PU 60D 35 (a), PU-PPA-PY (b) and PU-PPA-BAA(C)

Res IVR segments.

Surface elemental concentrations of unmodified and modified PU 60D 35 Res IVR segments
obtained from the peak-area ratios, are summarized in Table 4-2. The amount of N on the surface
of PU Res IVR decreases after PPA grafting due to the fact that PPA does not contain nitrogen.
The N seen in PU-PPA is related to the N existing in PU Res IVR. After alkyne-azide click
reaction, because of trizole groups, the amount of N increases from 1.27 %w for PU-OH-BIBB
IVR Res to 3.14 % w and 2.49 %w for PU-PPA-BAA Res IVR and PU-PPA-PY Res IVR
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respectively. These results confirm that click reaction was performed sucessfully on the surface of

PU Res IVR.

Table 4-2. XPS-derived surface elemental compositions of untreated PU and modified PU’s.

Atomic concentration (%)

Sample
C1s N 1s O1s Brad
PU 60D 35 82.27 1.11 16.62 0
PU-OH-BIBB 81.24 1.27 17.36 0.13
PU-PPA 83.6 0.7 15.7 0
PU-PPA-PBAA 78.06 3.14 18.8 0
PU-PPA-P4VP 81.3 2.49 16.21 0

The topography of the unmodified and modified PU Res IVRsegments using AFM; are
illustrated in Figure 4-18. An area of 20x20 pm? was scanned using the tapping mode. As for the
untreated PU 60D 35 Res IVR, the surface was rather smooth with a root-mean-square surface
roughness value (Ra) of about 15.1 nm (Figure 4-18a). However, after immobilization with BIBB
and grafing of PPA onto? the surface of the PU Res IVR, the roughness of the surface increased to
30.1 nm for PU-OH-BIBB (Figure 4-18b) and 46.5 nm for PU-PPA (Figure 4-18c). Interestingly,
after alkyne-azide click reaction the roughness increased to 341 nm for PU-PPA-PY (Figure 4-18d)
and 427 nm for PU-PPA-BAA (Figure 4-18e). This dramatic increase in roughness after click
reaction can be explained on the basis that carboxylic acid or pyridine moities can generate

significant steric hindrance between polymer chains and prevent the polymer chains from folding.
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Figure 4-18. AFM images of (a) PU 60D 35, (b) PU-OH-BIBB, (c) PU-PPA, (d) PU-PPA-P4VP and (e)
PU-PPA-PBAA IVR Res.
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4.2.5 pH responsiveness of modified PU 60D 35 Res IVR with the new method:

Figure 4-19 shows the pH responsiveness of PU-PPA Res IVR segments at pH 4/pH 7 cycle. The
average amount of released HCQ from PU-PPA Res IVR segment at pH 4 and pH 7 is 0.90+0.37
and 0.86£0.3ug/ml in 4 hr time intervals at pH 4 and pH 7 (p>0.05, n=3). According to these

results, PU-PPA IVR Res, does not show any pH sensitivities in drug release.

HCQ Rlease (ug/ml)

Figure 4-19. Release of HCQ from PU-PPA Res IVR at pH 4/pH 7 cycle at 4 hr time intervals (n=3).

The release profiles of HCQ from PU-PPA-BAA Res IVR and PU-PPA-PY Res IVR in pH
4/7 cycles for 4hr time intervals are shown in Figure 4-20 and Figure 4-21 respectively. As for
PU-PPA-BAA Res IVR, the amount of released HCQ at pH 4 is 65.67 +3.83 pug/ml and it decreases
to 40.86+1.31 pug/ml at pH 7. These results reveal that the rate of release was higher at pH 4 than
pH 7 when butyric acid groups were clicked onto the surface of PU-PPA IVR Res. In contrast

when pyridine groups were clicked onto the surface of PU-PPA Res IVR segments as a cationic
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polymer, the rate of release increased from 3.87+1.29 pug/ml at pH 4 to 11.90+0.72 pg/ml at pH 7

(Figure 4-21).

This behavior can be explained by the “through pore” mechanism. According to this
mechanism, when, butyric acid groups are grafted inside the pores along the thickness of the pore
walls, with an increase in the pH values, most carboxylic acid groups are converted to carboxylate
ions. A possible explanation is as follows: Electrostatic repulsion among the carboxylate groups
along with their interaction with the aqueous solution, forces the polymer brushes to adopt an
extended or “brush-like” conformation. The extended polymer chains in the pores could reduce
the effective dimension of the pores. As a result, the release of HCQ thorough PU Res IVR would
decline. On the other hand, PPA-BAA chains adopt a “mushroom” conformation under low-pH
conditions. As a result, steric obstruction of the pores decreases and the drug release rate

increases. 1%’

