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1 CHAPTER | INTRODUCTION

1.1 INTRODUCTION

Drug administration through the skin has been utilized to target the epidermis,
dermis, and deeper tissues and for systemic distribution. The stratum corneum is the
principal barrier to drug transport through the skin, with most transport happening

through the intercellular layer *

. Microneedle technology is promising for the
transdermal administration of therapeutic proteins because it allows macromolecules
to penetrate through the stratum corneum 2. Microneedles differ from the more
typical subcutaneous injection procedure in that they are painless, do not generate
medical waste, may be self-administered, and do not require expert application °.
Microneedles made of biodegradable or dissolving polymers have attracted much
curiosity in recent years “®. Drugs can be effectively delivered into the skin using
microneedles consisting of hyaluronic acid (HA) L. carboxymethyl cellulose (CMC) 8

polyvinyl alcohol (PVA) °, polyvinyl pyrrolidone (PVP) '°, and maltose

11.
Nevertheless, these microneedles disintegrate fast when they come into touch with
moisture in the skin, which causes speedy drug distribution 2. Extended drug release
may be possible using biodegradable microneedles composed of poly-L-lactic acid
(PLA) 1%, or copolymer poly(lactic-co-glycolic acid) (PLGA) **.

Chitosan-based delivery methods have benefits over other hydrophobic

polymers such as PLGA for the encapsulation of biopharmaceuticals since it does not

require organic solvents. It degrades between weeks to months > ' Chitosan -



(1—4)-linked D-glucosamine and N-acetyl-D-glucosamine is a family of molecules
with variations in their composition, size, and distribution of monomers rather than a

single polymer with a well-defined structure '.

Chitosan's  biocompatibility,
degradability, and nontoxicity have made it a popular drug delivery material.
Chitosan matrix swelling and disintegration can release drugs contained in chitosan
carriers, producing sustained-release action '* ', Its safety as dietary supplements or
medication carriers has been proven in animal and human models '* ', Chitosan is a
biocompatible polymer that is often utilized in delivery methods to help the
formulation's wound-healing benefits '°. Creating an aqueous chitosan solution under
mildly acidic conditions is simple by protonating its amino groups, which will give it
positive charges *'.

It is still difficult to degrade insoluble natural polysaccharides with highly
organized structures, such as cellulose and chitin. It has been observed that chitosan
can be hydrolyzed enzymatically by amylases, hemicellulases, pectinase, and
hyaluronidase. Although these enzymes have been proposed for the production of
low-molecular-weight chitosan LMWC and chitooligosaccharides COS from chitosan,
little is known about their mechanism of action %°. Chitosan and hyaluronic acid have
similar structure therefore hyaluronidase mediates the enzymatic degradation of
chitosan. The breakdown of chitosan in tissue by hyaluronidase has been

investigated. This enzyme has been utilized to break down hyaluronic acid in tissue.

It cleaves the glycoside bond 2.



Chitosan microneedles are a type of microneedle that is made from chitosan,
a biodegradable and non-cytotoxic material?. Chitosan microneedles have been
shown to be effective for transdermal delivery of drugs®. They have also been
shown to be effective for sustained release of drugs®.

According to a study published in the Journal of Controlled Release, chitosan
was selected as the microneedle material because of its non-cytotoxic and
biodegradable properties and its immune-stimulating activity that can enhance
humoral and cellular responses?. Another study published in the Journal of
Pharmaceutical Sciences found that chitosan microneedles have the sufficient
mechanical strength to be inserted in vitro into porcine skin at approximately 250
m in depth and in vivo into rat skin at approximately 200 Jim in depth'?.

Here, we detail the creation of two novel polymer blended systems chitosan-
PVP and chitosan-PVA that allow for straightforward modulation of drug release. The
blends were also used to demonstrate microneedle fabrication and the mechanical
properties of the resulting microneedles. The work covers the specifics of modifying

the chitosan: PVP and chitosan: PVA ratios to achieve varying drug release rates.



1.2 Literature Review

1.2.1 Drug Delivery

Drug delivery is an extensive field of research that focuses on the
development of the carrier systems for effective therapeutic administration of drugs
#_ Since the development of medical application systems, a variety of drugs are
being administered through a variety of conventional drug delivery dosage forms to
treat a variety of diseases. These dosage forms include solutions, lotions, mixtures,
creams, pastes, ointments, solutions, powders, suppositories, injections, suspensions,
pills, immediate-release capsules, tablets, etc. **.

Some of the traditional dosage forms are currently utilized as major drug
delivery products. However, they may not always provide the optimal therapeutic
responses. To overcome this limitation and enhance safety, efficacy, and patient
compliance, pharmaceutical companies are actively exploring novel drug delivery
systems. By incorporating these innovative approaches alongside existing medicines,
the aim is to significantly improve treatment outcomes while minimizing side effects.
Some examples of these advanced drug delivery systems with remarkable
therapeutic potential include oral controlled release systems, fast dispersing dosage
forms, liposomes, taste-masking systems, transdermal patches, aerosols, site-specific

delivery systems, and etc. %.



1.2.2 Transdermal and Intradermal Drug Delivery (TDD and IDD)

TDD is a painless method of systemic drug delivery that involves applying a
drug formulation to healthy, undamaged skin. The medication first goes through the
stratum corneum and then deeper layers of the epidermis and dermis. The
drug becomes available for systemic absorption when it enters the dermal layer
through dermal microcirculation ?°. Despite the numerous advantages, transdermal
delivery of drugs is restricted to a few compounds with specific physicochemical
features. the drug should ideally have a molecular weight of less than 500 Da and a
log P less than 2-3 ?'. The main barrier to transdermal penetration is the stratum
corneum. As a result, several technologies have been developed to penetrate the
stratum corneum and increase skin permeability. lontophoresis, sonophoresis,
magnetophoresis, electroporation, and laser-microporation are among the types of
the penetration technologies “**°. These approaches have significant applications and
economic constraints. To address the issues associated with transdermal delivery,
traditional drug delivery techniques such as intradermal injections are now being
used. However, intradermal injections have restrictions such as needle injuries, fear,
and the necessity for highly trained personnel, which raises the cost of delivery.

IDD is another type of drug delivery. IDD entails injecting a material straight
into the dermis. This technique is frequently applied to immunizations or certain
drugs that the skin may absorb. IDD delivery can be challenging to learn as it needs

specialized training and might not target the skin properly, causing leakage or delivery



to subcutaneous tissue instead of the skin. Intradermal drug delivery targets the dermis

whereas transdermal drug delivery targets systemic drug circulation via dermis.

Microneedles are used for both transdermal and intradermal drug administration’®.
Microneedle drug delivery addresses the constraints of the two traditional
dose forms **. The method has been developed to deliver not only small molecules

3 but also various macromolecules **, cosmeceuticals *’, and micro/nano-particles *.

1.2.3 Microneedles

Microneedle arrays are micron-sized needles that go through the stratum
corneum, the skin's basic barrier, to administer treatment via the skin. Microneedles
range in height from 50 to 900 microns (Figure 1) and are made from a variety of
metals, silicon, and polymers The insertion of microneedle patches into the skin
creates minute aqueous pores that allow medications to diffuse to the epidermal
layer of the skin *°. The idea of microneedles was developed decades earlier, but it
was not researched widely until the mid-1990s. Microneedles, as opposed to
hypodermic needles, are more patient-friendly because they are painless and can be
delivered by the patient. Microneedles are so small that they can administer
practically any drug or small particle composition but are not lengthy enough to

induce discomfort during administration “.
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Figure 1. (A & B) Stereomicroscopic image of a dissolving microneedle array patch

1.2.3.1 Microneedle Classification

Microneedles can be generally categorized based on their delivery profile or

the substance utilized in their production.

1.2.3.1.1 Based on Variations in Drug Delivery

Microneedles are characterized as solid, hollow, dissolving, or coated (Figure

2).

