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Abstract

pH-responsive polymers have been intensively investigated over the years due to their
diverse applications in environmental decontamination, nutrient delivery/packaging, cosmetics,
and pharmaceutical science. A pH-responsive swelling/shrinkage behavior of encapsulation
systems can be accounted for by the conformation change of polymer chains at different pH.
However, it is unusual to find their commercial applications due to several technical limitations
such as incomplete protection of the encapsulated ingredients against harsh environmental
conditions, weak response to pH change, and inefficient release behavior. Previously in our group,
macropored microparticles (MPs) have been developed to increase drug loading capacities and
protect the drugs from harsh gastric environments using commercially available pH responsive
polymers, overcoming major technical challenges for oral drug delivery systems. We wanted to
further synthesize copolymers with different material properties such as pKa, (acid dissociation
constants) by changing the hydrophobic/hydrophilic ratio of methyl methacrylate to methacrylic
acid to better understand the effects of pH responsiveness and their influence on pH responsive
drug delivery system to overcome the fixed characteristics of commercially available polymers.

To this end, we synthesized pH-responsive low molecular weight poly (methyl
methacrylate-co-methacrylic acid) copolymer with different acid dissociation constants for better
intestinal targeting using free radical solvent copolymerization. We further characterized the
copolymers and used them to fabricate MPs with pH-responsive macropores in the development
of intestine-targeted oral drug delivery systems. The pH-responding release behaviour of the pored
MPs was examined by monitoring time-dependent release profile of encapsulated 100-nm

fluorescent nanoparticles in simulated gastrointestinal (GI) tract environment. Further we
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encapsulated pH-sensitive drug and measured the remaining activity after subjected to GI tract.
Our pH-sensing copolymer and MP delivery system will advance the current microencapsulation
technology by solving key challenges in encapsulation, protection, and release of oral drugs and
biopharmaceuticals.

Another important characteristic of these anionic copolymers is their environmental
stability. They can be used as protective layers for long-term storage stability as these polymers
can protect the drugs from moisture. Microneedles have been researched extensively as an
effective drug delivery system for transdermal applications. However, due to low mechanical
strength of the conventional based sugar microneedles, it is difficult for them to penetrate the
animal skin. Moreover, these sugar-based microneedles are not environmentally stable, failing to
protect the drugs from moisture. In this work, we used micromolding techniques to fabricate
cellulose nanocrystal-based microneedles of different concentrations and studied the mechanical
strength of the microneedles. The microneedles fabricated by cellulose nanocrystals (CNC) and
trehalose formulations had almost 6-fold increase in the failure force of the microneedles than the
previously fabricated microneedles with CMC and trehalose formulations. Also, we coated these
CNC-trehalose based microneedles with the anionic copolymer, i.e. Eudragit S100, by custom
designed spray coating device to increase the long-term storage stabilities. Our CNC microneedles
will advance the current sugar-based microneedles with higher mechanical strength and greater
drug stability and would be the future way of delivering vaccines over conventional needle

injections.
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1. INTRODUCTION

1.1. Drug delivery

Drug delivery is the mechanism of administering a pharmaceutical/biopharmaceutical
product to achieve a therapeutic effect in humans/animals [!!. The design of a drug delivery system
is mainly based on the physiochemical and pharmacokinetic properties of the drug . Drug
delivery systems mainly focus on releasing the drugs at a target location; hence the drug delivery
system must be designed in such a way that they wouldn’t get in contact with the host defence
mechanism but should be specific in terms of delivery [*!. Ideally, drug delivery system should
deliver exact proportion of drugs to a target at a specific rate and time to maximize the therapeutic
effect of the drugs 1. Drug delivery technologies modify the drug release profile, drug absorption
and distribution for improving drug/biopharmaceuticals efficacy and safety along with
consideration of patience convivence . In general, there are different routes of drug
administration into the body depending on the disease and therapeutic effect desired. Some of the
common routes of administration include oral, topical, inhalation, transdermal and parenteral
(injections) 7). Many medications such as proteins, peptides, vaccines cannot be delivered
without a proper delivery system through these routes because they might be susceptible to
enzymatic degradation, unfavourable conditions or cannot be absorbed due to molecular size (81,
However, we can tailor the formulations, use biocompatible or biodegradable materials and

overcome these barriers for delivery of drugs to specific sites.



1.2. Stimuli-responsive polymers for drug delivery

Stimuli-responsive polymers are certain types of polymers that respond with property-
based conformational changes with the changes in external environments as shown in Figure 1.1
(46471 The stimuli to which the polymers react could be temperature, pH, ionic strength, light,
electric or magnetic field 7). These polymers are referred to as “smart polymers” and have been
emerging due to their biomedical applications as in drug delivery carriers. Over the last few years,
stimuli-responsive polymers have gained lots of attention for their biomedical applications !,
Stimuli-responsive polymers show a sharp change in their properties when they come across a
minute change in environmental conditions > %, These polymers can be used to synthesize smart
drug delivery systems which could deliver drugs to targeted site based on the stimulated

environmental conditions in our body or inducing it externally.

Stimuli responsive caps
(Sealing) Heat

I _ff (Thermal)

- .\_'i-l.
=
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((l: Ultrasound
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hvf;} /‘

(Electromagnetic) Magnetic field

Figure 1.1. Stimuli responsive polymers — smart polymers under influence of different environmental
conditions and their conformational changes "%

1.3. Oral drug delivery:

Oral drug delivery is the most accepted forms of drug administration with advantages such

as self-administration, ease, non-invasive nature and painless delivery of drugs compared to



hypodermal injections and other delivery routes ). However due to poor solubility, drug stability
and bioavailability makes it challenging to achieve remedial effects through GI tract ). They have
lots of barriers including pH gradients, especially acidic gastric environment and the mucus barrier

2) 801 Therefore, one

which hinders drug absorption though having high absorption area (> 300 m
way to approach the problem is to tailor stimuli-responsive synthetic materials which could
encapsulate drugs, delivering to the target site while keeping the drugs safe from the gastric
environments. Synthetic polymers have emerged as a promising drug delivery carrier over the
years due to their improved pharmacokinetics compared to other small molecule drugs with longer
circulation time %, Over the years, there has been significant progress in developing oral delivery
carriers using synthetic materials for efficient release and uptake of biopharmaceuticals °!. The
behaviour of the drug in GI tract is based on several factors such as pH, enzymes and other
physiological aspects. Though there are several researches in improving the bioavailability of
drugs to stabilise the active ingredients in GI tract, however, it failed to deliver drugs at the targeted

site efficiently [,

1.3.1. Oral influenza vaccine delivery

Vaccination is an effective and efficient way of preventing diseases ['% 32, Most of the
commercially available vaccines are administered through injections, with problems of safety and
patient acceptability 2] In recent years, due to advances in technology, needle-free vaccine
delivery, among which oral, transdermal vaccine delivery have been extensively researched 33-31,
Among those, oral delivery of vaccines like any other drugs could also be self-administered

without the need of a trained personnel ). Oral vaccine delivery is an essential prerequisite for

increasing the immunity against most of the enteric as we all mucosal pathogens present in both



animals and humans B!, However, for effective oral immunization, vaccine antigens should be
protected from gastric environment and must be efficiently taken up by the GALT cells in the
intestine, inducing immune response *?l. In 1918, the influenza outbreak infected about 500
million people of the earth’s population *¥] by the time it subsided in two years it has been

(48] There was another outbreak which almost killed one

estimated of about 50 million deaths
million people in 1957, initiated in China but spread globally 1. Even in 2009, “Swine flu”
A(HIN1) pandemic started in Mexico killed between 105,000 to 395,000 people 8] It was
predicted that treating a flu pandemic here on would cost 60 billion US dollars/year in contrast to
4.5 billion US dollars/year for vaccination and preventing the outbreak *®!. These pandemics are
totally unpredictable. Moreover, the current vaccine production capacity is only 3 billion doses per
year, substantially short of the 6.8 billion people who will be at risk of contracting influenza and
spreading the virus 1. Since the next outbreak is inevitable, it is an important to create efficient

and cheap delivery carriers. Fortunately, vaccination can be the most effective strategy in

preventing any such outbreaks.

1.3.2. pH sensitive polymeric microparticles

One of the main stimuli that can be used to release drugs when administered orally is
associated with pH changes in the GI tract ''®], pH-responsive polymers due to their pH-induced
ionization/deionization behavior can be used to protect the drugs/vaccines from the unfavourable
conditions (stomach) and deliver it to targeted sites [!3!%. The change in pH along the GI tract
from acidic (pH = 1-3) to basic in the intestine (pH = 5-8) could be considered for pH responsive
drug delivery system for the drug of any kind %), pH-sensitive polymers can be broadly classified

into anionic and cationic polymers, both having certain pKa (acid dissociation constant) values



(1], These polymers are a class of polyelectrolytes having ionizable groups in their backbone, side
or end group '>%). Anionic pH-sensitive polymers are soluble at a pH higher than their pKa (e.g.
sulphonic acid, carboxylic acid- which ionize at basic pH) 1%l Cationic pH-sensitive polymers are
soluble at a pH lower than its pKa (e.g. Amino groups which ionize and dissolve at acidic pH) "1,
pH sensitiveness is determined by their characteristic structure of ionizing groups and can be
modulated by several structural factors such as ionic strength, polymer composition, and
hydrophobicity/hydrophilicity of the copolymer [l However, it is unusual to find their
commercial applications due to several technical limitations such as incomplete protection of the
encapsulated ingredients against harsh environmental conditions, weak response to pH change,
and inefficient release behavior ['®%], Hence, the drugs should be encapsulated into the smart
delivery systems in order to overcome the challenges mentioned above.

