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Abstract

For better combating human immunodeficiency virus (HIV), pH-triggered nanocarriers for on-
demand intravaginal release of anti-HIV drugs was proposed to reduce side-effects. The pH-
triggering was based on the obsevation that the normal human vaginal tract pH is acidic (3.5-4.5)
and the pH can be elevated to neutral by the introduction of seminal fluid during heterosexul
intercourse. To acheve this goal, new pH-responsive polyurethanes (PUs) were synthesized from
polyethylene glycol (PEG), hexamethylene diisocyanate (HDI), methylene di-p-phenyl
diisocyanate (MDI), 1,4-bis(2-hydroxyethyl)piperazine (HEP), dimethylolpropionic acid

(DMPA), and propylene glycol (PG) for the fabrication of an intravaginal drug delivery device.

Solvent-cast PEG-HEP-HDI-PG and PEG-HEP-MDI-PG membranes were fabricated
and showed pH-triggered reversible changes in swelling ratio and surface morphology. The
solvent-cast membranes demonstrated pH-responsive switchable on-and-off release of sodium
diclofenac (NaDF): triggered release occurred at pH 7.0 (> 10%) but close-to-zero release

occurred at pH 4.2.

An electrospun PEG-HEP-MDI-PG membrane was fabricated for the controlled release
of nanocarriers since the solvent-cast PU membranes didn’t have sufficient interconnected pores
to allow storage and release of nanoparticles (NPs). The electrospun membrane demonstrated
almost no release of Visiblex™ color dyed polystyrene nanoparticles (PSNs, 200 nm, -COOH) at

pH 4.5 (2 £ 1%) but a continuous release at pH 7.0 (60 + 6%) for 24 h.

These pH-responsive PU membranes were developed as a “window” membrane of
reservoir-intravaginal ring (IVR) for the on-demand release of drugs or nanocarriers. The PU

membranes did not show noticeable negative impact on viability of VK2/E6E7 human epithelial



cells and Sup-T1 human T-cells or induction of pro-inflammatory cytokines (interleukin-6 (IL-

6), interleukin-8 (IL-8), and interleukin-1 beta (IL-1p)) production.

At last, the pH-triggered switchable release of nanocarriers was achieved by fabricated
PEG-DMPA-HDI-PG hydrogel (20 wt% in distilled water). The fluorescent dye, orange I,
labeled PEGylated poly(aspartic acid)-based NP (251-283 nm) was synthesized for a release
study and blended with PU hydrogel to form a supramolecular complex hydrogel. Then the
complex hydrogel was filled into the lumen of segmented reservoir-IVRs containing two holes.
In vitro release study showed close-to-zero release of NPs at pH 4.2, and then 19 + 5% release of

NPs for the next 1 h at pH 7.0, followed by the switchable on-and-off release for 5 h.
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Chapter 1

Introduction



1.1 Overview

Over 30 million people are living with human immunodeficiency virus (HIV).! Despite the
knowledge of successful HIV prevention strategies (e.g., condoms), HIV continues to spread at
an alarming rate especially among women in developing countries. The World Health
Organization (WHO) announced that it is essential to support the development of microbicide
which can be applied inside the vagina or rectum to protect against sexually transmitted
infections (STIs) including HIV.? The availability of microbicide would greatly empower women
to protect themselves. Unlike male or female condoms, microbicides are a potential preventive
option that women can easily control and do not require the cooperation, consent, or even
knowledge of the partner. Over the past 20 years, numerous microbicide formulations such as
gels, creams, and suppositories have been developed, but all have shown limited efficacy.
Recently, a clinical trial involving the CAPRISA gel (1% tenofovir vaginal gel) showed
approximately 39% reduction in the acquisition of HIV by women who used the vaginal gel in
comparison to the placebo group.® Although this result gives hope to the field of microbicides,
approval of a preventive product for use by the general population is still a long way off. One of
the disadvantages of vaginal gels is the inconvenience since users have to apply the gels
immediately before sexual intercourse.* Other disadvantages include leakage which may
contribute to rapid removal from the application site. As the microbicide field evolves, there is
an ever-increasing need for alternative technologies to deliver agents that can treat/prevent HIV

infection.

Intravaginal rings (IVRs) are an alternative scaffold, which is approved by the Food and
Drug Administration (FDA) for use as contraceptive and hormone replacement therapy and have

been developed for topical delivery of anti-HIV drugs recently.> As an example, NuvaRing®, a



type of IVR, is designed to deliver etonogestrel and ethinyl estradiol.® Clinical trials with
magnetic resonance imaging (MRI) have shown that NuvaRing® is well tolerated without
causing damage to the vaginal epithelium, has no occurrence of expulsion, and does not cause
any adverse reactions.” Research conducted using NuvaRing® showed that 96% of the patients
were satisfied with the IVR and 97% would recommend it.® Overall, these clinical trials may
show that IVVRs are safe and relatively simple to use. However, the loaded drug could be released
consistently from the IVRs after being inserted even when the drug is unnecessary. This
undesired exposure to the drug can cause side effects. Therefore, on-demand release of drugs

from 1VVRs only when sexual intercourse occurs is recommended.

Polyurethane (PU) would be recommended for the fabrication of IVRs thanks to its tunable
physicochemical characteristics. PUs are found in a variety of biomedical products such as
orthopedic braces, catheters, and wound-healing devices.>'® In comparison to cross-linked
silicone rubbers, many PU elastomers are thermoplastic and can be processed by methods that
involve dissolving and melting to allow reshaping of the polymer structure.**™ Besides being
versatile in its use and easy to reshape, PU is half the price of silicone and ethylene-vinyl acetate,
making PU a cost-effective material for use in developing countries.

Nanocarriers such as micelles, vesicles, nanogels, liposomes, solid lipid nanoparticles,
dendrimers, and carbon nanotubes have been developed for delivery of drugs and genes.***°
Advantages of nanocarriers for drug delivery include: 1) potential increase of delivery
efficiency;® 2) reduction of off-target effects of drugs; 3) ideal shape and size for cellular
uptake; 4) potential enhancement of penetration of mucosal barriers through surface

modification;'” 5) physical protection of the drug from degradation by endogenous acidic or

alkali medium; and 6) control of drug release, ranging from days to months through



physicochemical property modification of the polymer, or the inclusion of other polymers in the
formulation.'® Development of drug resistance has always been a concern when treating HIV-
infected patients.™® Targeted delivery of anti-HIV drugs can reduce side effects caused by off-
target delivery and drug resistance in HIV-infected patients. Small interfering RNA (siRNA) can
be designed to be complementary using known mRNA sequences and targeting specific mRNA.
When there are no drugs available to act on a specific target, SiRNA can play a big role in
degrading mRNA, resulting in gene knockdown.?® However, nucleic acids, including siRNA,
cannot readily cross cell membranes and require a carrier/transfection system for efficient cell
uptake?! and siRNA could be degraded in the normal vaginal tract pH (3.5-4.5, average: 4.2).%
Therefore, it is necessary to use nanocarriers for delivering anti-HIV drugs and siRNA.

The normal pH range of female genital tract is acidic (pH 3.5-4.5):* however, during
heterosexual intercourse the introduction of human seminal fluid can elevate the pH to neutral.**
This change in pH can be used as the triggering signal for responsive intravaginal release of anti-
HIV drugs and nanocarriers. In this regard, pH-sensitivity of IVRs could be an important
property to reduce unnecessary exposure to anti-HIV drugs and side effects by only releasing the

anti-HIV drugs or nanocarriers only when intercourse occurs.

For this thesis, developing novel pH-responsive PU IVRs for the on-demand release of anti-
HIV drugs or nanocarriers (with little or no release at acidic pH (< 4.5) and rapid release at
neutral pH (> 6.4)) is proposed. To the best of our knowledge, the proposed research is the first
to develop pH-responsive IVRs for the switchable on-demand release of anti-HIV drugs or
nanocarriers. The pH-responsive IVRs will provide triggered-release of anti-HIV drugs or
nanocarriers upon changes in vaginal pH due to human seminal fluid, and potentially reduce side

effects.



1.2 Human immunodeficiency virus (HIV)

STIs are bacteria, parasites, and viruses transmitted by sexual intercourse, especially
vaginal intercourse. Chlamydia, gonorrhea, and syphilis are major bacterial STIs. Herpes
simplex virus (HSV), HIV, and human papillomavirus (HPV) are the main types of viral STls.?
Among these, HIV is one of the most significant and worldwide health concerns, since there still
is no cure for HIV.?®?” Moreover, HIV can progress to acquired immune deficiency syndrome
(AIDS).?® Over 30 million people are living with HIV/AIDS infection worldwide.”® Anti-HIV
drugs, which also be called as anti-retroviral drugs, act at a different stage of the infection to
block or delay transmission of the virus (Table 1-1). Alternative intravaginal drug delivery

systems (DDS) are required to increase drug delivery efficiency and decrease side effects.?®



Table 1-1. Different classes of anti-HIV drugs®®*!

Class of drug

Description

Name of drugs

Fusion inhibitors

Interfering with the binding, fusion,
and entry of HIV into CD4 cells of
the immune system.

enfuvirtide

Nucleoside reverse
transcriptase inhibitors
(NRTIS)

Blocking reverse transcriptase, a
viral DNA polymerase, since the
enzyme is required for replication of
HIV and other retroviruses.

zidovudine, didanosine,
zalcitabine, tenofovir
disoproxil fumarate, stavudine,
lamivudine, abacavir, and
emtricitabine

Nucleotide reverse
transcriptase inhibitors
(NtRTIs)

Blocking reverse transcriptase, a
viral DNA polymerase, since the
enzyme is required for replication of
HIV and other retroviruses.

tenofovir

non-nucleoside reverse
transcriptase inhibitors
(NNRTIs)

Binding to and later alter HIV
reverse transcriptase.

nevirapine, rilpivirine,
delavirdine, efavirenz and
etravirine

Integrase inhibitors
(INIs)

Blocking HIV integrase, a viral
enzyme, since the enzyme inserts the
viral genome into the DNA of the
host immune cell

raltegravir, dolutegravir, and
elvitegravir

Protease inhibitors
(Pls)

Binding to HIV proteases and
blocking cleavage of protein
precursors.

1.3 Intravaginal drug delivery

saquinavir, ritonavir, indinavir,
nelfinavir, amprenavir,
lopinavir, atazanavir,
fosamprenavir, tipranavir and
darunavir

Topical drug delivery leads to higher drug concentration on the target site than oral

administration and reduces off-target side effects.* In this regard, intravaginal delivery of anti-

HIV drugs or nanocarriers can increase delivery efficiency, decrease side effects, and reduce the

chance of drug resistance.



1.3.1 Human vagina

The vagina is an elastic, muscular canal of the female genital tract (Figure 1-1). The
vaginal epithelium, the tissue lining inside the vagina, is protected by the vaginal mucus.
Vaginal mucus, consisting primarily of entangled and crosslinked mucin fibers, is an adhesive
and viscoelastic gel which protects the surface of vagina.!” The normal pH range of the female
genital tract is from pH 3.5 to pH 4.5 (average: 4.2, Table 1-2),® but can be elevated to neutral

pH by the introduction of semen during heterosexual intercourse.?*%

Mucosal Blood
barrier stream

Lo

Vaginal tissue

Figure 1-1. lllustration of human vagina>**



Table 1-2. Physiology and characteristics of human vagina

Vaginal physiology Characteristics Description
Cyclic changes in _ )
thickness by Thick layers with estrogen play a role as a
reproductive hormones. | Physical barrier.

Epithelium Activities of enzymes | Vaginal mucus acts as a permeability barrier.
in the external and basal | | ocal bacterial flora also serves protection
cell layers of the against infection.
epithelium.

Composition and volume of vaginal fluid
depend on age, infection, and sexual arousal.

Provides moisture and | Hormones influence the composition of the
Vaginal secretion solubilizing dosage vaginal fluid.

formulations. Vaginal epithelium has higher absorption of

poorly water-soluble drugs when the fluid
volume is high.

Lactic acid produced by Lactobacillus helps in

pH From 3.5 t0 4.5, maintaining the acidic condition of the vagina.
average 4.2. . ] o
Varies with age and health condition.

1.3.2 Drug delivery systems for intravaginal administration

Most recently, vaginal drug delivery has been developed as a topical delivery of
contraceptive and anti-HIV drugs including peptide and gene therapy.* This drug delivery route
has many advantages: avoiding first-pass metabolism, high permeability for low molecules due
to a dense network of blood vessels, and ease of administration. However, alternative methods
have been sought for intravaginal drug delivery because of the physiological barrier of the
vagina. So far, vaginal formulations such as creams, gels, IVRs, and intravaginal nanocarriers

have been developed.



1.3.2.1 Creams and gels

Creams and gels have been used to deliver contraceptives and anti-bacterial agents,
although they have disadvantages such as discomfort, leaking, and messy use.*® The advantages
of vaginal creams and gels rely on their feasibility, acceptability, and non-toxicity against the
vaginal tissue. Vaginal creams and gels could become a better option by applying the principle of

emulsion or hydrogel-based drug delivery.®

As an example, a vagina retentive cream
suppository (VRCS) of progesterone was developed using oil in water (o/w) emulsion.*” The
most stable formulation of the trials (VRCS 1) was scaled-up for manufacturing and in vivo tests.
The patient satisfaction studies demonstrated a high satisfaction response to the VRCS 1 from all
volunteers. On the other hand, the Center for the AIDS Program of Research in South Africa
(CAPRISA) studied the safety and effectiveness of a 1 % of tenofovir (TFV) in the vaginal gel

by a pursuit method.*® The study showed that compared to the placebo gel, the TFV gel reduced

HIV acquisition over 39%.

1.3.2.2 Intravaginal rings (IVRS)

IVR is a ring-shaped release device fabricated using elastomeric polymers.*® IVRs were
initially developed as a contraceptive releasing device and approved by the FDA. In general,
matrix-IVRs showed sustained release of drugs; otherwise, release of loaded drug in reservoir-
IVRs could be controlled by the thickness and physicochemical characteristics of the outer layer
of the reservoir. Advantages of IVRs over other dosing formulations are: (1) higher acceptability

by end-users;*° (2) provision of controlled release of drugs for longer periods;* (3) more uniform



concentration of released drugs in the vagina; (4) user convenience; and (5) protection of loaded
drugs from hydroloysis.*> Most recently, IVRs have been developed as anti-HIV drug releasing

devices. However, the development of VR still has many gaps and potentials.

1.3.2.3 Intravaginal nanocarrier

Alternative delivery methods for anti-HIV drugs and siRNA are necessary to overcome
the barrier of the vaginal mucus, vaginal epithelium, and cellular membrane of target vaginal
cells.”® Intravaginal nanocarriers such as micelles, vesicles, nanogels, solid lipid nanoparticles,
liposomes, dendrimers and carbon nanotubes have been developed to increase drug delivery
efficiency and decrease drug side effects.** In particular, nanocarriers can protect cargo drugs
including protein and siRNA against enzymatic degradation and acidic hydrolysis in the human

vagina.*

1.4  Smart and biostable polyurethanes for long-term implants
Seungil Kim, Song Liu

Revised from the review article published in ACS Biomaterials Science & Engineering. 2018, 4,

1479-1490. Permission for use has been granted by the publisher.

PU was used for this thesis research as a fabrication material for reservoir-1VRs because
of its elastomeric, thermoplastic, and tunable physicochemical chracteristics. Section 1.4 is a
review of stimuli-responsive and biostable PUs and their application in long-term implants. The

review gives key ideas for the preparation of novel PUs developed through the research.

10



Moreover, the application of PUs in long-term implants focusing on IVRs was discussed in the
review to obtain basic ideas for fabrication of smart IVRs that demonstrate pH-triggered on-

demand release of drugs or nanocarriers.

1.4.1 Introduction

PU was first synthesized in the 1930s and used in the form of fibers and flexible foams due
to its elastomeric and thermoplastic characteristics.'®* PU is synthesized from three components: a
long-chain polyol, polyisocyanate, and chain extender. A slight excess of polyisocyanate is
typically used to drive the reaction to completion. In the 1960s, PU was found to possess good
blood compatibility, and since the 1970s, the biomedical applications of PU have been actively
researched. Research throughout the 1990s focused on novel PUs used not only for the formation
of a new class of bioresorbable materials but also for the development of biostable biomaterials

for in vivo long-term applications.*® Currently, PUs are being developed for both tissue

10,47-50 9,51-60

engineering and smart biomaterials.

Smart materials are designed to be responsive to external stimuli such as pH, temperature,
electric or magnetic fields, biological signals, and pathological abnormalities. In response to
environmental stimuli, one or more of their physicochemical, and/or biological characteristics
are changed.®® Some examples include: shape-memory materials that can recover their original
structure given the right stimulus; pH-responsive materials that can change their solubility, water
absorption ratio, and surface charge in response to environmental pH change; and bioactive
compounds immobilized materials that can enhance their biological response to the micro-

environment.

11



Suitabile physical properties of PUs can lead to their adoption in biomedical applications. In
addition, the physicochemical characteristics of PU can easily be tuned through modifications of
the chemical components, thanks to the enormous compatibility of PU synthesis with a wide
variety of functional monomers. As a result of these two features, various smart PUs have been
developed for biomedical applications that can be thermoresponsive,®°*®® have shape-

9,46,53,57-60,65,66

memory,>*>®* he pH-responsive, or be self-healing,***" bioresponsive, or self-

cleaning.®”®®

A 1989 review article focusing on biomedical PUs examined the general synthetic
chemistry, structure-properties, interaction with tissue, surface properties, application and
sterilization of PUs.* In contrast, a 1999 review article focused more heavily on the biomedical
applications of PU, particularly for PU based artificial organs.® More recently, biodegradable
PUs in regenerative medicine were reviewed in a 2008 article;*® and in 2010, an article reviewed
thermo-moisture responsive PU shape-memory polymers and composites.”® These previously
published reviews cover a wide range of biomedical applications of PUs. However, none of the
reviews discussed the biomedical applications of novel stimuli-responsive and biostable PUs.
Since smart PUs have been actively researched since the 2000s, this section reviews PUs with a
focus on medical applications entailing long-term stability and stimuli-responsiveness. Although
biodegradability is important for regenerative medicine, biostability of PUs is essential for long-
term implantable biomaterials. In this section, PU engineered IVRs are reviewed since
elastomeric and robust mechanical properties of PUs are well-fitted for such long-term

implantable biomaterials.
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This section reviews stimuli-responsive and biostable PUs researched after 2008, and
discusses potential uses of smart PUs in long-term implantable biomedical applications focusing

on IVRs.

1.4.2 Stimuli-responsive polyurethanes
1.4.2.1 Thermoresponsive polyurethanes

PU can be thermoplastic, or thermoset depending on its chemical structure. The
thermoplastic PUs have excellent thermal stability for the fabrication of biomaterials by hot melt

extrusion. Thermal stability of different types of urethanes is shown in Table 1-3.

Thermal-sensitive PUs have distinct characteristics due to their unique block copolymer
structure, which consists of a thermally responsive soft segment and a hard segment. Typically,
diisocyanate and chain extender become the hard segments after the synthesis reaction of PU.
The soft segment has a phase-transition temperature (crystalline melting transition or glass
transition temperature) that can act as a switching temperature (Ts).”® The thermoresponsive
characteristics of PU can be controlled by physicochemical properties of the soft segment. For
instance, thermoresponsive triblock copolymers such as polyethylene oxide-polypropylene
oxide-polyethylene oxide (PEO-PPO-PEO, Pluronic) can be used as a long-chain polyol for

controlling the thermoresponsive properties of PU.
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Table 1-3. Thermal stability of different types of urethanes.

Approximate upper

Type of urethane group stability temperature (°C)

Alkyl—HN—CO—0—Alkyl ~ 250
AryF—HN—CO—0—Alkyl ~ 200
Alkyl—HN—CO—0—Aryl ~ 180
Aryl—HN—CO—0—Aryl ~ 120

Thermoresponsive poly(ether carbonate urethane)ureas have been synthesized using a
PEO-PPO-PEG triblock copolymer to enhance the thermoresponsive properties of the
copolymer.®® The prepared pentablock poly(ether carbonate urethane)urea demonstrated almost 3
times lower water absorption at 37 °C than at 4 °C because of the gelling transition temperature
(around 37 °C) of the PEO-PPO-PEO of the poly(ether carbonate urethane)urea. At 37 °C, the
polymer-polymer hydrogen bonding of PEO-PPO-PEO becomes more favorable than the
polymer-water hydrogen bonding and the copolymer de-swells.

Stimuli-responsive shape-memory materials recover their original shapes under the
appropriate stimulus such as temperature, light, electric field, magnetic field, pH, or enzyme."
Generally, thermoresponsive shape-memory polymers consist of chemical or physical crosslinks
(a fixed phase for memorization of the original shape) and reversible chains (molecular switch).
The reversible chains have a thermal transition at the melting temperature (T,) or glass transition
temperature (T,) of the chains. Shape-memory materials can be prepared from PU due to its

thermoresponsive characteristics. Most recently, studies on poly(e-caprolactone)-based

hyperbranched PUs have been performed to enhance the physical properties of the shape-

14



memory PUs.>* Data obtained from wide-angle X-ray diffraction (WAXD) and differential
scanning calorimeter (DSC) measurements, confirmed that the highly branched structure of the
prepared PU did not affect PU crystallinity. The shape-memory characteristics of the
hyperbranched PUs were evaluated and showed a higher tensile storage modulus (E") ratio
(E glass/E"rubber) and shape-recovery rate than the linear analogues. A highly chemically-
crosslinked PU shape-memory foam having an extremely low density was developed using the
physical blowing agent, Enovate.”® The prepared PU shape-memory foam showed a high glass
storage modulus of 200-300 kPa and excellent shape recovery of 97-98%. The prepared highly
crosslinked shape-memory PU foam was suggested as a promising biomaterial for use in embolic
devices based on its unique structure, physical properties, and good in vitro biocompatibility test
results. Polyaspartimide-urea-based shape-memory polymers were synthesized at tailored high
transition temperatures above 120 °C.> The prepared shape-memory polymer demonstrated a
high degree of toughness and excellent shape recovery within 60 seconds. It was found that the
crosslink density, glass transition temperature (Tgy) and high-temperature stiffness (EH) were also

increased.

Self-healing PU materials have also been developed. Poly(methyl methacrylate)-co-
[poly(methyl metharyleate)-graft-(oligo-caprolactone)]urethane networks containing a Diels-
Alder (DA) adduct unit (GCPNp-DAs) have been synthesized.”? The networks demonstrate
reversible scratch-healing properties by the crosslinked (at Diels-Alder reaction temperature, 70
°C) and de-crosslinked (at retro-Diels-Alder reaction temperature, 130 °C) structure of the
GCPNp-DAs. From the Fourier-transform infrared (FT-IR) spectra, the maleimide double bond
peak at 654 cm™ was observed after de-crosslinking at 130 °C and disappeared again after

crosslinking at 70 °C. All synthesized networks demonstrated excellent scratch-healing

15



properties at 130 °C for 10 minutes using a Feltier module and a sphero-conical indenter

installed in the scratch test machine.

Thermoresponsive controlled drug release has been developed using thermoresponsive
PUs. This was developed using N-isopropylacrylamide (NIPAAm), and N-
(Hydroxymethyl)acrylamide (HMAAmM) for fabrication of a smart stent consisting of core-shell
structured nanofibers.” The stent consisted of a thermoresponsive shell and a stretchable core for
the smart release of incorporated 5-fluorouracil and/or paclitaxel. The fabricated scaffold
demonstrated thermoresponsive on-demand release of drugs for hyperthermia therapy, with a
very minimal release rate for normal human body temperatures, and a triggered release at a
temperature above 40 °C. A shape-memory PU elastomer has been studied for controlled drug
release as well.”* The prepared shape-memory PU demonstrated shape-memory properties in the
temperature range of 15 °C to 30 °C. The hydrophobic drug, dichlorofluorescein (DCF), was
used for the drug release test at 22 °C and 37 °C. The results showed almost 4 times faster DCF
release at 37 °C than at 22 °C demonstrating that the hydrophobic microdomains of shape-
memory PU could be used as reservoirs for the loading and thermoresponsive release of

hydrophobic drugs.

These shape-memory PU accomplishments are encouraging for the fabrication of PU-
based biomaterials. However, the most interesting accomplishment is the development of a
multi-responsive shape-memory PU, such as electrical-signal-sensitive shape-memory PUs.”
Bio- and electroactive shape-memory PUs were synthesized using poly(citric acid-co-
polycaprolactone), dopamine, and aniline hexamer (an electroactive molecule). This shape-
memory PU showed adjustable wet conductivity from 5.0 x 10° to 17.1 x 10 * S/m and

elongation from 360 to 550% with excellent shape-memory capacity by changing the aniline
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hexamer content. Supplementing the PU with dopamine enhanced cell adhesion, proliferation,

and myogenic differentiation of an immortalized mouse myoblast cell line C2C12 cells.

1.4.2.2 pH-responsive polyurethanes

pH-sensitive PU is synthesized using pH-sensitive polyol and/or polyamine.

9,53,58-60,65,66

pH-sensitive molecules can be immobilized on a soft or hard segment of PU to give pH-

sensitivity. Popular pH-sensitive polyols used for synthesizing pH-sensitive PUs and their

respective pKa values are listed in Table 1-4.

Table 1-4. pH-sensitive polyols for pH-responsive polyurethane synthesis.

Chemical name Structure pKa
. .. . HO 0
2,2-Bis(hydroxymethyl)propionic acid
(DMPA) HO OH 441
CHs
bis-1,4-(hydroxyethyl)piperazine Ho—_~ N N"\__0OH 6.40
(HEP) p—
HO—(CHy);—N—(CHy),~OH
N,N-bis (2-hydorxyethyl)-2-amino-ethane- (CHy), 7.10
sulfonic acid (BES) lSO;H
2,2-(methylimino) diethanol (MIDE) HO(CHY) 2—1|\I—(CH2)2—OH 8.52
CH;
N,N-Bis(2-hydroxyethyl)glycine (BICINE) HO—(CH ) (CH),~OH 8.30
COOH
Bis(2-hydroxyethyl)-disulfide (2-HDS) HO/\/S—Sﬂ/OH 6.30
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The pH-responsive properties of pH-sensitive PU biomaterials are adjusted by synthesis
strategies such as controlling the overall hydrophilic to hydrophobic segment ratio of the pH-
sensitive PU, and controlling the position of pH-sensitive molecules on the soft or hard segment
of PU. By increasing hydrophobicity or hydrogen bonding of the hard segment of pH-sensitive
PUs, the pH-responsive shape-maintain/dissolved behavior can be changed to low-swelling/high-

swelling behavior.

pH-responsive polyester-PUs were synthesized using polycaprolactone (PCL) as a long
chain polyol.? One prepared, polyester-PU possessed pH-responsiveness via the pH-sensitive
chain extender N,N-Bis(2-hydroxyethyl)glycine (bicine). The prepared polyester-PU showed a
pH-responsive swelling ratio change and a controlled drug release in aqueous conditions. The
prepared pH-responsive polyester-PU membrane, which has a pH-sensitive component bicine,
showed little or no swelling in an aqueous condition from pH 3 to pH 6. However, the swelling
ratio gradually increased as the pH increased from pH 6 to pH 8.3. Above pH 8.3 (pKa of
bicine), the prepared pH-responsive PU membrane was able to be dissolved in the buffer solution
because of rapid deprotonation of the carboxylic acid group of the bicine. Another pH-sensitive
PU was synthesized using PCLdiol (Mn = 530), N, N-bis (2-hydroxyethylhydroxyethyl)-2-
aminoethane-sulfonic acid (BES, pKa 7.1), and 4,4 -diphenylmethane diisocyanate (MDI).!° The
inkjet technique was applied for the fabrication of matrix of the PU. The BES incorporated PU
matrix demonstrated significantly lower platelet attachment than a non-BES incorporated PU

matrix. The PU was stable up to pH 8.7, but started dissolving at higher pH levels.

A stable polyester-PU membrane having both thermo- and pH-responsive characteristics
was prepared by controlling the hydrophilic/hydrophobic ratio and using pH-sensitive groups.*®

Dimethylolpropionic acid (DMPA), and N-methyldiethanolamine (MDEA) were used as pH-
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sensitive chain extenders for the pH-sensitive polyester-PUs synthesis. Aromatic diisocyanate
MDI and the pH-sensitive chain extenders were used in the reaction with prepolymer to increase
the molecular weight (Mw) and hydrophobicity of the final polyester-PU products. The
polyester-PUs revealed phase-separated structures having similar phase-transition temperatures
to a soft segment of the PU. The pH-sensitive component did not have a noticeable effect on the
thermal characteristic of the synthesized polyester-PU. In addition, the prepared polyester-PU
membranes had thermo- and pH-responsive water permeability due to a free volume hole size
change. The prepared PU membranes showed more than 2 times higher water permeability at
temperatures higher than the crystalline melting transition temperature of the soft segment.
Moreover, the pH-sensitive PU membranes showed more than 2 times higher water permeability
when immobilized pH-sensitive molecules DMPA and DMEA were protonated and de-

protonated, respectively.

1.4.2.3 Photoresponsive polyurethanes

Photoresponsive PUs are prepared by immobilizing a photosensitive group on PU. For
instance, a UV-responsive PU was prepared to increase the mechanical properties and
biostability of a fabricated artificial blood vessel.”® A polytetramethylene glycol-based medical
grade PU (Pellethane® 2363-80AE) was reacted with aliphatic and olefinic acyl chlorides to
prepare the UV-responsive PU for fabrication of a biostable crosslinked (networked) artificial
blood vessel. The prepared ready-to-react PU was crosslinked by UV during and after the
electrospinning process. The electrospun crosslinked PU artificial blood vessel showed
satisfactory burst pressure (> 550 mmHg), and significant improvement in degradation resistance

in vitro. The crosslinked graft showed approximately 2 times lower damage scores than the

19



uncrosslinked graft after in vitro degradation test performed in AgNO3 or H,O, solutions. In
addition, a photo-curable PU resin was prepared for fabrication of artificial blood vessels.”” The
PU resin was synthesized for stereolithography using hydroxyl terminated
poly(dimethylsiloxane) and poly(tetrahydrofuran) as polyols which reacted with isophorone
diisocyanate, 2-hydroxyethyl methacrylate, and 2-methyl-1-propanol. The PU resin was
successfully printed as an artificial blood vessel in a wide range of diameters (the smallest
diameter was 1 mm). The printed PU artificial blood vessel demonstrated high durability, good
mechanical properties, and excellent adhesion and cell proliferation of 3T3 mouse fibroblast

cells.

Multi-shape-memory and multi-responsive shape-memory PUs have also been developed
to be photoresponsive. A triple-shape-memory PU biomaterial with a pendant cinnamon group
was fabricated.” A shape-memory polyester-based PU with a cinnamon group was synthesized,
and the PU was crosslinked by UV irradiation at 356 nm. The crosslinked PU had a T4-type
segment (PCL) and Tp-type segment (the crosslinked structure of the PU hard segment). The
crosslinked PU memorized three shapes: shape O (initial shape), shape | (deformed at 70 °C,
cooled at 40 °C), and shape Il (deformed at 40 °C, cooled at 0 °C), and recovered its shape as the
temperature increased to 40 °C (shape 1) and further to 70 °C (shape 0). Moreover, using UV
light, the cinnamon group could be reversibly cleaved at A < 280 nm and crosslinked at A = 356
nm. The triple-shape-memory PU matrix demonstrated good non-cytotoxicity by the Alamar
blue analysis. In a similar study, a photo- thermo- staged-responsive shape-memory PU network
was developed.” The PU network was synthesized with PCL, 4,4-azodibenzoic acid (Azoa,
photosensitive group), and HDI, followed by a chemical crosslinking reaction using glycerol,

thereby increasing the stability of the PU. The pre-processed PU network with orientated Azoa
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demonstrated a curling deformation as a response to UV light (365 nm) and the PU fully

recovered its shape at 50 °C.