(a) SOLID (b) COATED () DISSOLVING (d) HOLLOW
MICRONEEDLE ~ MICRONEEDLE MICRONEEDLE MICRONEEDLE

3=STRATUM CORNEUM

+=>EPIDERMIS

{== DERMIS

Figure 2. Types of microneedles “'.
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1.2.3.1.1.1 Solid Microneedles

This microneedle construction is intended to penetrate the stratum corneum
to promote medication administration to the dermis and kinetic transport across the
skin *2. Solid microneedles, which are inserted and removed to generate micron-
scaled pores on the skin's surface, can be utilized as a skin pretreatment. As
microchannels are formed, they operate on a 'poke and patch' basis. These
microchannels improve medication permeability by allowing formulations to diffuse
directly into the skin layer. Micropores created by microneedles persisted on rat skin
for at least 72 hours following treatment when held under occlusive conditions, such

as occlusive tape ** *

The micropores closed quickly after microneedle
administration in the absence of obstruction. The microchannels formed by solid MN
healed quickly within 2 hours, ensuring the lack of subsequent infection “*. The
‘scrape and patch' method is a variation on the traditional solid microneedle
procedure in which microneedles, microprojections, or microblade are scraped across
the skin to create micro-abrasions. On these microprojections, drug solutions
contained within a patch are subsequently placed *. Another option is to use a
roller with solid microneedles that pierce the stratum corneum many times as it
spins on the skin. Based on this premise, commercially marketed Derma-rollers are

utilized for skin pore opening therapy *. Ita et al. (2015) investigated the use of

cylindrical surface Microneedle Systems to deliver medications for high blood
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pressure. Transdermal flux values were found to rise 5 to 8 times after microneedle

roller treatment of porcine skin *.

1.2.3.1.1.2 Hollow Microneedles

Hollow MNs have been produced using ceramics, metal, silicon, and glass,
with an empty cavity inside each needle and a bore on the needle tip. As a result,
medication solutions in microvolumes can be injected into the skin *. The most
significant advantages of this type of MN are that it has a greater drug delivery
capability than solid, coated, and dissolving MN arrays ¥ where chemicals, proteins,
vaccines, and oligonucleotides can be administered through the skin " *. In terms of
restrictions, it has been noted that blocking the bore in needle tips with skin tissue
during insertion. This problem, however, can be overcome by retracting the MN array
and/or positioning the bore on the side of MN. Furthermore, precise manufacturing
processes such as lithography, etching, microelectromechanical system (MEMS),

and 3D printing are required for the fabrication of hollow MN arrays (Figure 4) *.

Hollow microneedles

Drug / Vaccine delivery Monitoring purposes
@ ® o
e® 00 o
OO g ® o0 00 a
o 990900

g e e 'aﬁrér@

.Intersiiu'al fluid

Figure 3. Hollow microneedles *.
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1.2.3.1.1.3 Coated Microneedles

A coated microneedle is made up of a sharp, solid-core microneedle
structure with a solid film coating that contains the active ingredient and water-
soluble inactive excipients *°. The water-soluble excipients not only support with the
microneedle coating process, but they also catalyze the film's removal from the
microneedle surface. When a drug-coated microneedle gets inserted into the skin,
the coating comes into contact with the interstitial fluid. Contact with these aqueous
medium aids in the dissolution of the water-soluble excipients in the microneedle
coating, causing the coating to separate from the microneedle surface. It is only
crucial that the coating separate from the microneedle surface before the
microneedles are withdrawn from the skin; the substance left behind can dissolve
completely over time. Coated microneedles can be utilized to deliver coated
payloads to tissues along with skin (Figure 4) °'. Ma et al. (2018) coated solid MN with
dispersed lidocaine in a polyethylene glycol matrix and found that it delivered

significantly more than a commercial product *%
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r— Microneedle
inaerlid o Coating Remove S Some drug remains
el and ’ on the microneedle
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Coating w .
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Drug delivered
in the skin

Fisure 4. Schematic of coated microneedles principal *'.

1.2.3.1.1.4 Dissolving Microneedles DMs

Dissolving microneedles have recently been tested for noninvasive
transdermal immunization, patient monitoring, and diagnostic applications >* **.
Dissolving microneedles are made by encapsulating the medication in biodegradable
polymers. After piercing the stratum corneum, the polymer that makes up the
needle shape degrades, releasing the incorporated medication (Figure 5). Due to the
nature of their method of action, dissolving microneedles can solve a number of the
problems associated with solid microneedles since they require no more

manipulation after insertion. The advantage of making microneedles dissolve

beneath the skin is that it essentially lowers the possibility of injuries from needle
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sticks after application *°. Maltose, polyvinylpyrrolidone, chondroitin sulfate, dextran,
hyaluronic acid, and albumin are examples of water-soluble materials used to make
DMs, which can be applied to the skin with a finger to transport medication
molecules **. The materials that are utilized to make dissolving microneedles are
inexpensive, readily accessible, and don't require difficult processing conditions like

high temperatures °°

. They dissolve fully in the skin and don't leave any
biohazardous sharps tips behind after use because they are created from
biocompatible and water-soluble components like sugars and cellulose derivatives
>’ 'When DMs penetrate tissues in the body, they typically become softer and
dissolve, avoiding injury from the mechanical forces of application *®. In comparison
to silicon and metal needles, dissolving microneedles are more beneficial. /n vivo
breakage of silicon and metal microneedles is possible *°. DMs are also effective
because they are created to deliver a variety of medications, are simple to use, and
are inexpensive ®°. Detachable dissolvable microneedles (DDMNs), which provide fast

(1-2 min) detachment of needles from the base by fabrication of DMNs with water

penetrable layer, have also been developed and produced by our lab ®.
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Figure 5. Schematic of dissolvable microneedles principal

1.2.4 Chitosan CS

Chitosan is a linear polysaccharide composed of randomly distributed B—
(1—4)-linked D-glucosamine (Figure 6). Chitosan is insoluble in water at neutral and
basic pH but it is soluble in acidic conditions. Acetic acid (AA) and trifluoroacetic acid
(TFA) have been used to dissolve chitosan % %% |n another method, Xie, H. et al.
dissolved chitosan by using ionic liquid 1-butyl-3-methyl-imidazolium chloride
([Bmim]CL) as a solvent. They found that the ionic liquid cannot entirely break down
the crystalline domains of chitosan and can only produce a partly dissolved solution,

% It is still difficult to degrade insoluble natural

this does not affect its usage
polysaccharides with highly organized structures, such as cellulose and chitin. It has
been observed that chitosan can be hydrolyzed enzymatically by amylases,
hemicellulases, pectinase, and hyaluronidase. Although these enzymes have been
proposed  to produce low-molecular-weight  chitosan LMWC  and
chitooligosaccharides COS from chitosan, little is known about their mechanism of

20

action El. Kulish atal. studied the degradation of chitosan in tissue by

hyaluronidase. This enzyme has been used to degrade hyaluronic acid in tissue. It
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cleavages the glycoside bond. Chitosan and hyaluronic acid have similar structure

therefore hyaluronidase mediates the enzymatic degradation of chitosan %!

OH
NH,
TO 0 HO [
HO s-O 'e)
NH,
OH n

Fisure 6. Chemical structure of chitosan %
Numerous enzymatic degradation investigations have discovered evidence
that the order of glucosamine and N-acetyl glucosamine units, or the block or

random distribution of polymeric units, affects lysozyme breakdown (Figure 7) %

OH OH a {
SH k__ ] ':Lr " <
— D OH -
o S0 o= 5"‘{’1 — ” 0 O :.:'.;m’
- H}W_HD N”I-.: RO i,
2 z 2

Figure 7. Reaction mechanism of lysozyme breaking B(1—4) glycosidic bonds in
polymeric chitosan.