Based on this background, polymeric MPs have been widely investigated as a potential
delivery carrier in food, pharmaceutical and cosmetic industries due to their capability of
encapsulating substances, protecting drug from unfavourable conditions [ 1216 441 There are
several methods for synthesizing polymeric MPs such as phase separation, spray drying and
emulsion-solvent evaporation to synthesize polymeric delivery carriers ['% 2924 Though these
methods could be used to encapsulate hydrophilic and hydrophobic drugs along with microparticle
formation, each of these methods have major disadvantages such as the use of organic solvents in
case of phase separation and optimization of different variables (flow rate, temperature, yield) in
case of spray drying [!7-36-3] In emulsion-solvent evaporation, the main drawbacks are associated
with low yield, insufficient encapsulation efficiency of drugs and protection of drugs in the harsh
environment (stomach) and inefficient release of drugs in the targeted site ['”>2>2%1 Since the

microemulsion and microspheres have been prepared in a single step, drugs are exposed to harsh



organic solvents, mechanical agitation, water-oil interface, hydrophobic interaction with polymer

matrix resulting in drug denaturation [16-25: 39431,

1.3.3. Novel targeted intestinal drug delivery system: A systematic approach

It is clear that one of the major technical challenges of developing oral drug/vaccine is
mainly associated with the destabilization of biopharmaceuticals in acidic environment of stomach
(pH = 1-3). There are various commercially available pH-sensitive polymers which can be used
for targeted delivery. However, these cannot be easily tailored to develop target-specific
drug/vaccine delivery. To this end, we synthesized pH-responsive poly (methyl methacrylate-co-
methacrylic acid) copolymers using free radical solvent polymerization which was used to develop
MPs for target specific sites of the small intestine as shown in the Figure 1.2. The prepared
polymers were characterized by proton NMR, GPC, FTIR and pKa acid-base titration. Further, the
copolymers were employed to fabricate MPs with pH-responsive macropores by O/W
emulsion/solvent technique reported by Kumar et al. in our group in the development of intestine-

targeted drug delivery systems [162%:102],

[ ] ° [ ]
# o0 # oo0® # ® o0
°® .
° o o
After sonication- Encapsulated pH2.0 pH7.1
Synthesis of MPs samples after Freeze ' o
with pores drying Simulated gastric fluid 2 Simulated gastric fluid 2
hours at 37 °C hours at 37 °C

Figure 1.2. Schematics of the novel delivery system mechanism of delivery by triggered environmental
conditions in the GI tract.



The encapsulation was carried out and pores were closed by custom-designed freeze-drying
process [2°1. The fabrication of MPs and encapsulation of drugs/vaccine occur through independent
processes, resolving the above-mentioned destabilization and denaturation of drugs ['®?°], The pH-
responding release behaviour of the pored MPs was examined by monitoring time-dependent
release profile of encapsulated 100-nm fluorescent nanoparticles in simulated GI tract
environment. We also encapsulated f-Galactosidase from aspergillus Oryzae for stability studies
in acidic environments. Our pH-sensing polymer and MPs will advance the current
microencapsulation technology by solving key challenges in encapsulation, protection, and release

of oral drugs and biopharmaceuticals.

1.4. Transdermal drug/vaccine delivery

Transdermal drug delivery system is an alternate way to administer drugs to minimize and
avoid the limitations caused by oral and other drug delivery systems [¢!). Steady-state drug levels,
drug denaturation due to GI tract effects, easy administration is some of the advantages over other
drug delivery routes [¢2%%), Transdermal patches are user-friendly, i.e. it can be self-administered,
and has very less pain sensation compared to hypodermic injections 6!,

Skin is a multilayered organ consisting of two tissue layers epidermis and dermis [6*],
Epidermis comprises of keratinocyte which composes of 95% of the cells making it the principle
cell along with melanocytes and Langerhans cells [*). The second layer of skin comprises of
collagen and elastic fibers, the dermis [°!l. Transdermal delivery avoids deeper penetration which
avoids activation of nerves to send pain signals as compared to intramuscular and intravenous

injections 7%, Although it has so many advantages over other drug delivery systems, it also has

certain barriers such as limited penetration through the skin caused by stratum corneum (SC), the



outermost layer of skin (") and also human skin which has very poor permeability — as most of the
drugs do not enter the skin at therapeutically relevant rates "!]. Chemical enhancers can increase
the permeability of skin to small molecules but are dangerous as they can cause irritation (%4,

Despite skin irritation, iontophoresis is used to deliver some peptides and small proteins 1. Later,

72] [73]

electroporation ?! and ultrasound methods have been deployed to delivery both
macromolecules and small drugs. However, more efficient work is being done to increase the drug
stability, viability and efficiency of drug absorption using these methods as it cannot be used for
delivery of vaccines [72]. The first ever transdermal delivery of drugs was developed to treat motion
sickness which delivers scopolamine drug using patches in the year 1979 in the United states 74,
Further, there has been tremendous research conducted, and today there are several transdermal
delivery systems available commercially [74 13,

Microneedles fabricated by microfabrication methods are cost-effective strategy to deliver
vaccines to humans/animals [ %% *4 Hence, microneedles have been developing as effective
carriers for delivery of macromolecules and vaccines such as influenza, insulin and parathyroid
hormones as they maintain the stability of biopharmaceuticals and protect the vaccines from

unfavourable conditions. These microneedles however must be fabricated by materials that could

meet all those requirements along with biocompatibility or biodegradability.

1.4.1. Microneedles as an effective transdermal drug delivery system

The microneedle system generally may consist of an array of needles ranging from 10 to
100 microns in length and 10-400 microns in base diameter allowing them to create micron sized
channels through skin without causing any pain and also allowing large molecules to penetrate

through SC and reach the blood stream 7% 8% Due to short length, microneedles require less



mechanical strength to achieve skin penetration and subsequent drug delivery. Sebastien et al in
their study ["!), have developed transdermal approach for humans using microneedles. They have
designed a drug delivery system that enhances the transport of molecules across skin "-”?1. They
have used standard microfabrication techniques to create silicon microneedles. When these silicon
microneedles were inserted into the skin, they create conduits for transport across the stratum
corneum (outer layer of skin — primary barrier of transport). Once, this was achieved, they could
diffuse rapidly and get absorbed by capillaries for systemic administration (" 7. The use of
microneedles is an invasive drug delivery method wherein an array of needles which are of
micrometer size penetrates skin without stimulating the proprioceptive nerves !, However,
animals in general have tougher skin which means that a higher mechanical force would be
required for successful penetration. Reports have suggested that the world consumes more than
four times the quantity of meat than fifty years ago [¥?], where the average person in the world

consumes roughly 43 kilograms of meat as in 2014, pig meat being the most popular meat globally

(82]

Animals are exposed to diseases more likely similar to humans which can be prevented by
vaccines ¥, For example, Rinderpest, a lethal disease that killed nearly every cow it infected and
was completely eradicated by 2011 by the use of vaccines *#¥. Vaccinating animals not only
protects animals from diseases but also protects humans who consume meat form transmittable
diseases [*°], Influenza A primary IAv-s of strains HIN1 and H3N2 are the major strains infecting
the respiratory tract in most mammals %), Infections can generally occur through nose-to-nose
contact between different pigs, as well as between pigs and humans 7], while vaccination
continues to be the best means of prevention ®8), Though IAv-s are of zoonotic importance but not

primarily a food safety concern, the biggest fear of public health is the rearrangement of IAv-s into



novel strain infecting human population as in the case of influenza pandemic in 2009 ¥, Similar
to influenza, there are many other viruses such as porcine circovirus type 2, porcine reproductive
and respiratory syndrome, cysticerci, trichinella spiralis which clearly infects humans and is a
major food safety concern ®. To this end, we hypothesized that by synthesizing biocompatible,
environmental protective stronger microneedles, we not only use them to deliver vaccines to
humans, but also can be delivered to animals which could evade any transmittable diseases.
Polymeric microneedles, hollow microneedles made of metals, sugar-based needles have been
discovered for several decades to improve drug loading, encapsulation efficiency, preservation of

drugs/vaccines, increased mechanical strengths and to deliver them successfully across the skin %

98]

1.4.2. Microneedles for vaccine delivery: An attempt to increase mechanical

strength and environmental stability

In this work we have used milling technique using rapidly spinning microscale drills bits
to physically remove materials from the substrate to manufacture 1010 aluminum master with
the needles of 400 micrometer in length. Micromolding technique was used to fabricate the
negative mold of aluminum master using PDMS, and further to prepare PLA molds which had the
sample replica of the aluminum master using micromolding technique. We further prepared
various second generation PDMS molds which were employed to synthesize the drug-loaded final
sugar-based polymer coated microneedles. To further increase the mechanical strength of
microneedles we fabricated cellulose nanocrystal (CNC) microneedles using microfabrication and
micromolding techniques. Microneedles with different amounts of CNC in the formulation were

fabricated to investigate their effects on mechanical strength. Further we built a custom designed
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spray coating device with fine nozzle to uniformly coat the microneedles with pH sensitive,
Eudragit S 100 to improve the storage stability and protect the microneedles from the environment.
Our CNC microneedles will advance the current sugar-based microneedles with higher mechanical
strength and greater drug stability and would be the future way of delivering vaccines over

conventional needle injections.