1.4.2.4 Bioresponsive polyurethanes

Bioresponsive PUs are sensitive to biological triggers such as abnormal pathological
features. In addition, bioresponsive PUs have the ability to interact with or be activated by these
features. This bioresponsive PU can be synthesized through immobilizing enzyme-cleavable
linkages, signal proteins, or anticoagulants, such as vascular endothelial growth factor (VEGF)
and heparin. For instance, an enzymatically-switchable antimicrobial PU was synthesized from
PCL, isophorone diisocyanate (IPDI), and model biocide sulfanilamide (SA).2° This enzyme-
responsive PU showed substantially high resistance against hydrolysis at 37 °C for 120 hours in
the absence of urease. However, bacteria-secreted urease was able to hydrolyze the PU within 24
hours to release SA, which leads to effective inhibition of Staphylococcus aureus, Escherichia
coli, Pseudomonas aeruginosa, and Micrococcus luteus. This demonstrated over 10%
bacteriostatic efficiency for the first 24 hours. The enzyme-responsive PU-coated surface showed
no cytotoxicity to normal human dermal fibroblasts. In addition, a porous PU (ether-free,
aliphatic, biostable PU, Medtronic Inc.) scaffold was fabricated and then surface functionalized
with heparin.®* The immobilized heparin binds to enzyme inhibitor, antithrombin 111, and then
inactivates thrombin to prevent blood coagulation. This heparinized porous PU scaffold
demonstrated an increase in the number (66.2 + 0.8 to 107 + 1 vessels/mm?) and the total area
(0.9 £ 0.1 to 1.40 % 0.02%) of capillaries due to anticoagulation resulted from the immobilized
heparin, the high porosity of the scaffold, and low inflammatory response. In addition, the PU

scaffold showed an increase in arterialization in absolute terms (200% in number).
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1.4.3 Biostable polyurethane

Biostability is a key factor for long-term implantable biomaterials since PU can be
chemically degraded by oxidative attack. Biologically, reactive oxygen species are released from
adherent macrophages, and foreign-body giant cells can activate the biodegradation of PU in
vivo.22® Therefore, the degree of crystallinity is one of the important aspects in the design of
biostable PUs. A higher hard segment content in PU can help increase the hydrolytic resistance
because of the higher degree of hydrogen bonding® contributing to stable hard segment linkages

that can resist enzyme hydrolysis. Possible hydrogen bonding for PUs is seen in Table 1-5.

Table 1-5. Potential hydrogen bonding in polyurethanes.
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To increase the mechanical strength and physical stability of PUs, a chemically

crosslinked PU network can be synthesized. An advantage of a networked PU is that it can be
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prepared via reactive molding of two liquid components: a prepolymer of PU and polyol
(functionality is > 3). Therefore, the networked PU can be formed into solid resins or porous

biomaterials after in vivo injection of the components.

Poly(carbonate urethane)s have been studied as biostable elastomers for long-term
implantable PU biomaterials. For instance, micro-catheters using poly(carbonate urethane)
(Bionate®, the reaction product of hydroxyl terminated polycarbonate, aromatic diisocyanate,
and low molecular weight glycol chain extender) and poly(ether urethane) (Pellethane®, the
reaction product of polytetramethylene ether and diphenyl methane di-isocyanate/butanediol)
were prepared to compare long-term in vitro stability.*® The prepared PU catheters were
stretched and exposed to a hydrogen peroxide/cobalt chloride (H,0,/CoCl,) solution for up to 10
months. The polycarbonate soft segment was more stable to oxidative degradation than the
polyether soft segment. Minimal degradation of the polycarbonate soft segment was detected in

the 10-month experimental period.

Fluorinated alcohols are also useful to increase the biostability of PU biomaterials.
Fluorocarbon end-capped poly(carbonate urethane)s (FPCUs) were synthesized to increase
biostability of PU using a fluorinated alcohol, 2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-pentadecafluoro-1-
octanol (PDFOL).®" The surface of the fabricated material using the fluorocarbon end-capped
poly(carbonate urethane)s showed an increased non-polar characteristic due to the orientation of
the fluorinated tails on the surface. This has potential to increase the biostability because the

fluorocarbons and the hard segments are stable against hydrolysis and oxidation.

Silicon-based PUs have been developed to increase the biostability of the PUs, since
silicon is highly stable to temperatures, oxidation, and water. Silicon-based thermoplastic PU

nanocomposites were prepared using commercial ElastEonTM E5325, a silicon-based PU.% In
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vitro biostability of the nanocomposites was tested under physiologically relevant oxidizing
conditions. The prepared silicon-based PU nanocomposites showed improved biostability against
metal ion-induced oxidation. The nanocomposites showed a marginal toughness change of 9~28
Mpa for 7 weeks compared to an untreated sample of 40 Mpa. The silicon-based PU composite
material was suggested for use in long-term implantable biomaterials, such as artificial
intervertebral discs (IVDs). In other research, layered silicates, which are more chemically
resistant than native PU, were added to the polyether-PU to improve biostability.?® For the
research, commercially available and organically modified montmorillonite, Cloisite® 30B
(QACMMT), was used. QACMMT has quaternary ammonium compounds (QAC), methyl
tallow bis-2-hydroxyethyl ammonium chloride, as an organic modifier. Following the addition of
dispersed QACMMT at loadings lower than 3 wt%, the biostability of the PU was enhanced

significantly up to 50 % due to decreased material permeability.

Polyisobutylene-based PUs have been actively researched to increase the biostability of
the PUs. A series of polyisobutylene-based polyureas and PUs was synthesized.®® ™ Biostable
amine-telechelic polyisobutylene (PIB) oligomers (H2N-PIB-NH2, Mn = 2500 and 6200 g/mol)
based polyureas, which had hard segment contents up to 46.5 wt%, were synthesized using
various aliphatic diisocyanates and diamine chain extenders.”® The PIB-based polyureas
exhibited unprecedented hydrolytic and oxidative stability because of the presence of a
continuous nonpolar PIB matrix. In addition, PIB/poly(tetramethylene oxide) mixed soft
segments were used to synthesize biostable polyureas.’® The prepared mixed soft segment
polyurea, which had 12% poly(tetramethylene oxide) (PTMO), showed better
oxidative/hydrolytic stabilities than both Bionate® (a medical grade thermoplastic

polycarbonate-urethane) and Elast-Eon® (a biostable and biocompatible silicone/urethane

24



elastomer). Bionate® and Elast-Eon® are commercially available oxidation- and hydrolysis-
resistant PUs. The PTMO-reinforced PU showed almost no change in tensile strength and
elongation at break. However, Bionate® and Elast-Eon® showed about 3 times less tensile
strength and elongation at break after exposure to 35% HNO3 at room temperature for 4 hours. It
was explained that the surfaces of the mixed soft segment polyureas were protected by the
chemically inert PIB segments which can lead to good biocompatibility. When PIB-based
polyureas and Bionate® were implanted in rats for 4 weeks in vivo, the PIB-based polyureas
showed superior biocompatibility compared to the Bionate® in the rats.*> The PIB-based
polyureas showed 5.0 £ 0.2 while Bionate® showed 7.7 + 0.1 total mean scores for lymphocyte
infiltration, fat infiltration, irregular cells, and irregular tissue evaluations in a peritoneal wall
implantation test. PTMO and polyhexamethylene carbonate were used as an additional soft
segment to mix with PIB to synthesize PUs.”" Bis(4-isocyanatocyclohexyl)methane (HMDI),
hexane diol (HD), 1,4-butanediol (BD), 1,6-hexamethylene diamine (HDA) were used as a hard
segment of the PUs. The PIB-based PU, PIB/PTMO-PU, PI1B/polyhexamethylene carbonate-PU,
and the commercial PUs Elast-Eon® and Carbothane® (polycarbonate-based thermoplastic PU)
were each exposed to H,O,/CoCl; solutions for up to 14 weeks to compare their biostability. The
prepared PIB-based PUs showed better results compared with the commercial PUs (Elast-Eon®
and Carbothane®). The PIB-based PU showed a noticeable increase in tensile strength (up to 2
times higher) when mixed with the additional soft segments PTMO and polyhexamethylene

carbonate.

A polyisobutylene (PIB)-based thermoplastic PU was synthesized using polyisobutylene
diol for the soft segment formation, and 4,4 -methylene bis(phenyl isocyanate) (MDI) and BD

for hard segment formation.*® Long-term stability of prepared PIB-based PUs was evaluated
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under accelerated conditions in 20% H,0, solution containing 0.1 M CoCl; at 50 °C to predict
resistance to metal ion oxidative degradation (MIO) in vivo.®” Biocompatibility of the prepared
PUs was qualified by adsorption of fouling protein fibrinogen (Fg) and passivating protein
human serum albumin (HSA).® Competitive adsorption experiments were performed by
preparing a mixture of Fg and albumin in a physiological ratio followed by the addition of
GPllIb-Il1a (a platelet receptor ligand that selectively binds to Fg). The synthesized PIB-based PU
showed biostability to oxidative treatment for 12 weeks and similar biocompatibility compared
to industrial controls such as PellethaneTM 2363-55D (a polytetramethylene glycol based PU
elastomer) and 2363-80A (an aromatic, flexible polyether-based thermoplastic PU). The
biostable electrospun membrane, fabricated using the synthesized PIB-based PU, could be a
promising biomaterial for use in biostable artificial blood vessels because of its biostability,

processability, and the physical properties of the prepared PU.%

1.4.4 Polyurethane intravaginal rings

The intravaginal ring (IVR) is a synthetic biomaterial which can be placed on the tract of
a vagina, adjacent to the cervix.” The IVR has been developed to protect women from unwanted
pregnancy, HIV, and other STI1s.*® IVRs are currently gaining popularity because of the success
of the NuvaRing®,'%* a contraceptive IVR made of ethylene vinylacetate copolymers approved
by FDA. The biomaterial for this flexible soft torus-shaped IVR can contain and release drugs.
The concept of sustained drug release from the IVR was first introduced in 1970. Two types of
IVR, the matrix type and the reservoir type, are currently fabricated for drug delivery.® During
fabrication, the matrix type is mixed with drugs which are dispersed throughout the polymeric

matrix, so, the release of the drug depends on the drug loading conditions and the device surface
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area. The reservoir type is fabricated with drugs loaded into the core or has a hollow structure for
drug loading, so the release of the drug can be controlled via thickness, structure, and the
physicochemical properties of the outer layer of the IVR. Moreover, the reservoir IVR can have

constant daily release rates and linear cumulative release versus time profile characteristics.®

PU has been used for the fabrication of drug delivery devices.'” PU IVRs were
developed for the release of relatively hydrophilic drugs. Typically, PU IVRs are fabricated
using continuous hot melt extrusion or injection molding methods because of the thermoplastic
characteristic of PU. PU has varying degrees of crystallinity and hydrophobicity, which affects
the fabricated IVRs and drug release properties. As a result, various types of drugs can be
delivered using PU IVRs. Potentially, drug release from IVRs can be controlled by the pH
change of vaginal fluid.'® The normal pH range of the female genital tract is 3.5-4.5.3%1%
However, the pH can be increased to neutral by seminal fluid during heterosexual intercourse™
and can trigger drug release from IVRs having pH-responsive materials. For instance, cellulose
acetate phthalate (CAP) fibers to be used for semen induced anti-HIV drug delivery were
fabricated by electrospinning. Because of the pH-dependent solubility of CAP, the incorporated
drug in the fiber, Rhodamine 6G, released quickly in pH 7.2 and did not release in the simulated

vaginal fluid.'® pH-responsive PU is a potential biomaterial for pH-responsive IVR fabrication.

PU IVRs have been studied for delivering drugs for birth control and STI, especially HIV.
A polyether-PU IVR was fabricated for antiretroviral microbicide UC781 release using
Tecoflex® EG-85A (a medical-grade aliphatic polyether-based thermoplastic PU) via a hot
melting extrusion process.*® The prepared polyether-PU IVR presented suitable continued
UC781 release characteristics for 30 days. The loaded UC781 in the polyether-PU matrix

showed good chemical stability, but crystallization of UC781 on the matrix surface was observed
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at high concentrations of loaded UC781 in long-term storage. However, the polyether-PU IVR
did not show a significant effect on viability, tissue integrity, or cytokine expression in the tissue

irritation model.

Additionally, a hydrophilic polyether-PU IVR was fabricated using custom designed
HPEU 20 (a hydrophilic polyether urethane) for sustained delivery of TFV (an HIV-1 nucleotide
reverse transcriptase inhibitor).*” The hot melt extrusion and injection molding method was used
for TFV-loaded hydrophilic polyether-PU IVR fabrication. The prepared IVRs showed similar
mechanical properties to NuvaRing®. The pseudo-steady-state diffusion model was used to
explain the drug release behavior. It was suggested that the prepared hydrophilic polyether-PU
IVR system was the first vaginal dosage formulation providing sustained delivery of milligram
quantities of TFV for 90 days. TFV disoproxil (TFV D) was formulated in a polyether-PU IVR
for prevention of HIV and HSV.'® The released TFV D from the polyether-PU IVR showed
HIV and HSV inhibition properties at a noticeably low concentration in the presence of semen.
The prepared TFV D formulated polyether-PU was suggested as a potential drug device for
sustained HIV and HSV protection. TFV D formulated PU IVRs were prepared and implanted
into the vagina of macaques for evaluation.’®® For the preparation of the PU IVRs, an inner
hollow ring shape was fabricated, and sodium chloride (NaCl) was inserted on the inside of the
reservoir IVR to establish a drug solubility in the core and to achieve an even drug release. A
mediated release is achieved because vaginal fluid hydrates the water-swellable hydrophilic
polyether-PU, which then allows water to be driven into the osmotically active drug-NacCl core,
resulting in TFV D being dissolved and released from the IVR. The prepared reservoir IVRs
showed noticeable anti-HIV properties in a long-term in vivo test, performed over 30 days, and

were associated with TFV D concentration in the vaginal fluid. The protection was associated
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with the TFV D levels found in the vaginal fluid [mean 1.8 x 10° ng/mL (range 1.1 x 10* to 6.6x
10° ng/mL)]. Anti-retroviral pyrimidinediones, IQP-0528 (PYD1) and IQP-0532 (PYD2), were
evaluated for release from polyether-PU IVRs in vivo in the pigtail macaques study.'® The
polyether-PU was fabricated using medical grade Tecoflex EG-85A PU using a hot melt
extruder. The in vivo drug release study showed sustained release of PYD1 and PYD2 over 28
days. The formulated PYD1 and PYD2 in the IVRs were chemically stable for 90 days of
storage. The pigtail macaque model of in vivo drug release study could be a useful tool for

evaluating and screening drug loaded I1\VVRs before pre-clinical and clinical evaluation.

The commercially available hydrophilic aliphatic polyether-PUs: TecophilicTM HP-60D-
20, HP-60D-35, and HP-60D-60, were used for I\VVR fabrication. The reservoir PU IVRs were
prepared by filling the interior of the hydrophilic PU IVRs with TFV, glycerol, and a water-
based semi-solid paste for sustained drug release.'** Hydrophilicity of the PU increased the
release ratio of TFV. The 35% water swellable PU (HP-60D-35) IVR showed a sustained TFV
release for 90 days with no noticeable change in mechanical stiffness the in vivo sheep study.
The prepared reservoir hydrophilic PU IVRs had no significant toxicity or inflammatory

infiltrates in the vaginal epithelia.

Dual-reservoir PU IVRs were developed for the inhibition of HIV infection and
pregnancy using a hydrophilic polyether-PU and a non-swellable polyether-PU in the same
device to administer two different drugs, TFV and levonorgestrel (LNG); an anti-HIV drug and a
contraceptive drug, respectively.**? The prepared dual-reservoir PU IVR was introduced as the

first long-acting multipurpose prevention drug delivery system.

Polyether-PU IVRs have been designed as a device to deliver the potential anti-HIV drug,

hydroxychloroquine (HCQ).**® The prepared IVRs used a surface modified matrix PU IVR and a
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reservoir PU IVR. The polyvinylpyrrolidone or poly(vinyl alcohol) (PVA)-coated matrix PU
IVR demonstrated significantly reduced burst release compared to uncoated control. Moreover,
the reservoir PU IVR showed near zero-order release kinetics with a suitable daily average
release rate. The resulting PU IVRs were non-cytotoxic when incubated in the presence of
human vaginal and ectocervical epithelial cell lines. The fabricated IVRs were suggested as
potential anti-HIV release devices. The fabricated reservoir PU IVRs were used for evaluation of
the impact on the growth of Lactobacillus crispatus and Lactobacillus jensenii since the decrease
of lactobacillus family leads to inflammation of the female genital tract by the growth of
pathogenic bacteria.*** The drug-free reservoir PU IVRs and the released HCQ had no significant

impact on Lactobacillus growth or the viability of vaginal and ectocervical epithelial cells.

No-to-little release Triggered release
at acidic pH at neutral pH
o
& e

Figure 1-2. Diagram of pH-responsive IVR for the on-demand release of drugs.

Potentially, pH-responsive polyether-PU membranes can be developed as a “window”
membrane of reservoir-IVR (Figure 1-2). The change of vaginal tract pH when heterosexual

intercourse occurs can be a cue for triggered release of anti-HIV drugs or nanocarriers since the
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normal pH of human vagial tract is acidic (pH 3.5-4.5) and the pH can be elevated to neutral by
introduction of human seminal fluid. Therefore, potentially, pH-change triggered morphology
and physicochemical changes of the membranes could control the permeability of anti-HIV

drugs or nanocarriers.

1.45 Summary of smart biostable polyurethane biomaterials and questions for future

outlook

PUs have various applications depending on their chemical structure and fabrication
method. PU has been developed as a stimuli-responsive biomaterial because of its tunable
physicochemical characteristics. In addition, PU has distinguished thermoresponsive
characteristics as a result of its unique soft segment and hard segment block copolymer structure.
Shape-memory PUs are prepared by controlling the thermoresponsive characteristic. Also, pH-
responsive properties are enabled by placing pH-sensitive polyols or polyamines on the soft or
hard segment of the PUs. Moreover, photoresponsive PUs may be synthesized using
photosensitive groups as a polyol, chain extender, or end-group of the PU. Additionally,
bioresponsive PUs are synthesized by immobilization of enzyme-sensitive molecules and signal

proteins.

Biostability is one of the crucial factors to consider for long-term implantable
biomaterials, such as for IVRs, artificial blood vessels, or artificial IVDs. The biostability of PUs
increases by using polyols, which are stable toward hydrolysis, enhancing the semi-crystalline
characteristic of the hard segment, and modifying the ends of PUs. So far, several long-term

implantable smart PU biomaterials have been developed as outlined in the foregoing paragraphs.
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However, many research questions remain to be answered and several obstacles remain to be

overcome for the development of smart and biostable PU biomaterials.

PU IVRs have been designed as a controlled intravaginal drug release device. Most of the
developed PU IVRs have been fabricated using the hot injection molding or hot-melt extrusion
methods. Stimuli-responsive PU IVRs can be fabricated by these methods. However,
macromolecules, such as proteins/peptides drugs, siRNA, and their nanocarriers, have very low
diffusion efficiency for crossing the non-porous outer layer of IVR. Nanocarrier is often needed
for increasing the delivery efficiency of siRNA and poorly water-soluble drugs through
biological barriers, such as vaginal mucus and the cellular membrane. For controlled release of
macromolecular nanomedicine from I\VVRs, novel fabrication methods should be suggested. Can
the 3D printing method be used to fabricate interconnected porous IVRs which can tune the
release of nanomedicines from the hollow lumen in response to environmental cues? Stimuli-
responsive and biostable PUs are potential candidates for the fabrication of novel IVRs. To
increase the smart functions of stimuli-responsive PU IVRs, are structural specialties, such as
microfluidic channels, necessary? If the microfluidic channels of stimuli-responsive PU IVRs
can increase the control of nanocarrier release, how can stability of nanomedicine during
penetration be ensured? Antifouling or self-cleaning effects may need to be applied to the surface
of IVRs. Potentially, smart PU IVRs can achieve the pH-responsive on-demand release of
nanomedicines. Can we use the smart PU IVRs for the early detection of HIV? How can

bioresponsive PU detect HIV and respond to the infection?

Although there are many questions for the future development of smart PU biomaterials
for long-term implantable application, it is evident that smart PUs can be adopted in a wide range

of biomedical applications based on their tunable physicochemical characteristics. It is also
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evident that smart long-term implantable biomaterials can be designed and fabricated by

controlling the chemical structure of PU and physical structure of fabricated biomaterials.
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1.5  Self-assembled poly(aspartic acid) graft copolymers as a nanocarrier.

Poly(amino acid)s have been used to develop biomaterials such as nanocarriers,
hydrogels, and scaffolds due to their similarity to naturally occurring proteins.**>*® Amphiphilic
poly(amino acid)s, graft or block copolymers with hydrophobic segments, show similar
characteristics to lipid monolayers and can self-assemble into nanocarriers in an aqueous
environment through hydrophobic interaction (Figure 1-3). These self-assembled nanocarriers

have a hydrophobic core and hydrophilic shell allowing hydrophobic drugs to be loaded in the

core or hydrophilic drugs in the shell.

A »
"p Qﬂ)ﬂ
e * - » e »
e
P
* ) ?
e » » “
'S ?
»
4 s 9
& - a
c - v e 9
,
B
» [ & 7 ) >
P . a
. » e * “
[ a
° —_—
Q a ? " ¢
] P 2
n\/\/t ’ﬂ” Lo
P
Ly » ¢ e O
°

Figure 1-3. lllustration for the self-assembly of amphiphilic poly(amino acid) copolymers (A)

graft copolymer and (B) block copolymer driven by hydrophobic associations.
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Amphiphilic poly (amino acid) copolymers have different self-assembly structures such
as micelles, vesicles, and solid particles resulting from their physiochemical characteristics.**> As
an example, amphiphilic poly(glutamic acid) (PGA, pKa 2.2) copolymers conjugated with
phenylalanine (degree of substitution (DS) > 50%) as a hydrophobic segment were synthesized
and successfully self-assembled into stable NPs (DI > 100 nm) as a nanocarrier of hydrophobic

drugs, proteins, and plasmid DNA 117119

' 4
Increasing hydrophobicity
Micelle Vesicle Solid nanoparticle
DI <100 nm DI > 100 nm DI > 100 nm
@ Hydrophilic segment -\~ Hydrophobic segment

Figure 1-4. The self-assembly of amphiphilic graft poly(amino acid) copolymer into: solid

nanoparticles, vesicles, and micelles.



The relative ratio of hydrophilic segments to hydrophobic segments in poly (amino acid)
dictates the self-assembly structure. As illustrated in Figure 1-4, a higher
hydrophilic/hydrophobic ratio gives rise to micelles, an intermediate hydrophilic/nydrophobic
ratio leads to vesicles, and a lower hydrophilic/hydrophobic ratio results in the formation of solid
nanoparticles. Drugs, targeting moieties, antibodies, and fluorescent tags can be conjugated to
the surface of nanocarriers and siRNA can be loaded by electrostatic interaction with the

nanocarrier.

Poly(aspartic acid) (PASP, pKa 3.9) is a specific water-soluble and biodegradable
poly(amino acid) with nontoxic degradation products'?®*# having carboxylic acid groups which
can be used for further chemical derivatization with fluorescent tags or for antibody conjugation.
Amphiphilic PASP graft copolymers have been favored because of their relatively facile
preparation methods as compared to block copolymers. Direct conjugation of various molecules
having nucleophilic primary amine or hydroxyl groups on the backbone of polysuccinimide
(PSI) can yield PASP graft copolymers with various funtionalities.***#" Amphiphilic PASP
graft copolymers can be synthesized from PSI by nucleophilic conjugation of hydrophobic
segments such as long chain alkylamine followed by alkaline hydrolysis. The amphiphilic PASP
graft copolymers can self-assemble in aqueous solution by hydrophobic interaction and the
particle size can be tuned by various structural factors such as length and DS of hydrophobic side
chains. The effect of conjugation of alkylamines (DS < 10%) such as dodecylamine (DDA),
hexadecylamine (HDA), octadecylamine (ODA) on self-assembly behavior of amphiphilic PASP
was studied.® The amphiphilic PASP copolymers successfully self-assembled into micelles (DI
< 100 nm) by strong hydrophobic interaction. The micelles conjugated with ODA showed the

highest surface tension and a minor change of the surface tension by an increase of concentration
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because conjugated ODA is in a frozen state below its melting temperature (T, 52.9 °C).
However, micelles conjugated with DDA or HDA showed a decrease of surface tension with an
increase in temperature. The stability of the micelles in aqueous solution was maintained when
hydrophobic interaction overcame the stiffness of the PASP backbone. Additionally, an
amphiphilic PASP conjugated with 1-hexadecylamine (HDA, DS: 20 %) was synthesized from
PSI and then further modified by conjugation of various amino acids such as L-valine, L-serine,
L-leucine, and R-alanine.”® The HDA conjugated amphiphilic PASP graft copolymer and its
derivatives with amino acids self-assembled into micelles (DI: 15-65 nm). The amphiphilic

PASP graft copolymers have been successfully used for delivering drugs.?*?
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Chapter 2

Hypothesis and Objectives
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2.1 Rationale and Hypothesis

An intravaginal drug delivery device that would release drugs only at the time of
heterosexual intercourse and provide prolonged and continuous protection would improve
efficacy and reduce toxicity. Immediately after ejaculation,®**?***° during hetero-sexual
intercourse, seminal fluid changes the normally acidic vagina from pH less than 4.5 to
neutral. %13 According to TEVI-BE'NISSAN et al,** full elimination of semen from the
vagina takes 20 h and the vaginal ecological microenvironment only returns to its normal acid
pH 48 hours after intercourse. It is inferred that the elevated pH could be maintained around
neutral for at least a couple of hours because sperm needs an alkaline or neutral environment to
be able to survive and swim to fertilize the egg.****** The overarching hypothesis is that a pH-
responsive VR system can be developed to realize on-demand on-and-off release of drugs or

nanoparticles (NPs) in response to vaginal pH change due to sexual intercourse.
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2.2 Objectives to be achieved

The objective of this work is to develop and characterize novel, reversibly pH-responsive
PU biomaterials that can be incorporated into IVRs for on-demand release of drugs or NPs, i.e.

little or no release at pH < 4.5 and rapid release at pH > 6.5.
Specifically, | have:
1. Synthesized and characterized new pH-responsive PUs;

2. Fabricated PU membranes with the pH-responsive PUs to serves as a “window”
membrane of two-component IVRs for switchable pH-responsive delivery of drugs which might

potentially prevent HIV infection;

3. Synthesized a new PU gel and incorporated it in “multi-use” reservoir-based IVRs to

fulfill pH-responsive on-demand release of NPs;

4. Established and elucidated the processing-structure-property relationship of successfully

synthesized and/or fabricated pH-responsive PU biomaterials.
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2.3 New pH-sensitive polyurethanes for smart intravaginal delivery of drugs and

nanocarriers

In this thesis, mainly three kinds of new pH-sensitive polyether-PU copolymers (PEG-

HEP-HDI-PG, PEG-HEP-MDI-PG, PEG-DMPA-HDI-PG) were synthesized (Scheme 2-1,2,3)

1) First step

OH
HO

PEG HEP HDI
o0 oo R Moo i
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O O e} e}
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Scheme 2-1. Synthesis scheme of pH-responsive PU; PEG-HEP-HDI-PG (PHHP)
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Scheme 2-2. Synthesis scheme of pH-responsive PU; PEG-HEP-MDI-PG (PHMP)
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Scheme 2-3. Synthesis scheme of pH-responsive PU; PEG-DMPA-HDI-PG (PDHP)

PEG was used as a hydrophilic soft segment for all PUs. HEP or DMPA was chosen as a
pH-sensitive agent since their conjugate acids have a pKa of 6.4 or 4.4, respectively. These pH-
sensitive molecules were immobilized in prepolymers to allow rapid and dramatic pH-sensitive
response. PG was used as a chain extender with diisocynate to extend the hydrophobic domain of

the pH-responsive PU copolymers.
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Figure 2-1. Schematic illustration for the pH-responsive behavior of solvent-cast PEG-HEP-
HDI-PG and PEG-HEP-MDI-PG membranes (A), electrospun PEG-HEP-MDI-PG membrane

(B), and supramolecular PEG-DMPA-HDI-PG hydrogel (C).
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The pH-sensitive PUs, PEG-HEP-HDI-PG, PEG-HEP-MDI-PG, PEG-DMPA-HDI-PG,
were used fabricate pH-responsive intravaginal biomaterials. Solvent-cast pH-responsive PEG-
HEP-HDI-PG and PEG-HEP-MDI-PG membranes showed pH-triggered reversible changes in
swelling ratio and morphology (Figure 2-1, A). Electrospun pH-responsive PEG-HEP-MDI-PG
membranes showed pH-dependent changes of morphology (pore sizes, fiber diameters, and
thickness) and surface charge (Figure 2-1, B). PEG-DMPA-HDI-PG formed a supramolecular
hydrogel at 20 wt% in distilled water and showed pH-responsive change in swelling behavior
(Figure 2-1, C). Overall, these pH-responsive PU biomaterials successfully demonstrated their

potential use in on-demand intravaginal release of drugs or nanocarriers.
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Chapter 3

Reversibly pH-responsive polyurethane membranes for

on-demand intravaginal drug delivery

Seungil Kim, Yufei Chen, Emmanuel A. Ho, Song Liu
Revised from the review article published in Acta Biomaterialia.2017, 47, 100-112.
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As a part of this thesis, new pH-responsive PUs, PEG-HEP-HDI-PG and PEG-HEP-
MDI-PG, were synthesized and their pH-triggered responsiveness have been confirmed. Overall,
solvent-cast pH-responsive PU membranes were prepared and their potential use in intravaginal
application for on-demand release of drugs was evaluated. The hypothesis of this research is that
the pH-triggered physicochemical responsiveness of the PUs can contribute to switchable on-

demand on-and-off release of anionic drugs.

3.1 Abstract

To provide better protection for women against HIV, on-demand intravaginal drug
delivery was attempted by synthesizing reversibly pH-responsive polyether-PU copolymers
using PEG and HEP. Chemical structure and thermo- characteristics of the synthesized PUs were
confirmed by ATR-FTIR, 'H-NMR, and melting point testing. Membranes were cast by the
solvent-cast method using the prepared pH-responsive PUs (PEG-HEP-HDI-PG and PEG-HEP-
MDI-PG). The impact of varying pH on membrane swelling and surface morphology was
evaluated using swelling ratio change and SEM. The prepared solvent-cast pH-responsive PU
membranes showed two times higher swelling ratio at pH 4.0 than at pH 7.0 and a pH-triggered
reversible surface morphology change. The anionic anti-inflammatory drug diclofenac sodium
(NaDF) was used as a model compound for release studies. The solvent-cast pH-responsive PU
membranes allowed continuous NaDF release for 24 h at 37 °C and over 20% of total NaDF
released at pH 7.0 within 3 h but close-to-zero drug release at pH 4.5. NaDF permeation across
the prepared membranes demonstrated a switchable pH-responsiveness. The solvent-cast pH-
responsive PU membranes did not show any noticeable negative impact on vaginal epithelial cell

viability or induction of pro-inflammatory cytokine production compared to controls. Overall,
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the non-cytotoxic pH-responsive PUs, PEG-HEP-HDI-PG and PEG-HEP-MDI-PG,
demonstrated their potential to be used in membrane-based implants such as intravaginal rings to

achieve on-demand “on-and-off” intravaginal anionic drug delivery.