Chitosan's degradation is influenced by its molecular weight and level of
deacetylation. N-acetyl-D-glucosaminidase first breaks down low- and high-molecular-
weight chitosan down to monomers, which is followed by renal clearance. While the
high molecular weight chitosan is broken down into tiny pieces by proteases, it also
travels through renal clearance. According to in vivo research, chitosan breaks down
into straightforward, non-toxic components like oligosaccharides that are simple to

get rid of (Figure 8) %%,
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Figure 8. Enzymatic degradation pathway for chitosan: chitosan is obtained from
chitin deacetylation by the enzyme chitin deacetylase. Chitin is also degraded by
the enzymes chitinase and lytic polysaccharide monooxygenases to units of N-
acetyl-D-glucosamine, which are further degraded by chitin deacetylase and
chitooligosaccharides deacetylase to D-glucosamine units. Majority of the chitosan is
degraded by lysozyme to glucosamine byproducts. In a parallel pathway, chitosan
is also degraded by chitosanase and exo—],4—3—D—glucosaminidase to glucosamine
byproducts .

1.2.4.1 Chitosan Microneedles Literature Review

D.A. Castilla-Casadiego, et al. fabricated chitosan microneedles to deliver
meloxicam. Chitosan was dissolved in an acidic medium using acetic acid at different
concentrations of 90, 50, and 10% (v/v). 1 gram of chitosan has been dissolved with
the previous concentration of acetic acid. Then chitosan has been mixed with

meloxicam to fabricate microneedle. They found that One patch released a drug
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concentration of 3.57 x 107> Mol/M’ in the skin per week, which represents 26.2% of
what is needed for pain management in cattle, established as 1.43 x 10-4 mol/m? ®'.

In their paper in 2022 C. Ryall et al. fabricated chitosan-PVA hydrogel
microneedles for dermal delivery of Centella Asiatica. Two types of microneedles
have been fabricated: type | consists of (12% w/w PVA and 0.4% w/w chitosan) and
type Il consists of (2% w/w chitosan and 11% w/w PVP). From the optimization of the
microneedles, CS/PVP patches showed the most desirable characteristics. They
found that the mean percentage of drugs released by Type | microneedles was
51.12%; in contrast, the mean percentage of drugs released by Type Il microneedles
was 25.60%. Both had favorable release characteristics, with an initial rapid release
followed by a longer-lasting release over a period of 48h. Rapid release may quickly
reach therapeutically efficacious levels for a topical administration device like
microneedles .

In another paper, Yu-Hsiu Chiu et.al. fabricated a dissolvable microneedle
consisting of hyaluronic acid HA and chitosan to deliver single-dose vaccination. They
prepared two layers of dissolving microneedles. The first layer consists of HA and the
second layer consists of chitosan. Results revealed that OVA produced from the HA
tips disappeared from the insertion site as the FITC-OVA signal rapidly decreased and
became undetectable within a week. Because HA is hydrophilic, it can easily dissolve
in the skin and perhaps generate a thick HA gel where it is inserted. The Texas Red

OVA's fluorescence intensity gradually diminished over the course of 28 days but
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remained detectable, showing that the chitosan base can keep the antigen at the
delivery site for up to 4 weeks of sustained antigen exposure. Fig.9. . In their paper
in 2019, Chandrasekharan, A. et.al. fabricated chitosan microneedles. The water-
soluble chitosan was prepared by acid hydrolysis with trifluoroacetic acid (TFA).
Overall, these results indicate that the chitosan MN demonstrated appropriate
mechanical characteristics for skin insertion while also exhibiting delayed dissolving
behavior in wet conditions. Chitosan MN patches loaded with rhodamine B, a model
hydrophilic medication, had sustained release kinetics for more than 72 hours and

were proven to be biocompatible .
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Figure 9. In vitro OVA release from the HA tip and the chitosan (CS) base *
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1.3 Objective

This research focused on developing chitosan blended with PVP and PVA to
fabricate microneedle patches for transdermal and intradermal drug delivery.
Mechanical strength, and penetration ability (using ex vivo porcine ear skin) have
been studied. Loading of hydrophobic and hydrophilic drug in the obtained

microneedle and In vitro drug release also demonstrated.
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2 CHAPTER Il EXPERMINTAL

2.1 Materials and Chemicals

Chitosan (deacetylated 85%), MW 30,000 was purchased from Seafresh
Chitosan (lab) Co. Ltd. Thailand; Poly (vinyl alcohol) (PVA), MW 95,000;
Polyvinylpyrrolidone (PVP) MW 40,000 were purchased from Sigma Aldrich. Glacial
Acetic Acid (AA) 99% and Sodium Hydroxide of analytical reagent grade were
purchased from Emsure Co. Curcumin MW 368.38 was purchased from ACROS Co.
Butterfly pea powder HQ was purchased from Tipco, Thailand Biotech Co. Ethanol
was purchased from Sigma Aldrich. Polydimethylsiloxane molds (PDMS): (1.6 cm in
diameter, containing 277 needles arranged with a tip-to-tip distance of 1150 um;
each needle is nail-shaped with 350x350x360 pm? (WxLxH) square column and 500
um high of the square pyramid on the top) Figure 10. The mechanical properties
were measured by universal testing machine UTM, Shimadzu EZ-S, Shimadzu
Corporation, Tokyo, Japan. The penetration ability was measured by using

commercial porcine ear skin.
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Figure 10. schematic diagram a) the dimension of the mold, b) dimension of the

needle

2.2 Preparing the Microneedle Matrix

For the microneedle matrix, chitosan powder was dissolved in a 0.2 M
aqueous solution of acetic acid to obtain a 3% (w/v) chitosan solution. The obtained
viscous chitosan solution was then neutralized by adding drops of 0.5 M NaOH after
that dialyzed at room temperature against deionized (DI) water with several water

exchanges to remove excess acetic acid and salts (final pH approximately 5).

2.3 Fabrication of Chitosan- PAA, HA, PVA, PVP, Trehalose and Sucrose

6% (w/v) of chitosan solution mixed with 9% (w/v) of polymers and sugars.

The mixing of chitosan solution with polymers and sugars is shown in Table 1.
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Table 1: the amount of materials for the preparation of chitosan/ polymers and

sugars solution

CS: polymers & mg of materials
Formations
sugars CsS Polymers and sugars
1 1:1 45 45
2 2:1 60 30
3 3:1 67.5 225

The fabricated needles touched by fingers to feel the needles and assess the

initial strength then observed by stereomicroscope to see the physical appearance.

2.4 Studying Mechanical Property

Mechanical compression tests were performed using a UTM. A microneedle
array was placed on a stainless-steel base plate's flat inflexible surface. An axial force
was applied by a moving sensor mount, perpendicular to the axis of the microneedle
array, at a constant speed of 66 mm/min ®. The initial distance from the tips of the
microneedle arrays to the mount was set at 1 cm. The force was measured when the
moving sensor touched the uppermost point of the microneedle array. The testing
machine subsequently recorded the force required to move the mount as a function

of microneedle displacement.

2.5 Drug-loading into Chitosan Microneedles

Curcumin was dissolved with ethanol to make 3% w/v as a stock solution and

mixed with CS: PVP and CS: PVA formulations to make 13% w/w as a maximum
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capacity of loading. Butterfly pea was dissolved with water to make 15% w/v as a
stock solution mixed with CS: PVP and CS: PVA formulations to make 33% w/w as a

maximum capacity of loading.

2.6  Skin Penetration (ex vivo) and Penetration Efficiency

The microneedle patches with drugs and without drugs were applied onto
the porcine skin. The porcine skin is sliced, and the depth of the needles observed
under the stereomicroscope. The height of the needles in the patch and the depth
of the needles in porcine skin have been measured to evaluate the penetration
efficiency. 102 patches contain 2040 needles have been studied for this experiment.
The results were analyzed with Excel and GraphPad Prism program. The penetration

efficiency was approved by measuring the p-value with ANOVA: single factor.