1.5. Hypothesis and research objectives

Considering the technical challenges of the commercially available polymers and delivery
systems, this research will be focused on the synthesis of anionic copolymers with different acid
dissociation constant values by varying hydrophobic/hydrophilic ratios in the copolymer. These
copolymers can be used as a key component to fabricate MPs with a pH-responsive macropore,
following the procedure developed in our group, and microneedles with improved
mechanical/environmental stability. Also, efforts need to be directed toward development and
evaluation of encapsulation techniques/formulations which are compatible with the sensitive
nature of biopharmaceuticals. The new formulations based on MPs and microneedles can also
provide a platform for the development of universal oral and transdermal drug/vaccine
formulations, respectively, with high efficacy and long-term stability. Drug/vaccine formulations
can be also modified to meet i) oral administration-specific requirements for delivering
drug/vaccine efficiently, i.e. protection against acidic pH of stomach, efficient release in the
intestine, and 1) transdermal  administration-specific  requirement such  as
mechanical/environmental stability. The detailed plan to overcome these challenges is illustrated

below.
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For the first part of the work, our efforts will be dedicated to the following:
1. Synthesize various copolymers of poly (methyl methacrylate-co-methacrylic acid) with
different acid dissociation constants.
2. Fabricate microparticles with pH-responsive macropores
3. Successful pore closure by lyophilisation process after encapsulation of ingredients
4. Examine the pH responsiveness of the microparticles by conducting release tests of model
and real drugs in simulated digestive conditions
Further for the next research goal, our efforts will be dedicated to the implementation of CNC as
a viscosity enhancer into formulations for fabricating microneedles:
1. Micromilling aluminum master molds with a conical microneedle design (length: 400120
pum, base diameter: 300+15 pm)
2. Use micromolding techniques to fabricate PDMS, PLA and CNC microneedles
3. Study the effects of the amounts of CNC in the formulation and the formation of a
protective coating on the mechanical strength of microneedles

4. Pig skin insertion test of the developed CNC microneedles
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2. Materials and methods

2.1. Materials

Tetrahydrofuran (99% HPLC grade), 2-propanol (ACS reagent), and Tween-20 were
purchased from Fisher Scientific. 2-Nitrophenyl B-D-galactopyranoside from Aspergillus Oryzae,
galactose and lactose assay kit, disodium hydrogen phosphate, methacrylic acid (MAA), methyl
methacrylate (MMA), 2,2’- Azobis-(2-methyl-propionitrl) (98%), inhibitor remover, Polyvinyl
alcohol (PVA) My;: 9,000-10,000 Da, bovine serum albumin, ethanol (ACS reagent), and acetone
(ACS reagent) were acquired from Sigma-Aldrich (St Louis, Missouri, USA). Yellow-green
fluorescent nanoparticles (100 nm) were purchased from Life Technologies (Thermo Fisher
Scientific, Waltham, MA). Aluminum microneedle master was fabricated using a micromilling
workstation (Model number 363-S; Microlution Inc, Chicago, IL, USA). SYLGARD™ 184
Silicone Elastomer Kit, consisted of silicones and curing agent to be mixed in the ratio of 10:1 for
making PDMS solution, was purchased from Dow chemicals. Cellulose Nano Crystals (CNC)
sample was kindly donated by Alberta-Pacific Forest Industries Inc. (Edmonton, Alberta, Canada).
Carboxymethyl Cellulose, sodium (low viscosity), Trehalose dihydrate (from Saccharomyces
cerevisiae > 99%), Sucrose (BioUltra for molecular biology > 99.4%) HPLC grade,
Dichloromethane (anhydrous, 99.7%), and polycaprolactone (My = 45,000/80,000 Da) were

purchased from Sigma-Aldrich.

2.2. Synthesis of pH sensitive poly (MMA-co-MAA)

The co-polymer was synthesized by free radical solvent polymerisation in tetrahydrofuran.

Our goal was to synthesize a library of poly (MMA-co-MAA) with different pKa values and low
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molecular weight. This was achieved by taking different molar feed ratio of monomers (MMA:
MAA), i.e. 90:10, 80:20, 70:30, 60:40 and 50:50. Inhibitors were removed from both monomers
by passing them through a column filled with inhibitor remover (Cat. No.: 306312, Sigma-
Aldrich). The experimental setup is shown in the Figure 2.1. Required quantity of the solvent (i.e.,
tetrahydrofuran) was taken into a three-necked round-bottom flask immersed in the oil bath placed

on the hot stirrer plate. The monomers were added in succession to the solvent using glass pipettes.

- .

Chiller

Figure 2.1. The experimental setup used for the free radical solvent polymerisation at 70 °C. The
reaction was conducted under inert nitrogen atmosphere.

The mixture was stirred homogeneously using a magnetic stirrer at 150 rpm. 2,2'- Azobis-
(2-methyl-propionitrl) (98%) (AIBN) initiator (1.5 wt% of comonomer concentration) was
weighed and mixed with the contents in the flask. One of the necks was closed using a rubber cork
and sealed using thick copper wire. A condenser was fitted to the other neck of the flask, which
was connected to a circulating coolant. The cooler was set to -15 °C for efficient heat transfer to
condense the vapors of the low-boiling point solvent. A thermometer was installed in the third

neck to regulate and maintain the temperature inside the reactor. Since the initiator decomposition
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temperature (kq) is reported to be > 65 °C 7l condenser was used to condense the vapors of the
solvent (boiling point: 60 °C). After the setup, the mixture was stirred to completely dissolve
AIBN. It is noted that all the components in the reactor are readily miscible with each other. One
of the inhibitors on the propagation mechanism of free radical copolymerisation is the presence of
oxygen, thereby the mixture was bubbled with N> gas for an hour and the reaction was
subsequently carried out under nitrogen atmosphere.

After bubbling, the temperature was subsequently increased to 70 °C to initiate the
polymerisation. The reaction mixture became turbid, followed by the formation of a thick and
viscous liquid, indicating the formation of the polymers. After 4 hours, methanol was added to
quench/inhibit the polymerisation. After the solution was cooled down to room temperature, the
polymer was precipitated in deionized (DI) water, and reprecipitated in acetone to remove methyl
methacrylate monomer and poly (methyl methacrylate) homopolymer. The product was further
washed (i.e., reprecipitated) with DI water to remove unreacted methacrylic acid monomer and
poly (methacrylic acid) homopolymers 3!, The copolymer was dried and stored in an incubator
at 60 °C. The first batch of copolymers of feed molar ratio 66:33 and next batch 75:25 of MMA:
MAA were synthesized using the similar conditions, and the copolymer characteristics such as
molecular weight, copolymer composition and functional group analysis were performed. Further,

batches of copolymers with different pKa values were synthesized.

2.2.1. Thermogravimetric analysis

The weight of the purified polymer stored in the incubator at 60 °C was recorded

periodically until it remained constant. The weight of the initiator was subtracted from the total
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weight in order to calculate the amount of polymeric material produced at a given time. The
conversion is calculated by

Initial wegiht of monomers — Final dry weight of polymer
Initial weight of monomers

Converstion =

2.2.2. Fourier-Transform Infrared spectroscopy (FTIR)

FTIR spectroscopy (FTS 7000 Series by DIGILAB) in the range of 4000-400 cm™ was
employed to determine the functional groups present in the copolymer and to compare the

compositions of the copolymers.

2.2.3. Gel Permeation Chromatography (GPC)/ Size Exclusion
Chromatography (SEC)
The molecular weights of the synthesized copolymers were determined using high
temperature GPC (Malvern, VISCOTEK HTGPC) in HPLC grade tetrahydrofuran (20 mg/mL).
The calibration of GPC column was performed using polystyrene standards (Peak molecular

weight, M, = 1000, 3000, 5000, 7000, 10000, 20000, 30000, 50000, 100000 g/mol).

2.2.4. 'H Nuclear Magnetic Resonance spectroscopy

The 'H NMR spectroscopy was recorded using 500 MHz Bruker spectrometer within the
Canadian National High Field NMR Centre (NANUC) at the University of Alberta. Copolymers
were dissolved in DMSO-ds solvent at a concentration of 60 mg/mL for NMR analysis. NMR was
performed to quantitatively characterize the copolymer composition. Due to difference in the
reactivity of monomers (i.e., MMA and MAA), the composition (mol %) taken in the feed will not

be same in the copolymer composition [*>®!, This is due to the composition drift occurring during
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the polymerisation process. To this end, the reaction can be done in a semi-batch reactor (variable
flow of one monomer so that the ratios of the monomers present in the reactor remains same

throughout the reaction) or may be terminating the reaction at lower conversion 4%,

2.2.5. pKa measurement by acid-base titration

To determine pKa values (acid dissociation constant), acid-base titration was carried out.
Copolymers were dissolved in 0.1 M NaOH solution (0.5 mg/mL), which was titrated against 0.05
M HCI solution. Also, different pH solutions (pH 4.0 to 8.0 with 0.1 increment steps) were
prepared using pH meter (HI 2213 pH/ORP meter; HANNA instruments, Woonsocket, RI, USA)

with the use of NaOH and HCI solutions in DI water.

2.3. Fabrication of MPs with macropores

MPs were fabricated using oil-in-water (O/W) emulsion followed by a solvent evaporation
as shown in Figure 2.2. previously reported by Ankit et al 251, The organic phase was prepared by
dissolving 5 wt% of copolymers dissolved in cosolvent system (dichloromethane: ethanol:
isopropanol = 2:1:1). The aqueous solution was prepared by dissolving 0.5% (w/v) of polyvinyl
alcohol and 5% (v/v) of Tween 20 in DI water. Briefly, 200 mL of aqueous solution was taken in
a beaker and the tip of the sonicator (GE-130 Ultrasonic Processor; Sonics and Materials, Inc,
Newtown, CT, USA) was immersed into it. 10 mL of organic phase was added to the aqueous
phase using a pipette immediately after sonication (30 % amplitude) while stirring at 325 rpm.
After sonication for 5 min, the solution was transferred to one litre beaker and stirred for an hour

for solvent evaporation.
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2.3.1. Purification and pore closure of MPs

The prepared MPs were filtered using a mesh strainer (45 Fisher brand TM 4552 brass, 325
Mesh, 45 um sieves), followed by centrifuge-washing with DI water (Eppendorf model 5810/5804
R) multiple times to remove the surfactant completely. Furthermore, the trace amounts of solvents
were removed using rotary evaporator at 50 °C for 10-20 min (Biichi R200; Labortechnik),
followed by washing with DI water. The MP samples were freeze-dried by using the previously
reported lyophilisation process ['®%]. Briefly, the concentrated MPs were transferred into 2 mL
Eppendorf tubes, which were then frozen in liquid nitrogen and transferred to freeze-dryer
(AdVantage Pro Freeze-dryer; SP Scientific, Warminster, PA, USA). MP samples were stored at

4 °C until further use.