3.2 Introduction

STIs including HIV are a significant health concern.** Over 30 million people in the
world are suffering from HIV infection, especially women living in sub-Saharan Africa.
Biologically, women are at two times greater risk of heterosexual HIV infection compared to
men with male-to-female transmission being eight times more likely to occur than female-to-
male transmission due to anatomical differences such as the larger surface area of the anterior
female genital tract.™® For HIV prevention, various strategies such as condoms, vaginal gels, and
IVRs have been developed.®**® Despite being an effective method of preventing HIV and
unplanned pregnancy, condoms require consent of the other partner and may be refused due to
socio-cultural reasons.***%!* vaginal gels are inconvenient and must be applied immediately
prior to sexual intercourse.®® IVRs are torus shaped polymeric devices approved for
contraception and are currently being evaluated as an effective dosage form for the anti-HIV
drugs delivery.’®1%14 Benefits of IVRs include the fact that they can provide sustained
controlled drug release for prolonged periods of time and can be used discreetly by women
without the consent of their partner. There are two main types of IVRs: matrix-type and
reservoir-type.” Drug release rates from matrix-type IVRs are proportional to both drug loading
and device surface area. Although the matrix-type IVRs have certain advantages, they suffer
from an initial burst release and following continuously decelerated release, which might be

inferior to reservoir-type IVR which can achieve the zero-order release. Zero-order release of
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anti-HIV drugs is more desirable in this application.° However, it may not be ideal to
continuously release drugs when not required as this can result in side effects.'® We propose to
develop a “smart” drug delivery system fabricated from pH-responsive PU which allows
permeation of drugs at pH > 6.5 but close-to-zero drug release at pH < 4.5. This is due to the fact
that under normal physiological conditions the pH of the human female genital tract is 3.5-4.5

(average 4.2),%>1%

and can be elevated to neutral (> 6.5) in the presence of seminal fluid during
heterosexual intercourse.®® This distinct pH change can be utilized as a stimulus to trigger
switchable pH-responsive topical drug release from the “smart” delivery system.

PU is one of the oldest cost-effective synthetic elastomeric polymers for biomaterials.®® It

has been used for IVRs fabrication due to its controllable elastomeric and thermoplastic
characteristics.'**'* Generally, PU elastomers are synthesized from three components: long
chain polydiol, polyisocyanate, and chain extender (short chain polyol or short chain polyamine).
The elastomeric characteristic of the PU arises from its distinguished chemical structure, which
consists of a soft segment and hard segment. Long and flexible polydiol chains typically make up
the soft segment, and polyisocyanate and short chain polyols or polyamines constitute the hard
segment.’® The hard segment acts as a physical cross-linking domain because of the
arrangement of the hard segment. Upon mechanical deformation, the hard segment prevents
irreversible flow of the polymer material."® pH-responsive PUs have been synthesized for pH-
triggered drug release, however, many of the studies focused on the fabrication of PU
nanoparticles for one time pH-responsive drug release, i.e. the pH-triggered drug release was not
switchable.®**%13 For example, acid hydrolyzable hydrazone linker was embedded in
poly(ethylene glycol)-poly(e-caprolactone)-based PU to yield acid-cleavable self-assembled PU

micelles.*® The PU micelles degraded in acidic media (pH 4-6) to release loaded cargo by the
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cleavage of hydrazone linkage in the copolymer backbone. Another study reported a triblock PU
in which pH-sensitive HEP served as the hard segment and the core of the self-assembled
micelle.® At acidic pH, the micelle disintegrated to release the encapsulated drug. Reversibility
of the self-assembly and switchable pH-triggered on-and-off drug release were missing and not
the focus of these reports.

There are only a few reports of pH-responsive PU membranes.”'**

pH-responsive
polyester-PU copolymer membranes were developed using a diol containing carboxylic group as
a chain extender for controlled release of cationic compounds.® However, the fabricated
membranes were shown to be dissolvable at pH > 8 (pKa of the carboxyl acid group is 8.3),
disabling switchable pH-responsive release in the end-uses where pH can exceed 8. In another
study, pH-responsive polyester-PU membranes which demonstrated pH-responsive water
swelling were prepared.”® However, the pH responsiveness was quite limited (water swelling
percentage of 365% at pH 8.5 vs. 325% at pH 10.0), probably due to the fact that the pH-
responsive monomers dimethylolpropionic acid, and N-methyldiethanolamine were incorporated

as the chain extender which serves as a hard segment acting crosslinking point of the PU. As a

result, the synthesized PU could not exhibit dramatic change upon pH change.

In this chapter, we designed and synthesized new pH-responsive polyether-PUs that are
stable between pH 4-10 and contain pH-sensitive diols in the prepolymer of the PUs to allow
rapid and dramatic pH-responsiveness. Specifically, new pH-responsive polyether-PUs were
synthesized with PEG and HEP (pKa of the conjugate acid of HEP is 6.4)>? serving as the
hydrophilic soft segment and the pH-sensitive moiety, respectively. The membranes, which were
solvent-cast from the new PUs, swell 2 times more at pH 4.5 (the physiological pH of the human

vaginal tract) than at pH 7.0 (the pH in the presence of human seminal fluid). Close-to-zero
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release of the anionic model drug sodium diclofenac (NaDF) was observed across the solvent-
cast pH-responsive PU membrane at pH 4.5, but rapid release of NaDF occurred at pH 7.0. The
solvent-cast PU membranes demonstrated the switchable on-and-off release of model drug
NaDF. Overall, the solvent-cast pH-responsive PU membranes hold great potential to be used for
fabrication of IVRs to achieve on-demand drug release to better protect women who are

generally at higher risk and are more vulnerable to HIV.

3.3 Materials and methods
3.3.1 Materials

PEG (Mn = 6,000) was purchased from EMD Chemicals (Mississauga, ON, Canada).
Methylene di-p-phenyl diisocyanate (MDI) (98%) was purchased from ACROS (Geel, Belgium),
1,4-Bis(2-hydroxyethyl)piperazine (HEP) (99%), propylene glycol (PG) (> 99.5%), 1,6-
hexanediol (HD) (99%), hexamethylene diisocyanate (HDI) (> 99%), dibutyltin dilauarate
(DBTDL) (95%), anhydrous N,N-dimethylformamide (DMF) (99.8%), dimethyl sulfoxide
(DMSO) (> 99.5%), anhydrous 1,2-dichloroethane (DCE) (99.8%), anhydrous diethyl ether (>
99%) and tetrahydrofuran (THF) were purchased from Sigma Aldrich (St. Louis, MO, USA).
Water, methanol, and acetonitrile (all HPLC grade), were purchased from VWR International
LLC (Batavia, IL, USA). Sodium diclofenac (NaDF) was purchased from Santa Cruz (> 99%,
Dallas, TX, USA). NaDF is a chemical sodium salt of 2-[{2,6-dichlorophenyl} amino] benzene

acetic acid with a pKa of 3.8 at 25 °C in aqueous condition.'*
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3.3.2 Synthesis and characterization of pH-responsive PU copolymers (PEG-HEP-HDI-PG

and PEG-HEP-MDI-PG)

New pH-responsive PUs were synthesized using HEP and PEG with diisocyanates and
PG. Two different diisocyanates, HDI and MDI, were used (Scheme 2-1 and 2-2). The
synthesized PUs were referred to as PEG-HEP-HDI-PG and PEG-HEP-MDI-PG when HDI and
MDI were used, respectively. Briefly, a three-neck flask was set up with nitrogen inlet-outlet
purging and mechanical stirring equipment. 5.0 g PEG and 1.3 g HEP (feed mole ratio of PEG:
HEP = 0.1: 0. 9) were dissolved in anhydrous DMF and added to the flask. After a catalytic
amount of DBTDL was added into the reactor, stoichiometric ratio of diisocyanate (1.4 g HDI,
feed mole ratio of OH/NCO = 1) was added into the reactor. The reactor was maintained for 6 h
at 60 °C with stirring at 500 rpm under a nitrogen atmosphere. Further synthesis progress was
done by adding HDI and PG. PG (feed mole ratio of HEP: PG = 0.9: 1) and a catalytic amount of
DBTDL were added to the reaction mixture. After 15 min stirring, stoichiometric ratio of
diisocyanate (1.4 g HDI, OH/NCO = 1) was added. The reactor was maintained in a nitrogen
atmosphere for 24 h at 60 °C. The reaction mixture was then poured into 8-fold diethyl ether, and
the precipitate was washed with excess diethyl ether several times to remove the remaining
impurities. The final product (PEG-HEP-HDI-PG, yield: 98.7%) was obtained after being dried

in a vacuum oven at room temperature.

In a similar manner, PEG-HEP-MDI-PG was synthesized using aromatic diisocyanate.
Briefly, flasks were set up with nitrogen inlet-outlet equipment and condenser at 60 °C. 5.0 g
PEG and 1.3 g HEP (feed mole ratio of PEG: HEP = 0.1: 0.9) were dissolved in anhydrous 1,2-
dichloroethane (DCE). After the addition of DBTDL into the reactor, a stoichiometric ratio of

diisocyanate (2.1 g MDI, feed mole ration of OH/NCO = 1) was added. The reactor was
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maintained for 3 h at 60 °C under a nitrogen atmosphere. PG (feed mole ratio of HEP: PG = 0.9:
2) and catalytic amount of DBTDL were added to the reactor. After 15 min, 4.2 g MDI (feed
mole ratio of OH/NCO = 1) was added. The reactor maintained nitrogen atmosphere for 3 h at 60
°C. The final product was precipitated in 8-fold diethyl ether and washed with excess diethyl
ether several times. The final product (PEG-HEP-MDI-PG: yield: 92.0%) was obtained after

being dried in a vacuum oven.

Control non-pH-sensitive PU (PEG-HD-MDI-HD) was also synthesized. Briefly, flasks
were set up with nitrogen inlet-outlet equipment at 60 °C. 5.0 g PEG and 0.9 g HD (feed mole
ratio of PEG: HD = 0.1: 0.9) were dissolved in anhydrous DCE. After a catalytic amount of
DBTDL was introduced, a stoichiometric ratio of diisocyanate (2.1 g MDI, feed mole ration of
OH/NCO = 1) was added. The reaction mixture was then continuously stirred for 3 h at 60 °C
under nitrogen atmosphere, and HD (feed mole ratio of PEG: HD = 0.1: 1) was added. After 15
min, 2.1 g MDI (feed mole ratio of OH/NCO = 1) was introduced. The reactor maintained
nitrogen atmosphere for 3 h at 60 °C. The resulting product was precipitated and washed with
excess diethyl ether. The final product (PEG-HD-MDI-HD, vyield: 87.0%) was obtained after

being dried in a vacuum oven.

The chemical structure of the synthesized PU copolymers was confirmed by ATR-FTIR
(Thermo Scientific, Nicolet iS10) and *H-NMR (Bruker, Karlsruhe, Germany, Avance 300
MHz). T, of the PU copolymer was characterized using a melting point apparatus (LTS420,
PE95/T95, Linkam Scientific Instrument, Surrey, UK). Viscosity average molecular weight of
the synthesized PUs was calculated from the Mark-Houwink equation [n] = KM? where [n] is the
intrinsic viscosity, K and a are experimentally-determined constants which have been reported in

the literature,**" and M is the viscosity average molecular weight which lies between Mn and
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Mw. The Mark-Houwink equation for the PU in DMF at 25 °C is [n] = 3.64 x 10*M%" 1%
Viscosities were measured using a Cannon-Ubbelohde dilution viscometer at 25.0 + 0.75 °C to
calculate the intrinsic viscosity of the PU solutions. Time taken by the tested liquid to travel
between two measurement marks M; and M, was recorded for pure DMF and the DMF solution
of PUs. Each measurement was repeated five times. The concentration of the PUs was diluted

from 0.25 g/100 mL to 0.125 g/100 mL.

3.3.3 Fabrication and characterization of solvent-cast pH-responsive PU membranes

The pH-responsive and control non-pH-responsive PU membranes were cast by a solvent-
cast method.**® Supersaturated 2% (g/mL) pH-responsive PU copolymer solution in THF and 2%
(9/mL) control PU copolymer solution in DMSO were prepared and poured into a glass dish
mold (DI: 90 mm). THF was evaporated at room temperature and membranes were cast for 24 h.
For the control PU, DMSO was evaporated at 80 °C under vacuum. The solvent-cast PU
membranes were immersed in distilled water for further purification and then detached from the
mold. The washed PU membranes were dried at room temperature for 24 h, and then used
without further treatment for later evaluations. The dry thickness of solvent-cast PU membranes
was 0.20 + 0.01 mm. Tensile strength and elongation at break of prepared membranes were
conducted using an Instron Extension Testing System (Instron, MA, USA) with a crosshead
speed of 25 mm/min with a 5 kN load cell.*** Each sample was cut into lengths approximately 10
x 40 mm. The samples consisted of: dry samples, swollen samples at 37 °C in pH 4.5 and

swollen samples at 37 °C in pH 7.0. Each measurement was repeated three times.

For swelling behaviour evaluation of the solvent-cast membranes, various pH buffer

solutions from pH 4 ~ pH 10 were prepared from 0.1 M phosphate buffer solution (PBS) by
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adjusting pH using 0.05 M HCI and 0.05 M NaOH solution. Prepared membrane (DI: 6 mm,
thickness: 0.20 = 0.01 mm) samples were immersed in different pH buffer solutions at 37 °C
until swelling equilibrium was reached. Before weighing the swollen samples at each time point,
the surface liquid was gently wiped off. The measurement was repeated three times. Also, cyclic
pH-responsive swelling ratio change was evaluated to confirm the tunable pH-responsive
behavior of the solvent-cast PU membranes. Three solvent-cast membrane samples (DI: 6 mm)
were weighed and immersed in pH 4.5 PBS for 3 h at 37 °C. After the samples were removed
and weighed, the samples were immersed into pH 7.0 PBS for another 3 h at 37 °C, then
removed and weighed again. This procedure was repeated in pH 4.5 PBS. Surface liquid was

gently wiped off before weighing the membranes. The measurement was repeated three times.

pH-responsive morphology change of the solvent-cast PU membranes was evaluated. The
membrane (DI: 6 mm, thickness: 0.20 + 0.01 mm) samples were immersed in different pH buffer
solutions (pH 4 ~ 10) at 37 °C for 6 h. The sample was pulled out and frozen at -80 °C. After
lyophilisation, the surface morphologies were observed by scanning electron microscopy (SEM,
Cambridge Instruments, UK, Cambridge Stereoscan 120) evaluation. Cyclic pH-responsive
morphology change of the solvent-cast PU membranes was also evaluated. Three pH-responsive
PU membrane samples (PEG-HEP-HDI-PG or PEG-HEP-MDI-PG (DI: 6 mm)) were immersed
into pH 4.5 PBS for 3 h at 37 °C. One sample was pulled out and frozen at -80 °C. The other
samples were immersed into a pH 7.0 PBS for 3 h at 37 °C, then one sample was removed and
frozen at -80 °C. The last sample was immersed into pH 4.5 PBS for 3 h at 37 °C, then pulled out

and frozen at -80 °C. After lyophilisation, SEM images were taken.
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3.3.4 Drug permeation test

Drug permeation across the solvent-cast pH-responsive PU membranes and control PU
membrane was evaluated at 37 °C using a Franz diffusion system.*** NaDF was used as a model
drug of anionic anti-HIV drugs such as betulinic acid and bevirimat which have a molecular
weight (Mw) below 1,000 g/mol. Briefly, prepared membranes were cut into square pieces (25
mm x 25 mm), with a thickness of 0.20 £ 0.01 mm at dry conditions. Before evaluation, the
samples were immersed in PBS at pH 4.5 or 7.0 over 3 h. Once swollen, the thickness of the
membrane samples increased to 0.30 + 0.05 mm. The swollen membrane was then sandwiched
between the donor chamber and the receptor chamber of the Franz cell to cover the orifice. Drug
permeability was evaluated using PBS solutions of either pH 4.5 or pH 7.0 in the receptor
chamber. 500 puL 50 pg/mL of NaDF was prepared for the donor chamber in PBS with the same
pH as the receptor chamber. At intervals of 1, 2, 3, 6, 12, and 24 h, 300 pL of sample solution
was withdrawn via the sampling arm, and the equivalent amount of PBS solution at the same pH
was replenished through the sampling arm. Sample solutions were stored at -20 °C until

reversed-phase high-performance liquid chromatography (RP-HPLC) analysis.

Switchable pH-responsive drug permeability was conducted similarly. Before the
evaluation, the samples were immersed in pH 4.5 PBS over 6 h. The prepared sample
membranes were then sandwiched between the donor and the receptor chambers to cover the
orifice. Switchable drug permeability was evaluated using 50 pg/mL of NaDF prepared in
distilled water, and 500 pL was loaded into donor the chamber. Initially, the receptor chamber
was filled with PBS (pH 4.5). The entire receptor chamber buffer was replaced with the pH 7.0
and pH 4.5 PBS solutions sequentially at 3 and 6 h, respectively. The solution in the receptor

chamber was collected at various time intervals and stored in -20 °C prior to RP-HPLC analysis.
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NaDF concentration in the collected samples was quantified using a modified RP-HPLC
method.**® Waters Symmetry® C18 Column (3.5 pm, 4.6 mm x 75.0 mm) along with a Waters®
Nova-Pak C18 Guard Column (4.0 pm, 3.9 mm x 20.0 mm) were used under a gradient
condition on a Waters® 2690 HPLC system. The mobile phase was comprised of aqueous phase
(A) 0.1% trimethylamine in water (v/v, adjusted to pH 5.1 with concentrated phosphoric acid)
and organic phase (B) acetonitrile using the following gradient elution: at 0 min: 70% A and
30% B; at 5 min: 50% A and 50% B; 7.01 min: 70% A and 30% B. Each injection was run for 10
min. Flow rate was maintained at 1.0 mL/min with the UV detection set at 284 nm. The column
temperature was maintained at 25 °C. The retention time of NaDF was approximately 3.1 min in
pH 7.0 PBS samples and 7.0 min in pH 4.5 PBS samples, respectively. A linear calibration curve
of NaDF was obtained in the range of 24-1250 ng/mL (r* > 0.999) using 80 pL injection. The

lower limit of quantification for NaDF was 24 ng/mL, with a signal to noise ratio greater than 10.

3.3.5 In vitro biocompatibility studies of the solvent-cast PU copolymer membranes

The vaginal mucosa, particularly its major component, the vaginal epithelium, part of the
human body’s defence system, acts as an effective barrier against many foreign pathogens.
However, it is also sensitive to the potential damages induced by topically applied microbicides.
The immortalized human vaginal cell lines have been widely used in vitro to assess the
cytotoxicity of microbicides against vaginal epithelium as well as pro-inflammatory cytokine
induction.™*’ Elution test methods are usually employed to evaluate the potential toxic PU
degradants eluted into the cell media causing cell death.*>*34148 Tq assess the biocompatibility
of the solvent-cast PU membranes, the human vaginal epithelial cell line VK2/E6E7 and T-cell

line Sup-T1 (American Type Culture Collection, ATCC, Rockville, MD, USA) were used in the
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current study to reflect the vaginal epithelium and intraepithelial lymphocytes, respectively.
VK2/EGE7 cells were maintained in a keratinocyte-serum free medium (K-SFM) containing 0.1
pg/mL recombinant human EGF, 50 mg/mL bovine pituitary extract (Life Technologies,
Carlsbad, CA, USA), 0.4 mM CaCl, and 1% penicillin/streptomycin (Sigma-Aldrich, Whitby,
Ontario, Canada). Sup-T1 cells were maintained in RPMI-1640 medium containing 10% heat-
inactivated fetal bovine serum (FBS, Fisher Canada, Toronto, Ontario, Canada) and 1%
penicillin/streptomycin. Both cell lines were cultured in an incubator at 37 °C and 5% CO, prior

to the treatment.

The impact of fabricated PU membranes on cell viability was evaluated using an elution
assay. Briefly, the thoroughly washed (in sterile water) solvent-cast PU membranes were dried
and then sterilized by exposure to UV light for 30 min in a sterile biosafety cabinet. The
membranes (100 mg) were put into a sterile 15 mL tube containing 5 mL of K-SFM or RPMI-
1640 medium using aseptic technique. The membranes were incubated at 37 °C for 1, 7, 15, 30
days in an incubating orbital shaker at a speed of 100 rpm. At the desired intervals, the elution
medium was collected using aseptic technique by transferring the elution medium into a sterile

15 mL tube and stored in -80 °C until further analysis.

1 M acrylamide was prepared in K-SFM or RPMI-1640 medium and filtered using a 0.2
um membrane and used to induce cell death as a positive control for the CellTiter 96® AQueous
One Solution Cell Proliferation Assay (MTS assay, Promega Corporation, Madison, W1, USA).
Lipopolysaccharide (LPS; from Escherichia coli 0111: B4, Sigma) was suspended in 1 mL sterile
PBS to yield a 1 mg/mL stock solution. Diluted LPS (50 pg/mL) prepared in K-SFM or RPMI-
1640 medium was used to induce positive controls for IL-6 and IL-8 ELISA (R&D System Inc.,

Minneapolis, MN, USA). Nonoxynol-9 (N-9, 200 ug/mL; Spectrum Chemical, Corp., New
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Brunswick, NJ, USA) in K-SFM or RPMI-1640 medium was used to induce positive controls for
IL-18 ELISA (R&D System). Drug-free K-SFM or RPMI-1640 medium was used as negative
control for VK2/EGE7 and Sup-T1 cells, respectively. VK2/E6E7 cells were seeded at 2.5 x 10*
per 100 pL per well in 96-well plates. After overnight adhesion, the K-SFM medium was
replaced with 100 pL of the positive control, negative control, and elution K-SFM medium
collected at different time intervals. Similarly for Sup-T1 cells, after seeding the same numbers
of cells in each well, the plate was spun down at 500 x g and medium in each well was replaced

with 100 pL of positive control, negative control, and elution RPMI-1640 medium.

After 24 h of elution medium treatment, 20 pL MTS assay reagent was added to each well
followed by incubation at 37 °C in the dark for 1 h as suggested by the manufacturer.
Absorbance of each well at 490 nm was recorded using a Synergy HT Multi-Mode Microplate
Reader (Biotek, Winooski, VT, USA). After 24 h of incubation (37 °C, 5% CO5), supernatants in
each well were collected for cytokine ELISA analysis. For Sup-T1 cells, cells were separated
from the culture medium by spinning down at 1,000 x g for 5 min. Levels of IL-1p, IL-6, and IL-
8 Iin VK2/EGE7 supernatants or Sup-T1 culture medium were evaluated using ELISA Kits
obtained from R&D Systems and data analyzed using SigmaPlot 12.2 (Systat Software Inc., San

Jose, CA, USA).

3.3.6 Statistical analysis

Data are presented as mean + standard deviation (SD). The n-value refers to the number
of replicates performed for each experiment. One-way ANOVA along with Bonferroni's multiple

comparisons test was performed on the results with P < 0.05 considered to be significant.
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3.4 Results and Discussion

3.4.1 Synthesis and characterization of pH-sensitive PUs (PEG-HEP-HDI-PG and PEG-

HEP-MDI-PG)

Two kinds of pH-responsive polyether-PU copolymers (PEG-HEP-HDI-PG and PEG-
HEP-MDI-PG) were synthesized; PEG was used as a hydrophilic polyether soft segment for both
PUs. HEP was chosen as a pH-sensitive agent since its conjugate acid has a pKa of 6.4. The
difference between the two pH-responsive PUs lies in the urethane linker: an aliphatic
diisocyanate (HDI) for PEG-HEP-HDI-PG and an aromatic diisocyanate (MDI) for PEG-HEP-
MDI-PG. PG was used as a chain extender and as part of the hard segment. Anhydrous DMF
was selected for PU polymerization when HDI was used. Macromolecular products of the
reaction using MDI have more hydrophobic characteristics than that of HDI because of their
higher crystallinity, therefore anhydrous DCE was used as a reaction solvent when MDI was
used. Overall, the reaction was performed under anhydrous conditions using dried nitrogen gas
because diisocyanate can be hydrolysed by water.'? The reaction temperature was maintained at

60 +5°C. %

The viscosity average molecular weight of PEG-HD-MDI-HD, PEG-HEP-HDI-PG and
PEG-HEP-MDI-PG were 1.3x10°, 6.0x10° and 4.5x10°, respectively. The T, of PEG-HEP-
MDI-PG is 160 °C, which is higher than that of PEG-HEP-HDI-PG (140 °C) as shown in Table
3-1. This may be explained by the fact that the hard segments of PEG-HEP-MDI-PG have
stronger intermolecular interactions than that of PEG-HEP-HDI-PG. The aromatic segment is
more rigid than the segment composed of aliphatic isocyanates.*®'*° Differences in the chemical

structure of pH-responsive PUs such as soft segment/hard segment ratio and chemical
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component can create different tensile strengths of the cast PU membranes at dry and wet

conditions and produce different elongation breaks.

Table 3-1. Physical characteristics of solvent-cast pH-sensitive PUs (PEG-HEP-HDI-PG and

PEG-HEP-MDI-PG) and control non-pH-responsive PEG-HD-MDI-HD membranes. Data is

expressed as mean + SD; n = 3.

Viscosity
Melting . Elongation  average .
Tensile strength (kP
Polymer Temperature ensile strength (kPa) at break molecular \E(')/e I)d
(°C) (dry, %) weight 0
dry pH 4.5 pH 7 (Mv)

165 7.3 10.1 5

PEG-HEP-HDI-PG 140+ 10 +3 +08 +03 900 + 11 6.01x10 98.7
308 25.2 50.9 5

PEG-HEP-MDI-PG 160 £ 10 L7 +09 +04 570+8 4.54x10 92.0
300 71 68 6

PEG-HD-MDI-HD 195+ 10 +10 +4 +5 682 + 21 1.32x10 88.7

As presented in Table 3-1, PEG-HEP-HDI-PG showed lower tensile strength and higher

elongation percentage at break than PEG-HEP-MDI-PG. The cast membranes showed lower

tensile strength in wet conditions. Since the membranes were swollen in PBS, polymer density

was decreased, and the absorbed water reduced interactions between the polymer chains. The

absorbed water reduced Young’s moduli causing minor changes in mechanical properties.’
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Despite the decreased tensile strength in wet conditions, all the PU membranes remained intact

after the drug permeation test. Since the pH-responsive PU membrane can endure the osmotic

pressure of NaDF solution during the permeation test, they can be used as “window” membranes

for a reservoir-type IVR as shown in Figure 3-1.
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Close-to-zero
- rclease
of NaDF

Figure 3-1. Diagram of proposed use of solvent-cast pH-responsive PU membrane as a
“window” membrane of reservoir-type IVR for controlled on-demand drug release. (A)
reservoir-type IVR made of a non-permeable polymer (B) holes for drug loading which are
covered by solvent-cast pH-responsive PU membranes. (C) NaDF loaded in the hollow lumen of

the reservoir-type IVR.

Membranes with a wet tensile strength of 7.3 Kpa or more are good for the desired
application. When drug concentrations higher than those tested in this study are used (leading to
higher osmotic pressure), these pH-responsive PU membranes can be backed up with certain

high strength porous meshes for optimal physical stability.

Chemical structures of the synthesized PU copolymers were confirmed by ATR-FTIR and

'H-NMR. In the ATR-FTIR spectrum of PEG-HEP-HDI-PG, the peak at 1706 cm™ could be
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assigned to the stretching absorbance of free carbonyl bonds and the 1669 cm™ peak arose from
hydrogen bonded carbonyl bonds.”** The N-H bond of urethane and C-O bond in ether were
shown at 3328 cm™ and 1106 cm™ respectively. Similarly, three peaks 1722 cm™, 3315 cm™, and
1081 cm™ in the ATR-FTIR spectrum of PEG-HEP-MDI-PG were characteristic of carbonyl

bond, N-H bond of urethane, and the C-O bond in ether, respectively (Figure 3-2).'*!

'H-NMR spectra were collected to identify the chemical structure of the synthesized pH-
responsive PUs. Figure 3-3 shows the chemical structures of the two pH-responsive PU
copolymers, PEG-HEP-HDI-PG and PEG-HEP-MDI-PG, and their *H-NMR spectra. From the
PEG-HEP-HDI-PG spectra, the proton peaks e and f were assigned to different methylene
protons of HEP as indicated on the structure.>** The bonded PEG was confirmed by the
presence of a methylene proton peak at 3.55-3.76 ppm.>*** The methyl proton peak i at 1.10-1.30
ppm demonstrated the successful incorporation of PG in the structure.*****? The methine proton
peak and methylene proton peak of PG were shifted downfield by 4.90-5.10 ppm and 4.00-4.15
ppm, respectively. The methylene protons b, ¢, and d at 3.02-3.25, 1.40-1.60, and 1.30-1.40 ppm
jointly pointed to successfully incorporated HDI.>*®” The ratio of immobilized PEG and PG was
calculated as 0.065: 1 by comparison of the methylene proton peak a and j. Also, the ratio of
HEP and PG in PEG-HEP-HDI-PG was 0.28: 1 calculated using methylene proton peak e and j.
Similarly, from the PEG-HEP-MDI-PG spectra, incorporated MDI was confirmed by methylene
proton peak ¢ at 3.65-3.75 ppm and methine proton peaks b at 7.0-7.4 ppm.*>® The ratio of PEG
and PG in the PEG-HEP-MDI-PG was 0.074: 1 calculated using methylene proton peak a, and
methine proton peak g; and the ratio of HEP and PG was 0.54: 1 from comparison of methylene

proton peak f and methine proton peak g.
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Figure 3-2. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy of

synthesized pH-sensitive polyurethanes. (A) PEG-HEP-HDI-PG, (B) PEG-HEP-MDI-PG.
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Figure 3-3. *H-Nuclear Magnetic Resonance (*H-NMR) spectra of synthesized pH-sensitive

polyurethanes (PEG-HEP-HDI-PG, PEG-HEP-MDI-PG).
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3.4.2 Physicochemical characterization of solvent-cast pH-responsive PU membranes

The PU copolymers were designed to exhibit pH-responsive characteristics in aqueous
conditions around pH 6.4 due to the tertiary amine of HEP. At pH < 6.4, the tertiary amine
groups in the prepolymer of the PU are protonated (the pKa of the conjugate acid of HEP is 6.4, -
N(R)- + H* — -N"H(R)-). When the pH increased above 6.4, the tertiary amine groups are
deprotonated (-N"H(R)- — -N(R)- + H"). The cationic group on the PU copolymer can exhibit
electrostatic interactions with anionic materials in an aqueous condition until pH 6.4 and can lose
the interaction when pH > 6.4.°*® The solvent-cast pH-responsive membranes were able to
stably maintain their structure in PBS solutions of varying pH (from pH 4 to 10). It is obvious
that the prepared pH-responsive PU membranes have strong hydrogen bonding and hydrophobic

interaction at pH 4~10 resulting from the chemical structure of the PUs.

Figure 3-4 shows the swelling ratio of the solvent-cast pH-responsive PU copolymer

membranes. The swelling ratio (S) was quantified using the following equation
S (%) = (Ms-Mg)/Mq4 x 100

where Ms and Mg are the mass of swollen and dried samples, respectively.**® The swelling
ratio of PEG-HEP-HDI-PG membrane reached equilibrium after 2 h at pH 4~10. At pH 4.0, the
PEG-HEP-HDI-PG membrane showed the highest swelling ratio (668 + 22%). The swelling
ratio at pH 4.0 is more than two times higher than the swelling ratio at pH 7.0. At higher pH,
from 7 to 10, there was no significant difference in swelling ratio, because the tertiary amine of
the PEG-HEP-HDI-PG was deprotonated from pH 6.4. According to the Henderson—Hasselbalch

equation, [R1R2R3N] = [RiR;R3N"H] at pH 6.4. Above pH 7.0, tertiary amines in PEG-HEP-

66



HDI-PG were deprotonated and became less hydrophilic. The swelling ratio of PEG-HEP-MDI-
PG membrane also reached equilibrium after 2 h at pH 4~10. At pH 4.0, the PEG-HEP-MDI-PG

membrane also showed the highest swelling ratio.
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Figure 3-4. Swelling ratio of solvent-cast PU membranes in various pH buffers at 37 °C. (A)
PEG-HEP-HDI-PG membrane, (B) PEG-HEP-MDI-PG membrane, (C) non-pH-responsive
PEG-HD-MDI-HD control, and (D) Comparison of PEG-HEP-HDI-PG membrane, PEG-HEP-
MDI-PG membrane, and non-pH-responsive PEG-HD-MDI-HD control (swelling ratio after

immersed for 3 h at different pH). Data is expressed as mean £ SD; n = 3.
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At higher pH from 7 to 10, there was no significant difference in swelling ratio because
the tertiary amine of PEG-HEP-MDI-PG was deprotonated above pH 6.4. PEG-HEP-HDI-PG
showed a more sensitive swelling ratio change in comparison to PEG-HEP-MDI-PG following
pH change (Figure 3-4, D), which may be a result of them having different hydrophilic
characteristics. PEG-HEP-HDI-PG and PEG-HEP-MDI-PG were synthesized with aliphatic
diisocyanate and aromatic diisocyanate, respectively. Prepolymer of PEG-HEP-HDI-PG may
have a better mobility than that of PEG-HEP-MDI-PG in aqueous conditions since the

prepolymer of PEG-HEP-HDI-PG has lower crystallinity than PEG-HEP-MDI-PG.