2.7 Drug Release in vitro

Briefly, needles with drugs were immersed in 100 ml PBS (pH 7.4) and a water
jacket was used to control temperature at 37 °C. The drug solution released was
acquired at predetermined time intervals (0, 0.25, 0.5, 01, 02, 04, 08, 12, 24, and 48
hours) through the sampling port and then measured using a UV machine where

curcumin absorb at 425 nm and butterfly pea 575 nm

2.8 Statistical Analysis

A comparison between the two groups was performed using ANOVA: single
factor using statistical software (Graph Pad Prism 9). Data presented as mean + SD. A

difference of P < 0.05 was considered statistically significant.
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3  CHAPTER Il RESULTS and DISCUSSION

3.1 Fabrication of Chitosan: PAA, HA, PVA, PVP, Trehalose and Sucrose

1- Chitosan with trehalose, sucrose, PAA, and HA

Table 2. the needles images of mixing chitosan with trehalose, sucrose, PAA, and HA

CS: polymers &
Formation Trehalose Sucrose
sugars
1 1:2
2 1:1
LR
3 2:1
et

Trehalose and sucrose have been mixed with chitosan individually. The

microneedle arrays showed weak, unpeeled, and high moisture needles Table 2.
That was attributable to the hygroscopic nature of sugars. HA and PAA blended with

chitosan showed a precipitate due to the difference of pka value at pH 5.0.

2- Chitosan with PVA and PVP
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PVP, PVA was mixed with chitosan in different ratios CS: PVA 1:1, 2:1, and 3:1
(mentioned in Table 3). Under the stereomicroscope, the arrays showed that the
needles were un-hollow, fulfilled and met the desired criteria. PVA and PVP with

chitosan are chosen for further investigation.

Table 3. stereomicroscopic images of mixing chitosan with PVP and PVA

Formulations 1:1 2:1 3:1

CS: PVP

CS: PVA

In the case of sugars, the results showed brittle needles when the chitosan
was the major component and sticky when the sugars were the major component.
The increased brittleness of microneedles, when more chitosan is added, suggests
that chitosan has a significant impact on the mechanical properties of the
microneedles. Chitosan is a natural polymer derived from chitin and is known for its
rigidity and strength. Therefore, an increase in chitosan content can make the

microneedles more brittle. The observation that microneedles became sticky when
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more sugars (sucrose and trehalose) were added suggests that sugars have a
plasticizing effect on the chitosan matrix. Sugar molecules are known to increase
polymers' flexibility and water absorption capacity. This can lead to increased
stickiness, especially in humid environments. The stickiness of microneedles could
impact their handling and storage. It might also affect their ability to pierce the skin
effectively if they adhere to the skin surface.

Blending chitosan with PVA and PVP showed good results. The increased
presence of chitosan in microneedle formulation likely played a significant role in the
transition from hollow to solid microneedles. Chitosan is known for its structural
integrity and rigidity. This transition may have occurred due to chitosan's ability to
form a solid matrix when it interacts with the other polymers (PVA and PVP) in the
formulations. Pure PVP microneedles have been fabricated as a control condition.
However, a notable issue was encountered during the fabrication process. The
microneedles were prone to breaking easily. Additionally, the microneedles faced

difficulties in detaching from the mold, possibly due to their brittle nature.

3.2 Drug-loading and Skin Penetration (ex vivo)

Two different drug models have been uploaded into the chitosan DMNs and
the penetration to the porcine skin has been studied to evaluate the penetration
efficiency and to study the effect of drug added on the penetration efficiency (Table
a4)
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3.2.1 Chitosan Microneedles with Curcumin

Curcumin was loaded as a hydrophobic drug model. It loaded to the
formulation of chitosan: PVP with a maximum loading capacity of 13% w/w Figure.
11a. On the other hand, the formulation of chitosan: PVA didn’t encapsulate
curcumin. Fig. 11b. Pure chitosan encapsulates curcumin Fig. 11c.

The results showed that the chitosan: PVP formulation can encapsulate
curcumin successfully. This formulation's maximum loading capacity achieved for
curcumin is 13% w/w, as shown in Fig. 11a. This suggests that the chitosan: PVP
combination is suitable for the encapsulation of hydrophobic drugs like curcumin.
However, chitosan: PVA formulation did not successfully encapsulate curcumin. This
means that the combination of chitosan and PVA may not be suitable for
encapsulating hydrophobic drugs like curcumin under the conditions or methods
used in this study regarding to the polarity of blended polymers and curcumin.
Interestingly, the results also reveal that pure chitosan, without the addition of PVP
or PVA, was able to encapsulate curcumin successfully. This finding suggests that
chitosan alone can encapsulate hydrophobic drugs like curcumin, which could be

valuable information for drug delivery applications.
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Table 4. the effect of penetration efficiency after loaded drug models to the

needles

Formulations

Drug loading and penetration efficiency

Wt. CS: wt. polymers Curcumin Butterfly pea
w/w 13 % w/w 32%
CS Curcumin enhanced the Good penetration
penetration
1CS: 1 PVP Curcumin enhanced the Good penetration
penetration
2CS: 1 PVP Curcumin enhanced the Good penetration
penetration
3CS:1PVP Curcumin enhanced the Good penetration
penetration
1 CS: 1 PVA - Good penetration
2CS: 1 PVA ¢ Good penetration
3CS:1PVA - Good penetration
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Figure 11. Stereomicroscopic images a) curcumin loaded to chitosan: PVP

formulations from the left (ratios 1:1 CS: PVP, 2:1 CS: PVP, 3:1 CS: PVP), b) curcumin
loaded to chitosan: PVA formulations from the left (ratios 1:1 CS: PVA, 2:1 CS: PVA,

3:1 CS: PVA), ¢) curcumin loaded to pure chitosan formulation.

3.2.2 Chitosan Microneedles with Butterfly pea extract

Butterfly pea extract was loaded as a hydrophilic drug model. It loaded to
the formulation of chitosan: PVP, chitosan: PVA, and pure chitosan with a maximum
loading capacity of 32% w/w Fig. 12. The results demonstrate that the chitosan: PVP
formulation is capable of encapsulating butterfly pea extract effectively. The
maximum loading capacity achieved is 32% w/w. Similar to the chitosan: PVP
formulation, the results indicated that the chitosan: PVA formulation also
successfully encapsulated butterfly pea extract with a maximum loading capacity of
32% w/w. This suggests that both chitosan-based formulations can effectively

encapsulate hydrophilic drugs. Interestingly, the results reveal that pure chitosan,
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without the addition of PVP or PVA, was able to encapsulate butterfly pea extract
effectively with a maximum loading capacity of 32% w/w. This suggests that chitosan

alone is a suitable carrier for hydrophilic drug models like butterfly pea extract.

Figure 12. Stereomicroscopic images a) butterfly pea loaded to chitosan: PVP

formulations from the left (ratios 1:1 CS: PVP, 2:1 CS: PVP, 3:1 CS: PVP), b) butterfly

pea loaded to chitosan: PVA formulations from the left(ratios 1:1 CS: PVA, 2:1 CS:
PVA, 3:1 CS: PVA), ¢) butterfly pea loaded to pure chitosan formulation.