2.4. Encapsulation of fluorescent nanoparticles (100 nm- model drug)

100 nm FNPs mimicking the size of vaccines were used as model drugs. The fluorescent
nanoparticles 2 wt% solids were diluted 10-fold in the formulation (15% (w/w) trehalose + 0.5%
(w/w) low viscosity carboxymethyl cellulose (CMC) in DI water) prior to encapsulation
experiments. 1 mL of the 10-fold diluted fluospheres (FNPs) solution was added to 30 mg of MPs,
followed by repeated vacuum cycles for encapsulation of fluospheres *°). After encapsulation, the
FNP-encapsulated MPs were separated from unencapsulated FNP suspension by centrifuge at 500
rcf for 2 min, followed by resuspension in 1 mL of the trehalose + CMC formulation. Samples

were then freeze-dried to seal pores.
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2.4.1. Release test of FNP-encapsulated MPs

The freeze-dried FNP-encapsulated MPs were incubated in simulated gastric fluid (SGF-
0.05 M KCl and 0.05 M HCI added to make pH 2.0) for 2 hours at 37 °C and in simulated intestinal
fluid (SIF- consisting of KCI (0.05 M), HCI (0.05 M) and saturated Na,HPO4 added to make pH
7.1) for 4 hours at 37 °C. A time-dependent release of FNPs from MPs in the GI tract was analysed
by measuring the fluorescence intensities by SPECTRA MAX GEMINI XS (Molecular Devices;
San Jose, CA, USA) at different time intervals when subjected to GI tract environments. Further,
the pH-dependent release behavior of FNPs was monitored using the fluorescence microscope

(AmScope, Irvine, CA, USA) over time.

2.5. Encapsulation and release test of lactase-encapsulated MPs

200 mg of - Galactosidase from aspergillus (Lactase) was dissolved in 10 mL formulation
(15% (w/w) trehalose, 0.5% (w/w) low viscosity CMC in DI water). 1 mL of the solution was
added to 30 mg of MPs. The lactase was encapsulated into the pored MPs following a similar

procedure to FNPs. MP pores were then closed by freeze-drying process as described in 2.3.1.

2.5.1. Biological Assays

The protein concentration and the remaining activity of the enzyme were measured by
micro BCA assay and ONPG assays, respectively. The control has polymer MPs freeze-dried in
the trehalose + CMC formulation which was dissolved in SIF containing all the moieties present

in the lactase-encapsulated MP sample.
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2.5.1.1. Micro BCA assay to determine the protein concentration

Micro BCA assay is used to determine the protein concentration that has been encapsulated
into MPs. 20 mg/mL BSA (Bovine Serum Albumin) was prepared in DI water and BCA assay
reagents were prepared following the standard protocol mentioned in the protein assay kit (Pierce
BCA Protein Assay Kit; Thermo Fisher Scientific, Waltham, MA, USA). The three rows of
standard were prepared starting from BSA concentration starting from 200 pg/mL. Two times
serial dilution with polymer background were performed and the last column had zero BSA
concentration. At the end, the series of the concentrations in standard wells were 200, 100, 50, 25,
12.5, 6.25, 3.125, 1.56, 0.78, 0.39, 0.195, and 0 (png/mL). 150 uL of the lactase encapsulated MPs
sample was taken in at least 5 wells. If the sample seemed to be concentrated, it was diluted and
then 150 pL of the BCA working buffer was added to every background as well as the sample.
The plates were further incubated at 37 °C for 60 min and absorbance was measured at 562 nm

wavelength by i-Mark microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

2.5.1.2. ONPG assay to determine the remaining activity of the drug

For ONPG assay, 20 mg/mL lactase (B-Galactosidase from Aspergillus Oryzae) and 4 mM
ONPG (ortho-nitrophenyl-B-galactosidase) were separately prepared in DI water under magnetic
stirring. Three standard rows of lactase of known concentration diluted with polymer background
were prepared starting from lactase concentration of 200 pg/mL. Serial two-fold dilutions were
done as the concentrations in standard wells were 200, 100, 50, 25, 12.5, 6.25, 3.125, 1.56, 0.78,

0.39, 0.195, and 0 (pg/mL). 50 pL of the lactase-encapsulated polymer sample was added to at
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least 5 wells. 100 uL. of ONPG solution was added to all the wells, followed by incubation at 37

°C for about 60 min prior to absorbance reading at A =410 nm.

2.6. Micromilling

Figure 2.2. Images of model progression of micro-needle simulation from 1x1 cm’ block at the
initial (a), intermediate (b), and (c) final stages of micromilling

The experiments for fabricating the aluminum master molds were conducted by Dr. Surjith
Kumaran (Research Associate) and Mr. Matthew Lawson (Graduate student) in our group. The
micro-milling experiments were carried out by using a Microlution 363 S CNC milling
machine. To fabricate conical cone-shaped solid microneedles, tight-tolerance 6061 Aluminum
(Mc master Carr) was used, which was cut into 1"x1"x0.25" (W x L x T) mounted on a pallet. The
design, simulation (Figure 2.2) and G-code generation of sharp tip microneedles were conducted
using Fusion 360 (Autodesk). The G-code was inputted into CNC control platform, a machine
controller PMAC2 and then a motion program, which drives the machine axes. Solid carbide end
mill (1/8” diameter, 150 micro tip diameters purchased from Performance micro tools Inc.;
Janesville, WI, USA) were used for machining a microneedle base and microneedles as shown in
the Figure 2.2.

For modeling of the microneedles, 350 cm diameter circles were first drawn and then,
10x10 circles are placed at 750 micrometers (center to center) apart. Microneedle shape was drawn

using Extrude function with Z-axis distance of 1 mm and taper angle 10 degree. The obtained
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model is simulated using milling 3DPocketing function of AutoCAD Fusion360. Cutting feed rate
for making microneedles were set to 10 mm/min with the spindle speed of 15,000 rpm. The
smoothness tolerance is opted at 0.001 mm with step 8 mm/min. After the aluminum master was
made, it was cleaned and rinsed with isopropanol and ethanol. It was stored in the incubator at 60

°C until was used for the micromolding process.

2.7. Fabrication of CNC molds polydimethylsiloxane molds

Polydimethylsiloxane (PDMS) is a well-known for its viscoelastic properties and is the
mostly used silicon based organic polymer due to its flexibility. The negative mold of the
aluminum master was prepared using PDMS. The Sylgard 184 silicone elastomer was mixed with
the hardening reagent in the ratio of 10:1 (w/w). The solution was stirred well for two minutes
using a glass rod. Further, the solution was degassed for the complete mixture and removal of
bubbles. After the solution was degassed, it was poured into the aluminum master filling them
completely. They were subjected to multiple cycles of vacuum to remove any residual gas voids.
Vacuum was applied to ensure that the highly viscous liquid fills the microstructure perfectly. The
aluminum master with the liquid mixture was further kept in the incubator at 90 °C for two hours
for PDMS crosslinking. Once the reaction was done, it was then demolded from the aluminum
master. To avoid any damage to the aluminum master and increase the recyclability, we further
fabricated a positive PLA structure similar to aluminum master and used them for further
productions of second generation negative PDMS molds. PLA pellets (thermoplastic polymer) on
the PDMS mold were heated up to around 200 °C. After several vacuum cycles, the molds were
pressed with a stainless-steel bar at room temperature. The solidified PLA microneedle patch was

demolded from the first generation PDMS mold. The process was repeated several times as to
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make several second generation PDMS molds in a single batch. These PLA molds exactly mimic
the aluminum master needles, and these were used to make a series of second generation PDMS
molds, making it more cost-effective. The fabricated second-generation PDMS molds were used

for making CNC microneedles. The schematics are shown in Figure 2.3.

2.8. Formulations used for fabrication of CNC microneedles

Formulations play an important role in maintaining the stability of the biopharmaceuticals.
In the past sugar-based CMC microneedle formulation have been used as it maintains the stability
of the biopharmaceuticals, however these needles didn’t have mechanical strengths to penetrate

animal’s skin 7> 99100

1. We prepared different concentrations of Cellulose Nano Crystals (CNC)
ranging from 0.01% (w/w), 0.1% (w/w), 0.25% (w/w), 0.5% (w/w), 0.75% (w/w), 1% (w/w) and
2.5% (w/w) + 15% (w/w) trehalose in DI water (hereafter abbreviated as CNC formulation). We
also prepared 0.5% (w/w) CMC + 15% (w/w) trehalose solution in DI water (hereafter abbreviated

as CMC formulation) as a sugar-based microneedle for control. Further the stability of vaccines is

Micromilling First generation PLA mold by
PDMS mold micromolding

10 — bk
l

CNC Microneedles Second generation
PDMS mold

i

Aluminum

X

Figure 2.3. Fabrication of CNC microneedles from aluminum master by micromolding process

23



dependent on the viscosity enhancer of the sugar-based formulations. Therefore, we prepared
different concentration of CNC formulations and measured the viscosity using rheometer (HR 2;
TA instruments, New castle, DE, USA). These formulations are then stored at 4 °C. Model drugs
(i.e., 100nm sized FNPs) were diluted to 0.02 wt% solids using the above-mentioned formulations
for encapsulation purposes. CMC backing is required for the successful demolding of the needles
form PDMS molds. Thus, we prepared a formulation consisting of 15% (w/w) CMC (low
viscosity) + 10% (w/w) trehalose in DI water (hereafter abbreviated as CMC backing formulation).
The formulation was then degassed to remove bubbles and stored in incubator at 37 °C before use.
To investigate the effects of anionic copolymer coating on the surface of microneedles, we also

prepared microneedles coated with pH sensitive Eudragit anionic S100 obtained from Evonik
industries (Burlington, Ontario, Canada). For the polymer coating, 2 g of S100 (My: 125,000
g/mol) was dissolved in 40 mL of co-solvent consisting of dichloromethane, ethanol and

isopropanol in the ratio of 2:1:1, respectively (hereafter abbreviated as polymer formulation).

2.9. Encapsulation of FNPs and fabrication of CNC microneedles

150-200 puL of CNC formulation mixed with ingredients was pipetted on to the PDMS
mold. 100 nm FNPs mimicking the size of influenza vaccine was mixed with CNC formulation. It
was then vacuumed several times to remove bubbles and gas voids from the PDMS molds for

successful encapsulation. After the vacuum encapsulation process, the excess formulation

(a) (b)

Figure 2.4. (a) Showing the encapsulation of CNC formulation with dye/drug after vacuum. (b)
showing the encapsulation of CNC formulation with dye/drug after centrifugation
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remaining on the molds was removed using a pipette. The molds were centrifuged at 3000 rpm for
5 minutes. After centrifugation, the molds were cleaned using Q-tips to completely remove any
further unencapsulated ingredients. These molds are kept in the incubator at 37 °C for 4 hours for
drying the CNC needle formulation. The sugar-based needles were also prepared using similar
methods. The Figure 2.4 shows the difference before and after the centrifugation process. After 4
hours of drying, the molds were taken out form the incubator. CMC formulation was
spread/applied over the mold using a spatula. The mold was subjected to vacuum to remove
bubbles and to ensure the CMC backing completely filled the mold. The molds were removed

from the vacuum oven and the sides were cleaned using Q-tips.