From the SEM images, distinct pH-responsive morphology changes were observed
(Figure 3-5). At pH 4.5, there were no pores on PEG-HEP-HDI-PG and PEG-HEP-MDI-PG
membrane surfaces. However, the membranes showed a remarkable number of cavities on the
surface at pH 7.0 because of the pH-sensitive tertiary amine group on HEP. The average cavity
size on the surface of PEG-HEP-HDI-PG membranes at pH 7.0 was 16 + 1 um, and that of PEG-
HEP-MDI-PG was 16 + 2 um (n = 50). At pH 4.5, tertiary amines of HEP were protonated and
expanded in the PBS due to the ionic repulsion between neighbouring polymer chains. As a
result, membranes at pH 4.5 buffer solution can uptake more water than at pH 7.0 and expand the
prepolymer chains. The size of free volume hole, a free space between the PU copolymer chains,
was decreased and the total volume of the pH-responsive PU membranes was increased at pH 4.5

buffer solution. The volume change made no cavities on the surface at pH 4.5.
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Figure 3-5. Scanning electron microscope (SEM) images of solvent-cast pH-responsive PU
membranes (A) PEG-HEP-HDI-PG membrane and (B) PEG-HEP-MDI-PG membrane at pH 4.5
and pH 7.0. Air-contacted surface during casting membrane and mold-contacted surface during

casting membrane were characterized.

At pH higher than pKa, the tertiary amine of HEP was de-protonated and started to
become less hydrated. The prepolymer chains shrank and/or moved to hydrophobic hard segment
at pH > the pKa because the prepolymer chains became less hydrophilic. As a result, free volume
hole increased and cavities were formed on the surface at pH higher than the pKa.*®*** However,
the prepared membranes did not display any visible interconnected porous structure. When pH-
responsive PU membranes were cast, one side of the pH-responsive PU solution was in contact
with air and the other side was in contact with the glass mold surface. It is reasonable to believe

that different polymer arrangements may have formed between the air-contacted surface and the
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mold-contacted surface. Because the polymer concentration was different on the air-contacted
part versus the mold-contacted part during solvent evaporation, the air-contacted part was

influenced by solvent evaporation pressure until the finalization of membrane casting.'*®
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Figure 3-6. Reversible swelling ratio change of solvent-cast pH-responsive PU membranes (A)
PEG-HEP-HDI-PG membrane and (B) PEG-HEP-MDI-PG membrane at 37 °C. Data is

expressed as mean + SD; n = 3.

The cyclic pH-responsive behaviors of the solvent-cast PEG-HEP-HDI-PG and PEG-
HEP-MDI-PG membranes were characterized via cyclic swelling ratio and morphology changes.
As can be seen in Figure 3-6, PEG-HEP-HDI-PG membrane showed 644% swelling ratio after
being immersed in 0.1 M PBS pH 4.5 at 37 °C for 3 h, consistent with the swelling data
presented in Figure 3-4. This swelling ratio decreased with deionization of the tertiary amine of
HEP to 424% swelling ratio after immersion in 0.1 M PBS pH 7.0 at 37 °C for 3 h. After 3 h
immersion in 0.1 M PBS pH 4.5, the swelling ratio of PEG-HEP-HDI-PG membrane showed
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successful cyclic swelling ratio changes up to 655%. The cyclic pH-responsive swelling ratio of
PEG-HEP-MDI-PG membrane was also evaluated. PEG-HEP-MDI-PG membrane showed a
cyclic pH-responsive swelling ratio change to around 200% (pH 4.5), 150% (pH 7.0), and 200%
(pH 4.5) at 3 h, 6 h, and 9 h respectively. From the results of the pH-responsive swelling ratio
tests, it was expected that the swelling ratio of PEG-HEP-HDI-PG membrane and PEG-HEP-
MDI-PG membrane decreased to around 300% and 100% at pH 4.5, respectively. However, the
swelling ratios of the PEG-HEP-HDI-PG membrane and the PEG-HEP-MDI-PG membrane did
not reach these values at the 6 h time point. This hysteresis might be because the PUs had

already hydrogen bonded with water and it takes a longer time to dehydrate to reach equilibrium.

The pH-responsive morphology changes of prepared pH-responsive PU membranes are
shown in Figure 3-7. At pH 4.5, the PEG-HEP-HDI-PG membrane showed almost no pores or
traces of cavities (sunken spaces) on its surface. After the membrane was fabricated, it was
washed with distilled water (pH 6.5~7) over 12 h. During the washing process, the membrane
potentially had cavities on surface. At pH 4.5, images appear to show signs of pre-existing
cavities. After being immersed in pH 7.0 PBS, the cavities re-opened and showed a sunken
porous topography on the air-contacted side. After being re-immersed in pH 4.5 PBS solution,
the cavities appeared to have closed. The PEG-HEP-MDI-PG membranes also showed similar
cyclic pH-responsive morphology changes. However, the PEG-HEP-MDI-PG membrane showed
less clear morphology changes upon pH change than the PEG-HEP-HDI-PG membrane. From
Figure 3-6 and 3-7, it is obvious that the aliphatic diisocyanate based pH-responsive membrane
demonstrated more rapid pH-responsivity than the aromatic diisocyanate based pH-responsive

membrane.
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Figure 3-7. Reversible morphology change of solvent-cast pH-responsive PU membranes (A)
PEG-HEP-HDI-PG membrane and (B) PEG-HEP-MDI-PG membrane. Air-contacted surface
during casting membrane and mold-contacted surface during casting membrane were

characterized.

3.4.3 Drug permeation studies

NaDF is a water-soluble anionic nonsteroidal anti-inflammatory drug which has Mw

296.148 g/mol. NaDF was selected as a model drug to represent the anionic category of anti-HIV

156-160

drugs since it shares several common structural features with those anionic anti-HIV drugs
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such as betulinic acid and bevirimat. Specifically, betulinic acid, bevirimat, and NaDF all have
carboxylic acid groups, a hydrophobic six membered ring structure (fused cyclohexane or
benzene ring) and amines or hydroxyl groups which are capable of forming hydrogen bonding.
NaDF solubility tests determined that the maximum solubility of NaDF in PBS (pH 4.5) was
417.9 pg/mL, and in PBS (pH 7.0) was 5631.4 pug/mL. Thus, sink conditions were maintained
during the permeation studies. Permeation of NaDF across PEG-HEP-HDI-PG and PEG-HEP-
MDI-PG membranes showed distinct pH-responsive patterns (Figure 3-8, A-C). Almost no
release of NaDF was observed during the 24 h permeation test at pH 4.5 (< 0.2% of total NaDF)
for PEG-HEP-HDI-PG and PEG-HEP-MDI-PG membranes, while significant amounts of NaDF
were released at pH 7.0 (41 = 7% and 52 + 6% cumulative release of NaDF for PEG-HEP-HDI-
PG and PEG-HEP-MDI-PG membranes, respectively). The PEG-HD-MDI-HD membrane,
fabricated using non-pH-responsive PU, allowed significant release of NaDF at both pH 4.5
(26.0 = 0.6%) and pH 7.0 (63 = 1%) in comparison to the solvent-cast pH-responsive
membranes. The cause for higher drug release at pH 7.0 than that at pH 4.5 through the non-pH-
responsive PU membrane may due to the difference in zeta-potential at pH 4.5 (-7.9 mV) and 7.0
(-25.4 mV). At pH 7.0, a higher repulsive interaction between control membrane and anionic
model drug had an effect on faster release than at pH 4.2. The non-pH-responsive PU membrane,
however, failed to give the most desirable pH-triggered on-and-off drug release. The pH-
responsive PU membranes attained better control over the release of NaDF: undetectable release
at pH 4.5 and significant release at pH 7.0 (> 40%). The benefits of the pH-responsive PU

membranes are further elucidated in the following section.
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Figure 3-8. In vitro drug permeation study of NaDF using (A) non-pH-responsive PEG-HD-
MDI-HD control, (B) PEG-HEP-HDI-PG membrane, and (C) PEG-HEP-MDI-PG membrane.
Cumulative release of NaDF both in concentration (ug/mL) and percentage (%) over 24 h was
evaluated at both pH 4.5 and pH 7. Temperature was maintained at 37 °C. Data is expressed as

mean £ SD; n = 3. Ctrl, control; PU, polyurethane.

74



A pH4.5 pH 7 pH 4.5
44 [ Ilr 1‘I 1 60
T § ; OCtrl PU Membrane
~ J | L 50
‘5133'3 : 9
3 - 40 —
e —O
3 g
£22 A - 30 2
= o2
= L 20 &
o
211 A z
z i
I : 10
0 0
0-3h 36 h 6-9 h
B pHA45 pH7 pH45
16 - | 1:{ 90
{ OPHHP Membrane
~ 141 I { mPHMP Membrane L 16
£ ' s
1 S
= 1 o
e r 129
] [
208 - 9
B B
) L g &~
o 0.6 | [,
tx | | e
204 - ; : z.
“ i i -4
0.2 - ; |
I e S [m |,
0-3h 3-6h 6-9h

Figure 3-9. In vitro switchable drug permeation studies using (A) non-pH-responsive PEG-HD-
MDI-HD control and (B) pH-responsive PEG-HEP-HDI-PG membrane and PEG-HEP-MDI-PG
membrane. Switchable permeation studies were conducted by shifting the pH of the receptor
chamber medium from 4.5 to 7.0 every 3 h. Temperature was maintained at 37 °C. Data is

expressed as mean = SD; n = 3.
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All the PU membranes were then exposed to alternating pH every 3 hours to examine
how the drug release through the membranes responded to pH changes. The prepared pH-
responsive membranes demonstrated noticeable switchable pH-responsive drug permeability
(Figure 3-9, B) in comparison to the control PEG-HD-MDI-HD membrane (Figure 3-9, A). The
control membrane showed a burst release of NaDF (51 + 5%) during the first pH 4.5 phase and
decreased release of NaDF in the following pH 7.0 phase and the second pH 4.5 phase. However,
the PEG-HEP-HDI-PG and PEG-HEP-MDI-PG membranes showed close-to-zero or little
release of NaDF at the two pH 4.5 phases but 17 £+ 4% and 13.0 + 0.4% of NaDF released at pH
7.0 phase, respectively. Both pH-responsive membranes showed an immediate reduction in
NaDF release during the second pH 4.5 phase (< 2%). The observed pH-responsiveness in PEG-
HEP-HDI-PG and PEG-HEP-MDI-PG membranes may be attributed to two factors: electrostatic
interaction between tertiary amines of the pH-responsive PUs and carboxylic groups of NaDF at
different pHs and morphological changes of the PU membranes at different pHs. The carboxylic
group of NaDF was de-protonated and had a negative charge at pH 4.5. (83.4% de-protonated).
Consequently, anionic NaDF can form ionic bonds with positively charged tertiary amines in the
pH-sensitive PUs, thus resulting in reduced permeation of NaDF through the pH-responsive PU
membranes.? At pH 7.0, tertiary amine (pKa 6.4) on the synthesized pH-responsive PU was not
protonated and exhibited neutral charge. Even though NaDF still carried negative charges at pH
7.0, there was little or no electrostatic interaction between the neutral pH-responsive PU and
anionic NaDF at pH 7.0. Therefore, NaDF was released from the donor chamber to the receptor
chamber by diffusion at pH 7.0. In addition, at pH 4.5, tertiary amine (pKa 6.4) on the

synthesized pH-responsive PU is protonated and led to the expansion of the prepolymer chains as
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evidenced by the significantly higher swelling ratios at pH 4.5 than pH 7.0. The expanded
prepolymer chains reduced free volume in the PU polymer and hence further decreased drug
penetration through the pH-responsive PU membranes.*®®1621%2 These unique pH-responsive
features of the synthesized PEG-HEP-HDI-PG and PEG-HEP-MDI-PG in the current study
demonstrate great utility in developing responsive vaginal microbicides against HIV infection.
This is due to the evident pH elevation in the human female genital tract due to the presence of
seminal fluid during heterosexual intercourse. Since healthy human vaginal fluid is acidic under
normal non-menstrual conditions'® and the normal pH of seminal fluid ranges from pH 7.1 to
8.4, the high buffering capacity of seminal fluid will rapidly neutralize the acidic vaginal
fluid.?* It was observed in the current study that our synthesized pH-responsive membranes
allowed immediate release of anionic drug NaDF at pH 7.0 within 1 h (3 + 3% and 4 + 4% for
PEG-HEP-HDI-PG and PEG-HEP-MDI-PG membranes, respectively) but close-to-zero release
at acidic pH (Figure 8, B and C). The reversible nature of the pH-responsiveness PEG-HEP-
HDI-PG and PEG-HEP-MDI-PG PUs membranes (Figure 9) will help minimize undesired drug

release.

3.4.4 PU copolymer membrane in vitro cytotoxicity studies

In vitro cytotoxicity studies of PEG-HEP-HDI-PG and PEG-HEP-MDI-PG membranes
were evaluated using the vaginal epithelial cell line VK2/E6E7 and T-cell line Sup-T1. Based on
the results, no significant change in cell viability was observed using the collected elution
medium (up to 30 days) to treat both cell lines in comparison to negative controls (Figure 3-10).
Since IL-1p, IL-6, and IL-8 were reported to be the most important pro-inflammatory markers

163

for evaluating microbicide toxicity,™ we quantitated their production levels in the supernatant of
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the elution medium treated cells (Figure 3-11). No statistically significant induction of these pro-
inflammatory cytokines was observed in comparison to controls. Overall, our pH-responsive PUs

were non-cytotoxic to human vaginal epithelial cells and T lymphocytes.

140
BVK2/E6E7 OSupTl
120 - I T I i
A ] T I 1] 1) L
100 4 L R
£ 80 -
=
S 60 -
3
S 40 -
20 {l{| ..
o U m
N P DI D3 D7DISD30 DI D3 D7 DI5SD30
PEG-HEP-HDI-PG PEG-HEP-MDI-PG

Figure 3-10. In vitro biocompatibility evaluations of the solvent-cast pH-responsive membranes
using VK2/E6E7 and Sup-T1 cells. MTS assay was performed to determine the cell viability.
MTS, a tetrazolium compound, can be bioreduced by live cells into a colored formazan product
measurable at 490 nm. Data is normalized to the negative control and expressed as mean + SD; n
= 4. Cells cultured in plain medium were used as negative control. 1 M acrylamide dissolved in
regular cell culture medium was used to induce cell death in positive control groups. N, negative

control; P, positive control. * P < 0.05 versus negative control.
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Figure 3-11. Impact of solvent-cast pH-responsive PU membranes on proinflammatory cytokine
production (A) Interleukin (IL)-1p, (B) IL-6, and (C) IL-8 production. Plain medium was used as
a negative control, and 200 pg/mL of nonoxynol-9 or 50 pg/mL of lipopolysaccharide-treated
cells were used as positive controls for IL-1B and IL-6/IL-8, respectively. Data is expressed as

mean + SD; n = 4. * p < 0.05 versus negative control.
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3.5 Conclusions

pH-responsive polyether-PUs containing HEP were successfully synthesized and used for
the preparation of solvent-cast membranes. The prepared membranes demonstrated pH-triggered
reversible changes in swelling ratio and morphology. The pH-responsive release of NaDF was
sensitive and rapid at pH 7.0 but demonstrated close-to-zero release of NaDF at pH 4.5. The pH-
responsive PU membranes were non-cytotoxic toward the human vaginal epithelial cell line
VK2/E6E7 and T-cell line Sup-T1. In summary, the newly synthesized pH-responsive PUs
demonstrate potential utility as a novel biomaterial for the development of “smart” intravaginal

drug delivery devices.
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Chapter 4

Design and development of pH-responsive polyurethane

membranes for intravaginal release of nanomedicines
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As a part of this thesis, electrospun pH-responsive porous PU, PEG-HEP-MDI-PG,
membranes were developed to achieve on-demand release of nanocarriers since the solvent-cast
pH-responsive PU membranes did not allow permeation of nanocarriers due to their insufficient
interconnected space for penetration of nanocarriers. The hypothesis of this research is that pH-
responsive change in surface charge, cavity size, and thickness of the electrospun PU membrane

can contribute to the permeability change of nanocarriers.

4.1 Abstract

The objective of this study was to develop and characterize a novel intravaginal film
platform for pH-triggered on-demand release of NPs which is essential for efficient intravaginal
delivery of certain effective but acid labile anti-STIs therapeutic agents such as siRNA. A pH-
responsive PU (PEG-HEP-MDI-PG) was electrospun into a porous nanofibrous mat. The
diameter of the fibers as well as the thickness and pore sizes of the membrane at dry and wet (pH
4.5 and 7.0) were determined from SEM micrographs. pH-dependent zeta-potential ({) of the
membrane was evaluated using a SurPASS electrokinetic analyzer. VisiblexTM color dyed
polystyrene NPs (PSNs, 200 nm, -COOH) were used for in vitro NP release studies in a vaginal
fluid simulant (VFS) at pH 4.5 (normal physiological vaginal pH) and 7.0 (vaginal pH
neutralization by semen). There was close-to-zero release of PSNs at pH 4.5 (2 £ 1%) but a
continuous release at pH 7.0 (60 + 6%) for 24 h. The pH-responsive release of NPs hinged on the
electrostatic interaction between the pH-responsive membranes and the anionic NPs, and the pH-
responsive morphology change of the membrane. In vitro biocompatibility studies of the
membranes showed no significant cytotoxicity to VK2/E6E7 human epithelial cells and Sup-T1

human T-cells and no significant changes in the expression of pro-inflammatory cytokines (IL-6,
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IL-8 and IL-1B). Overall, these porous pH-responsive PU membranes demonstrated their
potential in serving as “window” membranes of reservoir-1VRs for pH-responsive intravaginal

release of nanocarriers.

4.2 Introduction

Over 30 million people globally live with HIV that can potentially progress to AIDS.?%1%4
HIV is a life-threatening disease, and no cure has been found yet. Prevention and early treatment

are important in decreasing the prevalence and incidence of HIV.

Intravaginal drug delivery is beneficial for HIV prevention since unprotected
heterosexual intercourse is the typical route of the HIV transmission. Moreover, the advantages
of intravaginal drug delivery include increased drug delivery efficiency to the target site, drug
bioavailability, pharmacological response, and drug compliance of patients.***® Intravaginal
formulations such as ointments, creams, gels, films, vaginal tablets and IVRs have been
developed for the release of drugs.?® Among intravaginal formulations, IVRs have advantages
over other vaginal formulations because they can provide sustained, controlled drug release for a
prolonged period.*’® The availability of the intravaginal formulations could greatly empower
women to protect themselves from infection since the application of formulations does not

require the consent of their partner.*®®

Anti-HIV drugs and siRNAs act on T-cells at different stages of the HIV life cycle
including receptor interaction, virus-cell fusion, reverse transcription, integration, and proteolytic
processing to block the transmission progress.®*'®” Hydrophilic anti-HIV drugs have advantages

due to their solubility in an aqueous environment in comparison to the poorly water-soluble anti-
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HIV drugs. However, it is cumbersome to achieve a high delivery efficiency of hydrophilic anti-
HIV drugs to the T-cells because the drugs cannot effectively penetrate through the vaginal
mucus barrier and cross the lipid bilayer of the cell membrane.***® On the other hand, poorly
water-soluble anti-HIV drugs have a limitation in their application because of their relatively low
solubility and bioavailability in an aqueous environment.’®® Similarly, siRNAs have a high
potential to prevent HIV transmission by simultaneously targeting host genes and viral genes,?

but they have low stability in the acidic vaginal pH.

In this regard, an alternative method is needed to deliver anti-HIV drugs and siRNAs to
increase the delivery efficiency and reduce side effects.'’”® DDS using nanocarriers, such as
micelles, vesicles, nanogels, solid lipid nanoparticles, and liposomes have been developed for the
delivery of drugs and genes.**™ A nanocarrier can improve dispersion of poorly water-soluble
anti-HIV drugs, protect cargos from the acidic conditions, and increase delivery efficiency.!”*"

DDS using nanocarriers can also reduce systemic toxicity and off-target effects of HIV

treatment.'®

While nanocarriers are beneficial for the intravaginal delivery of anti-HIV drugs and
SiRNA, a continual release of drugs and siRNAs is not desirable. For prevention of HIV, it is
desirable that anti-HIV drug- or siRNA- loaded nanocarrier be released only during heterosexual
intercourse to avoid unnecessary exposure to drugs and reduce the side effects. Therefore, it is
necessary to release nanocarriers from IVRs upon pH change from 4.5 to 7.0 since vaginal pH
can be increased to neutral pH from normal acidic vaginal pH (3.5-4.5) by the introduction of

seminal fluid during heterosexual intercourse. 243335104

Our research group fabricated solvent-cast pH-responsive PU membranes as “window”

membranes of reservoir-IVR.1® The solvent-cast membranes showed the continuous release of
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hydrophilic model drug NaDF at pH 7.0 but close-to-zero release of NaDF at pH 4.5. Although
the solvent-cast pH-responsive PU membranes demonstrated on-demand drug release, the
membranes failed to achieve the pH-responsive NPs permeation due to the insufficient
interconnected space for NPs. In this study, our research group proposed electrospun pH-
responsive interconnected porous PU membranes as “window” membranes of reservoir-1VR for

on-demand release of NP.

Stimuli-responsive membranes have been developed for various types of applications
including drug delivery devices and separation processes.®® As an example, a blends of
poly(vinylidene fluoride) (PVDF) and poly(vinylidene fluoride)-g-poly(methacrylic acid)
(PVDF-g-PMAA) have been used to fabricate pH-responsive membrane.'”® Such pH-responsive
membrane could be prepared by immersion precipitation process and its switchable pH-
responsive water flux at pH 2.0 and 8.0 has been demonstrated. The pH-dependent increase of
pure water flux at pH 2.0 can be explained by pH-responsive conformational changes of surface-
localized PMAA. A thermo- and pH-responsive polymeric composite membrane made of
poly(N-isopropylacrylamide-co-methacrylic acid) has been investigated for permeability change
triggered by environmental stimuli.”* The permeability of vitamin By, is increased with
increasing temperature or decreasing pH. The pH-responsive permeation change of vitamin By,
is supported by pore size change of the membrane due to swelling and shrinking of the polymer
chains. Similarly, pH-responsive electrospun membrane has been fabricated using a mixture of
PVA and poly(acrylic acid).'”® The membrane has demonstrated a pH-responsive change of
swelling ratio and thickness increase with increasing pH. Likewise, a pH-responsive gating
membrane system with a pumping effect consisting of a porous membrane and cross-linked

hydrogel has also been studied.'”® The porous membrane is fabricated using PVDF and
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conjugated with PMAA chains on its surface. Moreover, the hydrogel is prepared by plasma-
graft pore-filling polymerization of poly(N,N-dimethylaminoethyl methacrylate) (PDM) for the
inside of the reservoir as a pumping material. When pH is lower than the pKa of PMAA (4.65-
5.35) and protonated PDM (4.5-5.5), the release is accelerated by the shrinking of PMAA chains
and the swelling of the PDM hydrogel. Also, a pH-responsive switchable membrane has been
fabricated by self-assembly of polystyrene-b-poly(4-vinyl pyridine) in the presence of metal ions
[copper(11), cobalt(l1), nickel(11), and iron(I1)] and nonsolvent-induced phase separation.’’” Such
a membrane has demonstrated pH-responsive pore size change (larger pore at pH 10.0 than at pH
2.0), water flux change, and permeation of polyethylene glycol (Mw 1,500~10,000) (higher
permeation at pH 7.0 than pH 2.0). However, to the best of our knowledge, no study has reported

the pH-responsive release of NPs from a reservoir-IVR.

In the present study, a pH-responsive interconnected porous PU membrane was
developed for smart intravaginal release of NPs. The pH-responsive PU membrane was
fabricated using electrospinning to facilitate the fabrication of thin interconnected porous
membranes. The permeability of the NPs through the electrospun porous membrane was
controlled by pH-responsive change of morphology of the membrane and electrostatic
interaction between the membrane and NPs. Therefore, this is the first study that has developed a
pH-responsive membrane for pH-dependant intravaginal release of NPs. The pH-responsive
interconnected porous PU membrane has potential utility for pH-dependent release of NPs from

medical devices including IVRs.
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4.3 Materials and methods
4.3.1 Materials

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, 99.99%), 1,4-Bis(2-hydroxyethyl)piperazine
(HEP, 99%), 1,6-hexanediol (HD, 99%), 4,4'-Methylenebis(phenyl isocyanate) (MDI, 98%),
anhydrous 1,2-dichloroethane (DCE, 99.8%), anhydrous diethyl ether (> 99%), anhydrous N,N-
dimethylformamide (DMF, 99.8%), dibutyltin dilaurate (DBTDL, 95%), dimethyl sulfoxide
(DMSO, > 99.5%), propylene glycol (PG, > 99.5%), and tetrahydrofuran (THF) were purchased
from Sigma Aldrich (St. Louis, MO, USA). Polyethylene glycol (PEG, Mn= 6,000) was
purchased from EMD Chemicals (Mississauga, ON, Canada). Visiblex™ color dyed polystyrene
nanoparticles (PSNs, 200 nm, COOH on its surface, media: 0.1% Tween 20 in DI water) were
purchased from Phosphorex Inc. (Hopkinton, MA, USA). VFS was prepared by dissolving 1.0 g
acetic acid, 0.018 g bovine serum albumin, 0.222 g Ca(OH),, 0.6 g glycerol, 5.0 g glucose, 1.4 g
KOH, 2.0 g lactic acid, 3.51 g NaCl, and 0.4 g urea in 1 L of distilled water. The pH of VFS was

adjusted by adding 0.1 N HCI and 0.1 N NaOH solution ***.

4.3.2 Synthesis of pH-responsive polyurethane copolymer (PEG-HEP-MDI-PG)

pH-responsive and non-pH-responsive PU copolymers were synthesized and purified
according to a procedure reported by our research group previously.'®® Briefly, a three-neck
round-bottom flask was set up with nitrogen inlet-outlet purging to synthesize pH-responsive PU
(PEG-HEP-MDI-PG). PEG and HEP (feed mole ratio of PEG:HEP = 0.1:0.9) were dissolved in
anhydrous DCE and added to the reactor. A catalytic amount of DBTDL and a stoichiometric

ratio of diisocyanate (MDI, feed mole ratio of OH/NCO = 1) were added to the reactor. The
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reactor was maintained at 60 °C for 3 h with stirring under a nitrogen atmosphere. After the
reaction, PG (feed mole ratio of HEP:PG = 0.9:1) and a stoichiometric ratio of diisocyanate
(MDI, OH/NCO = 1) were added. The reactor was maintained at 60 °C for 3 h under a nitrogen
atmosphere. The product was then precipitated in 8-fold diethyl ether and washed with excess
diethyl ether. The product was re-dissolved in DMSO, re-precipitated in 8-fold distilled water,
and washed with excess distilled water several times to remove remaining impurities. HD was
used to synthesize control non-pH-responsive PU (PEG-HD-MDI-HD) instead of HEP and PG.
The overall feed mole ratio of raw chemicals for PEG-HDI-MDI-HD was PEG: HD: MDI = 0.1:
2.9: 3.0. The viscosity average molecular weight (Mv) of synthesized PEG-HEP-MDI-PG and
PEG-HD-MDI-HD copolymer was calculated from the Mark-Houwink equation ([n] = 3.64 x
10™*M®™ for the polyether-PU in DMF at 25 °C.*** A Cannon-Ubbelohde dilution viscometer
was used to measure viscosities with a constant temperature bath set at 25.0 + 0.5 °C. Pure DMF
and 25 mg of PU in 10 mL DMF were prepared for measurement. PU solution was diluted from
2.50 mg/mL to 1.25 mg/mL. Travel times of pure DMF and polymer solutions between two
measurement marks were recorded. Mv values of PEG-HEP-MDI-PG and PEG-HD-MDI-HD

were 1.23 x 10° and 2.36 x 10°, respectively.

4.3.3 Electrospinning of pH-responsive polyurethane copolymer

pH-responsive PU (PEG-HEP-MDI-PG) was electrospun to fabricate fibrous,
interconnected, and porous PU membranes using an electrospinning apparatus (Ne300,
Innovenso, Istanbul, Turkey). Different mixing ratios of DMF and THF were applied to
determine the most suitable electrospinning conditions for fabricating fibrous pH-responsive PU

membrane (Table 4-1). The viscosity of pH-responsive PU solution was evaluated using an

89



Advanced Rheometer (AR 2000, TA Instruments) and was calculated from the relationship
between shear stress and shear rate at 0.1-100 rad/s using 20 mL of 20 wt% PU solutions. The
concentration of PU in mixed-solvents (20 wt%), voltage applied on the nozzle (30 kV), feeding
speed of pH-responsive PU solution (0.7 mL/h), nozzle to collector distance (15 cm), and
dispensed volume of PU solution (1 mL) were optimized by trial-and-error, before the
electrospinning process. These electrospun pH-responsive PU membranes were washed with

excess distilled water to remove remaining impurities then dried at room temperature.

Table 4-1. Electrospinning of pH-responsive PU (PEG-HEP-MDI-PG) using different mixed

solvent ratios.

] Solvent Feeding Nozzle to ]
Concentration Voltage Dispensed
NO. Polymer (DMF: THF, Speed collector
(Wt %) (kV) . Volume (mL)
Vol.) (mL/h) distance (cm)
A PEG-HEP-MDI-PG 20 10: 0 30 0.7 15 1
B PEG-HEP-MDI-PG 20 7:3 30 0.7 15 1
C PEG-HEP-MDI-PG 20 5:5 30 0.7 15 1
D PEG-HEP-MDI-PG 20 3:7 30 0.7 15 1

Control PU membranes were fabricated using a custom-designed electrospinning setup
with the following conditions: 9% wi/v solution in HFIP, needle-collector distance of 18 cm, flow
rate of 1 mL/h, voltage of 15 kV, and a 21-gauge needle. The needle was clamped to the positive
electrode of a high-voltage power supply (ESP200D, NanoNC, Seoul, South Korea) while the
negative electrode was connected to a rotating aluminum drum collector (250 rpm). The solution
was delivered using a syringe pump (ESP200D). Electrospun nanofibers were dried in a vacuum

oven at ambient temperature for three days, and stored in a desiccator for subsequent use.
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Scanning electron microscope (SEM, FEI Quanta E-SEM) images of these fabricated PU
membranes were captured to evaluate diameters (DIs) of fibers, pore size, and thickness of these
membranes. Membrane samples were coated with 10 nm Au-Pd before capturing images. The
diameter, pore size, and thickness were manually measured using ImageJ, a free picture editing
software, from SEM images using their size bar as reference.”>*"®*®! The threshold of pores was

set to the blackest area versus the gray area using SEM images at 1,000 x magnification.

4.3.4 Physicochemical characteristics of electrospun porous pH-responsive PU

membranes

pH-responsive morphology (pore size, thickness, and diameter) changes of electrospun
PU membranes were evaluated from SEM images. For evaluation, electrospun porous pH-
responsive (DMF: THF = 3: 7) and control PU membranes were cut into 2 x 2 cm squares and
immersed in VFS at pH 7.0 or pH 4.5 at 37 °C for 3 h with gentle shaking. Swollen samples
were extracted from VFS and kept at -80 °C followed by lyophilization. Fracture surfaces of
these electrospun PU membranes for cross-section imaging were prepared by cracking

membranes under liquid nitrogen.

The streaming current was measured for the electrospun PU membranes using SurPASS
electrokinetic analyzer (Anton Paar) at pH ranging from 3.5 to 8.5.%2%% Briefly, rectangular
membrane samples (20 mm x 10 mm) were prepared and attached to sample holders using
double-sided adhesive tape. The measurement was conducted with an adjustable-gap cell, and
the flow channel gap was set at 100 um. As a background electrolyte, 1 mM KCI solution was

used and the pH was adjusted using 0.05M HCI or 0.05M NaOH solution. Zeta-potential ({) of
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the membranes was automatically calculated using the following Helmholtz-Smoluchowski

equation.

