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Abstract

Polymeric microneedles (MN) based transdermal drug delivery (TDD) has received significant
interest due to their potential for painless administration, non-invasiveness, and ability to
deliver a wide range of drugs. After its placement inside the skin, the interstitial skin fluid (ISF)
enters MN, and the drug transports into the skin. The sustained release of the drug is the primary
objective of this kind of drug delivery method. Based on the physical nature of the polymer
used, the polymeric MN is divided into dissolving microneedles (DMN) and swelling
microneedles (SMN). DMN absorbs the skin water and completely dissolves in the skin, which
results in the release of drugs from the needle into the skin. The SMN tends to attach to the
MN base throughout the delivery process and come out intact from the skin without polymer
dissolution in the skin. SMN is further divided into phase-transition microneedles (PTMN)
and hydrogel-forming microneedles (HFMN), with the former having drug loaded in the MN
domain like DMN and the latter having drug loaded in the reservoir attached at the base in the
form of a lyophilised tablet. The type of MN and polymer used in their fabrication is chosen
based on the required drug delivery rate in the skin. Various parameters that control the drug
delivery are MN physicochemical parameters (e.g., dimension, shape, composition), skin
properties, and drug pharmacokinetics in blood. It is difficult to optimise all the parameters
experimentally. For polymeric MNs to become a frontrunner in delivering drugs in the
foreseeable future, the development of mathematical models that accurately represent the
system is vital. Researchers have developed models taking into consideration the effect of

geometric and design parameters for different types of MNs.

Here, we have developed a generalised mathematical model for SMN and DMN, incorporating
the key parameters defining the skin properties and physicochemical properties of the MNs,

iv
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such as the polymer swelling capacity, mechanical deformation, and amount of drug loading.
Drug solubilisation and binding within the drug vehicle and skin and its effect on the
bioavailability of the drug are studied, which were not considered in earlier models developed
for polymeric MNs. The developed model outlines the required steps and data needed to
estimate the performance of polymeric MNs, which are envisaged to help design improved
experiments for the design of polymeric MNs. Some practical scenarios are also simulated to
demonstrate the applicability of the developed framework. The coupled diffusion-reaction-
deformation model is simulated using COMSOL Multiphysics®, a finite element commercial

software.

For swelling PTMN, the model is simulated for insulin loaded in polyvinyl alcohol MN. The
contact mechanics at MN and skin interface is introduced to account for the resistive force
exerted by the deformed skin to MN swelling in the case of SMN. It was observed that skin
viscoelasticity affects drug transport by resisting swelling and pushing part of MN outside the
skin. The model was able to predict the final insulin concentration in blood and was shown to
be in good agreement with the reported experimental data of in vivo insulin diffusion study

performed on Bama pig.

The model was further extended for the swelling HFMN and validated with in vitro diffusion
studies of ibuprofen sodium (IBU) across excised porcine skin, showing that around 20% of
the loaded IBU in lyophilised wafer was delivered in 24 hours. It was observed that increasing
IBU solubility in the reservoir can achieve high drug transport across the skin. Results showed
that although diffusion is cited as the dominant release mechanism, drug dissolution and

binding also play a major role in regulating the overall drug delivery profile.
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In addition, a modelling framework was developed for DMN made up of hyaluronic acid and
model drug insulin. For 0.44 IU of insulin loading in the DMN, the proposed mathematical
model predicts that insulin diffuses into the blood to reach a maximum concentration of 151
pIU mlIt in 1 hour and that 95% of insulin is removed from the blood within 5 hours. The
developed model was able to predict the final drug release profile and was shown to be in good

agreement with the in vivo and in vitro reported experimental data.

The generalised modelling framework developed in the thesis can be used with any form of
polymeric MN, regardless of shape, composition, and drug loading. The proposed modelling
strategies will be helpful for pharmaceutical and biotechnological industries as well as
professionals working in the field of regulatory affairs focusing on polymeric MN-based TDD

systems.

Keywords: Finite element modelling, Hygroscopy, Mathematical modelling, Polymeric

microneedle, Transdermal drug delivery
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qar

diefmfen ArgshHteed (MN) smenfia giaeda g fecfiadt (TDD) & ad Wed Jemed, fReTshishdr 3t garsii il uh
foreqa sfEet 3 Y &waT % FROT HeeEqU & fieft 31 @ % sie ufafy & ane, sfweta @en g@ (ISF) MN # wermr
AT & SR o1 § 3o afiae eim 81 qa shi i fieTs 56 ave i qa foawor fafer 1 merfires 3exr 21 ST foru 1T gtk
I +iifaeh Tl o ATER W, dieiafes MN &1 gem are argshiiescd (DMN) 3 g wrgspreed (SMN) # forfer
fern st 21 DMIN @i & art 1 STemiife st 8 SR et # 9 @@ o gt S €, faes aiomresy g3 8 @@= i
Taratt i ferd Bt 21 SMIN o wfsrar & i MIN STem & & Tt @ 7R caren | iefio foreret o fomm e & siemm

war 2l SMN &t o1 sror-gshaer ArgshiHieed (PTMN) s agiee s arer argshees (HFMN) # fafora

fopam a2, foret weet # DMIN 3@ MN €@ § ga wior it STt 2 3f ae & foriifrensse dacie & 9§ 98 W 9
A H g il Bt 31 9ok o § 39 foru S atet MIN 3R 9iefiiR & Tehi bl co=im § S{1a9deh gd foaiur &€
HTER T AT ST 281 o foawer & @ & ar fafue amere MN sitfoss Temfes Jevs (SW, T, ST,
AT, @ o o 37K T § GdT IHieIhTg- s 8 SRTIcHe ®9 & a+ft "Tadel st STefrd s givee ol fere wferss
F garelt w1 fafed # § woft s % fo difemfe wae & for, wiftrdter diea @ fommm st fawen @1 vt it
AT 2, Hecaqul 3 wiesRatett 3 fafi=t s % MIN & fog sficfr si fesmss wmdsh & wma =i e & T g Atea
forerfér fohu 2

7z, ¥ SMN st DMN # fog us wmm=fisra afvrdar dea foefia forr 2, fed MN & = o oiie s
T TOIT i TRATING e el @ HIIaSl ohi ST 3R T €, S Sgeteh §oi &, it foreaur, S gam st
6T WA 3T ATe IR T 6 S{aT qa gerRiierr 3R e ST @ i S IS T 3HeR ST h ST R ST €,
& dfefiafer MIN % foe fosfea vear & dtea § 72 @ St am foefea dtee difemfes MIN % wexi &1 s

AT & AT sTravareh Son 31 87 ot W@ifehd T ®, S dicfmfies MN & fessT & fore sieat yamm =1 fesme & &

7eg i & o afefena 81 fopfaa et it weirsaar i welkia # & o 3o smaeriie ufgea «ft s g sm 2
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e sar-sfifsr-fereaer dieet s COMSOL wedifbfima™, v uitfira dea anforivash diveaat i ST ih S

ERIRICIN

g5 PTMN & fore, dfeet st diefifarmser stemea MN # swor forg e ggfo o forg srgeon faram stmar @1 MIN 3l
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