N; inlet to nozzle (60 psi)

»
»

Liquid inlet .';

N;inlet to liquid tank (60 psi)

Figure 2.5. The schematics of the customed designed spray coating system by our group. Nozzle was
purchased from Spraying Systems Canada; fittings were purchased from Swagelok (pharmaceutical
grade stainless steel)
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Further it was stored in the incubator at 37 °C for 12 hours. Finally, the CNC microneedles
are demolded from the second generation PDMS molds. the skin. Further, we came up with an
efficient way to coat the needles with polymers by spray coating as shown in the Figure 2.5. The
spray coating machine was used to form a polymer protection coating on the CNC microneedles.
For this purpose, we have custom-designed an atomized spray coating device (see Fig. 2.5 for
schematic of the spray coating system). Spray coating was employed to get a uniform layer of
coating of desired thickness by controlling the distance of the sample from the nozzle and exposure
time. The needles were placed of about 22 cm below the nozzle. The co-solvent solution was first
used to rinse the system. After rinsing, 5 wt% Eudragit S100 (Evonik, Germany) polymer solution
was loaded into the pressure vessel. Nitrogen gas was used to pressurize the liquid polymer
solution (60-80 psi). There was a separate gas valve inlet to the nozzle along with the liquid inlet
to atomize the spraying with fine particles. First the liquid valve was opened, following the opening

of the gas valve inlet atomizing the spray coming off the nozzle.

2.10. Imaging

Scanning Electron microscopy (S-3000N; Hitachi, Chiyoda, Tokyo, Japan) was used to
analyse the morphology and surface pores of the MPs. Fluorescence microscopy (AmScope,
Irvine, CA, USA) was used to image the time dependent release of FNPs from MPs. The structure
of the microneedles was observed and imaged by optical microscopy (Cole-Parmer, Vernon Hills,
IL, USA), fluorescence microscopy and scanning electron microscopy. Moticam digital
microscope camera was used to capture images of the needles through the microscopes. SEM was
used to analyse the detailed surface morphology of PDMS mold, and microneedles before and

after coating with Eudragit S100. Since MPs and microneedles were not electrically conductive,
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they were coated with 10-20 nm Au/Pd layer and analyzed at 10 kV and 5 pA at a working distance

of § mm to 15 mm.

2.11. Mechanical properties of microneedles

Force

Test structure: 400 um

Figure 2.6. Schematics for the mechanism of measuring the failure force of microneedles

The failure force of the microneedles was investigated by measuring the axial force
required to break or bend the microneedles using a rheometer (Discovery HR 2 series; TA
instruments, New Castle, DE, USA). The effects of both CNC concentration and S100 protection
layer on the mechanical properties of microneedles were analysed from the force vs. displacement
curves generated using a rheometer. As shown in Figure 2.6, the 10x10 microneedle patch is

placed on the lower bottom surface with the needles facing upwards. This set-up was used to apply
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a normal load on the microneedles with a constant velocity of 2 um/s. The obtained force vs.

displacement graph was used to predict the force necessary for breaking the microneedles 141951,

2.12. Skin penetration test using CNC microneedles

Pig’s skin is rigid and hard compared to human skin making it difficult to insert
microneedles through the skin. One interesting idea was to deliver the vaccine through
microneedles to pig ears, which could be manageable. Hence, the isolated pig skin was washed
and cleaned using isopropanol. The CNC microneedles were held and pressed against the pig’s
skin for 10-15 seconds. The needles were removed, and the tissues were stained with tissue
marking dye (Fisher Scientific). They were further cleaned using isopropanol and viewed under

optical microscope.
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3. Results and discussion (Microparticles)

3.1. Synthesis and characterization of poly (MMA-co-MAA) copolymers
Random poly (MMA-co-MAA) copolymers with different molar MMA: MAA ratios (i.e.,
90:10, 80:20, 70:30, 60:40, 50:50, and 100:0) were synthesized by free radical polymerisation with
the appropriate mixture of monomers, initiator and solvent. The properties of the produced
copolymers were characterised by FTIR, GPC, NMR, thermogravimetric analysis, and pKa

titration.
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Figure 3.1. The structure of the pH sensitive copolymer poly (MMA-co-MAA)

3.1.1. Conversion

Thermogravimetric analysis was performed to calculate conversion of monomers with
different reactivity ratio to copolymers. Supposedly, if the reactivity of MMA is too higher than
that of MAA, MMA monomers would be consumed faster than MAA monomers, resulting in the
formation of gradient copolymers. This would lead to compositional drift in the final copolymer
composition. To avoid the compositional drift, several methods have been proposed: 1) a constant

flow of one of the monomers (semi-batch reactor) while maintain the ratios of monomers in the
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reactor constant *! and 2) low conversion polymerisation reaction. In this work, we tried to
synthesize polymers with low conversion method to minimize compositional drift.

As summarized in Table 3.1, it was found that the two different batch copolymers (Serial
number 1 and 2) exhibited a nearly complete conversion by thermogravimetry analysis. To avoid
compositional drift, the polymerisation time was reduced from 8 hours to 4 hours. With different
molar ratios of monomers, conversions of different polymerisation batches were found to be in the

range of 50% to 60%. It was clear that with the decrease in polymerisation time, the conversion

Table 3.1. The monomer conversion values obtained from the copolymerisation of Methyl
Methacrylate (MMA) and Methacrylic acid (MAA) monomers by free radical solvent
copolymerisation.

was subsequently decreased. We expect these low conversion polymers to have lower

compositional drift than the copolymers with complete conversion of monomers 4%,

Serial Batch MMA: MMA (feed) Time Conversion
number mol ratio (h)
1 HC 10 66:33 8 96.7%
2 HC 11 75:25 8 95.2%
3 HC 12 100:0 8 94%
4 HC 13 90:10 4 58%
5 HC 14 80:20 4 55.4%
6 HC 15 70:30 4 57%
7 HC 16 60:40 4 54%
8 HC 17 50:50 4 53.5%

3.1.2. Fourier-Transform Infrared spectroscopy to determine functional
groups

Figure 3.2(a) shows FTIR spectra monitored from the products (batch HC 13 to 17 in Table
3.1) produced with different monomer ratios. The broad absorption band in the copolymer at 1705
cm! is associated with C=0 vibrations of the carboxylic acid groups, and peaks at 1730 cm™, 1150

cm™! to 1160 cm™, 1190 cm™ to 1195 cm™ and 1250 cm™ to 1275 cm™ indicate the further ester
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vibrations % However, since these functional groups are common to both monomers, they cannot
be used as an indicator of successful polymerization reaction (compare Figure 3.2(a) with (b)).
Also, the -OH peaks present in the range from 2500 cm™ to 3500 cm™ due to the hydroxyl group
stretching can be accounted by methacrylic acid groups of the copolymer °%. The broad range was
also contributed by CHx present in the polymer backbone. Furthermore, from the analysis of FTIR
spectra obtained from HC 13 to HC 17, it is evident that the intensity of peaks observed in the
3500 cm™ and 2500 cm™ range increased with an increase in the concentration of methacrylic acid
in the copolymer, indicating the formation of copolymers with different compositions. When
compared to the FTIR peaks of pure PMMA homopolymer where in there was only a small peak
in the range between 2500 cm™ to 3500 cm™' generated from the -CHx groups in the polymer
backbone, the synthesis of copolymers was evident. In spite of difficulty of predicting quantitative
information, FTIR analysis proves the successful synthesis of poly (MMA-co-MAA) copolymers

with different copolymer compositions in a controlled way.
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Figure 3.2. FTIR spectra of (a) copolymers synthesized by free radical polymerisation and (b)
homopolymer MMA, where there isn’t much of a peak formed between 2500 to 3500 cm™!
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3.1.3. 'H Nuclear Magnetic Resonance Spectroscopy for Copolymer

Compositional analysis

Due to the difference in reactivity ratios as reported in literatures [°¢], these monomers react
at different rates, which depend on the solvent used for polymerisation, polymerisation
temperature and the type of initiators. Copolymer composition was calculated by the integrated
areas of the characteristic NMR peak of each monomer (see Figure 3.3 for NMR spectra and Table
3.2 for analysis summary). Considering the structural feature of the copolymer (Figure 3.1.), the
unique functional groups different among the monomers are identified to be -OCH3 and -OH
groups. However, the peaks due to hydroxyl groups (characteristic for MAA) cannot be considered
being a labile proton. It should be noted that the peak shown in Figure 3.3(a) at 12.5 ppm
corresponding to hydroxyl group was not consistent with number of scans due to hydrogen
bonding, which may cause huge errors in calculating the compositions of the copolymer. Instead,
we could calculate the copolymer composition by investigating the peaks ranging from 1.4 to 3.8
ppm. Since -CH> /-CH3 groups are present in similar ratios in each monomer in the copolymer
backbone, it is reasonable to use the integrated peaks to calculate the total composition of the
copolymer 1331, The peak at 3.6 ppm corresponds to the -OCH3 peak of the methyl methacrylate
present in the copolymer !, The peaks ranging from 0.7 ppm to 0.9 ppm and from 1.6 ppm to 2
ppm are associated with -CHs and -CH, groups, respectively, present in the copolymer [°2-33, The
copolymer composition was calculated by dividing the integrated values of the -OCH3; peak with

integrated values of -CH3 peaks (Table 3.2).
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Figure 3.3. Showing the proton NMR peaks of the copolymer, the peak at 3.7 ppm being the

characteristic peak of MMA group. The range of peaks were studied, and copolymer composition
were analysed

33



Table 3.2. The copolymer composition values calculated from the integrated characteristic peaks of -
OCH; to the total copolymer -CH; peaks. The values obtained agreed with the monomer feed ratios
taken during the free radical polymerisation

Batch Mol% Integrated - Integrated - Mol%
(MMA: MAA) OCH; peaks CH; peak MMA in copolymer
HC 12 100:0 - - 100
HC 13 90:10 32.300 32.8214 98.4
HC 14 80:20 0.2805 0.3324 84.4
HC 15 70:30 1.1610 1.5707 73.9
HC 16 60:40 1.1167 1.7293 64.6
HC 17 50:50 0.2085 0.3606 57.8

Table 3.2. shows the compositions of copolymers synthesized with different feed ratios of
monomers. It was observed that the copolymer compositions were not similar to the initial feed
composition, which supports the idea of compositional drift due to variance in reactivity ratios of
the monomers. From the above results, it was also found that the MMA monomers exhibited higher
reactivity rates than MAA. Since, MMA has a higher reactivity ratio, the copolymer composition
shifted towards increase in mol% of MMA with the increase in conversion of monomers in a batch
reactor. Similar trend was observed for all the other polymerisation batches. Therefore, it is
concluded that reactivity ratios of MMA to MAA must be greater than unity under similar

polymerisation conditions.