A e L
C_ dpP * ggg A
where dI/dP is the slope of the streaming current versus pressure, W is the solution dynamic

viscosity, ¢ is the dielectric constant of the solution, & is the vacuum permittivity, L is the

streaming channel length, and A is the cross-section of the streaming channel.

4.3.5 Permeation of nanoparticles from the electrospun pH-responsive PU membranes

Commercially available blue-dyed polystyrene nanoparticles (PSNs, -COOH) were used
for pH-responsive NPs release tests. Before release studies, the average particle size of PSNs was
evaluated by dynamic light scattering (DLS) using ZetaPALS potential analyzer (Brookhaven
Instrument, Holtsville, NY, USA). 0.1 pg/mL of PSNs in VFS at pH 4.5 and 7.0 were prepared
by vortex shaking for 3 min at 3,000 rpm. The pH of PSNs suspension in VFS was adjusted by
adding 0.1 N HCl or 0.1 N NaOH solution. A scattering angle of 90° and laser light at 659 nm

were applied for DLS measurement.

The ZetaPALS potential analyzer was used to evaluate the zeta-potential of PSNs. Two
suspensions of PSNs (0.1 pg/mL) in distilled water (one at pH 4.5 and one at pH 7.0) were
prepared. The pH of the suspension was adjusted using 0.1 N HCI or 0.1 N NaOH solutions. A

Smoluchowski model was used to evaluate surface charge.

pH-responsive NP release studies were performed using Franz cells. Briefly, electrospun

porous pH-responsive (DMF: THF = 3: 7) and control PU membranes were cut to 2x2 cm
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squares and sandwiched between the upper and bottom chambers of Franz cells. Two
suspensions of PSNs at 1 mg/mL (at pH 4.5, pH 5.5, and pH 7.0) in VFS were prepared for the
upper chamber of the Franz Cells. The bottom chamber was filled with VFS of the same pH as
that in the upper chamber. The bottom chamber was kept at 37 °C. The VFS in the bottom
chamber was gently stirred with a magnetic bar. After adding 800 pL of the prepared PSNs
suspension to the upper chamber of Franz cells, 300 pL sample solution was collected to
evaluate released amounts of PSNs at 1 h, 2 h, 3 h, 6 h, 12 h, and 24 h from each arm of Franz
cells. The amount of PSNs released was quantified by reading absorbance at 300 nm using a

plate reader.

Associated amounts of PSNs with electrospun porous PU membranes (DMF: THF = 3: 7)
in VFS at pH 4.5, 5.5, and 7.0 were evaluated. Round cut pH-responsive and control PU
membranes (DI: 0.8 cm) corresponding to an area of 0.5024 cm? between upper and bottom
chambers of Franz cells were prepared. Prepared electrospun PU membrane samples (DI: 0.8
cm) were immersed in 6.4 mL of 0.125 mg/ml PSNs suspension at 37 °C with gentle horizontal
shaking (100 rpm) since 0.8 mL of 1 mg/mL PSNs was used for the upper chamber, while 5.6
mL of release medium (VFS at pH 4.5, 5.5, or 7.0) was used for the bottom chamber of the Franz
cells to evaluate the pH-responsive NP release. At each time point (1, 2, 3, 6, 12, and 24 h), 300
uL of sample solution was taken to evaluate the amount of PSNs associated with electrospun PU
membranes (DI: 0.8 cm). Fresh VFS was replenished for the suspension. The concentration of
free PSNs was quantified by measuring absorbance at 300 nm using a plate reader. The

associated percentage of PSNs was back-calculated using the concentration of free PSNS.
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4.3.6 Invitro biocompatibility studies of electrospun porous pH-responsive PU membrane

The electrospun porous pH-responsive PU membrane (DMF: THF = 3: 7) was evaluated
on the vaginal epithelial cells VK2/E6E7 and immune cells Sup-T1 for its cell toxicity and also
for the production of the pro-inflammatory cytokines. To assess the cytotoxicity, we used the
elution assay method follow by the cell proliferation assay MTS (CellTiter 96° Aqueous One
Solution Cell Proliferation Assay, Promega Corporation, Madison, WI, USA) since the elution
test methods are widely applied for in vitro cytotoxicity testing of biocompatible materials
including PU.*>%818 Briefly, 50 mg of electrospun membrane sterilized in 70% isopropanol for
10 seconds, dried, and exposed to the UV light for 1 h was incubated in 2.5 mL of either
VK2/EGE7 cell medium consisting of keratinocyte-serum free medium (K-SFM) containing 0.1
ug/mL recombinant human epidermal growth factor, 50 mg/mL bovine pituitary extract, 0.4 mM
of calcium and 1% of penicillin/streptomycin, or in Sup-T1 cells medium consisting of RPMI-
1640 containing 10% heat-inactivated FBS and 1% penicillin/ streptomycin. The polymer was
incubated for 1, 7, 15 and 30 days at 37 °C in an orbital shaker set at 100 rpm. At different time
points, all of the media were collected aseptically and used to treat 2.5 x 10° VK2/E6E7 cells or
Sup-T1 seeded in a 96-well plate and maintained at 37 °C under 5% CO, for a period of 24 h.
Blank K-SFM or RPMI-1640 medium was used as negative control and 1 M acrylamide

prepared in K-SFM or RPMI-1640 was used as positive control.

In addition, 50 pug/mL of lipopolysaccharide (LPS, Thermo Fisher Scientific MA, USA)
and 200 pg/mL of nonoxyl-9 (N-9, Spectrum Chemical, Corp., New Brunswick, NJ, USA) were
prepared of K-SFM or RPMI-1640 and used to treat VK2/EGE7 cells or Sup-T1 cells as positive
control for the pro-inflammatory markers I1L-6, IL-8 (induce by LPS) and IL-1f3 (induce by N-9).

After 24 h of treatment, the supernatant in each well was collected for a downstream ELISA
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assay for the pro-inflammatory markers and replenished with fresh medium. 20 ul of MTS
reagent was added in each well and incubated as specified in the MTS assay protocol and the cell
viability was analyzed by reading the absorbance at 450 nm using a Synergy HT Multiplate
Reader (Biotek, Winooski, VT, USA). ELISA kits obtained from R&D Systems (Minneapolis,
MN, USA) were used to evaluate IL-6, IL-8 and IL-1p production. The Absorbance of each

ELISA plate was ready at 450 nm using a micro-plate reader.

4.3.7 Statistical analysis

Data are presented as mean + standard deviation (SD). The number of replicates is
indicated as the n-value. One-way analysis of variance was performed on all results with P <

0.05 considered to be significant.

4.4 Results and discussion

4.4.1 Preparation of electrospun porous pH-responsive PU (PEG-HEP-MDI-PG)

membrane

Interconnected porous PU membranes were fabricated using electrospinning. Various
mixing ratios of DMF and THF (10: O, 7: 3, 5: 5, and 3: 7) were applied to optimize the
electrospinning conditions of pH-responsive PU membranes. Electrospinning parameters, such
as concentration of PUs, voltage applied on the nozzle, feeding speed of PUs solution, nozzle to
collector distance, and dispensed volume of the pH-responsive PU solution were fixed (Table 4-

1).
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x 100 x 1,000 x 5,000

400 pm :

Figure 4-1. SEM images of electrospun pH-responsive PU (PEG-HEP-MDI-PG) membranes at
the voltage of 30 kV, concentration of PU 20 wt%. The volume ratios of DMF: THF were (A)

10: 0, (B) 7: 3, (C) 5: 5, and (D) 3: 7. Scale bars have been shown on the images.

The electrospun fibrous structure was fabricated with fine diameters when the DMF ratio

was decreased in mixed solvent (Figure 4-1). Membranes fabricated by using the higher
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concentration of DMF (DMF: THF = 10: 0 and 7: 3) exhibited beaded fibrous structures (Figure
4-1, A-B); however, a uniform fibrous structure was observed for the membranes with an
increase in the THF content (DMF: THF = 5: 5 and 3: 7) (Figure 4-1, C-D). The quality and
diameter of electrospun fibers depended upon the boiling point of the solvent. Since THF has a
lower boiling point, it can evaporate more rapidly than the DMF, thus resulting in an increased

amount of fine fibers with an increase in the THF ratio in the mixed solvent, %87

Pore size and diameter of fibers (n = 100) were evaluated using ImageJ (Figure 4-2).
Average pore sizes of the membranes fabricated using different solvent ratios (DMF: THF = 10:
0,7:3,and 5: 5) were 2 + 1 um, 1.7 + 0.6 um, and 1.8 + 0.6 um, respectively. The average fiber
diameter of the membranes fabricated using DMF: THF = 5: 5 was 5 £ 2 um. On the other hand,
the membrane fabricated using a higher ratio of the THF in the mixed solvent (DMF: THF = 3:
7) showed the greatest average pore size (2.1 = 0.7 um), the smallest average fiber diameter (1.1
+ 0.5 um), and the narrowest distribution of the diameter. Since the membranes fabricated with
the higher content of THF in the mixed solvent (DMF: THF = 3: 7) showed the most uniform
fibrous porous structure, they were used for further pH-responsive morphology changes, NP
release, and in vitro cytotoxicity studies. The viscosity of 20 wt% PEG-HEP-MDI-PG in a mixed
solvent (DMF: THF = 3: 7) was 0.306 = 0.003 Pa.s. Viscosity is one of the important factors for
electrospinnability. Polymers need to reach a certain threshold molecular weight as reflected by
the viscosity of their solutions to get enough entanglement for fiber formation. The PU solution
had sufficiently high viscosity (0.306 + 0.003 Pa.s.) allowing it to be stretched into continuous
fibers. It is important to note that a higher molecular weight polymer or higher solution

concentration will lead to an increase in viscosity and greater fiber diameter.
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sizes were manually measured using ImageJ from SEM images.
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Figure 4-3. Morphology of electrospun porous pH-responsive PU (PEG-HEP-MDI-PG)
membrane (DMF: THF = 3: 7): dry (A), pH 4.5 (B), pH 7.0 (C), and control PU (PEG-HD-MDI-

HD) membrane: dry (D), pH 4.5 (E), pH 7.0 (F). Scale bars are shown on the images.
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The morphology changes of electrospun porous pH-responsive (DMF: THF = 3: 7) and

control PU membranes in dry and wet conditions (pH 4.5 and 7.0) were evaluated based on the

changes of the average pore size, average diameter of fibers, and the thickness of the membranes

(Figure 4-3, Table 4-2). Pore size, fiber diameter, and thickness of membranes were evaluated

by SEM micrographs (magnification: x1,000) using ImageJ. Pore sizes evaluated from the

surface of the electrospun membranes might be different to those of the real situation for NPs

penetration because the actual membrane would have more layers than those shown in the SEM

images. Average pore sizes of porous pH-responsive PU membrane at dry, pH 4.5, and pH 7.0

were 2.3+ 0.7 um, 1.8 £ 0.6 um, and 2.2 + 0.6 pm, respectively (Figure 4-4, Table 4-2).

Table 4-2. Average pore size and diameter of electrospun porous pH-responsive (PEG-HEP-

MDI-PG) and control (PEG-HD-MDI-HD) PU membrane at dry and wet conditions in VFS at

pH 4.5 and 7.0.
dry pH 4.5 pH 7.0
Average pore size (um) 2307 1.8+0.6 2206
pH-responsive i i
Average diameter of fibers (um) 0904 14+05 1.2+£05
(PEG-HEP-MDI-PG)
Average thickness (um) 28.6 £0.7 50+2 34+1
Average pore size (um) 2006 15+04 1.7+£04
Control i :
Average diameter of fibers (um) 0.7+0.2 09+0.3 0.8+0.2
(PEG-HD-MDI-PG)
Average thickness (um) 229+0.8 29+2 25.0x0.9
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Figure 4-4. Pore sizes and fiber diameters of electrospun porous pH-responsive PU (PEG-HEP-

MDI-PG) membranes (DMF. THF

membranes (G-L) (n = 100).

3: 7) (A-F) and control PU (PEG-HD-MDI-HD)
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Average diameters of fibers of porous pH-responsive membranes at dry, pH 4.5, and pH
7.0 were 0.9 = 0.4 pm, 1.4 + 0.5 um, and 1.2 + 0.5 pm, respectively. The difference in the pore
sizes of porous pH-responsive PU membranes at pH 4.5 and 7.0 was 0.4 um, representing a
22.2% change in the pore size at pH 4.5; however, the control PU membrane showed a
difference of 0.2 um (13.3% change compared to the pore size at pH 4.5) between pH 4.5 and
7.0. The porous pH-responsive PU membrane at pH 4.5 had a smaller pore size than that at pH
7.0 due to pH-responsive swelling of electrospun fibers. The fiber diameter of pH-responsive
membrane was 0.2 um bigger at pH 4.5 than at pH 7.0. The swollen fiber might occupy space
between fibers and reduce pore sizes. The pH-responsive swelling of the fibers contributes not
only to change in pore sizes but also to increased membrane thickness. The thickness of porous
pH-responsive membrane showed noticeable differences at pH 4.5 (50 £ 2 um) and pH 7.0 (35 £
1 um). At pH 4.5, the thickness of the porous pH-responsive membrane was 1.47 times greater
than the thickness at pH 7.0 due to ionization of pH-sensitive groups.'”® Such pH-responsive
morphology changes contributed to pH-responsive PSNs permeability as described in the

following sections.

Zeta-potentials of control PU (PEG-HD-MDI-HD) and porous pH-responsive PU (PEG-
HEP-MDI-PG) membrane (DMF: THF = 3: 7) were calculated from the streaming current at pH
values ranging from 3.5 to 8.5 (Figure 4-5). Control PU membrane showed an isoelectric point
at pH 3.9. It showed a desirable zeta-potential profile as a control membrane, with negative
values in pH range from 3.9 to 8.5 compared to the porous pH-responsive membrane. The zeta-
potential of the control PU was -7.9 mV at pH 4.5, and -25.4 mV at pH 7.0. The negatively
charged surface has no attractive electric force for negatively-charged molecules, but it has

repulsive electric force. However, the porous pH-responsive PU membrane may have strong
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attractive forces with anionic NPs at pH 4.5 due to the positively charged surface at pH 4.5 (14.2
mV). The isoelectric point of the porous pH-responsive membrane was pH 7.2, and the
membrane showed zeta-potential close-to-zero (2.2 mV) at pH 7.0. The porous pH-responsive
PU membrane can have a strong electric attractive force at normal human vaginal tract pH (pH
3.5-4.5) and almost no electrostatic force at neutral pH (elevated vaginal tract pH by the

introduction of seminal fluid during heterosexual intercourse).
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Figure 4-5. Influence of streaming pH on the zeta potential of the electrospun PU membranes at
pH ranging from 3.5 to 8.5. (A) control PU (PEG-HD-MDI-HD) membrane and (B) porous pH-
responsive PU (PEG-HEP-MDI-PG) membrane. Data is expressed a mean + SD; n = 3. The zeta-

potential calculated related to the Smoluchowski equation.
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Figure 4-6. Diagram of the proposed use of the electrospun porous pH-responsive PU membrane
as a “window” membrane in a reservoir-IVR for controlled on-demand anionic nanoparticle
release: (A) IVR; (B) window membrane; (C) reservoir. The pH-responsive change of
electrostatic interaction between the pH-responsive membranes and the anionic NPs and

morphology of the membrane contribute to the on-demand release of nanoparticles.

The electrospun porous PU membrane can be used potentially as a semi-permeable
membrane in reservoir-IVRs for pH-responsive release of NPs as illustrated in Figure 4-6.
Briefly, a reservoir-IVR can be made of water swellable non-pH-responsive polyurethane, and
the reservoir can be filled with a nanoparticle suspension. The suspension of nanoparticles would
be recommended to avoid air bubbles in the reservoir and achieve fast out-diffusion of

nanoparticles due to pH change, i.e. fast pH-responsiveness. The electrospun pH-responsive PU
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(PEG-HEP-MDI-PG) membrane showed a positively charged surface and bigger DI of
electrospun fibers, thicker cross-section, and smaller pore size at pH 4.5 than at pH 7.0. This is
because the pH-sensitive molecule HEP (pKa 6.4) on the prepolymer chain of the PU was
protonated at pH 4.5 and de-protonated at pH 7.0.1%® Protonated HEP causes the electrospun
fibers to swell more at pH 4.5. The higher swelling ratio leads to the larger diameter of fibers,
therefore, the thicker cross-section and the smaller inter-fiber pore size. Overall, the “window”
membrane (electrospun porous pH-responsive PU membrane) can control the release of the NPs
from the reservoir by the pH-responsive change of the electrostatic interaction between loaded

NPs and morphologies (pore size and thickness of the membrane).

4.4.2 pH-responsive nanoparticles release studies

Anti-HIV drugs and siRNAs can be loaded onto the nanocarriers by hydrophobic or
electrostatic interactions. Commercially available blue-dyed polystyrene nanoparticles (PSNs),
the surfaces of which were modified to bear the carboxylic group (COOH), were used for the
NPs release studies as a model nanocarrier. The PSNs could be a model NP of siRNA loaded
nanocarriers which have a negatively charged surface such as NPs fabricated using PLGA-PEG-
COOH and PVA by a double-emulsion solvent evaporation method 22*"%1%18° Moreover,
polystyrene nanoparticles have been used as a model nanocarrier for in vitro mucus penetration

190 and cellular uptake 9%

studies. The PSNs showed narrow polydispersity in VFS (0.23
0.02 and 0.04 + 0.01 at pH 4.5 and 7.0, respectively) and could be observed with the naked eye.
The average particle size and zeta-potential of PSNs were measured at pH 4.5 and 7.0 (Table 4-

3). These PSNs showed a minor difference in average zeta-potential and hydrodynamic particle
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size, at pH 4.5 (-16 £ 3 mV, 174 + 1 nm) and at pH 7.0 (-20 £ 4 mV, 215 £ 2 nm), due to the

deprotonation of the carboxylic groups at pH 7.0.*%

Table 4-3 Physicochemical characteristics of blue dyed polystyrene nanoparticles (PSNs) (data

are expressed as mean = SD; n = 3).

pH 4.5 pH 7.0
Particle size (DI, nm, 0.1 pg/mL) 174+ 1 215+2
Zeta potential (mV, 0.1 pg/mL) -16+£3 2014

In vitro NP release studies were performed using porous pH-responsive (PEG-HEP-MDI-
PG) (DMF: THF = 3: 7) and control (PEG-HD-MDI-HD) PU membranes (Figure 4-7). The pH-
responsive NP permeability of the porous pH-responsive PU membrane is distinguished from the
NP release profile of the control PU membrane (Figure 4-7, A-B). These porous pH-responsive
membranes revealed close-to-zero release of PSNs at pH 4.5, however, they showed sustained
release of PSNs at pH 7.0 (Figure 4-7, B-C). At pH 7.0, 60 + 6% of the feed amount of NPs (0.8
mL of 1mg/mL PSNs) were released after 24 h. There was a rapid release of NPs at pH 7.0 for 3
h (51 + 5%) driven by the relatively larger difference in concentration between the upper

chamber and bottom chamber of Franz cells.
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Figure 4-7. In vitro nanoparticle permeation studies (A) control PU (PEG-HD-MDI-HD)
membrane, (B) porous pH-responsive PU (PEG-HEP-MDI-PG) membrane, and (C) photo of the
study using porous pH-responsive PU (PEG-HEP-MDI-PG) membrane by Franz cells.
Cumulative release of the nanoparticle in percentage (%) over 24 h was evaluated at both pH 4.5,
5.5, and pH 7.0. Anionic blue dyed nanoparticles (200 nm) were used. Temperature was

maintained at 37 °C. Data is expressed as mean = SD; n = 3.

Such pH-responsive release of anionic NPs has two principal mechanisms. First, changes

of the electrostatic interaction between the NPs and the electrospun porous pH-responsive
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membranes at pH 4.5 and pH 7.0 could lead to the pH-responsive NP release. The zeta-potential
of porous pH-responsive membrane was positive (14.2 mV) at pH 4.5 and close to zero at pH 7.0
(2.2 mV) because the conjugate acid of the pH-sensitive moiety piperazine has a pKa of 6.4. The
porous pH-responsive membrane had an electrostatic interaction with anionic PSNs at acidic pH
(pH 4.5) but almost no electrostatic interaction at the neutral pH. Second, morphology changes
of the membrane at pH 4.5 and pH 7.0 might contribute to the pH-responsive release of NPs. The
porous pH-responsive PU membrane was thicker at pH 4.5 (50 + 2 um) than that at pH 7.0 (34 =
1 um) with smaller pore size at pH 4.5 (1.8 £ 0.6 um) than that at pH 7.0 (2.2 £ 0.6 um) due to

the swelling of the electrospun pH-responsive PU fibers.

The intravaginal pH change by seminal fluid happens immediately after ejaculation of
semen.?*1#13% According to TEVI-BE NISSAN et al, full vaginal elimination of semen takes 20
h and the vaginal ecological microenvironment returns to its normal acid pH 48 hours after
intercourse.?* It is inferred that the elevated pH could be maintained around neutral for at least a
couple of hours because sperm needs an alkaline or neutral environment to be able to survive and
swim to fertilize the egg.****** The pH-responsive PU membranes allowed rapid release of PSNs
at pH 7.0 for 2 h (30 £ 4%). This result reveals the pH-responsive PU membranes have a
potential use serving “window” membrane of IVRs for the on-demand release of nanocarriers. In
addition, the PSNs release study was performed at pH 5.5 as an intermediate pH of 4.5 and 7.0
for further assessment of the pH-responsive release. The results of PSNs release studies at pH 5.5
showed around middle point between pH 4.5 and 7.0 in the case of control PU (52 £ 2% for 24
h). For the pH-responsive PU membrane, increasing pH from 4.5 to 5.5 allowed NPs to start to
pass through the membrane. But the 24 h release percentage was 22 + 2% which was only one

third of the release at pH 7.0 (60 = 6%). This result correlates well with the zeta-potential of the
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membrane. At pH 5.5, the pH-responsive PU membrane is still positively charged as reflected by
its zeta-potential of 10.5 mV at pH 5.5 (closer to 14.2 mV at pH 4.5 than 2.2 mV at pH 7.0), and
exerts an attractive electric force on PSNs, restricting their release across the membranes. On the
other hands, the cumulative amount of the released PSNs from the control membranes was found
to be 32 £ 6% at pH 4.5, 52 + 2% at pH 5.5, and 67 + 5% at pH 7.0 for 24 h. According to these
results, the control membrane did not show the desired pH-responsive on-demand release of

PSNs.

To better explain the pH-responsive release of NPs, the association between the
electrospun PU (porous pH-responsive and control) membranes and the PSNs was evaluated
(Figure 4-8). Round membrane samples (DI: 0.8 cm) were prepared and immersed in 6.4 mL of
0.125 mg/ml PSNs suspension at 37 °C with gentle horizontal shaking (100 rpm). These PSNs
showed a relatively constant difference (12 + 3%) in the number associated with porous pH-
responsive membrane between pH 4.5 and pH 7.0 for 24 h. Such difference resulted from
changes in the electrostatic interaction between porous pH-responsive membrane and PSNs, as
well as morphology changes of the membrane. Although the average pore size at pH 4.5 (1.8 +
0.6 pum) was smaller than that at pH 7.0 (2.2 £ 0.6 um), the strong electric attractive force at pH
4.5 might have caused higher amounts of PSNs associated with porous pH-responsive membrane
than that at pH 7.0. The control membrane showed the lowest amount of associated PSNs at pH
7.0 because of the strong repulsion force between the negatively charged control membrane

surface (-25.4 mV) and PSNs (-20 £ 4 mV).
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Figure 4-8. Association of anionic NPs to be stored on electrospun control and porous pH-

responsive PU membranes at pH 4.5, pH 5.5 and pH 7.0. Data is expressed as mean + SD; n = 3.

To further explore the pH-responsive release of NPs, release profiles of PSNs were re-

calculated by following equation:

a (%) =

b X 100
c—d

Where a is % of released PSNs at each time point, b is released amount of PSNs (jug) in bottom

chamber, c is feed amount of PSNs to upper chamber (ug), and d is associated amount of PSNs
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with the membrane (ug). The determination of percent release by deducting adsorbed particles
gives a clearer idea of the mechanism and role of the pH-responsive membrane by presenting a
release ratio of pharmacologically relevant particles (released amount from free nanoparticles).
Most free PSNs were released at pH 7.0 (100 + 11%). However, there was almost no release at

pH 4.5 (4 £ 4%) through the porous pH-responsive PU (PEG-HEP-MDI-PG) membrane (Figure

4-9).
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Figure 4-9. In vitro nanoparticle release profiles after deduction of the associated NPs with
membrane (A) control PU (PEG-HD-MDI-HD) membrane, (B) porous pH-responsive PU (PEG-
HEP-MDI-PG) membrane. Cumulative release of the nanoparticles in percentage (%) over 24 h

evaluated at pH 4.5, pH 5.5, and pH 7.0. Data is expressed as mean = SD; n = 3.

The control PU membrane showed a minor difference in the cumulative release of PSNs

(36.7% at 24 h) compared to porous pH-responsive PU membrane. The difference in the release
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of PSNs between pH 4.5 and pH 7.0 through the control PU membrane could be due to the
difference in surface charge of the control PU at pH 4.5 and 7.0. Control PU has a much more
negative zeta-potential at pH 7.0 (-25.4 mV) than at pH 4.5 (-7.9 mV) as per Figure 3. A much
stronger coulomb repulsion exists between PSNs and the control PU membrane at pH 7.0 than

pH 4.5 and contributes to accelerated nanoparticle penetration through the membrane.

4.4.3 In vitro cytotoxicity studies of electrospun pH-responsive PU (PEG-HEP-MDI-PG)

membrane

Human vaginal epithelial cell line VK2/E6E7 and human T-cell line Sup-T1 were used
for an in vitro cytotoxicity assay of electrospun porous pH-responsive PU membranes
considering their potential application as “window” membranes in reservoir-IVRs for the pH-
responsive release of NPs which may serve as nanocarriers for anti-HIV drugs and siRNAs.
Electrospun porous pH-responsive PU (PEG-HEP-MDI-PG) membrane elution medium used to
treat the cells did not present a cytotoxicity effect compared to the positive control (Figure 4-
10). We also evaluated the production of pro-inflammatory cytokines (IL-6, IL-8 and IL-1pB)
after treating the cells with the elution medium and the obtained results are shown in Figure 4-
11. Compared to the positive controls induced by the LPS and N-9, the PU membrane eluent did
not generate significant changes in the expression of the pro-inflammatory markers, suggesting

that the membranes did not induce an inflammatory microenvironment.
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Figure 4-10. In vitro biocompatibility of porous pH-responsive PU (PEG-HEP-MDI-PG)
membranes versus VK2/E6E7 and Sup-T1 cells. MTS assay was applied for the cell viability
test. Data is normalized to the negative control and expressed as mean £ SD; n = 3. One-way
analysis of variance was performed with all results with P < 0.05 considered to be significant.
Negative control includes the cells cultured in the medium only. To induce cell death in positive

control, 1 M acrylamide dissolved in regular cell culture medium was used. N: negative control,

P: positive control.
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Figure 4-11. Impact of porous pH-responsive PU (PEG-HEP-MDI-PG) membranes on
proinflammatory cytokine production (A) Interleukin IL-1B, (B) IL-6, and (C) IL-8 production.
Negative control was a plain medium and positive control was 200 pg/mL of nonoxynol-9 or 50
pg/mL of lipopolysaccharide-treated cells for IL-1p and IL-6/IL-8, respectively. Data is
expressed as mean = SD; n = 3. One-way analysis of variance was performed with all results

with * P < 0.05 considered to be significant.
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45 Conclusions

The pH-responsive interconnected porous PU membrane was fabricated on an
electrospinning apparatus using pH-responsive PU (PEG-HEP-MDI-PG) copolymer. The porous
pH-responsive membranes showed pH-dependent changes in morphology (pore sizes, fiber
diameters, and thickness) and surface charge. Such porous pH-responsive PU membranes
demonstrated pH-dependent release of color-dyed polystyrene nanoparticles (PSNs, -COOH).
There was close-to-zero release of PSNs in VFS at pH 4.5 (normal human female genital tract
pH); however, a demonstrated continuous release of PSNs in VFS at neutral pH (elevated human
female genital tract pH). These electrospun porous pH-responsive PU membranes showed no
noticeable toxicity to human vaginal epithelial cell line (VK2/E6E7) and human T-cell line (Sup-
T1). Besides, the elution medium collected from the membranes did not induce an inflammatory
microenvironment. Overall, the newly electrospun porous pH-responsive PU membrane

demonstrated potential use as a novel biomaterial for “smart” intravaginal NPs release.
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Chapter 5

Switchable on-demand release of intravaginal nanocarrier
via segmented reservoir-1VR filled with a pH-responsive

supramolecular polyurethane hydrogel
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As a part of this thesis, new pH-responsive PUs, PEG-DMPA-HDI and PEG-DMPA-
HDI-PG, were synthesized, and their supramolecular hydrogels were prepared to achieve the pH-
triggered switchable on-demand release of nanocarriers from reservoir-IVRs. The hypothesis of
this research is that the pH-change triggered physicochemical responses of the supramolecular

PU hydrogel can result in a switchable on-demand release of nanocarrier.

51 Abstract

To achieve pH-responsive switchable on-demand release of NPs from IVR, a new pH-
sensitive PU copolymer bearing DMPA (PEG-DMPA-HDI-PG) was synthesized to encapsulate
NPs within a segmented reservoir IVR. A new PEGylated PASP-based amphiphilic copolymer
conjugated with fluorescent dye orange Il (PASP-PEG-Ph-Orange) was synthesized to self-
assemble in aqueous solution into 251-283 nm diameter NPs for the release study. Chemical
structures of the synthesized copolymers PEG-DMPA-HDI-PG and PASP-PEG-Ph-Orange were
confirmed by ATR-FTIR and *H-NMR spectroscopy. The orange 11 dye conjugated NPs PASP-
PEG-Ph-Orange showed the highest fluorescent emission at 570 nm for tracking, and the pH-
responsive PUs PEG-DMPA-HDI-PG became a pH-responsive supramolecular hydrogel in
distilled water at 20 wt%. Acid-base titration and evaluation of turbidity change were performed
for PEG-DMPA-HDI-PG to confirm its pH-responsive characteristics. PASP-PEG-Ph-Orange
NPs were blended with the pH-responsive supramolecular PU hydrogel PEG-DMPA-HDI-PG to
form an inclusion complex and then filled into segmented reservoir-type PU IVRs containing
two holes. The segmented IVR filled with the NP-encapsulated hydrogel demonstrated
continuous release of the NPs at pH 7.0 but close-to-zero release at pH 4.2 for 12 h. Moreover,

the in vitro release studies demonstrated pH-responsive switchable on-demand NPs release.
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PASP-PEG-Ph-Orange and PEG-DMPA-HDI-PG showed no and low cytotoxicity toward
human vaginal epithelial cell line VK2/EGE7, respectively. Overall, the segmented IVR filled
with pH-responsive supramolecular PU hydrogel demonstrated its potential use for switchable
on-demand intravaginal release of nanocarriers and hence more effective intravaginal drug

delivery.