323 Skin Penetration (ex vivo) and Penetration Efficiency

Besides mechanical property tests, we tested the insertion ability of the DMNs
in porcine skin ex vivo. The needles successfully penetrate the porcine skin (Figure.
13 ) with different depths due to the different formulas and ratios except pure PVP
formulation; the needles dissolve on the pig surface skin (Figure.14 ) The experiment
successfully demonstrated that the needles penetrated the porcine skin to different
depths. This variability in penetration depth suggests that the composition of the

needles, as well as the ratios of the components in the patches, have an impact on
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how deeply the needles can penetrate the skin. The results indicated that the depth
of the whole needles in all the ratios is more than 600 um which is good enough to
penetrate the stratum corneum reaching the epidermis layer’® ™. The statistical
analysis (Figure. 15) approved that adding butterfly pea extract as a hydrophilic drug
model didn’t significantly affect the depth of the needles compared with adding
curcumin. Interestingly, pure chitosan showed no significant differences in depth with
either butterfly pea or curcumin. It's important to note that the length of needles on
the patches was found to be equal across all formulations. This consistency in
needle length suggests that the fabrication process was successful and that any
variations in drug delivery depth can be attributed to the choice of polymers and

drug models rather than the physical characteristics of the needles themselves.
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CS+ Curcumin

Figure 13. Ex-vivo microneedle insertion tests on ear porcine skin; cross-section
images of the porcine skin after curcumin and butterfly staining. A) chitosan- PVP
pure (no drug model), B) chitosan- PVP- butterfly, C) chitosan- PVP-curcumin (ratios
1:1 CS: PVP, 2:1 CS: PVP, 3:1 CS: PVP), D) chitosan- PVA pure (no drug model), E)
chitosan- PVA- butterfly ( ratios 1:1 CS: PVA, 2:1 CS: PVA, 3:1 CS: PVA), and F) pure

chitosan- curcumin and pure chitosan- butterfly

Figure 14. Ex-vivo microneedle insertion tests on ear porcine skin images of pure PVP
formulation a) during the applicating the patch on the ear porcine skin, b) after

detaching the patch, c) after swapping the color from the ear porcine skin surface.
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Figure 15. Statistical analysis of the needles’ height in the patches and the needles’
depth in porcine skin (PVP1 1:1 CS: PVP, PVP2 2:1 CS: PVP, PVP3 3:1 CS: PVP), (PVA1
1:1 CS: PVA, PVA2 2:1 CS: PVA, PVA3 3:1 CS: PVA), and pure CS (only chitosan with
drugs, no polymers blended with chitosan). p-value control using ANOVA-single

factor data analysis, <0.05 is considered statistically significant.

Chitosan with PVP showed fewer significant differences compared to chitosan
with PVA. This could indicate that the combination of chitosan and PVP has
properties that allow for more consistent needle penetration depths. Curcumin
needles penetrated deeper into the porcine skin compared to butterfly pea needles.
This suggests that the choice of the drug model can influence the penetration depth,

which may be due to differences in the properties of these drugs, such as their
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solubility or interaction with the skin. Both hydrophobic (curcumin) and hydrophilic
(butterfly pea) drug models exhibited differences in needle penetration depth.
However, the differences with butterfly pea needles were less significant compared
to curcumin needles. Curcumin needles penetrated deeper into the porcine skin
compared to butterfly pea needles. This suggests that the choice of the drug model
can influence the penetration depth, which may be due to differences in the
properties of these drugs, such as their solubility or interaction with the skin. When
using pure chitosan, regardless of the drug model, there were no significant
differences compared to the chitosan with polymers. However, the depth of
penetration was less than that of chitosan with polymers. This suggests that the
presence of polymers in the formulation may enhance the penetration of the

needles.

3.3 Mechanical Strength

To overcome the barrier of the skin and deliver the drug efficiently into the
skin, the mechanical property and the insertion ability are critical for DMNs. In brief,
the DMN sample fixed on the platform was pressed slowly by the vertical sensor.
The varying force and displacement were recorded during the test to obtain the
mechanical curves. As shown in Figure. 16, all microneedles exhibited almost the
same mechanical strength. It was clear that all of the formulations show reduction
and deformation in the vertical direction but no bending or fracture after

compression with a maximum force (150 N/needle). This result contributes to the
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overall understanding of microneedle technology and its potential for various

medical and pharmaceutical applications.
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Figure 16. Mechanical characteristics of PVA 2 pure (2:1 chitosan: PVA), PVA2-B (2:1
chitosan: PVA with butterfly pea), PVPZ2 pure (2:1 chitosan: PVP), PVP2-B (2:1
chitosan: PVP with butterfly pea), and PVP2-C (2:1 chitosan: PVP with curcumin)

microneedle patches.

3.4 Drug Release in vitro

Chitosan sustains the release of butterfly (hydrophilic drug model) where
around 38 % w/v has been released after 2 days from pure chitosan. Chitosan
blended with PVA showed faster drug release with increasing concentrations of PVA
in the needles around 49%, 47%, and 46% w/v 1:1. 2:1, 3:1 CS: PVA respectively
released after 2 days. the drug release decreased with the concentration of PVA. PVP

blended with chitosan showed the fastest drug release 69%, 67%, and 48% w/v,



39

from the ratio CS: PVP 1:1, 2:1, 3:1 respectively where the high concentration of PVP.
CS: PVP showed faster drug release than CS: PVA. Figure. 17.

The initial observation that pure chitosan sustained drug release aligns with
the known properties of chitosan as a biocompatible and hydrophilic polymer. It
offers a controlled release environment for hydrophilic drugs ‘. PVA has a
manageable effect on the controlled release behavior of chitosan. The trend of
decreasing drug release with decreasing PVA concentration may be due to PVA's
hydrophilic nature, which can enhance drug diffusion and release from the
microneedles °. PVP is known for its solubilizing properties and ability to enhance
drug release. The high drug release observed with CS: PVP blends, especially at the
1:1 ratio, indicates a strong influence of PVP on accelerating drug release . CS: PVP
blends outperform CS: PVA blends in terms of drug release rate. This could be
attributed to the distinct properties of PVP, which promotes rapid drug dissolution

and diffusion .
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Figure 17. In vitro release profile of a) butterfly pea extract in CS: PVA (PVA1 1:1,
PVA2 2:1, PVA3 3:1) and CS: PVP (PVP1 1:1, PVP2 2:1, PVP3 3:1), b) curcumin in CS:
PVP (PVP1 1:1, PVP2 2:1, PVP3 3:1) patches
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4 CHAPTER IV CONCLUSION

The incorporation of chitosan into blends with PVA and PVP in varying ratios has
proven to be a promising approach for tunable drug release systems. The
formulations showed outstanding mechanical properties. Furthermore, the
penetration of these formulations through porcine ear skin demonstrates their
potential for intradermal and transdermal drug delivery. The noteworthy finding in
this study is the variation in drug release kinetics observed between chitosan-PVA
and chitosan-PVP blends. After four days of testing, chitosan blended with PVP
exhibited a notably faster drug release rate compared to chitosan-PVA blends. This
suggests that the choice of polymer partner plays a crucial role in fine-tuning drug
release profiles. These results underscore the importance of carefully selecting and
optimizing the polymer blend composition to achieve the desired drug release
characteristics. The versatility of chitosan as a biomaterial, when combined with
appropriate polymers, opens exciting possibilities for tailoring drug delivery systems
to meet specific therapeutic requirements. Further research in this field could
explore the potential applications of these formulations in controlled drug release

for various medical scenarios.



a2

5 CHAPTER V REFERENCES

(1) Roberts, M. S. Targeted drug delivery to the skin and deeper tissues: role of
physiology, solute structure and disease. Clin Exp Pharmacol Physiol 1997, 24 (11),
874-879. DOI: 10.1111/.1440-1681.1997.tb02708.x From NLM.

(2) Chen, M.-C; Huang, S.-F; Lai, K-Y.; Ling, M.-H. Fully embeddable chitosan
microneedles as a sustained release depot for intradermal vaccination. Biomaterials
2013, 34 (12), 3077-3086. DOI: https://doi.org/10.1016/j.biomaterials.2012.12.041.

(3) Duarah, S.; Sharma, M.; Wen, J. Recent advances in microneedle-based drug
delivery: Special emphasis on its use in paediatric population. Eur J Pharm Biopharm
2019, 136, 48-69. DOI: 10.1016/j.ejpb.2019.01.005 From NLM.

(4) Chu, L. Y. Prausnitz, M. R. Separable arrowhead microneedles. Journal of
Controlled Release 2011, 149 (3), 242-249. DOI:
https://doi.org/10.1016/j.jconrel.2010.10.033.

(5) Sullivan, S. P.; Koutsonanos, D. G.; Del Pilar Martin, M.; Lee, J. W.; Zamitsyn, V,;
Choi, S. O.; Murthy, N.; Compans, R. W.; Skountzou, |.; Prausnitz, M. R. Dissolving
polymer microneedle patches for influenza vaccination. Nat Med 2010, 16 (8), 915-
920. DOI: 10.1038/nm.2182 From NLM.