3.1.4. Gel Permeation Chromatography/ Size Exclusion Chromatography for

molecular weight determination

The number average molecular weight My, the weight average molecular weight My and
the polydispersity index (PDI) were determined using GPC. From Table 3.3, the My of copolymers

were measured range from 16,399 gmol™ to 21,147 gmol™'. The GPC analyses gave a monomodal
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distributions with the polydispersity ranging from 1.48 to 1.798 as shown in the Table 3.3. The
low polydispersity can attribute to repeated precipitation of the copolymers in DI water ¢!, It was
studied earlier that precipitation of the polymers can result in loss of low molecular weight chains
€] The polydispersity depends on the solvent used for polymerisation as well as the
polymerisation conditions. On the other hand, the molecular weight depends mainly on the initiator
to monomer ratio. With increase in initiator to monomer concentration, the molecular weight
decreases. The high initiator to monomer ratio is estimated to form lots of free radicals during the
initiation step contributing to chains of lesser degree of polymerisation, leading to the reduction in

molecular weight of polymers formed. Hence, this means that we can synthesize polymers with

different molecular weights by changing the ratios of initiator to monomer concentration.

Table 3.3. The number average and weight average molecular weights and calculated polydispersity
of copolymers obtained from gel permeation chromatography for different compositional copolymers
prepared by firee radical solvent polymerisation.

Sample batch M, (gmol™) | My (gmol™) PDI
HC 12 19,836 29,703 1.497
HC 13 6,715 12,075 1.798
HC 14 10,808 16,399 1.517
HC 15 13,730 21,147 1.537
HC 16 11,591 17,177 1.482
HC 17 10,955 16,498 1.506
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3.1.5. pH responsiveness

Subsequent to the successful synthesis of the anionic copolymers, their pH responsiveness
was further characterized by acid-base titration experiments (Figure 3.4). As shown in Figure
3.4(a), HC 13 exhibited two different slopes, indicating that the polymer is not responsive to
ambient pH changes. Unresponsiveness to pH can be explained by the presence of small amounts
of MAA units in the copolymer (i.e., ~ 1.6 mol%). As a result, HC 13 polymer did not dissolve in
0.1 M NaOH solution, a strong base with pH = 13. The other batch copolymers readily dissolved
in 0.1 M NaOH solution, but similar titration curves were obtained due to very small difference in
pKa values. However, the polymer solution showed a sharp change in solution turbidity when the
pH decreased below their pKa due to protonation, as evidenced by the formation of cloudy
precipitate with further addition of 0.05 M HCI solution (Figure 3.5). It was observed that pKa of
the copolymers increased with the increase in the hydrophobic methyl methacrylate composition
(Figure 3.4(b) and Table 3.4), which is consistent with a previous report °7). The table 3.4. shows
the pKa values measured by monitoring the pH before forming a cloudy solution from different

batches.
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Figure 3.4. (a) The acid-base titration curves for the pH sensitive copolymers synthesized, indicating
that HC 13 is not pH sensitive. (b) The pKa of polymers synthesized from different copolymer
compositions.
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Figure 3.5. Showing the difference in dissolution properties over different pH (left Eppendorf tube-
HC 14 at pH 6.9; pH>pKa, right Eppendorf tube- HC 14 at pH 6.7; pH<pKa).

Table 3.4. The pKa values of copolymers prepared with different monomer compositions by free
radical solvent copolymerisation

Sample batch pKa
HC 13 Not pH sensitive
HC 14 6.8+0.4
HC 15 6.610.5
HC 16 5.840.3
HC 17 5.7£0.4
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3.1.6. Fabrication of macropored microparticles (MPs)

Previous work has been reported to produce MPs with macropores by controlling different
sonicator conditions to produce pores and/or increasing the size of existing pores of a commercial
Eudragit copolymer 12°], In this study, we replicated similar procedures to fabricate MPs using
the copolymers prepared by free radical copolymerisation of different pKa values to target specific
parts of the intestine. Poly (MMA-co-MAA) has been approved by FDA as an oral drug excipient
(541 For this reason, it can be used to develop oral drug carriers. Our goal was to fabricate MPs
with pH-responsive macropores using the home-made polymers.

Figure 3.6 shows SEM images of the MPs fabricated using HC 15 copolymer ((a) low
magnification, (b) high-magnification). The presence of a macropore revealed the successful
formation of MPs with a macropore. The resulting MPs are predominantly single-pored MPs with
diameters in the range of 2-5 um. From the image analysis using Image J software, it was found
that the average size of MPs was about 2.57 &+ 0.98 pm (number of particles analyzed, n = 500), as
shown in the particle size distribution histogram (see Figure 3.7(a)) Figure 3.7(b) shows the
histogram of pore-to-MP size ratio (i.e., the ratio of diameter of the pore to the diameter of MP)
measured from MPs with unsealed macropores. As shown in the plot, it showed a bimodal
distribution. In spite of the need of further research, the successful creation of these macropores
can be used to enable efficient encapsulation and delivery of a wide size range of

biopharmaceuticals up to around one micron.
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(b)

Figure 3.6. Scanning electron microscopic images of HC 15 microparticles with macropores before
frreeze-drying (a: low magnification, b: high magnification)
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Figure 3.7. (a) Histogram of the diameter of HC 15 MPs before freeze-drying process (n =412) and
(b) histogram of pore-to-MP size ratio analyzed from SEM images (n=440).
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3.1.7. Pore closure by freeze-drying

While the pores are present for the successful encapsulation of the ingredients, they must
be closed after encapsulation to preserve the materials against acidic pH of stomach. To this end,
we employed freeze-drying process previously developed by Ankit et al. in our group to seal the
pores on MPs ['®). As shown in Figure 3.8, it is clearly evident that the freeze-drying process
effectively sealed the pores of HC 15 MPs. To further support the results, SEM image analysis
was performed to measure the change in the average size of MPs before and after freeze-drying.
As shown in Figure 3.9, the average diameter of MPs was reduced after the freeze-drying process,
as supported by SEM images before and after freeze-drying (compare Figure 3.6 with Figure 3.8)
and the histogram before and after freeze-drying (compare Figure 3.7(a) with Figure 3.9). Since
freeze-drying method can successfully close the pores of MPs without high temperature or the use
of organic solvents, our fabrication process is clearly an advantage for encapsulation of

biopharmaceuticals without destabilizing them during fabrication process.
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Figure 3.8. SEM images of HC 15 MPs after freeze-drying
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Figure 3.9. Histogram of the diameter of HC 15 MPs after fireeze-drying process (n = 500)
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3.1.8. Model drug-encapsulated MP formulation
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Figure 3.10. Release profile of the 100 nm fluorescent nanoparticles from MPs made of different
batch copolymers. Time dependent release of FNPs from HC 14, HC 15 and HC 16 subjected to GI
tract (incubation in pH 2.0 for 2 hours and pH 7.1 for 4 hours at 37 C). Release rate was calculated
by measuring the relative fluorescent intensity obtained from sample at different time intervals.
Complete release was achieved by vortexing the MPs with FNPs for 3 min after 4h incubation at pH
7.1 (n=4, mean +SD)

To verify the pH-responsive pore closure/opening behavior, and to test the stability of
drugs encapsulated in the pored MPs at acidic conditions, 100 nm-sized fluorescent nanoparticles
(i.e., a model drug)-encapsulated MPs were prepared following the procedures described in the
materials and methods section. For this purpose, three different batch polymers (i.e., HC 14, 15,
and 16) were selected as they exhibited pKa values close to neutral pH. 100 nm sized nanoparticles
were selected as a model drug to mimic the vaccines considering the fact that the average size of
inactivated virus vaccine is around 100 nm. After encapsulation of FNPs into the MPs, it was

subjected to freeze-drying process for successful pore closure. As-prepared FNPs-encapsulated
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MP formulation was subjected to simulated GI tract conditions for the observation of time and pH-
dependent release behavior.

The variation of fluorescence intensity was recorded at 15, 30, 45, 60, 75, 90, 105 and 120
min with the incubation time in simulated gastric fluid (SGF) for 2 hours at 37 °C, followed by 15,
30, 60, 90, 120, 150, 180, 210 and 240 min in simulated intestinal fluid (SIF) for 4 hours at 37 °C.
As shown in Figure 3.10, a slight fluorescence intensity was observed during the initial incubation
in SGF for 2 hours. This can be attributed to 1) the leak of the FNPs from MPs with incompletely
sealed pores (i.e., partially sealed pores) and ii) the release of non-encapsulated FNPs remaining
in the supernatant that have not been removed completely after encapsulation. However, when the
MP formulation was exposed to SIF, a significant increase in the fluorescence intensity was
observed over time, saturating within few minutes. This rapid release is due to the pH-triggered
opening of MP pores in the medium, demonstrating the concepted, pH-responsive MP-based oral
drug formulation.