5.2 Introduction

HIV is a global pandemic that can potentially develop into AIDS.**> More than 30 million
people, especially women living in developing countries such as sub-Saharan Africa, suffer from
HIV.** Protection against HIV transfection at the beginning of the infection is extremely
important since invaded HIV can spread to major human organs within a few weeks. Various
topical drug delivery strategies including IVR have been developed to provide better protection
against vaginal HIV infection.” Moreover, compared to condoms, intravaginal releasing
formulations such as gels or IVRs could greatly empower women to use these convenient dosage
forms to protect themselves from HIV without the consent of the partner.'®® Therefore,
intravaginal delivery of anti-HIV agents could potentially prevent HIV in the early stages of the

infection since the major route of the HIV transmission is unprotected heterosexual intercourse.*

Anti-HIV drugs and siRNA prevent HIV transmission by blocking the transmission
progress®® and knocking down certain genes involved in the HIV infection, respectively.*®
siRNA has been shown to interfere with HIV infections at the genetic level, targeting not only
host genes but also viral genes;?* however, there are several challenges in increasing the delivery
efficiency of therapeutic SiRNA to T-cells (the major HIV targeted cells) crossing the vaginal

mucus barrier,* such as rapid degradation of SiRNA nuclease,?’ potential immunogenicity
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response caused by siRNA,'" and the low cellular uptake in the absence of appropriate

transfection reagents.'*®

Nanocarriers such as micelles, vesicles, nanogels, liposomes, and solid lipid nanoparticles
have been developed for the delivery of anti-HIV drugs and siRNA.}%1%92% pbryg delivery using
nanocarriers could improve dispersion of poorly water-soluble drugs, increase delivery
efficiency and cellular uptake, and protect cargos from acidic degradation in the female genital
tract. Moreover, PEGylation of nanocarriers enhances the penetration efficiency through the

mucus barrier.}”?

Previously, our research group developed PEGylated poly(amino acid)-based NPs* since
poly(amino acid) derivatives have been successfully used for delivering drugs and
SIRNA, 12110201 and PEGylated amphiphilic polyaspartamide was demonstrated to possess
excellent mucus penetrating properties.’”> The PEGylated PASP conjugated with
phenethylamine (PASP-PEG-Ph) self-assembled into a spherically shaped NP with a diameter of
approximately 200 nm.*® This nanocarrier demonstrated encapsulation efficiency of 92 + 6% and
a zero-order release profile of a model drug (coumarin 6). Moreover, strong cellular uptake by
the human immune cell line Sup-T1 was achieved without significant cytotoxicity observed
against the Sup-T1 and human vaginal epithelial cell line VK2/E6E7 up to 1 mg/mL. In the
current study, fluorescent dye orange Il was conjugated to PASP-PEG-Ph to allow easy tracking

of the NPs in the release study.

On-demand release of anti-HIV drugs at therapeutic concentrations through nanocarriers
when heterosexual intercourse occurs may decrease side effects. Since the average pH of the

human vaginal tract is 4.2,2 and can be elevated to neutral pH in the presence of seminal
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fluid,?** the pH change of the human vagina during heterosexual intercourse could be used to
trigger the release of a nanocarrier from intravaginal formulations such as gels and rings.

Our research group has developed pH-responsive solvent-cast'®®

and electrospun PU
membranes for the on-demand intravaginal release of anionic drugs and nanocarriers,
respectively. The solvent-cast membranes fabricated using pH-responsive PUs, PEG-HEP-HDI-
PG and PEG-HEP-MDI-PG, showed the continuous and switchable release of model drug NaDF
at pH 7.0 and close-to-zero release at pH 4.5. Even though on-demand delivery of small
molecules has been achieved, it was very challenging to attain the same for nanocarriers since
the fabricated membrane did not contain pores large enough to allow the traverse of NPs across
the membrane. In this regard, interconnected porous pH-responsive PU, PEG-HEP-MDI-PG,
membranes were fabricated using an electrospinning apparatus. The electrospun pH-responsive
PU membrane successfully showed pH-dependent release of PSNs: almost no release at pH 4.5
and continuous release at pH 7.0. Overall, the pH-responsive solvent-cast and electrospun PU
membranes demonstrated their potential use in membrane-controlled DDS such as IVRs for on-
demand intravaginal drug delivery. However, the electrospun membranes fabricated from pH-
responsive PU, synthesized using pH-sensitive HEP, demonstrated on-demand release of only
anionic NPs. Also, pH-triggered switchable on-and-off release of NPs could not be demonstrated
by the electrospun PU membrane. It would be recommended to develop a new pH-responsive PU
for switchable on-demand release of nanocarriers having a close to zero surface zeta-potential
since PEGylated NPs with close to zero absolute value of zeta-potential showed high mucus

penetration efficiency.'902%

PUs have been used for fabrication of IVVRs due to their appealing elastomeric and

thermoplastic characteristics which benefit from a unique block copolymer structure consisting
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of a soft segment and a hard segment.®*® Moreover, stimuli-responsive PU has been developed
for the delivery of low molecular drugs. For instance, temperature-responsive PU NPs have been
synthesized from PEG and diisocyanate (HDI or L-lysine ethyl ester diisocyanate (LDI)).?® The
synthesized PU NPs showed reversible dispersion-aggregation changes at the temperature that is
close to human body temperature. 1 mg/mL of the PU NPs formed a colloid dispersion at 25 °C
while at 55 °C they became a turbid solution by hydrophobic interactions of hard segments. The
formation of H-bonding with water is an exothermic process and higher temperature disfavours
H-bonding, causing interactions between the hydrophobic parts of the copolymers to become
stronger leading to the aggregation of hard segments at higher-than-the-transition temperature.
These PU NPs were used for the delivery of adriamycin.?®* At higher-than-body temperature, the
physicochemical interaction between the adriamycin and the copolymer weakens causing a
dramatic increase in the release ratio of adriamycin (higher than 70% for 10 h) compared to the

lower release rate (lower than 20% for 10 h) at room temperature (25 °C).

Additionally, pH- and temperature dual sensitive injectable PU hydrogels have been
synthesized using HEP as a pH-sensitive molecule.>**?> The PU copolymers showed pH- and
temperature dependent sol-gel transitions. At a pH higher than 6.8, 20 wt% of the copolymer
solution demonstrated a sol-gel transition with increased temperature up to body temperature (37
°C). The PU hydrogel synthesized from PEG, HEP, and HDI and PEG, HEP, HDI and PCL
showed continuous in vitro release of chlorambucil for two weeks and paclitaxel for one month,
respectively at pH 7.4 and 37 °C. More recently, an injectable, pH and oxidation-responsive
supramolecular hydrogel has been developed for controlled dual drug delivery of the
hydrophobic drug indomethacin (IND) and hydrophilic model drug rhodamine B (RB).?* The

dual sensitive poly(ether urethane) (PEU) was synthesized using PEG, di(1-hydroxyethylene)
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diselenide (DiSe), DMPA and 3-isocyanatomethyl-3,5,5-trimethylcyclohexyl isocyanate (IPDI).
The PEU copolymer could self-assemble into NPs and encapsulate IND, and then a
supramolecular inclusion complex (IC) hydrogel was fabricated by adding a-cyclodextrin (o-
CD) and RB. The supramolecular hydrogel showed a faster release of the drugs at pH 9.2 than
that at pH 7.4, and demonstrated oxidation-responsive release by adding H,O,. However, so far,
there have been no pH-responsive hydrogels reported capable of releasing NPs in a switchable

manner for the intravaginal application.

Our research group proposes a pH-responsive supramolecular PU hydrogel which could
be filled in the lumen of reservoir-1VRs for the on-demand release of nanocarriers. The new pH-
responsive supramolecular PU hydrogel demonstrated switchable pH-responsive release of NPs
when incorporated into a segmented reservoir-1VR, and showed low cytotoxicity towards vaginal
epithelial cell VK2/E6GE7 only at the concentration higher than 0.8 mg/mL. Overall, the pH-
responsive supramolecular PU hydrogel demonstrated its potential use in biomaterials such as

the on-demand intravaginal release of NPs.

53 Materials and methods
5.3.1 Materials

Orange |1 dye (pure, certified) and PEG (Mn 6,000) were purchased from ACROS (Geel,
Belgium). Methoxy polyethylene glycol amine (Me-PEG-NH,, Mw 5,000) was purchased from
Alfa Aesar (Ward Hill, MA, USA). Dialysis membrane tubing (MWCO 12-14 kD) was
purchased from Fisher Scientific (Nepean, ON, Canada). Dibutyltin dilaurate (DBTDL, 95%),

anhydrous diethyl ether (> 99%), L-aspartic acid (> 98%), phenethylamine (Ph, > 99%),
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propylene glycol (PG, > 99.5%), hexamethylene diisocyanate (HDI, > 99%), o-phosphoric acid
(98%), triecthylamine (TEA, > 99%), anhydrous N,N-dimethylformamide (DMF, 99.8%), 1,1'-
Carbonyldiimidazole (CDI, > 90%), 1,2-dichloroethane (DCE, 99.8%), and 2,2-
dimethylolpropionic acid (DMPA, 98%) were purchased from Sigma Aldrich (St. Louis, MO,
USA) and used without further purification. Hydrophilic aliphatic PU Tecophilic™ HP-60D-35
(PU-60D) was purchased from Lubrizol Advanced Materials (Cleveland, OH, USA). Smooth-

Cast® 300 was purchased from Smooth-On Inc. (Macungie, PA, USA).

5.3.2 Synthesis and characterization of fluorescent PEGylated poly(aspartic acid)
nanoparticles

PSI (Mw 1.5x10°) was synthesized from the L-aspartic acid by polycondensation.?%2%

PEGylated PASP copolymer (PASP-PEG-Ph) was prepared from PSI by conjugation of Me-
PEG-NH; (3% feed mole to PSI) and phenethylamine (55% feed mole to PSI) followed by a ring
opening reaction.* Fluorescent PEGylated PASP copolymer (PASP-PEG-Ph-Orange) was
prepared by conjugation of orange Il to the PEGylated PASP copolymer as described in Scheme

5-1.

Briefly, PASP-PEG-Ph (0.3 g, 0.2x10™ mol) and CDI (0.02 g, 1.2x10™ mol) were
dissolved in anhydrous DMF (15 mL) stirring with a magnetic bar at 40 °C in a three-neck
round-bottom flask under nitrogen atmosphere. After activation of carboxylic acids of PASP-
PEG-Ph by CDI for 3h, a mixture of orange 11 (0.03 g, 8.5x10"° mol) and TEA (0.06 mL, 4.3x10"
* mol) in DMF (5 mL) was added to the reactor. The reactor was left for 48 h at 40 °C under
nitrogen atmosphere. After the reaction, the final product was precipitated in 8-fold cold diethyl

ether and kept at 4 °C overnight. The precipitate was separated from the solution by centrifuge at
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3,000 rpm for 15 min, then was re-suspended in diethyl ether and separated three times to
remove the remaining impurities. The final product (PASP-PEG-Ph-Orange, 0.187 g, yield:
57%) was obtained, after being dried under vacuum. The dried product was resuspended in
distilled water, then dialyzed against distilled water using membrane tubing (MWCO 12-14 kD)
and frozen, then lyophilized. The chemical structure of PASP-PEG-Ph-Orange was confirmed by

ATR-FTIR and "H-NMR. 2020208

ATR-FTIR of PASP-PEG-Ph-Orange: 961, 1101, 1466, 1537, 1651, 1722, and 3300 cm™. ‘H-
NMR (300 MHz, D,0) of PASP-PEG-Ph-Orange: § 2.6-2.8 (2Hpasp, CHp-CH-CO-NH-CH,),
3.3-3.4 (2Hpn, NH-CH,-CHy), 3.5-3.7 (4Hpes, CHo-CH,-0), 3.8-3.9 (2Hph, NHo-CHp-CHy), 4.3
4.7 (1Hpasp, CH-CH,-CO-NH), 7.1-7.3 (5Hp,, CH-CH-CH-CH-CH-C), 6.5-8.4 (10Horanger,

C16H10N2NaO4S)
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Scheme 5-1. Synthesis of Orange Il conjugated amphiphilic copolymer based on PEGylated

poly(aspartic acid) (PASP-PEG-Ph-Orange).
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Average particle size and zeta-potential of the PASP-PEG-Ph-Orange was characterized
using ZetaPALS (Brookhaven Instrument, Holtsville, NY, USA). 0.1 mg/mL of PASP-PEG-Ph-
Orange NPs suspension was prepared in 0.1 M phosphate buffer solution (PBS) solution at pH
3.5, 4.5, and 7.0 using a probe sonicator (Sonifier 150, Branson, MO, U.S.A.) for 30 s at 40 kHz
and 5 root mean square (RMS). The average particle size of the NPs was evaluated by DLS with
a scattering angle of 90° and laser light at 659 nm. To measure zeta-potential of the NPs, PASP-
PEG-Ph-Orange was re-suspended in distilled water as 0.1 mg/mL. pH of the suspension was
adjusted by adding 0.1 N NaOH or 0.1 N HCI solution. The Smoluchowski model (u= e{/n) was
automatically applied for calculation of the surface charge, where W, e, (, and n are
electrophoretic mobility, electric permittivity of the liquid, zeta-potential, and viscosity,

respectively.?'

The UV-visible spectra of PASP-PEG-Ph-Orange and Orange Il at pH 3.5, 4.5, and 7.0
were recorded by a microplate reader (Synergy H4, BioTek, Winooski, Vermont, USA) using a
96 well plate. The wavelength ranged from 400 to 700 nm. 100 pL of 0.1 mg/mL PASP-PEG-
Ph-Orange and orange Il in 0.1 M PBS at pH 3.5, 4.5, and 7.0 were used for the measurement.
The molar extinction coefficient (€) of PASP-PEG-Ph-Orange and orange Il was characterized
using the Beer-Lambert Equation A= €cL, where A, €, ¢, and L are the absorbance, molar
extinction coefficient, concentration, and path length, respectively. PASP-PEG-Ph-Orange and
orange Il in 0.1 M PBS at pH 7.0 was prepared in concentrations from 10®° to 10° mg/mL.
Absorbance at a maximum wavelength of 100 pL of PASP-PEG-Ph-Orange (490 nm) and
orange Il (480 nm) at different concentrations were recorded using a microplate reader. The €
was calculated from the curve by plotting absorbance versus concentration,?** where the L was

0.29 cm since 100 uL of sample was used in a 96 well plate for reading absorbance.?*?
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The fluorescence spectra of PASP-PEG-Ph-Orange and free orange 1l at pH 3.5, 4.5, and
7.0 were evaluated by a microplate reader. All emission spectra were carried out in a 96 well
plate using Aexc= 480. 100 pL of 0.1 mg/mL PASP-PEG-Ph-Orange and orange 11 in 0.1 M PBS
at pH 3.5, 4.5, and 7.0 were used, and the emissions were measured from 510 to 700 nm,

increments of 10 nm.

5.3.3 Synthesis and characterization of pH-responsive PU copolymers (PEG-DMPA-HDI

and PEG-DMPA-HDI-PG)

pH-responsive PUs were synthesized by reacting DMPA and PEG with HDI. To enhance
the hydrophobic hard segment of pH-responsive PU, PG was used. The synthesized pH-

responsive PUs were referred to as PEG-DMPA-HDI and PEG-DMPA-HDI-PG (Scheme 5-2).

Briefly, PEG (3 g, 0.5 mmol) and DMPA (0.684 g, 5.0 mmol) were dissolved in
anhydrous DMF (30 mL), stirring with a magnetic bar at 80 °C in a three-neck round-bottom
flask under nitrogen atmosphere. 15 min after the catalytic amount DBTDL (50 puL) was dropped
into the reactor, a stoichiometric amount of diisocyanate, HDI (0.91 mL, 5.5 mmol), was added
to the reactor. The reactor was left for 6 h with stirring under nitrogen atmosphere. The final
product (PEG-DMPA-HDI: 4.14 g, yield: 90%) was obtained by precipitating in 8-fold diethyl

ether and washed with excess diethyl ether to remove remaining impurities.
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Scheme 5-2. Synthesis of pH-sensitive PU copolymers A: PEG-DMPA-HDI and B: PEG-

DMPA-HDI-PG.

For synthesis of PEG-DMPA-HDI-PG, PG (0.369 mL, 5.0 mmol) and HDI (0.82 mL, 5.0
mmol) were added to the reactor of PEG-DMPA-HDI after 6 h of the reaction. The reactor was
maintained at 80 °C for 24 h under dry nitrogen atmosphere. The resulting product was
precipitated and washed with excess diethyl ether. The fine powder (PEG-DMPA-HDI-PG: 5.43
g, yield: 94%) was obtained after drying under vacuum. The chemical structure of PEG-DMPA-

HDI and PEG-DMPA-HDI-PG was confirmed by ATR-FTIR and *H-NMR,>1°2%86

ATR-FTIR of PEG-DMPA-HDI and PEG-DMPA-HDI-PG: 1106, 1238, 1667 and 1706 cm™.
'H-NMR (300 MHz, CDCl3) of PEG-DMPA-HDI; & 1.20-1.30 (3Hpmpa, O-CH,-C-CHs3), 1.30-

1.40 (4Hpp1, NH-CHy-CH,-CHap-CHp-CH,-CHy-NH), 1.40-1.60 (4Hyp1, NH-CHp-CH,-CH,-CHo-
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CH-CH,-NH), 3.05-3.25 (4Hupi, NH-CH,-CHp-CH,-CHp-CHo-CH,-NH), 3.60-3.75 (4Hpec,
CHy-CH,-0)n, 4.15-4.35 (4Hpmpa, O-CH,-C-CH,-0), and PEG-DMPA-HDI-PG; & 1.10-1.30
(6Hpmpasps, O-CHp-C-CHg + O-CH-CHs), 1.30-1.40 (4Hyp1, NH-CHp-CHy-CHp-CH,-CH,-CHo-
NH), 1.40-1.60 (4Hupi, NH-CH,-CHp-CH,-CHp-CHo-CH,-NH), 3.02-3.27 (4Hppi, NH-CH,-
CHy-CH,-CH,-CHp-CH,-NH), 3.55-3.76 (4Hpes, CH2-CH,-O)n, 4.03-4.15 (2Hpg, CH-CH,-0),
4.17-4.32 (4Hpwpa, O-CH,-C-CHo-0), 4.90-5.10 (1Hpg, O-CH-CHs).

The viscosity average molecular weight of PASP-DMPA-HDI and PASP-DMPA-HDI-

PG was calculated using the Mark-Houwink equation for PUs [n]= 3.64 x 10*M°*"

, Where [n]
and M are the intrinsic viscosity and viscosity average molecular weight, respectively.*** The
intrinsic viscosity was calculated from measures using a Cannon-Ubbelohde dilution viscometer
at 25 °C. The concentration of the pH-sensitive PUs was diluted from 2.5 mg/mL to 1.25

mg/mL. The travel time of pure DMF and the PU in DMF from measurement mark M; to M,

was recorded. Five repetitions were done for the calculation.

Average particle size of PEG-DMPA-HDI and PEG-DMPA-HDI-PG was evaluated by
DLS using a ZetaPALS (Brookhaven Instrument, Holtsville, NY, USA). 0.1 mg/mL of NPs
suspension was prepared in 0.1 M PBS at pH 4.2 and 7.0 using a probe sonicator (Sonifier 150,
Branson, MO, U.S.A.) for 30 s at 40 kHz and 5 RMS. The average particle size of the NPs was
characterized with a scattering angle of 90 ° and laser light at 659 nm. pH of the suspension was

adjusted by adding 0.1 N NaOH or 0.1 HCI.

Turbidity measurement was performed using a UV-visible spectrometer (Ultrospec 4300
pro, Amersham Biosciences, Little Chalfont, UK) at different pH from 8.0 to 3.0 and 360 nm. 10

mg/mL of PEG-DMPA-HDI and PEG-DMPA-HDI-PG in 0.1 M PBS was prepared for the
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measurement. The pH of the solution was adjusted by adding 0.1 N HCI or 0.1 N NaOH. The

turbidity was calculated from transmittance (T, %) as (100-T)/100.%*

Acid-base titration was carried out on PEG-DMPA-HDI and PEG-DMPA-HDI-PG. 30
mL of 1 mg/mL PEG-DMPA-HDI and PEG-DMPA-HDI-PG in distilled water were prepared.
The pH of the solution was adjusted to 3.0 using 0.1 N HCI. The pH was increased by adding

200 pL of 0.1 N NaOH, after each addition, the pH was recorded using a pH meter.>

5.3.4 Fabrication of segmented IVR filled with the inclusion complex of pH-responsive

supramolecular PU hydrogels and PASP-PEG-Ph-Orange NPs

Segmented IVR was fabricated from commercially available PU HP-60D-35 at 160 °C
by hot-melt injection molding (Medium Machinery, LLC, Woodbridge, VA, USA).**® The HP-
60D-35 pellets were loaded into the feeder, and then the melted PU was manually injected into a
custom-fabricated aluminum mold with cavities for dimensions of 5.5 mm outer diameter (OD)
and 0.6 mm cross-sectional diameter (XD). The OD and XD of the fabricated segment of IVR

were measured with a caliper.

pH-responsive supramolecular PU hydrogels including PASP-PEG-Ph-Orange NPs by
inclusion complex were prepared and loaded into the segmented IVVR. Briefly, 3 mL of 1 mg/mL
PASP-PEG-Ph-Orange NPs in distilled water was prepared. 300 uL of the 1 mg/mL PASP-PEG-
Ph-Orange NPs was kept as a standard (for drawing a standard curve). pH-responsive PU (PEG-
DMPA-HDI or PEG-DMPA-HDI-PG) was added to 2.7 mL of the PASP-PEG-Ph-Orange NPs
solution as 20 wt% and stirring at 40 °C for 1 h to form a viscous hydrogel. 100 pL of the

prepared viscous complex hydrogel of pH-responsive PU and PASP-PEG-Ph-Orange NPs was
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loaded into the reservoir of the segmented IVR. The ends of each segmented IVR were capped
with custom-fabricated plastic lids and sealed with a commercially available polymer resin
(Smooth-Cast® 300, Smooth-On Inc., Macungie, PA, USA). Two holes (DI: 1/32") were made

on the segmented IVR using a drill (Dremel 100, Racine, W1, USA).

5.3.5 Invitro nanoparticle release studies

The pH-responsive release of PASP-PEG-Ph-Orange NPs from segmented IVRs was
studied at pH 4.2 and 7.0. Segmented IVRs filled with pH-responsive supramolecular hydrogel
bearing the PASP-PEG-Ph-Orange NPs were prepared as described above in section 5.3.4. The
segmented IVVRs filled with the complex hydrogel were immersed in 3 mL of 0.1 M PBS (pH 4.2
and pH 7.0) at 37 °C with gentle shaking (100 rpm). 200 pL of release medium 0.1 M PBS was
taken for calculation of released PASP-PEG-Ph-Orange NPsat 1 h, 2 h, 3 h, 6 h, 12 h, and 24 h.
After taking each sample, the medium was replenished with 200 uL of fresh 0.1 M PBS. The
amount of PASP-PEG-Ph-Orange NPs released was evaluated using a microplate reader (Ex,

Em=490 nm, 570 nm).

The switchable pH-responsive release of PASP-PEG-Ph-Orange NPs was evaluated. The
segmented IVRs filled with the complex hydrogel were prepared, and then the IVRs were
immersed in 3 mL of 0.1 M PBS at pH 4.2 and 37 °C with gentle shaking (100 rpm). Every 1 h,
the segmented IVRs were pulled out and immersed in different pH (pH 4.2 — pH 7.0 — pH 4.2
— pH 7.0 — pH 4.2) over a 5 h period. The amount of PASP-PEG-Ph-Orange NPs released was

evaluated using a plated reader (Ex, Em= 490 nm, 570 nm).
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5.3.6 Invitro cytotoxicity tests

In vitro cell cytotoxicity of PASP-PEG-Ph-Orange and PEG-DMPA-HDI-PG were
evaluated using human vaginal epithelial cell line VK2/E6E7. VK2/E6E7 was maintained in
keratinocyte-serum free (K-SFM) supplemented with 0.1 ng/mL of recombinant human
epidermal growth factor, 50 ng/mL bovine pituitary extract, 0.4 mM CaCl, and 1%
penicillin/streptomycin. In a 96-well plate, 2.5x10* VK2/E6E7 was seeded in each well and
incubated overnight to allow the cells to be attached. PEG-DMPA-HDI-PG and PASP-PEG-Ph-
Orange re-suspended in VK2/EGE7 cell culture medium at the concentration of 1mg/mL were
used to treat the VK2/EGE7 cell using blank medium as negative control and 1M acrylamide (in
K-SFM medium) as positive control and incubating at 37 °C under 5% CO, for 24 h. After 24 h
of incubation, the media of each cell-line were discarded and replenished with fresh medium and
20 ul of MTS assay reagent were added. The plates were incubated again for 1 h and protected
from light. Absorbance of each plate was read at 490 nm using a Spectramax M5 microplate

reader.

5.3.7 Statistical analysis

Data are presented as mean * standard deviation (SD). The number of replicates is
indicated as the n-value. One-way analysis of variance was performed with all results with P <

0.05 considered to be significant.
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5.4 Results and discussion

54.1 Synthesis and characterization of fluorescent dye (Orange Il) conjugated

nanoparticle based on PEGylated poly(aspartic acid) copolymer (PASP-PEG-Ph-Orange)

PEGylated amphiphilic polyaspartamide NPs have been shown to be useful for the
delivery of siRNA and can traverse across mucus. Amphiphilic PEGylated PASP NPs (PASP-
PEG-Ph NPs) with an average particle size of 186 £ 3 nm had been synthesized in our lab. They
showed high drug encapsulated efficiency (93 £ 6%) of C6, low cell cytotoxicity towards
VK2/E6E7 human epithelial cells and Sup-T1 human T-cells, and cellular uptake by Sup-T1
cells.*® So we decided to use PASP-PEG-Ph NPs for the NP release study. To better track their
release, a fluorescent dye orange Il was conjugated onto PASP-PEG-Ph to yield PASP-PEG-Ph-

Orange.

The chemical structure of PASP-PEG-Ph-Orange was confirmed by ATR-FTIR and *H-
NMR spectra. Absorption peaks at 1651 cm™ and 1537 cm™ assigned to amide | and amide Il
bands of PASP, respectevely (Figure 5-1).2%22 Also, the conjugated methoxy PEG (mPEG)
and phenethylamine were confirmed from C-O-C stretch absorption at 1101 cm™?** aromatic
C=C stretch (1466 cm™), and Aryl C-H bend absorption (961 cm™).?** As a result of conversion
of PASP-PEG-Ph to PASP-PEG-Ph-Orange, the OH bond in carboxylic acid at 3300 cm™

noticeably disappeared, and the peak of C=0 stretching in ester at 1722 cm™ increased in the

ATR-FTIR spectra.*?
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Figure 5-1. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of

PASP-PEG-Ph-Orange.

'H-NMR spectra of PASP-PEG-Ph-Orange showed the intrinsic proton peaks of orange
Il from 6.5-8.4 ppm (Figure 5-2).%'° The proton peaks of a and b were assigned to the methine
and methylene protons of the copolymer backbone.***?* The conjugated mPEG was confirmed
by peak f as the methylene protons.?%*?'* The conjugated phenethylamine was confirmed by peak

e as methine protons.?*’” The degrees of substitution of orange 11, phenethylamine, and Me-PEG-
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NH, were 40.3%, 54.2%, and 2.0% calculated by comparing the peak area of g assigned to a

proton of conjugated orange 11, the methylene proton peaks ¢ and f to that of peak b.
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Figure 5-2. *H-Nuclear Magnetic Resonance (*H-NMR) spectra of PASP-PEG-Ph-Orange.

The average particle size of PASP-PEG-Ph-Orange NPs was evaluated in 0.1 M PBS at
pH 3.5, 4.5, and 7.0 (Table 5-1). The average particle size of the NPs showed no noticeable
difference in size at pH 3.5, 4.5 or 7.0 since most of the carboxylic acid groups of PASP-PEG-Ph
were converted to an ester bond by conjugation with orange Il. The zeta-potentials of PASP-
PEG-Ph-Orange NPs at pH 3.5, 4.5, and 7.0 were -6 £ 1, -2.1 £ 0.1, and -1 £ 2 mV, respectively.
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These close to zero surface zeta-potential of the NPs also supports conversion of the carboxylic
acid groups to the ester bond, and it would be beneficial for mucus penetration of the NPs since it
was reported that the PEGylated NP with close to zero absolute value of zeta-potential

demonstrated high mucus penetration efficiency.™**%

Table 5-1. Average particle size (0.1 mg/mL in 0.1 M PBS pH 3.5, 4.5 and 7.0) and Zeta-
potential (0.1 mg/mL in distilled water pH 3.5 45 and 7.0) of PASP-PEG-Ph-Orange

nanoparticles. Data is expressed as mean + SD; n = 3.

| pH 3.5 | pH 4.5 | pH 7.0
Average particle size (nm) 283 = 2 262+7 251+4
Zeta-potential (mV) 61 -21+0.1 1+2

UV-visible absorbance spectra and fluorescence emission spectra of PASP-PEG-Ph-
Orange were recorded and compared with those of orange Il (Figure 5-3). The PASP-PEG-Ph-
Orange showed no pH-dependence to the emission. However, free orange Il showed relatively
higher emission at neutral pH than acidic pH (pH 3.5 and 4.5). Also, it is well known that
conjugation of fluorescent molecules to polymers can cause not only the shift of maximum
absorbance wavelength or maximum emission wavelength but also the reduction of molar
extinction coefficient (€).2%%° The shift of maximum absorbance wavelength from 480 nm to

490 nm was observed after conjugation of orange Il to PASP-PEG-Ph.

137



A #— PASP-PEG-Ph-Orange (pH 3.5 B —&— PASP-PEG-Ph-Orange (pH 3.5)
ge (p ) ge (p!
Fu s PASP-PEG-Ph-Orange (pH 4.5) N S ® PASP-PEG-Ph-Orange (pH 4.5)
/V ¥ 4— PASP-PEG-Ph-Orange (pH 7.0)| 2> | ¥ P % : +P»\SP-PEG-PI1-O_range (pH 7.0)
v— Orange II (pH 3.5 3 . v Orange II (pH 3.5)
¥ ¥ ge Ll 3.) 2 i L <« Orange Il (pH 4.5)
(= ge IT (7
7 ¢ Orange II (pH 4.5) b5 i t
3 / > Orange I1 (pH 7.0) = " \ s 8 P OratigepH7.0)
= * ¥ Ange LARL L = e A
< y 1 B
Nl ¥ 8 / I l‘r
‘5 o \ __— Orange II = § ' ; ! £
0 - ] i SR |
o ¥ ¥ Q 2 Y3 ;—i
< 2 £ w3, N
{ | B
= “ LN S
o v v e d
¥ _ PASP-PEG-Ph-Orange — 4 NN -~
¥ = S
£ o ool | o4 i
PPPPPE e ¥ e
: i o i
T T T T T T T T T T T
100 450 500 550 600 650 700 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

Figure 5-3. (A) UV-visible absorbance spectra of Orange Il conjugated NPs (PASP-PEG-Ph-
Orange) (0.1 mg/mL, in PBS, at pH 3.5, 4.5, 7.0 and 37 °C), (B) Fluorescence emission spectra
of PASP-PEG-Ph-Orange with excitation at 480 nm (0.1 mg/mL, in PBS, at pH 3.5, 4.5, 7.0 and

37 °C). Data is expressed as mean + SD; n = 3.

Moreover, the maximum emission wavelength also shifted from 520 nm to 570 nm when
scanning fluorescence spectra using Aexc= 480 at pH 7.0. The molar extinction coefficient (€) of
PASP-PEG-Ph-Orange and orange Il was also calculated using the Beer-Lambert Equation A=
EcL. The curve obtained by plotting absorbance versus concentration of PASP-PEG-Ph-Orange
at 490 nm was y= 2.251y + 0.0028 (R*= 1); while for orange Il, the curve at 580 nm was y =
20.12y + 0.0068 (R?= 0.9999). From the curves, the € of PASP-PEG-Ph-Orange was calculated
as 7.76 (mg/mL) ™ cm™ and the € of orange II was 69.38 (mg/mL)*cm™ since the path length was
0.29 cm when 100 pL of sample was used in 96 well plate for reading absorbance.?*? The € for
orange Il at 480 nm and pH 8.0 was reported as 23,352 M cm™ and this is close to the

calculated € of orange II at 480 nm and pH 7.0 (24,305 M* cm 1).%° The € of PASP-PEG-Ph-
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Orange is still high enough to confer fluorescence properties of PASP-PEG-Ph-Orange, although

the value of € dropped after conjugation.