(6) Park, J.-H.; Allen, M. G.; Prausnitz, M. R. Biodegradable polymer microneedles:
Fabrication, mechanics and transdermal drug delivery. Journal of Controlled Release

2005, 104 (1), 51-66. DOI: https://doi.org/10.1016/j.jconrel.2005.02.002.



43

(7) Saha, I.; Rai, V. K. Hyaluronic acid based microneedle array: Recent applications in
drug delivery and cosmetology. Carbohydrate Polymers 2021, 267, 118168. DOI:
https://doi.org/10.1016/j.carbpol.2021.118168.

(8) Silva, A. C. Q.; Pereira, B.; Lameirinhas, N. S.; Costa, P. C.; Almeida, I. F.; Dias-Pereira,
P.; Correia-Sa, |.; Oliveira, H.; Silvestre, A. J. D.; Vilela, C; et al. Dissolvable
Carboxymethylcellulose Microneedles for Noninvasive and Rapid Administration of
Diclofenac  Sodium.  Macromol — Biosci 2023, 23 (1), €2200323. DOI:
10.1002/mabi.202200323 From NLM.

(9) Nguyen, H. X,; Bozorg, B. D.; Kim, Y.; Wieber, A,; Birk, G.; Lubda, D.; Banga, A. K. Poly
(vinyl alcohol) microneedles: Fabrication, characterization, and application for
transdermal drug delivery of doxorubicin. European Journal of Pharmaceutics and
Biopharmaceutics 2018, 129, 88-103. DOI: https://doi.org/10.1016/j.ejpb.2018.05.017.
(10) Sun, W.; Araci, Z.; Inayathullah, M.; Manickam, S.; Zhang, X, Bruce, M. A;
Marinkovich, M. P.; Lane, A. T, Milla, C; Rajadas, J.; et al. Polyvinylpyrrolidone
microneedles enable delivery of intact proteins for diagnostic and therapeutic
applications. Acta Biomater 2013, 9 (8), 7767-7774. DOI: 10.1016/j.actbio.2013.04.045
From NLM.

(11) Zhang, Y.; Jiang, G.; Yu, W.; Liu, D.; Xu, B. Microneedles fabricated from alginate
and maltose for transdermal delivery of insulin on diabetic rats. Mater Sci Eng C

Mater Biol Appl 2018, 85, 18-26. DOI: 10.1016/j.msec.2017.12.006 From NLM.



aq

(12) Chen, M. C,; Ling, M. H.; Lai, K. Y.; Pramudityo, E. Chitosan microneedle patches
for sustained transdermal delivery of macromolecules. Biomacromolecules 2012, 13
(12), 4022-4031. DOI: 10.1021/bm301293d From NLM.

(13) Terashima, S.; Tatsukawa, C.; Suzuki, M.; Takahashi, T.; Aoyagi, S. Fabrication of
microneedle using poly lactic acid sheets by thermal nanoimprint. Precision
Engineering 2019, 59, 110-119. DOI: https://doi.org/10.1016/j.precisioneng.2019.05.015.
(14) Panda, A.; Sharma, P. K; McCann, T.; Bloomekatz, J.; Repka, M. A.; Murthy, S. N.
Fabrication and development of controlled release PLGA microneedles for
macromolecular delivery using FITC-Dextran as model molecule. Journal of Drug
Delivery Science and Technology 2022, 68, 102712. DOI:
https://doi.org/10.1016/j.,jddst.2021.102712.

(15) Chiu, Y.-H.; Chen, M.-C,; Wan, S.-W. Sodium Hyaluronate/Chitosan Composite
Microneedles as a Single-Dose Intradermal Immunization System. Biomacromolecules
2018, 19 (6), 2278-2285. DOI: 10.1021/acs.biomac.8b00441.

(16) Aranaz, I.; Alcantara, A. R.; Civera, M. C.; Arias, C.; Elorza, B.; Heras Caballero, A.;
Acosta, N. Chitosan: An Overview of Its Properties and Applications. Polymers (Basel)
2021, 13 (19). DOI: 10.3390/polym13193256 From NLM.

(17) Wang, J. J; Zeng, Z. W,; Xiao, R. Z; Xie, T.; Zhou, G. L.; Zhan, X. R; Wang, S. L.
Recent advances of chitosan nanoparticles as drug carriers. Int J Nanomedicine 2011,

6, 765-774. DOI: 10.2147/ijn.S17296 From NLM.



45

(18) Gaware, S. A,; Rokade, K. A; Bala, P.; Kale, S. N. Microneedles of chitosan-porous
carbon nanocomposites: Stimuli (pH and electric field)-initiated drug delivery and
toxicological studies. Journal of Biomedical Materials Research Part A 2019, 107 (8),
1582-1596. DOI: https://doi.org/10.1002/jbm.a.36672.

(19) Feng, P,; Luo, Y,; Ke, C; Qiu, H; Wang, W.; Zhu, Y.; Hou, R; Xu, L; Wu, S.
Chitosan-Based Functional Materials for Skin Wound Repair: Mechanisms and
Applications. Frontiers in Bioengineering and Biotechnology 2021, 9, Review. DOI:
10.3389/fbioe.2021.650598 Scopus.

(20) Poshina, D. N.; Raik, S. V.; Poshin, A. N.; Skorik, Y. A. Accessibility of chitin and
chitosan in enzymatic hydrolysis: A review. Polymer Degradation and Stability 2018,
156, 269-278. DOI: https://doi.org/10.1016/j.polymdegradstab.2018.09.005.

(21) Kulish, E. I; Volodina, V. P.; Fatkullina, R. R; Kolesov, S. V.; Zaikov, G. E.
Macromolecular effects upon enzymatic degradation of chitosan in solution. Polymer
Science Series B 2008, 50 (7), 172-174. DOI: 10.1134/51560090408070038.

(22) Gorantla, S.; Dabholkar, N.; Sharma, S.; Rapalli, V. K,; Alexander, A.; Singhvi, G.
Chitosan-based microneedles as a potential platform for drug delivery through the
skin:  Trends and regulatory aspects. International Journal of Biological
Macromolecules 2021, 184, 438-453. DO
https://doi.org/10.1016/].ijbiomac.2021.06.059.

(23) Nayak, A. K; Ahmad, S. A; Beg, S.; Ara, T. J.; Hasnain, M. S. 12 - Drug delivery:

Present, past, and future of medicine. In Applications of Nanocomposite Materials in



a6

Drug Delivery, Inamuddin, Asiri, A. M., Mohammad, A. Eds.; Woodhead Publishing,
2018; pp 255-282.

(24) Nayak, A. K,; Sen, K. K. Bone-targeted drug delivery systems. In Bio-Targets and
Drug Delivery Approaches, 2016; pp 207-231.

(25) Verma, I. M. Germline gene therapy: Yes or no? Molecular Therapy 2001, 4 (1), 1,
Editorial. DOI: 10.1006/mthe.2001.0420 Scopus.

(26) Alkilani, A. Z.; McCrudden, M. T.; Donnelly, R. F. Transdermal Drug Delivery:
Innovative Pharmaceutical Developments Based on Disruption of the Barrier
Properties of the stratum corneum. Pharmaceutics 2015, 7 (4), 438-470. DOI:
10.3390/pharmaceutics7040438 From NLM.

(27) Wiedersberg, S.; Guy, R. H. Transdermal drug delivery: 30+ years of war and still
fishting! Journal of Controlled Release 2014, 190, 150-156.

(28) Sharma, D. Microneedles: an approach in transdermal drug delivery: a Review.
PharmaTutor 2018, 6 (1), 7-15.