To further support the experimental results, the time-dependent release behavior of FNP-
encapsulated MPs was analyzed using fluorescence microscopy. When FNP-encapsulated MPs
were subjected to pH 2.0 for 2 hours, they remained intact and FNPs remained encapsulated into
MPs, as shown in Figure 3.11. However, upon exposure to pH 7.1 or at a pH higher than the pKa
of the copolymer, MPs showed a rapid release of FNPs due to their pore opening in response to
pH change. These experiments indicate that the macropored MPs made of our anionic copolymers
can encapsulate model drugs, protect them from the acidic environments in the stomach, and
release them effectively in the intestine where the pH is higher than the pKa of the copolymer.
Therefore, this proves that intended targeted delivery of drugs/vaccines can be achieved by

synthesizing polymers of different pKa.
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Figure 3.11. Fluorescence microscopy images of FNPs encapsulated MPs subjected to simulated
gastric environments (pH 2.0) and simulated intestinal environments (pH 7.1) compared with the
control FNPs (100 nm)
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3.1.9. Preservation efficiency of lactase-encapsulated MP formulation

After the successful demonstration of encapsulation and release of model drug-
encapsulated MPs, B-galactosidase (lactase)-encapsulated MPs were prepared to evaluate i) the
preservation capability of MP formulation, indicative of therapeutic efficacy of the drug, and ii)
their potential applicability in treating patients with lactose intolerance. The encapsulation of FNPs
provided information about the release behavior of the MPs with a pH-responsive macropore.
However, these results do not provide meaningful information in terms of the functional activity
of encapsulated drugs in digestive conditions. Among several commercially available drugs,
lactase was selected as a biopharmaceutical drug in this work. Since the functional and structural
stability of lactase is sensitive to an acidic pH, it would lose its functional activity in gastric
environment and won’t regain its activity when exposed to neutral pH of intestine. Hence, it serves
as a perfect drug to be tested using our pH sensitive MPs. After the encapsulation of [-

galactosidase into the MPs, micro-BCA assay was conducted to find the concentration of proteins
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Figure 3.12. The relative remaining activity of the lactase-encapsulated into MPs subjected to GI

environments (pH 2.0 incubation for 2 hours and pH 7.1 incubation for 4 hours at 37 °C). The
positive control was lactase-encapsulated MPs in pH 7.1 for 4 hours at 37 °C. Remaining activity was
also measured from lactase in pH 2.0 for 2 hours at 37 °C and lactase in GI environments considering
to be negative control. (n=5)
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encapsulated and ONPG assay was performed to determine the preservation of lactase by
measuring remaining activity (see Fig. 3.12 and Fig. 3.13 for remaining activities of lactase and
BCA/ONPG assays, respectively).

Micro-BCA revealed the drug loading encapsulation efficiency of the microparticles: HC
14 (3.26 £ 0.19 pg/mg of MPs, HC 15 (11.47 £ 0.60 pg/mg of MPs) and HC 16 (25.57 + 2.53
pg/mg of MPs). For comparison of the efficacy of lactase formulations, we conducted ONPG assay
of the enzyme without MP encapsulation in acidic environments (incubation for 2 hours in SGF)
as negative control; in neutral environments (incubation for 4 hours in SIF) as positive control and
in GI tract (incubation in pH 2.0>7.1; 2 hr incubation in SGF followed by 4 hr incubation in SIF)
to confirm that lactase would not recover its functional activity. As shown in the Figure 3.12, the
enzyme without MP encapsulation exhibited a significant loss/almost all of its functional activity
after 2 hours of incubation in gastric environments (remaining activity: 5.4 + 0.3%). Similarly,
lactase after exposing to GI tract conditions, there was no significant remaining activity (remaining
activity: 4.42 + 0.68%). It is evident that unprotected lactase lost majority of its activity in gastric
environment and does not recover when transferred to intestinal environment. In contrast, lactase-
encapsulated HC 15 MPs after exposing to GI tract conditions (2 hours of incubation at 37 °C in
SGF, followed by 4 hours of incubation at 37 °C in SIF) exhibited about 76.7 + 5.21% of remaining
activity, which is significantly higher than lactase without MP formulation (i.e., lactase pH
2.0>7.1). Therefore, our results indicate that close-pored MPs in the gastric condition provided a
significantly higher level of protection to the encapsulated biopharmaceuticals, demonstrating
potential applicability of MPs with pH-responsive macropores in developing oral drug

formulations.
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(b)

Figure 3.13. (a) Micro BCA assay plate after incubation at 37 °C for 1 hour. (b) ONPG assay plate

after incubation at 37 °C for 1 hour for calculation of protein concentration and remaining activities
of lactase respectively.

3.2. Discussion

pH-sensitive polymeric MPs were designed for target-specific intestinal delivery by
overcoming the commercially available polymers/delivery systems. It has been previously studied
about the synthesis of poly (MMA-co-MAA) with different pKa values [°*8). However, the fact that
these synthesized polymers encapsulating biopharmaceuticals and protecting them from harsh
environments has not been extensively researched on. Previously in our group, Ankit et al. have
researched and discovered a new microencapsulation of biopharmaceuticals using commercially
available polymers and have been successful in demonstrating preservation and encapsulation of
drugs. In this work, we extended the research to synthesize a library of anionic copolymers with
different pKa values, which can further be used for target-specific delivery of different kinds.

Free-radical polymerisation was employed to synthesize poly (MMA-co-MAA)

copolymers. The structure and composition of copolymers were investigated by FTIR and NMR.
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Using results from FTIR, it was analysed with increase in mol% of MAA in the copolymer, there
was a significant increase in the peaks in the range 2500 to 3500 cm™'. The copolymer compositions
were calculated using the spectra obtained from proton NMR and the molecular weights by GPC.
In this work, pH-responsive copolymeric MPs with macropores were fabricated and methods were
employed to successfully encapsulate biopharmaceuticals by freeze-drying process through pore
closure. We also conducted ONPG analysis to determine the remaining activity of the enzyme
after exposing the real drugs encapsulated in MPs to simulated gastric environments followed by
their release in the intestine. The production of MPs with macropores were confirmed by SEM
analysis. Further, they were then subjected to freeze-drying which induced the closure of pores as
proven by SEM analysis. While the detailed mechanism has not been studied, pore-closure might
be associated with intra-mass transfer in polymeric MPs without damaging the hollow interior %1,

The successful closure of the MP pores enabled the application of the MP-based oral drug
formulation by protecting the ingredients in the harsh gastric environments. In addition to pore-
closure, they tend to open pores at near neutral pH (above its pKa), making them not only protect
the drugs form the harsh gastric environments but also releasing them at target-specific sites in the
intestine. As a result, lactase-encapsulated MPs from different batches were effective and efficient
in protecting lactase and preserving its activity in pH 2.0, leading to almost 17 times higher than
lactase without MP encapsulation in the GI tract. In this work, digestive enzymes were not used in
preparing SGF and SIF due to the difficulty of separating lactase from the lactase-digestive enzyme
mixture. Importantly, the presence of digestive enzymes would interfere with BCA and ONPG
assay results. While not performed in this work, it is expected that our polymer would behave in a
similar way in simulated digestive conditions with digestive enzymes such as pepsin and

pancreatin.
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In conclusion, the pH-sensitive MPs fabricated using different pKa polymers provides
solutions to improve control over pH-dependent release of drugs at the targeted sites. Considering
the major technical challenges of oral drug delivery, our MPs can be used as a potential alternative
to the current delivery systems. Further, by encapsulating mucolytic enzymes into MPs as
researched previously by Bahman et al, we can even increase the adhesion and penetration of drugs

through the mucous layer at the targeted sites.
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4. Results and discussion (Microneedles)

4.1. Fabrication of CNC microneedles

Figure 4.1 shows SEM images of the first generation PDMS molds. It clearly shows the
formation of conical needle structures, as evidenced by the cavity of microneedles in the PDMS
mold (low-magnification: Figure 4.1(a), high-magnification: Figure 4.1(b)). The PLA replica has
been fabricated using the high quality PDMS molds (see Figure 4.2 for the bright field microscope
images and Figure 4.3 for SEM images, respectively). PLA replicas were cast from PDMS
molding, and the length and base diameter of the needles were measured to be 400+20 um and

300+15 pm, respectively.
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Figure 4.1. PDMS negative molds observed under SEM. (a) 10%10 structure of the entire negative
PDMS molds. (b) Zoom-in image of a microneedle structure

Formulations composed of CNC along with the model drug (FNPs) in trehalose + CNC
were used to make CNC microneedle patch from PDMS molds (see Figures 4.4 (a)-(c) for SEM
images, Figure 4.4(d) for optical microscope images, and Figure 4.4(e) for fluorescence

microscope images). SEM and optical microscopy analysis confirm the fabrication of quality CNC

53



microneedles (sharpness: 16+2 pum) with a clear precision with 400+20 um in length without any

significant defects on their surface.

200 um

Figure 4.2. The bright field microscopy images of the PLA positive molds replicating the aluminum
master made from first generation PDMS negative molds by micromolding process.

54



(a)
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(c)

— 40 um

Figure 4.3. SEM images of PLA microneedles synthesized by micromolding process from first
generation PDMS mold, 55X (a), 150X (b), and 350X (c).
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Figure 4.4. CNC microneedles fabricated by micromolding process. (a), (b), (c) SEM images of CNC
microneedles fabricated from PDMS molds of different magnifications. (d) Optical microscopy

images of CNC microneedles. (e) Fluorescence microscopy images of FNPs (100 nm)-encapsulated
CNC microneedles

56



4.2. Studying the viscosity of formulations

Different concentrations of CNC formulations were prepared for their application to the
fabrication of microneedles. It has been reported that crystallization and phase-separation of

93] In order

microneedle formulation play a critical role in destabilization of biopharmaceuticals
to maintain the stability of the vaccines during fabrication and storage of drug-encapsulated
microneedles, our goal was to control the viscosity of the formulation and thus to suppress the
phase-transformation of the sugar-based solid microneedles P As expected, with higher
concentrations of cellulose nanocrystals, the viscosity of the microneedle formulations kept
increasing (see Table 4.1). From the conducted experiments, the control formulation (trehalose +

CMC) exhibited viscosity around 5.53 + 0.7 cp. As shown in the Table 4.1, it is observed that

0.75% (w/w) CNC formulation had similar viscosity to the control formulation.