5.4.2 Synthesis and characterization of pH-responsive PUs (PEG-DMPA-HDI and PEG-

DMPA-HDI-PG)

New pH-responsive PUs were synthesized using the pH-sensitive diol DMPA (pKa=
4.41). The reaction progressed in an anhydrous environment, and under dried nitrogen
conditions, since H,O could consume diisocyanate by hydrolysis. The viscosity average
molecular weight of PEG-DMPA-HDI and PEG-DMPA-HDI-PG were 7.8x10° and 9.4x10°,

respectively (Table 5-2).

Table 5-2. Chemical component and viscosity average molecular weight (Mv) of the pH-

sensitive PU copolymers (PEG-DMPA-HDI, PEG-DMPA-HDI-PG). Data is expressed as mean

+SD;n=3.
Polymer | Feed mole ratio | Composition molar ratio |  Mv
PEG: DMPA: HDI PEG: DMPA: HDI 5
PEG-DMPA-HDI = 1:10: 11 = 0.22: 0.78: 1.00 7810
PEG: DMPA: HDI: PG PEG: DMPA: HDI: PG 5
PEG-DMPA-HDI-PG =1:10: 21: 10 = 0.09: 0.32: 1.00: 0.46 9410

The chemical structures of PEG-DMPA-HDI and PEG-DMPA-HDI-PG were confirmed
by ATR-FTIR and *H-NMR. In the ATR-FTIR spectrum (Figure 5-4), the absorbance of the free
carbonyl bond and hydrogen-bonded carbonyl bond stretching are shown at 1704 cm™ and 1667

cm™, respectively.®? Also, the N-H stretching band of urethane was observed at 3264 cm™. The
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absorbance at 1106 cm™ corresponds to the stretching vibration of C-O-C in PEG," and the
absorbance at 1238 cm™ was attributed to the stretching vibration C-O of carboxylic acid.”® The
absence of absorbance at 2267 cm™ reveals that the product does not contain unreacted
isocyanate groups.®® The *H-NMR spectra showed the coexistence of PEG and DMPA in PEG-
DMPA-HDI and PEG-DMPA-HDI-PG (Figure 5-5). The successfully bonded PEG was

confirmed by the presence of a methylene proton peak a at 3.55-3.76 ppm,>*2

and incorporation
of DMPA into the polymers was confirmed by methylene protons peak e at 4.15-4.35 ppm and a
methyl proton peak at 1.10-1.30 ppm.?"?® Similarly, the methylene proton peak g at 4.03-4.15
ppm, the methine proton peak h at 4.90-5.10 ppm and the methyl proton peak i at 1.10-1.30 ppm
jointly pointed to the successful incorporation of PG in the structure.’**®* The methylene
protons of incorporated HDI b, ¢, and d were observed at 3.02-3.27, 1.40-1.60, and 1.30-1.40
ppm, respectively.’*®” The methane peak b was shifted downfield by deshielding effects. Based
on the integration of methylene proton peaks a, e, b, and g, the composition molar ratio of PEG-

DMPA-HDI and PEG-DMPA-HDI-PG was calculated as PEG: DMPA: HDI=0.22: 0.78: 1 and

PEG: DMPA: HDI: PG=0.09: 0.32: 1.00: 0.46, respectively.
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Figure 5-4. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectra of pH-

sensitive PUs (A) PEG-DMPA-HDI, (B) PEG-DMPA-HDI-PG.
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The average particle size of 0.1 mg/mL of PEG-DMPA-HDI and PEG-DMPA-HDI-PG
NPs in 0.1 M PBS at pH 4.2 and 7.2 were evaluated (Table 5-3). PEG-DMPA-HDI NPs showed
smaller particle size at pH 4.2 (164 £ 14 nm) than that at pH 7.0 (298 + 10 nm). However, PEG-
DMPA-HDI-PG NPs has a larger particle size at pH 4.2 (386 + 11 nm) than that at pH 7.0 (267
11 nm). This difference in particle size due to the change in pH could be explained by the
different chemical structure in the hard segment. PEG-DMPA-HDI-PG has an additional
hydrophobic hard segment by adding PG, resulting in higher hydrophobic interactions between
hard segments (PG-HDI and DMPA-HDI) of the polymer backbone than that of PEG-DMPA-
HDI (DMPA-HDI). As a result, PEG-DMPA-HDI-PG NPs rearranged and aggregated with more
polymer chains at pH 4.2; while PEG-DMPA-HDI NPs shrink by protonation of the carboxylic

acid of DMPA at pH 4.2 because of lower charge repulsion.

Table 5-3. Particle size of pH-responsive PUs, PEG-DMPA-HDI and PEG-DMPA-HDI-PG, at

different pHs (0.1 mg/mL). Data is expressed as mean £ SD; n = 3.

Polymer | o1MPBSatpH42 | 01MPBSatpH7.0 |  Distilled water
PEG-DMPA-HDI 164 +14 298 +10 190 + 26
PEG-DMPA-HDI-PG 386 +11 267 11 277+5

pH-dependant turbidity change and acid-base titration profile of pH-responsive PUs were
studied to evaluate pH-responsive properties of PEG-DMPA-HDI and PEG-DMPA-HDI-PG
(Figure 5-6). The turbidity of 10 mg/mL of PEG-DMPA-HDI and PEG-DMPA-HDI-PG
increased from 0.071 at pH 5.5 to 0.164 at pH 4.0, and from 0.527 at pH 6.5 to 0.813 at pH 4.0,

respectively (Figure 5-6, A). As pH decreased, turbidity increased near the pKa of the
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carboxylic acid of DMPA (4.41) due to protonation of the carboxylic acid of DMPA in the
copolymer and therefore aggregation of the copolymer. The turbidity change of PEG-DMPA-
HDI-PG was higher and began at a higher pH (0.286, pH 6.5) than that of PEG-DMPA-HDI
(0.093, pH 5.5) since PEG-DMPA-HDI-PG has a higher content of hydrophobic segments
contributed by PG. PEG-DMPA-HDI-PG may have stronger intramolecular hydrophobic
interactions and therefore more serve an aggregation following a decrease in pH than PEG-

DMPA-HDL.
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Figure 5-6. Turbidity change at 10 mg/mL (A) and acid-base titration profile at 1 mg/mL (B) of

PEG-DMPA-HDI and PEG-DMPA-HDI-PG. Data is expressed as mean + SD; n = 3.

Acid-base titration curves of PEG-DMPA-HDI and PEG-DMPA-HDI-PG revealed that
PEG-DMPA-HDI consumes more ions (hydroxide) for deprotonation of DMPA than PEG-

DMPA-HDI-PG at the same mass concentration (Figure 5-6, B). From the results of turbidity

144



change and titration curves, at the same mass concentration of PU, a more dramatic
physicochemical change could be expected from PEG-DMPA-HDI-PG than PEG-DMPA-HDI

in response to environmental pH change from pH 4.2 to 7.0, or from pH 7.0 to 4.2.

5.4.3 Segmented IVR filled with the inclusion complex of pH-responsive supramolecular

PU hydrogels and PASP-PEG-Ph-Orange NPs

1 mg/mL of fluorescent NPs (PASP-PEG-Ph-Orange) was included in 20 wt% of pH-
responsive supramolecular PU hydrogels (Figure 5-7), and the complex hydrogel was filled in
segments of IVRs. Through hot injection molding of PU-60D, reservoir-IlVR segments (cross-
sectional diameter of 5 mm and a wall thickness of 0.75 mm) were fabricated so that there were
no interconnected pores big enough for NP diffusion. To enable the diffusion of NPs, two holes

(DI: 1/32™) were drilled on the middle of the segmented IVR.

Orange NPs + PU gel

Figure 5-7. Pictures of complex hydrogel (1 mg/ml of PASP-PEG-Ph-Orange NPs in 20 wt%

aqueous solution of pH-responsive PU, PEG-DMPA-HDI-PG).
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Figure 5-8. Diagram of the proposed use of pH-responsive supramolecular PU hydrogels in

reservoir-1VR for the switchable on-demand release of nanoparticles.

The proposed use of the segmented reservoir-1VR filled with pH-responsive complex
hydrogels is illustrated in Figure 5-8. The segment could be a part of the full-sized reservoir-
IVRs and the lumen of the reservoir-1VR could be filled with complex hydrogel. The complex
hydrogels have a higher release ratio of PASP-PEG-PH-Orange NPs through the holes of the
segmented reservoir-IVR at pH 7.0 than at acidic pH 4.2 because the supramolecular PU
hydrogel has an immobilized pH-sensitive molecule DMPA (pKa 4.41). The IVR segments are
expected to show close-to-zero release of the nanocarrier at the normal pH of a woman’s genital
tract (average pH is 4.2) while a triggered release of the nanocarrier is induced by the elevated
pH (neutral) of the genital tract. Ideally, this on-demand release is expected to be triggered on
and off repeatedly in response to pH change. DI of the holes, acting as a release window on the

IVR, can be adjusted to control the release amount of included nanocarriers.
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5.4.4 Invitro nanoparticle release studies

The in vitro release of PASP-PEG-Ph-Orange NPs from complex hydrogels filled in
segmented IVRs was studied and showed a pH-responsive release of PASP-PEG-Ph-Orange
NPs. PEG-DMPA-HDI-PG supramolecular hydrogel demonstrated close-to-zero release of
PASP-PEG-Ph-Orange NPs at pH 4.2 for 12 h, then 14.0 £+ 0.5% of PASP-PEG-PH-Orange NPs
was released from 12 h to 24 h. At pH 7.0, a continuous release of PASP-PEG-Ph-Orange NPs,

up to 42 + 7% for 24 h, was observed (Figure 5-9).

100

—=— PEG-DMPA-HDI at pH 4.2

| —e— PEG-DMPA-HDI at pH 7.0

80 | —4— PEG-DMPA-HDI-PG at pH 4.2 - oo
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Time (h)

Figure 5-9. In vitro release profile of PASP-PEG-Ph-Orange NPs at pH 4.2 and 7.0. Data is

expressed as mean = SD; n = 3.
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PEG-DMPA-HDI supramolecular hydrogel showed a continuous release of PASP-PEG-
Ph-Orange NPs, up to 28 = 3% at pH 4.2, and 67 £ 5% at pH 7.0 for 24 h. The release of PASP-
PEG-Ph-Orange NPs, which are included in pH-responsive supramolecular PU hydrogels, was
controlled by pH-responsive change in physicochemical interaction of PU copolymer chains. The
pH-responsive supramolecular PU hydrogels have a weaker hydrophobic interaction between the
copolymer chains and an increased space between particles at pH 7.0 than those at pH 4.2, thus
releasing PASP-PEG-Ph-Orange NPs at a higher rate at pH 7.0. Moreover, strong hydrophobic
interaction of condensed PEG-DMPA-HDI-PG NPs allowed close-to-zero release at pH 4.2 for
12 h. The observed release of PASP-PEG-Ph-Orange NPs at pH 4.2 after the 12 h time point
may be due to leakage of PEG-DMPA-HDI-PG supramolecular hydrogel through the holes of

the segmented IVRs.

The switchable, on-demand release of nanocarriers was desired for reducing unwanted
systemic toxicity of anti-HIV agents. Using PEG-DMPA-HDI-PG supramolecular hydrogel, the
pH-responsive switchable release of NPs for 5 h was accomplished. PASP-PEG-Ph-Orange NPs
were released at pH 7.0, but released less than 2.5% at pH 4.2 (Figure 5-10). Only 1.5 + 0.9% of
PASP-PEG-Ph-Orange NPs were released for the first 1 h at pH 4.2; then 19 + 5% of PASP-
PEG-Ph-Orange NPs were released for the next 1 h at pH 7.0, followed by the switchable
off/on/off release of PASP-PEG-Ph-Orange NPs for another 3 h. However, PEG-DMPA-HDI
supramolecular hydrogel released 37 + 4% of PASP-PEG-Ph-Orange NPs during the second 1 h
at pH 7.0, after 7 £ 5% of release during the first 1 h at pH 4.2, followed by no switchable
release. The relatively weak hydrophobic interaction of PEG-DMPA-HDI NPs caused a rapid
release of PASP-PEG-Ph-Orange NPs at pH 7.0, and PEG-DMPA-HDI might leak too much

through the holes of segmented IVRs at the first raising of pH to 7.0. From these PASP-PEG-Ph-
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Orange NPs release studies, it is obvious that the pH-responsive supramolecular PEG-DMPA-
HDI-PG hydrogel is a potential candidate of biomaterials for the proposed use in reservoir-IVR

for switchable on-demand release of nanocarriers.
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Figure 5-10. In vitro switchable on-demand release of PASP-PEG-Ph-Orange NPs using pH-
responsive supramolecular PU hydrogels; (A) PEG-DMPA-HDI, (B) PEG-DMPA-HDI-PG.

Data is expressed as mean + SD; n = 3.
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Figure 5-11. Schematic illustration for the pH-responsive release of PASP-PEG-Ph-Orange NPs

from supramolecular PU hydrogels (PEG-DMPA-HDI and PEG-DMPA-HDI-PG).

A potential explanation of the pH-responsive behavior of PEG-DMPA-HDI and PEG-
DMPA-HDI-PG supramolecular hydrogels is illustrated in Figure 5-11. At pH 4.2, PEG-DMPA-
HDI and PEG-DMPA-HDI-PG shrink and trap PASP-PEG-Ph-Orange NPs (Figure 5-11, A and
C). At pH 7.0, with the ionization of carboxylic acid of DMPA on the copolymers, hydrophobic
interaction between copolymer chains is weakened resulting in increase of space for releasing

entrapped PASP-PEG-Ph-Orange NPs (Figure 5-11, B and D). PEG-DMPA-HDI-PG could
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demonstrate pH-responsive switchable release since the hydrophobic hard segment PG-HDI

maintained a sturdy hydrophobic domain at both pH 4.2 and 7.0.

5.4.5 Invitro cytotoxicity studies

In vitro cell cytotoxicity of PASP-PEG-Ph-Orange and PEG-DMPA-HDI-PG were
evaluated versus VK2/EGE7 cell lines by the MTS assay. The VK2/EGE7 was treated with
concentrations ranging from 0.2 mg/mL to 1mg/mL and the viability of the cells was evaluated

after 24 h (Figure 5-12).
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Figure 5-12. In vitro cytotoxicity of PASP-PEG-Ph-Orange and PEG-DMPA-HDI-PG towards
VK2/EGE7 cells. Data is expressed as mean + SD; n = 3; * P < 0.05, ** P < 0.01 versus the

negative control.
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At all concentrations studied, the PASP-PEG-Ph-Orange showed no significant
cytotoxicity and the PEG-DMPA-HDI-PG showed, a significant cytotoxicity toward the
VK2/EGE7 cell line compared to positive control only when the concentration is higher than 0.8
mg/mL. According to the results, it was demonstrated that the copolymers were suitable for the

proposed use as an intravaginal drug delivery within the female genital track.

55 Conclusions

Fluorescent PASP-PEG-Ph-Orange NPs (DI: 262 £ 7 nm at pH 4.2) and pH-responsive
PUs (PEG-DMPA-HDI, PEG-DMPA-HDI-PG) were synthesized, and their chemical structures
were confirmed by ATR-FTIR and 'H-NMR spectra. Excitation (490 nm) and maximum
emission (570 nm) of PASP-PEG-Ph-Orange NPs were evaluated and used for tracking the
release amount of NPs in in vitro release studies. pH-responsive supramolecular PU hydrogels
were prepared in distilled water using 20 wt% PEG-DMPA-HDI or PEG-DMPA-HDI-PG. 1
mg/mL PASP-PEG-Ph-Orange NPs in distilled water was blended with the pH-responsive PUs
to form complex hydrogels, and then filled in segmented IVR having two holes (DI: 1/32"). In
vitro tests showed the pH-responsive release of PASP-PEG-Ph-Orange NPs from both
supramolecular PU gels. Moreover, PEG-DMPA-HDI-PG supramolecular hydrogel
demonstrated pH-responsive switchable on-demand on-and-off release of PASP-PEG-Ph-Orange
NPs triggered by pH changes from pH 4.2 to 7.0 and from pH 7.0 to 4.2. The PASP-PEG-Ph-
Orange and PEG-DMPA-HDI-PG showed no and low cytotoxicity, respectively, toward

VK2/EGE7. Overall, this new pH-responsive PEG-DMPA-HDI-PG supramolecular hydrogel
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successfully demonstrated its potential utility as a novel biomaterial for the development of an

intravaginal drug delivery device for pH-responsive switchable on-demand release of NPs.
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Chapter 6

Summary and Conclusions

155



STls caused by bacteria and viruses transmitted by sexual intercourse are one of the most
significant public health concerns. Prevention and early treatment of STIs are important in
decreasing their prevalence and incidence. In particular, HIV has been proclaimed as a pandemic
and no cure has been found yet. Globally, over 30 million people are living with HIV which can

potentially progress to AIDS.

Topical drug delivery has been developed for treating local infections. The advantages of
topical drug delivery include increased drug delivery efficiency to the target site, drug
bioavailability, pharmacological response, and drug compliance of patients. As one of the topical
DDS, IVRs have been developed for intravaginal delivery of drugs. The availability of IVRs
could greatly empower women to protect themselves and their partners from HIV since the
application of formulations does not require the consent of their partner. However, the loaded
drug is released consistently from the IVR ring after being inserted even when the drug is
unnecessary. Such undesired drug exposure can cause side effects. In this regard, it is desirable
that the anti-HIV drug and siRNA be released only when heterosexual intercourse occurs to

reduce side effects.

Moreover, nanocarrier is necessary to overcome barriers of mucus vaginal epithelial and
T-cells to increase drug delivery efficiency and reduce side effects of drugs. While siRNA has a

high potential to interfere with HIV at the genetic level,

it has a low stability in acidic vaginal
pH. Therefore, it is necessary to release anti-HIV drug, siRNA, or their nanocarrier upon pH
change from acidic to neutral since human vaginal pH can be elevated to neutral pH (> 6.5) from

normal acidic vaginal pH (3.5-4.5, average: 4.2) by the introduction of human seminal fluid

during heterosexual intercourse.
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In this thesis research, new pH-sensitive PU copolymers were synthesized using HEP
(pKa 6.4) for PEG-HEP-HDI-PG and PEG-HEP-MDI-PG, or DMPA (pKa 4.41) for PEG-
DMPA-HDI and PEG-DMPA-HDI-PG as pH-sensitive diols. The pH-sensitive diols were
immobilized in the soft segment to give dramatic pH-triggered responses and the physical
property of the PUs was enhanced by adding PG on the hard segment. In addition, new
PEGylated nanocarrier, PASP-PEG-Ph, and fluorescent dye conjugated nanocarrier, PASP-PEG-

Ph-Orange, were synthesized from PSI.

To achieve on-demand intravaginal release of anionic drugs, solvent-cast pH-responsive
PU, PEG-HEP-HDI-PG and PEG-HEP-MDI-PG membranes were fabricated. The solvent-cast
PEG-HEP-HDI-PG and PEG-HEP-MDI-PEG membranes demonstrated pH-triggered reversible
changes in swelling ratio and morphology. The pH-responsive release of NaDF was sensitive and
rapid at pH 7.0 (over 20% of total NaDF released within 3 h), but demonstrated close-to-zero
drug release at pH 4.5. Moreover the solvent-cast pH-responsive membranes demonstrated

switchable on-demand release of NaDF.

In addition, electrospun PEG-HEP-MDI-PG semi-permeable membranes were fabricated
for the controlled intravaginal release of nanocarriers since the solvent-cast PU membranes failed
to achieve the pH-responsive NPs permeation due to the insufficient interconnected space for
traverse of NPs. The electrospun PEG-HEP-MDI-PG membranes showed pH-dependent changes
in morphology (pore sizes, fiber diameters, and thickness) and surface charge. Such porous
electrospun PEG-HEP-MDI-PG membranes demonstrated pH-dependent release of color-dyed
polystyrene nanoparticles (PSNs, -COOH). They had almost no release of PSNs in VFS at pH

4.5: however, they demonstrated a continuous release of PSNs at pH 7.0.
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These pH-responsive PU membranes were developed as a “window” membrane of
reservoir-1VR for the intravaginal on-demand release of anti-HIV drugs or nanocarriers. The pH-
responsive PU membranes showed no cytotoxicity to VK2/EGE7 and Sup-T1. Moreover, the
elution medium collected from the membranes did not induce an inflammatory

microenvironment.

Finally, the switchable on-demand release of nanocarriers from reservoir-IlVR was
achieved by pH-responsive supramolecular PU hydrogel which was prepared using PEG-DMPA-
HDI-PG. The fluorescent dye Orange Il was conjugated onto PASP-PEG-Ph NPs to get PASP-
PEG-Ph-Orange, allowing easy quantification of released NPs in vitro release studies. Excitation
(490 nm) and maximum emission (570 nm) of PASP-PEG-Ph-Orange NPs were confirmed. 1
mg/mL PASP-PEG-Ph-Orange NPs in distilled water was blended with the pH-responsive PUs,
PEG-DMPA-HDI or PEG-DMPA-HDI-PG, to form complex hydrogels, and then filled in a
segmented IVR with two tiny holes (DI: 1/32”). In vitro tests showed the pH-responsive release
of PASP-PEG-Ph-Orange NPs from both PEG-DMPA-HDI and PEG-DMPA-HDI-PG gels.
Moreover, PEG-DMPA-HDI-PG supramolecular hydrogel demonstrated pH-responsive
switchable on-demand on-and-off release of PASP-PEG-Ph-Orange NPs triggered by pH
changes: almost no release for the first 1 h at pH 4.2; then pH-triggered release (19 + 5%) for the

next 1 h at pH 7.0, followed by off/on/off switchable release for another 3 h.

Overall, the present results suggest that these new pH-responsive PU biomaterials and
PEGylated nanocarriers are potential candidates to prepare smart reservoir-I\VRs for combating
HIV. The pH-responsive PU biomaterials could be applied with most anionic anti-HIV drugs,
poorly water-soluble anti-HIV drugs, siRNA, and their nanocarriers. Although the response time

of the pH-responsive PU hydrogel seems fast enough since HIV needs several hours to overcome
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the human mucus barrier to reach human immune cells, the hydrogel potentially can be further
optimized by controlling the soft segment and hard segment ratio to obtain a faster response for

better protection against HIV transmission.

Further studies to optimize the developed nanocarriers for intravaginal delivery of sSiRNA
are warranted. The desired characteristics of the nanocarrier are: (1) high density of low MW
PEG on the surface; (2) close to zero absolute value of zeta-potential with loaded siRNA; (3)
particle size around 200 nm after loading siRNA,; (4) high stability against repeated dramatic pH
changes; (5) high buffering capacity to avoid leaking cargo siRNA. Also, it would be necessary
to establish an animal model for in vivo pH-responsive switchable intravaginal release study. In
order to conduct an in vivo study, we will need to: (1) increase the number of cycles of
switchable release of drug or nanocarrier; (2) use an appropriate fabrication technique to
incorporate the developed pH-responsive PU membranes into reservoir-type IVRs as window

membranes.

In future, the pH-responsive PU, PEG-DMPA-HDI-PG, hydrogel potentially can
contribute to pH-triggered release of drugs, sSiRNA, or their nanocarriers not only for intravaginal
administration but also for oral and transdermal administration. The pH-responsive PU
synthesized using HEP is also useful for oral delivery of drugs or nutrients targeting the intestine.
Little release at acidic gastric pH and pH-triggered release at the small intestine can be attained.
On the other hand, the PEGylated nanocarrier can be applied not only for anti-HIV therapy but
also for other diseases such as cancer and cystic fibrosis, especially, where crossing the mucus

barrier is necessary.
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Chapter 7

Appendix: Self-assembled nanoparticles made from a new
PEGylated poly(aspartic acid) graft copolymer for

Intravaginal delivery of poorly water-soluble drugs

Seungil Kim, Song Liu

Revised from the article published in Journal of Biomaterials Science, Polymer Edition. 2017,

28(17), 2082-2099. Permission for use has been granted by the publisher.
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As a side project of this thesis (also for Ph.D. candidate examination of Biomedical
Engineering Program at University of Manitoba), PEGylated PASP-based NP was developed as
an intravaginal nanocarrier. The hypothesis of this research is the PEGylated PASP-based
copolymer can stably self-assemble to NPs at pHs from 3.5 to 7.5 for intravaginal delivery of

poorly water-soluble anti-HIV drugs.

7.1 Abstract

New amphiphilic PEGylated PASP graft copolymer (PASP-PEG-Ph) was synthesized as
a nanocarrier for intravaginal drug delivery of poorly water-soluble drugs. PASP-PEG-Ph self-
assembled into negatively charged spherically shaped NPs in the presence of pH 4.5 and pH 7.0
VFES with a diameter of approximately 200 nm as evidenced by Zeta-potentiometer, SEM, and
DLS analysis. A significant number of stable NPs could be maintained at pH 4.5, 37 °C for 13
days. The PASP-PEG-Ph NP showed no significant cytotoxicity toward the T-cell line Sup-T1
and human vaginal epithelial cell line VK2/E6E7 up to 1 mg/mL. The highest encapsulation
efficiency of the model drug C6 by PASP-PEG-Ph was 93 £ 6%. The sustained release profile of
the encapsulated C6 was demonstrated by an in vitro release study. An in vitro cellular uptake

study revealed strong cellular uptake of the C6 loaded NP by Sup-T1 cells within 2 h.

7.2 Introduction

HIV/AIDS is a global pandemic and the leading infectious disease. HIV infection causes
significant mortality: 1.1 million in 2015 according to WHO.? Unfortunately, there is currently

no cure for HIV. Most anti-HIV drugs merely slow down the course of the infection by
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interfering with the proliferation of HIV in human T-cells,* so prevention of HIV transmission
is critical in the battle against AIDS. HIV is typically transmitted (> 70%) via heterosexual
intercourse.??* Intravaginal delivery of anti-HIV drugs would be desirable because it can
potentially prevent transmission of HIV in the early stage of infection. Non-nucleoside reverse
transcriptase inhibitor (NNRTI) efavirenz is an FDA approved anti-HIV drug used by more than
70% of AIDS patients in developing countries. However, efavirenz and other NNRTIs such as
etravirine are poorly water-soluble anti-HIV drugs (solubility 2.81 and 0.36 pg/mL at 25 °C
predicted using the US Environmental Protection Agency’s EPISuiteTM, respectively). Since
poor water-solubility limits effective intravaginal delivery of anti-HIV drugs such as efavirenz
and etravirine, it is necessary to develop nanocarriers for efficient intravaginal drug delivery,
thus preventing HIV transmission at the inception of the infection and reducing side effects of

the drugs.

Nanocarriers such as micelles, vesicles, nanogels, liposomes, solid lipid nanoparticles,
dendrimers, and carbon nanotubes have been developed for DDS.?*?%® These organic and
inorganic nanocarriers increase the delivery efficiency and stability of the drugs encapsulated
within them. Moreover, the nanocarriers have been designed for anti-HIV drug delivery.32%%%#°
It was reported PEGylation of the surface of the NPs increases penetration efficiency crossing
vaginal mucus and particles of 200-500 nm in size have a higher penetration efficiency through
mucus than 100 nm size NPs.'*® NPs with a diameter of 150-500 nm were reported to be suitable

for cellular uptake.?*

The desired characteristics of NPs for intravaginal delivery of poorly water-soluble anti-
HIV drugs are: 1) high stability in the pH range from 3.5 to 8.0; 2) high loading efficiency of

hydrophobic anti-HIV drugs; 3) low cytotoxicity toward human T-cell line; 4) availability of
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functional groups on the surface to allow further surface modifications such as conjugation of

anti-human CD4 antibody or fluorescent tag.

Amphiphilic poly(amino acid) copolymers have been developed as a drug delivery
nanocarrier because of their similarity to naturally occurring proteins."™®> Most currently,
amphiphilic poly(amino acid) copolymers have been developed for anti-cancer drug delivery, so
the nanocarriers of the copolymers were designed to specifically dissociate at acidic pH in cancer
cells (below pH 7.0)%*"%* or late endosomal pH (pH 4.5-5.5)** for effective release. However,
this acid-triggered disassembling property is not desirable for intravaginal anti-HIV drug

35,104 and an

delivery because of the acidic pH (pH 3.5-4.5) of the normal human vaginal tract
elevated female genital tract pH near neutral during heterosexual intercourse when anti-HIV
drugs are needed.?** Amphiphilic Poly(y-glutamic acid) (PGA, pKa 2.2) derivatives, which
were conjugated with amino acids such as L-phenylalanine and L-leucine, were studied as
nanocarriers.>*?* Among the amphiphilic PGA derivatives, the L-phenylalanine ethylester (L-
PAE) conjugated copolymer demonstrated a suitable NP size (200 nm) for drug delivery and
enzymatic degradation. It also demonstrated its potential use as a nanocarrier for proteins,
peptides, plasmid DNA and hydrophobic drugs.*™°® Most recently, PEGylated
poly(aspartamide) based NP was reported to possess a higher penetrating efficiency across cystic
fibrosis artificial mucus than the non PEGylated poly(aspartamide) based NP.?? In this research,
new amphiphilic PASP, with conjugated hydrophobic phenethylamine and hydrophilic PEG
branches, was prepared as a potential intravaginal nanocarrier for poorly water-soluble anti-HIV
drugs. PASP is a promising water-soluble and biodegradable poly(amino acid) with non-toxic

degradation products. Furthermore, PASP has carboxylic acid groups for further chemical

derivation such as conjugation with an antibody or a fluorescent tag. PEG is a non-toxic and non-
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immunogenic water-soluble polymer. PEGylation of the amphiphilic PASP derivatives may
increase the stability of the self-assembled nanostructure in acidic pH. Moreover, PEGlyation
reduces the association of particles with vaginal mucus.'” Phenethylamine is a natural
monoamine alkaloid and biosynthesized from the amino acid phenylalanine by enzymatic
decarboxylation. Coumarin 6 (C6) is a poorly water-soluble (0.25 pg/mL) dye which has been
used as a model hydrophobic drug in drug delivery studies involving release and tracking of
localized delivery.?*?*° In this project, C6 was used as a model drug for poorly water-soluble
anti-HIV drugs such as efavirenz (2.81 pg/mL) and etravirine (0.36 pug/mL) because of their

similarities in solubility and chemical structure.