(29) Barry, B. W. Novel mechanisms and devices to enable successful transdermal
drug delivery. European journal of pharmaceutical sciences 2001, 14 (2), 101-114.
(30) Kushner IV, J.; Blankschtein, D.; Langer, R. Heterogeneity in skin treated with low-
frequency ultrasound. Journal of pharmaceutical sciences 2008, 97 (10), 4119-4128.
(31) Murthy, S. N.; Sammeta, S. M.; Bowers, C. Magnetophoresis for enhancing
transdermal drug delivery: Mechanistic studies and patch design. Journal of

Controlled Release 2010, 148 (2), 197-203.



a7

(32) Prausnitz, M. R.; Bose, V. G.; Langer, R; Weaver, J. C. Electroporation of
mammalian skin: a mechanism to enhance transdermal drug delivery. Proceedings of
the National Academy of Sciences 1993, 90 (22), 10504-10508.

(33) Song, Y.; Hemmady, K. Puri, A; Banga, A. K. Transdermal delivery of human
growth hormone via laser-generated micropores. Drug delivery and translational
research 2018, 8, 450-460.

(34) Nagarkar, R.; Singh, M. Nguyen, H. X; Jonnalagadda, S. A review of recent
advances in microneedle technology for transdermal drug delivery. Journal of Drug
Delivery Science and Technology 2020, 59, 101923. DOI:
https://doi.org/10.1016/j.,jddst.2020.101923.

(35) Chiang, B.; Venugopal, N.; Edelhauser, H. F.; Prausnitz, M. R. Distribution of
particles, small molecules and polymeric formulation excipients in the
suprachoroidal space after microneedle injection. Experimental eye research 2016,
153, 101-109.

(36) Prausnitz, M. R.; Gomaa, Y.; Li, W. Microneedle patch drug delivery in the gut.
Nature Medicine 2019, 25 (10), 1471-1472.

(37) Jung, S.; Lee, H.; Li, S. A study on the effect of Spirulina-containing cosmetics
using micro-needle. Journal of the Korea Academia-Industrial cooperation Society
2017, 18 (6), 269-276.

(38) Du, G.; Hathout, R. M.; Nasr, M.; Nejadnik, M. R.; Tu, J.; Koning, R. I.; Koster, A. J;

SlUtter, B.; Kros, A.; Jiskoot, W. Intradermal vaccination with hollow microneedles: A



a8

comparative study of various protein antigen and adjuvant encapsulated
nanoparticles. Journal of Controlled Release 2017, 266, 109-118.

(39) Larraneta, E.; Lutton, R. E.; Woolfson, A. D.; Donnelly, R. F. Microneedle arrays as
transdermal and intradermal drug delivery systems: Materials science, manufacture
and commercial development. Materials Science and Engineering: R: Reports 2016,
104, 1-32.

(40) Menon, |.; Bagwe, P.; Gomes, K. B.; Bajaj, L.; Gala, R.; Uddin, M. N.; D’Souza, M. J;
Zughaier, S. M. Microneedles: A New Generation Vaccine Delivery System.
Micromachines 2021, 12 (4), 435.

(41) Aldawood, F. K; Andar, A; Desai, S. A Comprehensive Review of Microneedles:
Types, Materials, Processes, Characterizations and Applications. Polymers 2021, 13
(16), 2815.

(42) Gupta, J; Gill, H. S.; Andrews, S. N.; Prausnitz, M. R. Kinetics of skin resealing after
insertion of microneedles in human subjects. Journal of controlled release 2011, 154
(2), 148-155.

(43) Kalluri, H.; Kolli, C. S.; Banga, A. K. Characterization of microchannels created by
metal microneedles: formation and closure. The AAPS journal 2011, 13, 473-481.

(44) Van Der Maaden, K;; Jiskoot, W.; Bouwstra, J. Microneedle technologies for (trans)
dermal drug and vaccine delivery. Journal of controlled release 2012, 161 (2), 645-

655.



a9

(45) Ita, K. Transdermal delivery of drugs with microneedles—potential and
challenges. Pharmaceutics 2015, 7 (3), 90-105, Article. DOI:
10.3390/pharmaceutics7030090 Scopus.

(46) Lhernould, M. S,; Tailler, S.; Deleers, M.; Delchambre, A. Review of patents for
microneedle application devices allowing fluid injections through the skin. Recent
patents on drug delivery & formulation 2015, 9 (2), 146-157.

(47) Waghule, T.; Singhvi, G.; Dubey, S. K;; Pandey, M. M.; Gupta, G.; Singh, M.; Dua, K.
Microneedles: A smart approach and increasing potential for transdermal drug
delivery system. Biomedicine & pharmacotherapy 2019, 109, 1249-1258.

(48) Pamornpathomkul, B.; Ngawhirunpat, T.; Tekko, I. A.; Vora, L.; McCarthy, H. O
Donnelly, R. F. Dissolving polymeric microneedle arrays for enhanced site-specific
acyclovir delivery. European Journal of Pharmaceutical Sciences 2018, 121, 200-209.
DOI: https://doi.org/10.1016/].€jps.2018.05.0009.

(49) Carcamo-Martinez, A.; Mallon, B.; Dominguez-Robles, J.; Vora, L. K; Anjani, Q. K;;
Donnelly, R. F. Hollow microneedles: A perspective in biomedical applications.
International  Journal of  Pharmaceutics 2021, 599, 120455. DOI:
https://doi.org/10.1016/].ijpharm.2021.120455.

(50) Chen, X.; Prow, T. W.; Crichton, M. L.; Jenkins, D. W.; Roberts, M. S.; Frazer, |. H.;
Fernando, G. J.; Kendall, M. A. Dry-coated microprojection array patches for targeted
delivery of immunotherapeutics to the skin. Journal of controlled release 2009, 139

(3), 212-220.



50

(51) Ingrole, R. S. J; Gill, H. S. Microneedle Coating Methods: A Review with a
Perspective. J Pharmacol Exp Ther 2019, 370 (3), 555-569. DOl
10.1124/jpet.119.258707 From NLM.

(52) Ma, X.; Peng, W.; Su, W.; Yi, Z; Chen, G, Chen, X,; Guo, B, Li, X. Delicate
assembly of ultrathin hydroxyapatite nanobelts with nanoneedles directed by
dissolved cellulose. Inorganic Chemistry 2018, 57 (8), 4516-4523.

(53) Pires, L. R; Vinayakumar, K; Turos, M.; Miguel, V.; Gaspar, J. A perspective on
microneedle-based drug delivery and diagnostics in paediatrics. Journal of
personalized medicine 2019, 9 (4), 49.

(54) Ita, K. Dissolving microneedles for transdermal drug delivery: Advances and
challenges. Biomedicine & Pharmacotherapy 2017, 93, 1116-1127. DOI
https://doi.org/10.1016/j.biopha.2017.07.019.

(55) Sartawi, Z.; Blackshields, C.; Faisal, W. Dissolving microneedles: Applications and
growing therapeutic potential. Journal of Controlled Release 2022, 348, 186-205. DOI:
https://doi.org/10.1016/j.jconrel.2022.05.045.

(56) Quinn, H. L.; Bonham, L.; Hughes, C. M.; Donnelly, R. F. Design of a dissolving
microneedle platform for transdermal delivery of a fixed-dose combination of
cardiovascular drugs. Journal of pharmaceutical sciences 2015, 104 (10), 3490-3500.
(57) Lee, J. W,; Park, J.-H.; Prausnitz, M. R. Dissolving microneedles for transdermal

drug delivery. Biomaterials 2008, 29 (13), 2113-2124.



51

(58) Thakur, R. R. S,; Tekko, I. A.; Al-Shammari, F.; Ali, A. A.; McCarthy, H.; Donnelly, R.
F. Rapidly dissolving polymeric microneedles for minimally invasive intraocular drug
delivery. Drug delivery and translational research 2016, 6, 800-815.

(59) Lau, S.; Fei, J; Liu, H; Chen, W, Liu, R. Multilayered pyramidal dissolving
microneedle patches with flexible pedestals for improving effective drug delivery.
Journal of Controlled Release 2017, 265, 113-119.