In contrast, when the pyridine groups of the grafted PPA-PY chains are protonated in an
acidic solution, the electrostatic repulsion among the positively charged pyridinium nitrogen atoms
overcomes the hydrophobic interactions among the alkyl segments of the chains. The extended
polymer chains would reduce the effective pore size and thus the release of HCQ from PU-PPA-
PY IVR Res. On the other hand, with an increase in pH values, PPA-PY brushes are expected to
be in their mushroom conformation. Therefore, release of HCQ would be expected to increase

because of an increase in the pores’ dimensions.
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Figure 4-21. Release of HCQ from PU-PPA-PY Res IVR at pH 4/pH 7 cycle at 4hr time intervals (n=3).
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4.2.6 Surface morphology of the untreated PU 60D 35 Res IVR and modified PU IVR Res
SEM analysis was performed to study the surface morphology of untreated PU 60D 35 Res IVR
and modified PU Res IVR segments. Figure 4-22 shows cross-section views of PU 60D 35 Res
IVR and PU-PPA Res IVR swollen at pH 4 and pH 7. The SEM images indicate, crevices on the
surface of PU 60D 35 Res IVR with an average length of 207.27+2.47 nm and width of 31.82+0.68
nm among 17 crevices at pH 4 (Figure 4-22, a). The size of crevices did not change significantly
at pH 7, with the length of 197.11+2.64 nm and width of 25.10+0.64 nm (Figure 4-22,b) (p>0.05
n=17). These results demonstrate that PU 60D 35 Res IVR structure is pH-independent. SEM
images reveal that when PPA brushes are grafted from the surface of PU Res IVR segments, there
is no significant change in surface morphology in comparison to the untreated material (Figure
4-22 ¢, d). Also changes in pH values do not affect the crevice size on the surface of PU-PPA IVR
Res. At pH 4, crevices on the surface of PU-PPA Res IVR have an average length of 209.09+2.10
nm and width of 28.57+0.51 nm. At pH 7, the size of the crevices on the surface of PU-PPA Res
IVR remain constant with the length of 194.23+1.94 nm and width of 28.82+0.49 nm (p>0.05

n=17).
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Figure 4-22. SEM of a cross-sectional view of PU Res IVR segments at (a) pH 4, (b) pH 7 and PU-PPA
Res IVR segments at (c) pH 4 and (d) pH 7.

SEM images of cross-sectionals view of the PU-PPA-BAA Res IVR and PU-PPA-PY Res
IVR segments at different pH values are illustrated in Figure 4-23 and Figure 4-24 respectively. It
is observed that the surface morphology of Res IVR segments is significantly altered when BAA
and PY groups are added to the PPA chains after click reaction. In the case of PU-PPA-BAA Res
IVR segments, pores are covered at pH 7 (Figure 4-23a) due to the fact that negatively charged

polymer chains of BAA are extended and cover the pores on the surface of PU IVR Res. However,
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with decreasing pH to 4, the size of pores increases to the average size of 576 + 87 nm of length

and 124+51 nm of width (Figure 4-23b) (n=10).

Interestingly, as for PU-PPA-PY Res IVR segments, the size of the pores increases with
increasing pH values to pH 7 with an average size of 459 £24 nm (Figure 4-24a) compared to pH
4 with the average size of 149 +26 nm (Figure 4-24b) (p<0.05, n=10). These results are in
agreement with results obtained from release studies and confirm that the dominant mechanism
that controls release of drug from polymer brushes grafted from PU Res IVR segments is the

“through pore” mechanism.

Figure 4-23. SEM of cross-sectional view of the PU-PPA-BAA Res IVR segments at pH 7 (a) and pH 4
(b).
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Figure 4-24. SEM of cross-sectional view of the PU-PPA-PY Res IVR segments at pH 4 (a) and pH 7
(b).
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4.2.7 Influence of reaction time of PPA on pH responsiveness of PU-PPA-PY Res IVR
segments

In the next step, it was aimed to study the effect of polymerization time of PPA on pH
responsiveness of PPA-PY polymer brushes grafted from the surface of PU Res IVR segments.
Figure 4-25 shows the release of HCQ from PU-PPA-PY Res IVR segments at different reaction
times. It is observed that the amount of release at 12 h is lower that (p<0.05, n=3) than the release
at 36h. However, increasing the reaction time from 36 hr to 60 hr did not have a significant effect

on pH responsiveness of PPA-PY brushes (p>0.05, n=3).
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Figure 4-25. HCQ Release from PU-PPA-PY Res IVR segments in pH 4/pH 7 cycles at different reaction
times of PPA (red) 12 hr, (dark blue) 36 hr, (green) 60 hr (n=3).
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Chapter 5
Summary and Conclusion
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Chapter 5. Summary and Conclusions

Stimuli-responsive polymer drug delivery systems have drawn much interest in the field of drug
delivery systems, since they can reduce the side effects of drugs on tissue toxicity or the emergence
of drug resistance in viruses and bacteria in the long term. Grafting of stimuli- responsive polymer
brushes from the surfaces of drug delivery systems can be an effective method to functionalize the

system with desirable properties for controlled drug release without changing the bulk properties.