Table 4.1. Different formulations and their respective viscosities measured by rheometer

Sample condition Viscosity (cp) +SD

Control (15% Trehalose+0.5% CMC) 5.53 0.7
15% Trehalose + 0.1% CNC 2.13 0.8
15% Trehalose + 0.25% CNC 2.32 0.5
15% Trehalose + 0.5% CNC 3.86 0.4
15% Trehalose + 0.75% CNC 5.14 0.6
15% Trehalose + 1% CNC 9.16 0.5

15% Trehalose + 2.5% CNC 64.52 4.6
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4.3. Minimum force required for insertion of microneedles into pig ear skin
As the microneedles were fabricated to deliver biopharmaceuticals/vaccine to animals
(such as pig), we investigated the minimum force required to insert the microneedles into pig tissue
sample. The pig ear tissue was isolated and kept on a flat base. The moving end had 400 um PLA
molds attached using epoxy glue. The rheometer test geometry was set to move axially downwards
at 2 um/s for the needles to get in contact with the tissue. As shown in Figure 4.5, it is evident that

the minimum force required for insertion of the microneedle patch is approximately 7.8 £ 0.4 N.
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Figure 4.5. The graphical representation to determine the minimum force required for insertion
through the pig ear tissue by 10x10 microneedles of 400 um length.

4.4. Mechanical strength analysis

Force vs. displacement graph was recorded from the software linked to the rheometer to
measure mechanical strength of CNC microneedles. For each microneedle patch, the rheometer
pressed an array of microneedles against a rigid metal surface as shown in Figure 4.6. It was
observed that the force suddenly dropped on needle failure. The maximum force applied

immediately before its drop was interpreted as the force required for microneedle failure. The
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CMC backing is brittle after drying causing the backing to break before the needles getting
compressed/break. The data were discarded if the backing shattered instead of the needles being
damaged. As shown in Figures 4.7 and 4.8, the conventional sugar-based microneedles (i.e.,
trehalose + CMC formulation) exhibited 3.6 + 2.2 N as the breaking force, which is smaller than
the minimum force required for penetration through pig skin tissue. However, CNC-based
microneedles showed greater mechanical strength compared to the control microneedles. For
example, 0.05% (w/w) CNC microneedles had about 9 N, which was higher than the minimum
force required for insertion and almost two-fold increase of mechanical strength compared to the
control microneedles. It was further observed that with the increase in concentration of CNC in
the microneedles, the mechanical strength also increased until it started saturating from 1% (w/w)
to 2.5% (w/w) CNC microneedles, as shown in the Figure 4.8 and Table 4.2. This proves that CNC
microneedles have higher mechanical strength than control microneedles and higher failure force
than the minimum force required for insertion into pig skin tissue. It should be noted that the 0.75%
(w/w) CNC microneedles exhibited the failure force 23 £ 4 N which is significantly higher than
the minimum force required to pierce through the skin tissue.

Most of the microneedles were compressed after mechanical strength tests. Figure 4.9(a)
shows the microneedle image before mechanical strength tests, while Figures 4.9 (b), (c), (d), (e),
and (f) show the images after mechanical tests. As shown in the optical microscopy images, the
microneedles were clearly bent/smashed in account with the force applied by a rheometer, which

is consistent with SEM images (Figures 4.9 (b)-(f) and 4.10).
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Figure 4.6. The image of the HR 2 rheometer by TA instruments used for characterisation of the
failure force of microneedles
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Figure 4.7. Mechanical force versus gap (displacement) data for different wt% of CNC
microneedles. The point at which the force suddenly drops is considered the failure force for the
microneedles.
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Figure 4.8. The range of mechanical strength of CNC microneedles.

Table 4.2. Failure force of microneedle patch with different amounts of CNC. With increase in
concentration of CNC the needles tend to have higher mechanical strength.

CNC (wt%) Failure force (N) +SD
0 3.62 2.12

0.05 8.94 3.23

0.1 11.02 2.45

0.25 14.05 2.34

0.5 20.12 1.94

0.75 22.25 3.15

1 24.21 2.11

2.5 28.26 3.21
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(b

Figure 4.9. (a) SEM of CNC microneedles before mechanical strength tests. (b), (c), (d), (e) and (f)
are the SEM of CNC microneedles after mechanical strength analysis. The needles are shattered,
broken completely or compressed.
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mmm 400 um = 400 um

Figure 4.10. (a) Optical microscopy image before mechanical strength analysis. (b) Compression
and breaking of needles after mechanical strength tests of the microneedles.

From the measured mechanical properties of microneedles, the 0.75% (w/w) CNC
microneedles were predicted to be strong enough to penetrate the pig skin tissue. In addition, the
measurement of a similar level of viscosity as the control microneedle formulation would
effectively prevent phase transformation-induced destabilization of microneedle drugs/vaccines
based on the previous report °!l. While high viscosity can be effective in suppressing phase
transformation, it should be noted that the CNC formulation cannot provide protection to the solid
microneedles against ambient moisture, which is critical for the long-term and environmental
stability of microneedles. Considering the importance of a protection against moisture, we came
up with an idea of forming a moisture-proof coating on to the surface of microneedles using an
anionic pH-sensitive copolymer, i.e. Eudragit S100. To this end, coating thickness was varied by
controlling the coating time of the spray station (i.e., 1, 2, 5, and 10 sec), and thus 0.75% CNC
microneedles with four different thick protection layers were fabricated.

Figure 4.11 shows that with the increase in time, the thickness of the polymer on the CNC
microneedles kept increasing. Optical microscopy images show that a uniform protection layer

was formed on the surface of the microneedles at coating times < 10 sec (Figure 4.12). Although
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environmental stability test has not been performed in this work, it is reasonable to assume that
thicker coating would better protect moisture-sensitive interior microneedle drugs/vaccines. Also,
protection layer may further increase mechanical strength of the microneedles compared to that of
the control microneedles. To this end, mechanical tests have been performed to characterize the
effects of protection coating on the failure force of microneedles. As expected, the failure force of
the microneedles increased with increasing polymer coating thickness (or time) (see Figures 4.13
and 4.14, and Table 4.3). From the analysis of the force vs displacement curves, a significant

increase in the strength of CNC microneedles was observed from coating times > 2 seconds.
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Figure 4.11. Relationship between thickness of the protection layer and coating time. * Thickness
was not consistent.
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5 seconds

10 seconds

Figure 4.12. Optical microscopy images of the 0.75% CNC microneedles before and after coating
with Eudragit S100 polymer by spray coating of different time exposures.
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Figure 4.14. Axial force vs. coating time. The failure force increases with increase in the exposure
of time during spray coating process

Table 4.3. Axial force vs. coating time

Time coated (s) Failure force (N) +SD
Non-coated 22.25 3.15
1 23.2 1.78
2 23.87 3.8
5 28.66 3.72
10 33.53 3.157
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4.5. Insertion of microneedles into pig skin tissue

The 10x10 array of 0.75% CNC microneedles were inserted gently into the skin by
compression with a thumb. They were held onto the skin for 10-15 seconds. The tips of the needles
have been dissolved as soon as they were inserted into the skin, indicating the rapid dissolution of
the CNC formulations in the skin (Figure 4.15). After removing the microneedle patch, the skin
was treated with a tissue marking dye (stained for 5 minutes), followed by cleaning with
isopropanol to remove unreacted dye on the tissue surface (Figure 4.16). The observation of the
dye-stained markings on the skin demonstrates the successful penetration of the microneedles into

the pig skin tissue (Figures 4.16 (d) and (e)).

— 400 pm

Figure 4.15. Optical microscope image of 0.75% CNC microneedles after pig skin insertion test. The
needles are dissolved while the backing remaining intact.
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Figure 4.16. Insertion of 10%10, 0.75% CNC microneedles into pig skin tissue. (a) Pig skin before
insertion of the microneedles, (b) Pig skin after insertion of microneedles, (c) after staining tissue
marking dye, and (d, e) after cleaning- the unreacted dye on the skin surface.

70



4.6. Discussion

A novel microneedle formulation with CNC was proven to exhibit good mechanical
strength in this work. There have been several studies and research done to fabricate polymeric
microneedles for transdermal applications >34 however the main concerning factors are
mechanical strength and long-term stability of microneedles. The mechanical strengths of the
fabricated polymeric and sugar-based needles are not strong enough to penetrate the skin [1°!, To
overcome these challenges, we proposed an idea of CNC microneedles with a protection coating.
Compared to microneedles made of sugar + CMC formulation, CNC microneedles exhibited 7-
fold higher mechanical strength. The compatibility of CNC with biopharmaceuticals has not yet
tested in this work. However, it was observed that the microneedles with 0.75% (w/w) CNC
showed 3-fold higher failure force than the force required for insertion into the pig skin.
Furthermore, CNC microneedles with a protection coating using anionic copolymer were proven
to increase mechanical strength of the microneedles. Importantly, the long-term stability under
controlled environmental conditions have not been investigated yet. As such, we would further
perform long term stability tests using drug/vaccine-encapsulated microneedles to further evaluate
the performance of the CNC microneedles with a protective coating. In spite of the need of further
research, we believe that CNC microneedles coated with a protection layer could resolve major

technical challenges for general application of microneedle technology to humans and animals.

71



5. Conclusion and Future work

In this work, we have demonstrated that pH-sensitive anionic copolymer can be used to
solve technical problems in developing universal oral and transdermal drug delivery systems. To
this end, we were able to synthesize anionic pH-sensitive copolymers by free radical
polymerisation with different pKa values, which could be used for developing intestine-targeted
oral drug formulations based on the microparticles with pH-responsive macropores. We were also
able to develop CNC-incorporated microneedles with a protective anionic copolymer coating,
which were proven to increase mechanical strength. This can enable the development of universal
transdermal drug delivery systems, which can be even applicable to animals with thicker and
stronger skins. Lastly, for successful implementation of current project, the following research
must be performed in the future.

A. Anionic copolymer microparticles with a pH-responsive macropore

- Encapsulation of Influenza vaccine

- Pore closure- mechanism studies

- Vaccine preservation and environmental/long-term stability tests with formulations

- Invivo drug release mechanisms

- Long-term storage stability tests

B. Anionic copolymer-coated microneedles

- Pig skin penetration tests

- Time-dependent release of FNPs and real drugs depending on the type and source of

tissues

- Influenza vaccine encapsulation and release tests
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- Vaccine stability with CNC formulations

- Environmental/Long-term storage stability tests
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