(60) Chu, L. Y. Choi, S.-O.; Prausnitz, M. R. Fabrication of dissolving polymer
microneedles for controlled drug encapsulation and delivery: bubble and pedestal
microneedle designs. Journal of pharmaceutical sciences 2010, 99 (10), 4228-4238.
(61) Sawutdeechaikul, P.; Kanokrungsee, S.; Sahaspot, T.; Thadvibun, K;; Banlunara, W.;
Limcharoen, B.;  Sansureerungsikul, T.,  Rutwaree, T., Oungeun, M,
Wanichwecharungruang, S. Detachable dissolvable microneedles: intra-epidermal and
intradermal diffusion, effect on skin surface, and application in hyperpigmentation
treatment. Sci Rep 2021, 11 (1), 24114. DOI: 10.1038/541598-021-03503-5 From NLM.
(62) Fu, Y.; Xiao, C. A facile physical approach to make chitosan soluble in acid-free
water. International Journal of Biological Macromolecules 2017, 103, 575-580. DOI:
https://doi.org/10.1016/].ijbiomac.2017.05.066.

(63) Ryall, C.; Chen, S.; Duarah, S.; Wen, J. Chitosan-based microneedle arrays for
dermal delivery of Centella asiatica. International Journal of Pharmaceutics 2022,

627, 122221. DOI: https://doi.org/10.1016/j.ijpharm.2022.122221.



52

(64) Xie, H.; Zhang, S.; Li, S. Chitin and chitosan dissolved in ionic liquids as reversible
sorbents of CO2. Green Chemistry 2006, 8 (7), 630-633, 10.1039/B517297G. DOI:
10.1039/B517297G.

(65) Mahapatro, A.; Singh, D. K. Biodegradable nanoparticles are excellent vehicle for
site directed in-vivo delivery of drugs and vaccines. Journal of Nanobiotechnology
2011, 9 (1), 55. DOI: 10.1186/1477-3155-9-55.

(66) Jennings, J. A. 7 - Controlling chitosan degradation properties in vitro and in vivo.
In Chitosan Based Biomaterials Volume 1, Jennings, J. A., Bumgardner, J. D. Eds,;
Woodhead Publishing, 2017; pp 159-182.

(67) Castilla-Casadiego, D. A,; Carlton, H.; Gonzalez-Nino, D.; Miranda-Munoz, K. A,
Daneshpour, R.; Huitink, D.; Prinz, G.; Powell, J.; Greenlee, L.; Almodovar, J. Design,
characterization, and modeling of a chitosan microneedle patch for transdermal
delivery of meloxicam as a pain management strategy for use in cattle. Materials
Science and Engineering: C 2021, 118, 111544, DOI:
https://doi.org/10.1016/j.msec.2020.111544.

(68) Chandrasekharan, A.; Hwang, Y. J.; Seong, K.-Y.; Park, S.; Kim, S.; Yang, S. Y. Acid-
Treated Water-Soluble Chitosan Suitable for Microneedle-Assisted Intracutaneous
Drug Delivery. Pharmaceutics 2019, 11 (5), 209.

(69) Lee, J. W.; Park, J. H.; Prausnitz, M. R. Dissolving microneedles for transdermal
drug delivery. Biomaterials 2008, 29 (13), 2113-2124. DOl

10.1016/j.biomaterials.2007.12.048 From NLM.



53

(70) Bonfante, G.; Lee, H.; Bao, L.; Park, J; Takama, N.; Kim, B. Comparison of
polymers to enhance mechanical properties of microneedles for bio-medical
applications. Micro and Nano Systems Letters 2020, 8 (1), 13. DOI: 10.1186/s40486-
020-00113-0.

(71) Makvandi, P.; Kirkby, M.; Hutton, A. R. J,; Shabani, M, Yiu, C. K Y,
Baghbantaraghdari, Z.; Jamaledin, R.; Carlotti, M.; Mazzolai, B.; Mattoli, V.; et al.
Engineering Microneedle Patches for Improved Penetration: Analysis, Skin Models and
Factors Affecting Needle Insertion. Nano-Micro Letters 2021, 13 (1), 93. DOI:
10.1007/540820-021-00611-9.

(72) Mangang, K. N.; Thakran, P.; Halder, J.; Yadav, K. S.; Ghosh, G.; Pradhan, D.; Rath,
G.; Rai, V. K. PVP-microneedle array for drug delivery: mechanical insight,
biodegradation, and recent advances. Journal of Biomaterials Science, Polymer
Edition 2023, 34 (7), 986-1017. DOI: 10.1080/09205063.2022.2155778.

(73) Lee, I. C,; He, J.-S.; Tsai, M.-T.; Lin, K.-C. Fabrication of a novel partially dissolving
polymer microneedle patch for transdermal drug delivery. Journal of Materials
Chemistry B 2015, 3 (2), 276-285, 10.1039/C4TB01555J. DOI: 10.1039/C4TB01555J.

(74) Sabri, A. H.; Kim, Y.; Marlow, M.; Scurr, D. J.; Segal, J.; Banga, A. K; Kagan, L.; Lee,
J. B. Intradermal and transdermal drug delivery using microneedles — Fabrication,
performance evaluation and application to lymphatic delivery. Advanced Drug

Delivery Reviews 2020, 153, 195-215. DOI: https://doi.org/10.1016/j.addr.2019.10.004.



https://doi.org/10.1016/j.addr.2019.10.004

REFERENCES



FWIAINTAUNNIINY 1Y
CHuLALONGKORN UNIVERSITY



VITA

NAME FUAD ABDULLAH FARHAN SALEH
DATE OF BIRTH 31 December 1993
PLACE OF BIRTH Taiz, Yemen

INSTITUTIONS ATTENDED  Bachelor's Degree of Applied Science in Industrial
Chemistry, Taiz University, 2018



FWIAINTAUNNIINY 1Y
CHuLALONGKORN UNIVERSITY



REFERENCES



FWIAINTAUNNIINY 1Y
CHuLALONGKORN UNIVERSITY



VITA

NAME FUAD ABDULLAH FARHAN SALEH
DATE OF BIRTH 31 December 1993
PLACE OF BIRTH Taiz, Yemen

INSTITUTIONS ATTENDED  Bachelor's Degree of Applied Science in Industrial
Chemistry, Taiz University, 2018



	ABSTRACT (THAI)
	ABSTRACT (ENGLISH)
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	1 CHAPTER I INTRODUCTION
	1.1 INTRODUCTION
	1.2 Literature Review
	1.2.1 Drug Delivery
	1.2.2 Transdermal and Intradermal Drug Delivery (TDD and IDD)
	1.2.3 Microneedles
	1.2.3.1 Microneedle Classification
	1.2.3.1.1 Based on Variations in Drug Delivery
	1.2.3.1.1.1 Solid Microneedles
	1.2.3.1.1.2 Hollow Microneedles
	1.2.3.1.1.3 Coated Microneedles
	1.2.3.1.1.4 Dissolving Microneedles DMs



	1.2.4 Chitosan CS
	1.2.4.1 Chitosan Microneedles Literature Review


	1.3 Objective

	2 CHAPTER II EXPERMINTAL
	2.1 Materials and Chemicals
	2.2 Preparing the Microneedle Matrix
	2.3 Fabrication of Chitosan- PAA, HA, PVA, PVP, Trehalose and Sucrose
	2.4 Studying Mechanical Property
	2.5 Drug-loading into Chitosan Microneedles
	2.6 Skin Penetration (ex vivo) and Penetration Efficiency
	2.7 Drug Release in vitro
	2.8 Statistical Analysis

	3 CHAPTER III RESULTS and DISCUSSION
	3.1 Fabrication of Chitosan: PAA, HA, PVA, PVP, Trehalose and Sucrose
	3.2 Drug-loading and Skin Penetration (ex vivo)
	3.2.1 Chitosan Microneedles with Curcumin
	3.2.2  Chitosan Microneedles with Butterfly pea extract
	3.2.3 Skin Penetration (ex vivo) and Penetration Efficiency

	3.3 Mechanical Strength
	3.4 Drug Release in vitro

	4 CHAPTER IV CONCLUSION
	5 CHAPTER V REFERENCES
	REFERENCES
	VITA
	REFERENCES
	VITA