Depend on where pH responsive polymer brushes are grafted the mechanism of release can
be different. For instance, in case of an anionic polymer such as PMAA, it was observed that the
release of dyes from PMAA-g-hollow silica is very low at pH=2.0, but increased dramatically
when pH increased to pH=7.4.%* On the other hand it was observed that the water permission from
PAA grafted PP declined when pH increased from 3 to 6 because of changes in conformation of
PAA chains.”® Therefore, the position of polymer brushes can dictate different mechanism of
releases. In this project we studied the correlation of pH responsive polymer brushes and the
pattern of pH responsive drug release. The main purpose of the present work was to graft pH-
sensitive polymer brushes from the surfaces of intravaginal rings (IVR Res) made of polyurethanes
(PUs) to achieve a switchable rapid release of the immunomodulatory drug hydroxychloroquine
(HCQ), as a potential drug for prevention of HIV at basic pH (pH 7) and zero or close to zero drug

release at acidic pH (pH 4).

Release studies showed that PU 60D 35 Res IVR is not pH responsive upon pH changes. 2-
bromoisobutyrylbromide (BIBB) was immobilized onto the surface of PU 60D 35 Res IVR
through two methods: PDA coating and the formaldehyde activation method. Release studies

indicated that, PU-PDA-BIBB Res IVR shows pH responsiveness upon pH change, while PU-OH-
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BIBB Res IVR is pH-independent. Therefore, the formaldehyde activation method was applied to

immobilize BIBB onto the surface of PU 60D 35 Res IVR segments.

In our attempt, in order to find the suitable polymerization technique with suitable polymer
brushes, PMAA (pKa 6.5) was chosen to be grafted from the surface of PU Res IVR using SI-
ARGET-ATRP. Release studies showed that PU-PMAA Res IVR does not show pH
responsiveness at different pH values. This can be explained by the fact that the PMAA brushes

can be hydrated at all different pH values.

In the next step, a combination of SI-ARGET-ATRP with alkyne-azide click reaction as a
versatile technique was applied to graft PPA-BAA and PPA-PY brushes from the surface of PU-
OH-BIBB Res IVR segments. First an alkyne polymer such as poly(propargyl acrylate) (PPA) was
grafted from the surface of PU-OH-BIBB Res IVR segments. In the next step, pH responsive
monomer in the form of an azide compound was reacted with the alkyne polymer brushes to form

PU-PDA-BAA and PU-PDA-PY Res IVR segments.

Release studies showed that, when BAA groups are clicked from the surface of PU-PPA Res
IVR, more release of HCQ was observed at pH 4 compared to pH 7. On the contrary, when PY
groups are clicked onto the surface of PU Res IVR, the opposite behavior is observed. These results
suggest that the mechanism that controls drug release from PU Res IVR segments is the “through
pore” mechanism. According to this mechanism, when an anionic polymer such as PPA-BAA is
grafted from the surface of PU Res IVR, with an increase in the pH, carboxylic acid groups are
converted to carboxylate ions. Electro-statistic repulsion among the carboxylate groups along with
their interaction with the aqueous solution, forces the polymer brushes to adopt an extended or
“brush-like” conformation. The extended polymer chains reduce the effective dimensions of the
pores. As a result, the release of HCQ thorough PU-PDA-BAA Res IVR declines. On the other
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hand, under the low-pH conditions, PPA-BAA brushes adopt a “mushroom-like” conformation.
As a result, steric obstruction to the pores of the PU Res IVR is reduced and release increases. The
release of HCQ from PU-PPA-PY at different pH values can also be explained using this
mechanism. Therefore, according to the results obtained from the release studies at different pH
values and SEM images, PPA-PY as a cationic polymer is the suitable polymer in order to have a

switchable rapid release of HCQ at pH 7 and zero or less release at pH 4.

In summary, a combination of SI-ARGET-ATRP with alkyne-azide click reaction was
performed to graft pH responsive polymer brushes onto the surfaces of PU Res IVR segments to
achieve a rapid switchable release at a specific pH value. Indeed, this method is a versatile
approach in which different polymers with different functionalities can be easily grafted onto? the

surface of drug delivery systems and used for different applications.

A suggestion for extending this research is to try other surface priming methods in order to
increase the grafting density of polymer brushes to achieve the therapeutic concentration of HCQ.
Also it is recommended to graft pH-sensitive polymer brushes onto the surface of a PU matrix IVR
and study the release of an anti-HIV drug from a pH sensitive matrix. Furthermore, the release
behavior of an anti-HIV drug such as Tenofovir can be studied from the developed Res IVR

systems.
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