To our knowledge, the new amphiphilic PASP nanocarrier is the first developed
PEGylated amphiphilic PASP copolymer which can self-assemble in water into NPs that are
bigger than 200 nm and bear a derivatizable functional group on their surface. Moreover, the
nanocarrier has a stable structure at pH >4.5 due to its low pKa: 3.9. At pH higher than 4.5, the
nanocarrier showed the average diameter of 200 nm when drug-free, and 330 nm when loaded
with C6. The hydrophobic model drug C6 was successfully encapsulated in the core of the
nanocarrier with an encapsulation efficiency as high as 92.8%. The nanocarrier demonstrated a
noticeable sustained release profile of the loaded hydrophobic model drug and cellular uptake by
T-cell line Sup-T1 in in vitro tests. Moreover, carboxylic acid groups are available on the surface
of the nanocarrier, enabling further desirable chemical derivatization such as conjugation of an

anti-human CD4 antibody.
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7.3 Materials and methods
7.3.1 Materials

L-aspartic acid (> 98%), o-phosphoric acid (98%), phencthylamine (> 99%, Ph),
coumarin 6 (98%, C6), N,N-dimethylformamide (99.8% anhydrous, DMF), methanol (> 99.8%),
and ethanol (> 99.8%) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Methoxypolyethylene glycol amine (Me-PEG-NH,, M.W. 5,000) was purchased from Alfa
Aesar (Haverhill, MA, USA), dichloromethane (99.5%) was purchased from Acros Organics
(Geel, Belgium), phosphate-buffered saline (PBS, 1X, without calcium & magnesium) was
purchased from Mediatech, Inc (Manassas, VA, USA). 1 N hydrochloric acid solution (HCI) was
purchased from Fisher Chemical (Waltham, MA, USA), 1 N sodium hydroxide (NaOH) was
purchased from EMD Chemicals (Mississauga, ON, Canada), Kolliphor® HS 15 was donated
from BASF (Ludwigshafen, Germany). Dialysis membrane (Spectra/pore with MWCO 12-14 kD
and 500-1000 D) was purchased from Spectrum Laboratories, Inc (Rancho Dominguez, CA,
USA). VFS consisted of 3.51 g NaCl, 1.40 g KOH, 0.222 g Ca(OH)2, 0.018 g BSA, 2.0 g lactic
acid, 1.0 g acetic acid, 0.6 g glycerol, 0.4 g urea, and 5.0 g glucose in 1 L of distilled water. The

pH of the VFS was adjusted with 1 N HCI and 1N NaOH.'*

7.3.2 Synthesis of new amphiphilic PEGylated poly(aspartic acid) copolymer (PASP-PEG-

Ph)

PSI was synthesized by polycondensation of L-aspartic acid with the following
procedure:*%*?%" Briefly, 20 g of L-aspartic acid and 20 g of o-phosphoric acid (50: 50) were

mixed at 4 °C. The mixture was then placed in a round bottom flask and stirred under reduced
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pressure at 200 °C for 5 h. 200 mL of DMF was added to dissolve the reaction product
completely after it cooled down. The solution was filtered through a fritted funnel filter
(porosity: 10-15 ) and then precipitated into excess MeOH. The precipitate was washed with
excess distilled water until the pH of the used distilled water was increased to around 6.0. The
product was finally dried at 80 °C in vacuum. The synthesized PSI had a reduced viscosity of
0.49 dL/g in DMF. The evaluated molecular weight was 152 kDa and was calculated from an

empirical equation relating the solution viscosity to the molecular weight.?%®

The preparation of the amphiphilic PEGylated PASP copolymer, Me-PEG-NH, and
phenethylamine were conjugated to the prepared PSI by aminolysis reaction, followed by a ring
opening reaction of the remaining imide rings (Scheme 7-1). Briefly, 0.5 g PSI was dissolved in
15 mL anhydrous DMF under nitrogen inlet and outlet conditions. 0.773 g Me-PEG-NH; (3%
feed mole to PSI) dissolved in 5 mL anhydrous DMF was added to the reactor. After the reactor
had been maintained for 48 h at 80 °C, 0.357 mL of phenethylamine (55% feed mole to PSI) was
added to the reactor. After 48 h reaction for conjugation of the phenethylamine, 160 mL cold
distilled water was added to the reactor. 5 mL of 0.5 N NaOH (0.1 g NaOH) solution was added
in the reactor for the hydrolysis of the remaining imide rings, thus keeping the solution pH below
10.8 at room temperature. 12.23 mL 0.5 N HCI (0.223 g of 37% HCI) solution was added in the
reactor until the pH of the solution remained at 4.0 in an ice bath for the acidification.'?® The
reaction solution was dialyzed using a membrane tubing (MWCO 12-14 kD) to remove low
molecular weight impurities. After three days dialysis with 10-times change of distilled water (2
L of distilled water were used for each time), the purified product was frozen followed by freeze-

dried (Yield: 85%). ATR-FTIR: 1651, 1537, 1466, 1101, and 961 cm™. *H-NMR (300 MHz,
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DMSO): 2.5-2.7 (2H, CH,-CH-CO-NH-CHy), 3.4-3.5 (4H, CH,-CH,-0), 4.3-4.7 (1H, CH-

CH,-CO-NH), 7.0-7.3 (5H, CH-CH-CH-CH-CH-C).
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Scheme 7-1. Synthesis of the amphiphilic PEGylated poly(aspartic acid) copolymer (PASP-

PEG-Ph).

7.3.3 Physicochemical characterization of the amphiphilic PEGylated poly(aspartic acid)

copolymer nanoparticle (PASP-PEG-Ph NP)

The average particle size of the PASP-PEG-Ph NP was characterized in distilled water

(pH 7.0), VFS (pH 4.5 and 7.0), PBS (pH 7.4), and MES (pH 6.0), respectively. 1 mg of the
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PASP-PEG-Ph NP was re-suspended in 10 mL of each solution by vortexing for 2 min at 3,000
rpm. The particle size of the PASP-PEG-Ph NP was evaluated by DLS using ZetaPALS
(Brookhaven Instrument, Holtsville, NY, USA) with a scattering angle of 90 ° and laser light at

659 nm.

Images of the NPs were taken using a SEM (FEI Nova-Nano SEM 450). For the imaging,
1 mg/mL of the NP in distilled water was prepared by re-suspension of the amphiphilic
copolymer using a vortex mixer for 2 min at 3,000 rpm. The prepared solution was dropped on
Cu-grids (200 mesh copper, with a carbon film). After the deposited PASP-PEG-Ph NP solution
was dried at room temperature, the NPs sample was coated with 10 nm Au-Pd. The images of the
prepared sample were taken using the SEM at secondary electron mode with a through-lens

detector.

The average particle size of the PASP-PEG-Ph NP at different pH from 3.0 to 8.0 were
characterized by the following methods: The PASP-PEG-Ph NP was re-suspended in 10 mL
VFS at 100 ug/mL by vortexing for 2 min at 3,000 rpm. The pH of the prepared PASP-PEG-Ph
NP solution was adjusted using a 1 N HCI or 1 N NaOH solution. The particle size of the PASP-
PEG-Ph NP was evaluated by DLS using the ZetaPALS with a scattering angle of 90 ° and laser

light at 659 nm.

The zeta-potential of the PASP-PEG-Ph NP was characterized by the following method:
The PASP-PEG-Ph was re-suspended in 10 mL distilled water at 100 pg/mL by vortexing for 2
min at 3,000 rpm. The pH of the prepared solution was adjusted from 3.0 to 8.0 by adding 1 N
HCI or 1 N NaOH solution. The ZetaPALS was used for the Zeta-potential evaluation. The

Smoluchowski model was applied for evaluating the surface charge of the NP in distilled water.
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The physical stability of the PASP-PEG-Ph NPs in VFS (pH 4.5, 7.0) at 37 °C was
evaluated using the following method: 30 mL of 100 pug/mL PASP-PEG-Ph NP was prepared by
re-suspension (2 min of vortexing at 3,000 rpm was applied) of the PASP-PEG-Ph in VFS at pH
4.5 and 7.0 respectively. The NP solution was kept at 37 °C in a shaking bath (100 rpm) for 504
h. The particle size of the NP was characterized until the NP showed a bigger size than 1,000

nm.

7.3.4 Preparation of Coumarin 6-loaded NP (C6-NP)

PASP-PEG-Ph NP with encapsulated C6 was prepared using the solvent casting method.
Briefly, four 1 mg/mL PASP-PEG-Ph in 5 mL DCM solutions were made ready followed by
vortexing for 2 min and sonication for 3 min using a sonication bath (Ultrasonic LC 60H, Elma
Hans Schmidbauer GmbH & Co. KG, Kolpingstr, Singen, Germany). 1 mL of 4 mg/mL C6 in
DCM was prepared as a stock solution. The C6 was added to the prepared PASP-PEG-Ph
solution as different feed ratios ranging from 0.05: 1 to 0.3: 1 (C6: PASP-PEG-Ph=0.05: 1, 0.1:
1,0.2: 1, 0.3: 1) respectively. After the solvent had been evaporated using a rotary evaporator at
37 °C under 35-65 mbar, a thin film of C6 and copolymer mixture was dispersed by adding 5 mL
of distilled water. Vortex shaking for 2 min at 3,000 rpm was applied to the dispersion, followed
by sonication for 6.5 min (3 min using the sonication bath followed by 30 sec using a probe
sonicator (Sonifier 150, Branson, MO, USA) at 40 kHz, 5 root mean square (RMS) followed by
3 min using the sonication bath). The C6-NP was filtered through a filter paper with 11 um pores
to remove free C6, after vortex shaking 2 min at 3,000 rpm. The C6-NP was washed with excess
distilled water three times to remove loosely attached C6. C6 loading efficiency, particle size,

and Zeta-potential were evaluated using the prepared C6-NP. For the C6 loading efficiency, the

169



C6-NP was dissolved by adding ethanol (1: 1 vol ratio to distilled water) for quantification. The
loaded C6 was quantified using a fluorescent spectrometer at 485 nm (Aex) and 528 nm (hem).
When C6 is dissolved in 50 % EtOH, the excitation and emission maxima for C6 are 472 (Aex)
and 506 (Aem).2*° The C6 loading efficiency (%) and C6 loading content (wt%) were calculated

by the following equations:
C6 loading efficiency (%)
= (Weight of loaded C6/Weight of C6 in feed) x 100
C6 loading content (wt%)

= (Weight of loaded C6/Weight of the copolymer) x 100

7.3.5 In vitro model drug release study

C6 release from the NP was evaluated by the dialysis membrane method: Briefly, the in
vitro release profiles of the C6 were investigated as a function of time. The release medium was
prepared from phosphate-buffered saline (PBS) containing 2 wt% Kolliphor® HS 15. Polyglycol
mono- and di-esters of 12-hydroxystearic acid (lipophilic part) and about 30% of free PEG
(hydrophilic part) are the main components of the Kolliphor® HS 15. For the release study at pH
4.5, pH was adjusted by adding 0.1 N HCI solution. For the release study, 1 mL of the C6-loaded
NP was prepared as described in the earlier paragraph 7.3.2. The C6 was added to the PASP-
PEG-Ph solution as feed ratio of 0.1: 1.0 (C6-NP 10, Feeding ratio of C6 versus NP is 0.1: 1.0)
because this ratio showed the most balanced loading content (6.4%) and loading efficiency
(63.7%). 1 mL of prepared C6-NP 10 was added to membrane tubes (MWCO 12,000-14,000,

Mw of the C6 is 350.43). The dialysis tubing was immersed in a vial containing 19 mL of the
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release medium. The vial was incubated in a shaking bath at 37 °C at 100 rpm. At regular
intervals of time (1, 3, 6, 12, 24, 48 and 72 h), 1 mL of the medium was removed and replenished
with 1 mL of fresh medium. The cumulative amount of released C6 was determined by

fluorescence.

7.3.6 In vitro cytotoxicity studies

Cell cytotoxicity of the PASP-PEG-Ph NP was evaluated via an MTS assay. VK2/E6GE7
human vaginal epithelial cells and human T-cell line Sup-T1 cells (American Type Culture
Collection, ATCC, Rockville, MD, USA) were plated at 2.5x10* cells/well in 96-well plates. The
medium was Keratinocyte-serum free medium (K-SFM) supplemented with recombinant human
epidermal growth factor, bovine pituitary extract, calcium and penicillin/streptomycin for the
VK2/EGE7 cells and Roswell Park Memorial Institute (RPMI) medium supplemented with FBS
and antibiotics for Sup-T1. The pH of the medium was neutral. Varying concentrations of drug-
free NPs (200-1,000 pg/mL) were prepared for the evaluation. The prepared drug-free NPs were
sterilized by exposure to UV light for 30 min in a sterile biosafety cabinet. The negative control
was blank cell media, and the positive control was 1 M acrylamide in cell media. 1 M acrylamide
was prepared in the K-SFM medium and RPMI medium filtered through a 0.2 um membrane
filter. The 1 M acrylamide in the medium was used as a positive control to induce cell death for
the CellTiter 96® Aqueous One Solution Cell Proliferation Assay (MTS Assay, Promega
Corporation, Madison, W1, USA). After seeding 2.5x10” cells/well in 96-well, the VK2/E6E7
cells were incubated for 24 h for the cells to attach. 2.5x10* of Sup-T1 cells were seeded as well
and spun down to discard the supernatant. The cells were treated with 100 pL of the negative

control, positive control, and the prepared drug-free NP solutions. After 24 h of the treatment,
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the medium was replaced with fresh medium containing 20 pL of MTS solution. The MTS
treated cells were incubated in the dark for 2 h under 5% CO; at 37 °C. The plate was analyzed

using a Synergy HT multi-mode microplate reader (Biotek, Winooski, VT, USA) at 490 nm.

7.3.7 Cellular uptake test

1 mL fresh C6 loaded NP (C6-NP 10) was prepared at a feeding ratio of C6 and the NP is
0.1: 1. Sup-T1 cells were plated at 2.5x10* cells/well in 96-well tissue culture treated plates in
100 pL of cell culture medium. The medium was RPMI medium supplemented with FBS and
antibiotics. The pH of the medium was neutral. Varying concentrations of C6-NP 10 (0.4, 0.8,
1.0 mg/mL) were prepared for the evaluation. The control was 0 mg/mL C6-NP 10. After 2 h and
4 h of treating 100 pL of different concentration C6-NP, fluorescent intensity of C6-NP 10 was
evaluated by a flow cytometry (FACSCanto) and images were taken using a fluorescent
microscope (Nikon TE 2000) for evaluation. Before the flow cytometry analysis, the cells were

washed thoroughly to remove free C6.

7.4 Results and discussion
7.4.1 Synthesis and characterization of the amphiphilic PEGylated poly(aspartic acid)
copolymer (PASP-PEG-Ph)

The PASP-based graft copolymer was designed as an intravaginal delivery nanocarrier
using non-toxic raw molecules and relatively simple reactions for achieving low cytotoxicity and
ease of industrial scale-up of the nanocarrier. The precursor PSI was synthesized by

polycondensation of L-aspartic acid. For the synthesis of high molecular weight PSI, the vacuum
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was increasingly applied up to full vacuum. The high vacuum condition was also essential for the
removal of by-product H,O from the reactor. The o-phosphoric acid was used not only as a
reaction catalyst, but also as a solvent for the L-aspartic acid. After the reaction, the reaction
product was carefully washed with MeOH and distilled water to remove by-products. The
amphiphilic PASP copolymer conjugated with PEG and phenethylamine (PASP-PEG-Ph) was
synthesized from PSI. Since PEGylation was reported to increase mucus penetration by NPs,'’
Me-PEG-NH; was introduced to PSI to form PEGylated PASP. Phenethylamine was conjugated
to serve as a hydrophobic segment for the PASP-PEG-Ph NP. Phenethylamine was chosen
because of its chemical structure and origin. The phenethylamine was conjugated at a relatively
high ratio versus the hydrophilic segment resulting in PASP-PEG-Ph forming a self-assembled
solid NP in aqueous medium. For the Me-PEG-NH, and phenethylamine conjugation, aminolysis
reaction was applied. Resulting from conjugation of the molecules, the imide of PSI was
converted to an amide bond.?®® A 48 h reaction time was given for each Me-PEG-NH, and
phenethylamine conjugation to maximize the conversion ratio. After the aminolysis reaction, a
mild hydrolysis reaction was performed using 0.5 N NaOH at room temperature to convert the
remaining imides to a sodium polyaspartate structure. 0.5 N NaOH was slowly added to the
reaction mixture to keep the pH under 10.8, avoiding unnecessary hydrolysis of the polymer
backbone. After the hydrolysis, 0.5 N HCI was slowly added to the reactor at 4 °C to convert

sodium carboxylates to free carboxylic acids.’®

A dialysis tubing was used for removing low
molecular weight impurities. During the dialysis process, the reaction solvent DMF was diffused
out from the dialysis membrane resulting in the synthesized amphiphilic copolymer forming a
self-assembled nanostructure inside of the dialysis tubing. The self-assembled NPs were frozen

at -80 °C and then freeze-dried to be obtained as a fine powder.
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Figure 7-1. Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectrum of (A)

polysuccinimide (PSI) an

copolymer (PASP-PEG-Ph)

The ATR-FTIR spectrum of PSI (Figure 7-1, A) showed stretching vibrations absorption
of imide at 1703 cm™. The conversion of PSI to PASP was confirmed by the presence of amide |
(1651 cm™) and amide 11 (1537 cm™) bands in the ATR-FTIR spectrum (Figure 7-1, B).}?%1??

The conjugated mPEG and phenethylamine were confirmed from ether C-O stretch absorption at

1101 cm™,?** aromatic C=C

Wavenumbers (cm'l)

d (B) synthesized amphiphilic PEGylated poly(aspartic acid)

stretch (1466 cm™), and Aryl C-H bend absorption (961 cm™).2%
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Figure 7-2. *H-Nuclear Magnetic Resonance (*H-NMR) spectra of the PEGylated amphiphilic

poly(aspartic acid) copolymer (PASP-PEG-Ph) (DMSO-d6 was used as a solvent).

A 'H-NMR spectrum of PASP-PEG-Ph was collected for identifying the chemical
structure. In Figure 7-2, the proton peaks of b and a were assigned to the methine and methylene
protons of the copolymer backbone.'”**?? The conjugated mPEG and phenethylamine were
confirmed by peak c as the methylene protons of mPEG?®#* and peak f as methine protons of
the phenethylamine.”*” The methylene peaks of the phenethylamine d and e were overlapped

with the 'H-NMR solvent DMSO-ds. The degree of substitution of phenylene amine was
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calculated as 54.2% by comparing the peak area of the methine protons peaks b and f. The
degree of substitution of MPEG amine was calculated as 2.0%, using the peak area of methylene
protons peak ¢ in comparison to the methine protons peak b. The chemical structure of

synthesized PASP-PEG-Ph was confirmed by ATR-FTIR and *H-NMR.

7.4.2 Physico-chemical characteristics of the nanoparticle (NP)

The average particle size of the NP was evaluated in distilled water and with various
buffer solutions at the concentration of 100 pug/mL (Table 7-1). The pH of VFS was adjusted
using a 1 N NaOH solution. The PASP-PEG-Ph NP was re-suspended in 10 mL distilled water
or the buffer solutions at 100 pg/mL by vortexing for 2 min at 3,000 rpm. The particle size was
evaluated by DLS using the ZetaPALS with a scattering angle of 90 ° and laser light at 659 nm.
The NP showed suitable particle size (150-200 nm) for a drug delivery carrier in different buffer
conditions, and the particle size showed only a minor difference (£ 25 nm) in the various

environments tested.

Table 7-1. Average particle size of the PASP-PEG-Ph NP in distilled water and various buffer

solutions (n = 3) based on DLS.

Suspension Distilled water VES VES PBS MES
(100 pg/mL) (pH 7.0) (pH 4.5) (pH 7.0) (pH 7.4) (pH 6.0)
Particle size (nm) 186 + 3 201 £3 201 £2 152 + 3 146 + 3
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Figure 7-3. Image of the PASP-PEG-Ph nanoparticles with a concentration of 1 mg/mL in
distilled water: individual nanoparticles (A), magnified image of the individual nanoparticle (B),
regular size of nanoparticles 207 + 8 nm was manually measured using ImageJ (n=200) (C), and
DLS histogram of the nanoparticles with a concentration of 100 pg/mL in distilled water.

Average size is 186 £ 3 nm) with a narrow polydispersity (0.097) (D).

SEM images were taken for confirmation of the structure and size of the NPs. From
Figure 7-3, A and B, it is evident that the synthesized copolymer PASP-PEG-Ph formed self-
assembled spherical NPs in an aqueous environment. The particle size was also confirmed by the
SEM image (Figure 7-3, C) and DLS measurements (Figure 7-3, D). In image C, agglomeration
was observed possibly resulting from the evaporation of distilled water during the preparation of
the SEM sample. However, it was still possible to evaluate the average particle size of the NPs,

and it was 207 £ 8 nm (calculated based on 200 NPs), in close agreement with the DLS
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measurements. Also from the Figure 7-3, D, it can be concluded that self-assembled NPs (186 +

3 nm) were formed with a narrow polydispersity (0.097) in distilled water at 100 pg/mL.

Figure 7-4 shows the average particle size of the NP at different pH from 3.0 to 8.0. The
particle size was evaluated by DLS using 3 mL of the 100 ug/mL NP in VFS. The PEGylated
PASP copolymer demonstrated its self-assembled nanostructure in VFS pH from 3.5 to 8.0,
although the NP showed a larger particle size than 200 nm at a pH lower than 4.5 (406 nm at pH
4.0, 712 nm at pH 3.5) because of the pKa of the carboxylic acid (3.9) of the NP. According to
the Henderson-Hasselbalch equation, 47.6% of the carboxylic acid is deprotonated at pH 3.5 and
11.3% of the carboxylic acid is deprotonated at pH 3.0. The particle size was increased near pH
< pKa because the hydrophilic part of the PASP-PEG-Ph NP was becoming less hydrophilic by
protonation of the carboxylic acid. Especially, charge repulsion prevents particle aggregation at
pH above 4.5, but as the particles are neutralized, they are free to associate by H-bonding and
van der Waal’s interaction. The protonation of the carboxylic acid led to minor aggregation of
the NPs, resulting in bigger particles at pH lower than the pKa. Although the carboxylic acid of
the PASP-PEG-Ph was protonated at pH 3.9 to 3.0, the PASP-PEG-Ph maintained the self-
assembled structure without precipitation because of the conjugated PEG. The nanocarrier is
developed as an intravaginal nanocarrier which can be applied with intravaginal formulations
such as intravaginal rings or vaginal gels. Size increase of the PASP-PEG-Ph NPs at pH lower
than 4.5 could present synergistic effect when the NP is applied with nanoporous reservoir-1VRs.
On-demand vaginal drug release is beneficial in terms of reducing side effects of drugs and

minimizing off-target waste of drugs.'®
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Figure 7-4. Average particle size (VFS, 100 pg/mL, n=3) and Zeta-potential (distilled water, 100

ug/mL, n = 3) of the PASP-PEG-Ph in various pH from 3.0 to 8.0.

Vaginal release of anti-HIV drug is needed most when heterosexual intercourse occurs.
pH of the female genital tract can be elevated from its normal physiological pH around 4.2 to
neutral during heterosexual intercourse due to the presence of seminal fluid. As a result, we can
design a nanoporous reservoir-IVR with a cut-off pore size of 300 nm into which PASP-PEG-Ph
NPs can be loaded. At normal conditions (pH 4.2), PASP-PEG-Ph NPs aggregate to give a size
of > 300 nm (Figure 7-4; for the sake of convenience, size of PASP-PEG-Ph NPs without

payload are used for discussion) and therefore cannot pass through the IVR, remaining in the
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ring. As can be seen from the discussion below, payload release from NPs at acidic pH is much
less than that at neutral pH. When pH rises to neutral because of heterosexual intercourse, PASP-
PEG-Ph NPs disperse at a size of < 200 nm and therefore can be released from the I\VVR, leading

to effective release of encapsulated payload to prevent infection.

Zeta-potential profile of the NP at different pH was evaluated (Figure 7-4). The NP
showed negative zeta-potential values over the entire pH range from 3.0 to 8.0. The Zeta-
potential changes dramatically with pH near the pKa of carboxylic acid (3.9). The average Z-
potential of the PASP-PEG-Ph NP was -27.0 = 0.7 at pH 4.5 and -32 £ 2 at pH 7.0. The zeta-
potential of the NP well supports the above explanation of particle size change of the NP at

different pH.

Physical stability of NPs in VFS at pH 4.5 and 7.0 at 37 °C was evaluated for 312 h
(Figure 7-5). For the initial 72 h, the NPs appeared to be stable and had a diameter of around
200 nm at both pHs. However, at pH 7.0 the particle size was dramatically increased to 1 pum
after 100 h. This size change of NPs at neutral pH may arise from the interaction of de-
protonated carboxylic acid and contents of the VFS at pH 7.0. Also, BSA in VFS has low
solubility at neutral pH. The BSA could affect the physicochemical stability of the NPs at neutral
pH. Overall, the NP demonstrated its physical stability in size at pH 4.5 and pH 7.0 for 315 h and
72 h respectively. Good physical stability of PASP-PEG-Ph NP at pH 4.5 confirmed the
suitability of the NP for intravaginal drug delivery since the normal pH range of human vaginal

tract is 3.5-4.5.
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Figure 7-5. Physical stability of the PASP-PEG-Ph nanoparticles in VFS (pH 4.5, 7.0) at 37 °C

(n=23).

7.4.3 Model drug encapsulation and release studies

C6 is an excellent model drug for hydrophobic drugs because of its low solubility in
water (0.25 pg/mL) and fluorescence for tracking.?**?* C6 was used in this study as a
hydrophobic model drug for the poorly water-soluble anti-HIV drugs especially non-nucleoside
reverse transcriptase inhibitors such as efavirenz and etravirine because of their similarities in
solubility (2.81 and 0.36 pg/mL at 25 °C), molecular weight, and chemical structure (having

amines and hydrophobic ring structures). The C6-encapsulated NP (C6-NP) was prepared by a
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solvent-casting method.?**?** The hydrophobic model drug C6 was entrapped in the hydrophobic
core of the NP by physicochemical interaction with the conjugated phenethylamine. Briefly,
specific mass ratios of C6 and the PASP-PEG-Ph (Table 7-2) were dissolved in organic solvent
dichloromethane to break the self-assembled structure of PASP-PEG-Ph NPs and mix them with
C6. After the solvent had been evaporated, the dried thin film of C6 and PASP-PEG-Ph was
dispersed by adding distilled water. The solution was put through a vortexing process and gently
sonicated as mentioned in the experimental section. During the vortexing and sonication process,
C6 was encapsulated in the core of PASP-PEG-Ph NPs and C6 encapsulated self-assembled NPs

were formed.

Table 7-2. Loading content and hydrodynamic diameter of model drug C6 loaded nanoparticles

(C6-NPs, n = 3).
NP c6 C6 loading C6 loading Size of C6 Zeta-potential of
(mg/mL)  (mg/mL) content efficiency (%) loaded NP (nm) C6 loaded NP
(Wt%) (mV)
C6-NP 5 1 0.05 46+0.3 93+6 323+10 -224+0.1
C6-NP 10 1 0.10 6.4+0.3 64 +3 328 + 30 -30+4
C6-NP 20 1 0.20 7.8+0.6 39+3 353+ 32 -34+4
C6-NP 30 1 0.30 6+2 18+5 348 + 29 -29+3

C6 was loaded in the NP at the highest loading efficiency 93 + 6% when the feed ratio of
the C6 and PASP-PEG-Ph was 1: 0.05 (Table 7-2). At the concentration of 1 mg/mL, all C6
loaded NPs (C6NP 5-30, Table 7-2), at full liberation, could give a payload concentration much

higher than the therapeutic concentration of efavirenz (1-4 pg/mL),*?

and therapeutic trough
concentration of etravirine (0.55 pg/mL).2** Among all the studied formulations, C6-NP 20
showed the highest C6 loading content (7.8 £ 0.6 wt%). Average particle size was increased
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from 186 + 3 nm to 338 + 8 nm (average size of all C6-NPs: C6-NP 5-30) after loading the C6
because of the physicochemical influence of loaded C6. C6-NP 10 was chosen for further C6
release and in vitro cellular studies because it gave the most balanced loading content (6.4 +

0.3%) and loading efficiency (64 + 3%).
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Figure 7-6. In vitro model drug release profile of the C6 encapsulated PASP-PEG-Ph NP in PBS

at pH 7.4 (A) and pH 4.5 (B) using C6-NP 10 (n = 3).

C6-NP 10 was used for the in vitro drug release study. The model drug release profile

was obtained by the membrane method (Figure 7-6).2** C6-NP 10 was resuspended in PBS (at

183



pH 7.4 and 4.5) and added into a dialysis tubing. A non-ionic solubilizer and emulsifying agent,
Kolliphor® HS 15, was used in the external medium (2 wt% of Kolliphor® HS 15 in PBS, pH
7.4, and 4.5). The released C6 diffused from the inside to the outside of the tubing and became
dissolved in the release medium. The C6 release profile demonstrated sustained release of C6
from C6-NP 10. The results showed a burst release of C6 (16.0 + 0.6%) within 3 h because of the
relatively big difference of concentration between the inside and the outside of the membrane.
However, after the burst release, the release of C6 was close to zero-order release and gradually
released up to 83 + 3% and 26 = 1% of the entrapped drug at pH 7.4 and pH 4.5 over 72 h,
respectively. At pH 7.4, C6-NP 10 released 3 times as much C6 (83 + 3%) in comparison to
release at pH 4.5 (26 £ 1%) because the hydrophobic interaction between the loaded drug and the

amphiphilic nanocarrier became weaker at pH higher than the pKa of PASP (3.9).

7.4.4. In vitro cytotoxicity study

The MTS assay was adopted for the in vitro cell cytotoxicity study of the NP. Since
vaginal drug delivery is the intended use of the newly developed nanocarriers, we chose
VK2/EGE7 human vaginal epithelial cells for the evaluation of the biocompatibility of those
nanocarriers. Sup-T1 cells were also chosen because they are the potential target for drug
delivery. Various concentrations of empty NPs were applied to VK2/EGE7 and Sup-T1 cells. The
viability of the VK2/E6GE7 and Sup-T1 was evaluated after 24 h of the NP treatment in the
enzymatic degradation time of poly(amino acid) to evaluate the cytotoxicity of the NPs including
the effect of degradation products of the PASP-based copolymer. At all concentrations studied,
the NP showed no cytotoxicity toward the Sup-T1 cell line and the NP showed very low

cytotoxicity toward the VK2/E6E7 human vaginal epithelial cell as compared to positive control
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(Figure 7-7). The results demonstrated that the NP is suitable for the proposed use as an

intravaginal drug delivery carrier.
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Figure 7-7. In vitro cell cytotoxicity of the PASP-PEG-Ph NPs toward Human vaginal epithelial

cell VK2/E6E7 (A) and Human T-cell line Sup-T1 (B) (n = 3).

7.4.5 In vitro cellular uptake study

Anti-HIV drugs such as non-nucleoside reverse transcriptase inhibitors (efavirenz and
etravirine) are considered the first exemplary drugs to be loaded into the newly developed

nanocarriers for intravaginal delivery in our future studies. Non-nucleoside reverse transcriptase
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inhibitors act inside of human T cells to block HIV transmission. It is therefore desirable to test
whether C6-NPs can be internalized by T cells to potentially facilitate the therapeutic effect of
the intended payloads. In vitro cellular uptake of the C6-NP 10 was examined using Sup-T1 cells

(Figure 7-8).
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Figure 7-8. Cellular uptake of the C6-NP 10 by Sup-T1. (A) Fluorescent Intensity of C6-NP 10
uptake by Sup-T1, (B) Fluorescent microspore image of control at 2 h, (C) Fluorescent
microspore image of 1mg/mL at 2 h. (after 2 h and 4 h treatment of different concentration of

C6-NP 10, the images at magnification of 20 x, n = 3.

The intracellular localization of C6 was investigated using flow cytometry and
fluorescence microscopy. As can be seen from Figure 7-8, A, endocytosis of C6-NP 10 by Sup-

T1 cells occurred after 2 h at the concentrations of 0.8 mg/mL and 1 mg/mL of C6-NP 10. At the
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concentration of 0.4 mg/mL, C6-NP 10 became internalized by Sup-T1 cells after 4 hours. The
fluorescence image (Figure 7-8, B and C) clearly showed intense green color inside the cells,
indicating successful uptake of C6-NP 10 by Sup-T1 cells. Potentially, anti-HIV drugs such as
efavirenz and etravirine can be delivered effectively inside Sup-T1 cells by the PASP-PEG-Ph
NPs. To further increase the selectivity of the drug delivery, a target specific antibody could be

conjugated on the surface of the NP using the carboxylic acid group.

7.5 Conclusions

The new amphiphilic PEGylated PASP graft copolymer was prepared as a nanocarrier for
intravaginal delivery of poorly water-soluble drugs. The prepared nanoparticle showed an
average particle size of 186 £ 3 nm (blank, in distilled water) and a successful model drug
encapsulation efficiency of up to 93 + 6% (323 + 10 nm). The NPs maintained self-assembled
nanostructure in VFS at pH 4.5 for 312 h and the average particle size was still smaller than 500
nm. The loaded model drug C6 showed sustained release in the in vitro release study. The model
drug release study showed the slower release of the drug at pH 4.5 and faster release at pH 7.4.
This result indicates the nanocarrier will continuously release a small amount of drug at normal
vaginal pH and release an increased amount of drug at elevated pH by the presence of seminal
fluid. This may not be desirable regarding the on-demand release. We may avoid the release of
drug at pH 4.5 by increasing hydrophobic segment (phenethylamine) ratio of the PASP-PEG-Ph
copolymer. The NP showed no cytotoxicity up to 1.0 mg/mL toward the human T-cell line Sup-
T1 and low cytotoxicity at 1.0 mg/mL toward the VK2/E6E7 human vaginal epithelial cell.

Moreover, cellular uptake of the C6-loaded NP by Sup-T1 was observed within 2 h. Overall, the
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prepared PEGylated PASP NP successfully demonstrated its potential use as a carrier for

intravaginal delivery of poorly water-soluble anti-HIV drugs.
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