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Abstract

The project focused on the hypothesist degradable, polymer micrordle arrays are a
promising alternativeo traditional drug delivery routes, offering the patient a painlags,
concentrationand quick delivery of therapeutidhroughthe skin. This project explored
chitosangraphene nanocompositespadentialmaterialsfor microneedle arrayshe additio
of graphene to chitosan is believed to yield improved mechanical properties and electrical
conductivity over pristine chitosan, which walllow forlong and slender microneedles and for
electrically stimulated drug deliverygnd may positively affect ¢éhdegradation and drug
delivery properties of chitosan

Graphene derivatives, such as graphene oxide, reduced graphene oxide, graphene
guantum dots, and magnetic graphene quantum dots were synthesised and then characterised,
before they were used as thief within chitosan nanocomposites. Theffect at varying
concentratios upon the mechanical properties, electrical conductivdtylg releaseand
enzymatialegradation rate of chitosan wassessed. It was determined that reduced graphene
oxide wasthe optimum nanoparticle to reinforce chitosan, achieving the best mechanical and
electrical conductivity properties of the nanocomposites.

Chitosangrapheneanocompositenicroneedle arraysere shown to passively release
small molecular weight drugat a high delivery quantity and rat€Conductive chitosan
graphene nanocomposite microneedles were tested to determine the effect of electrical
stimulation on the release of large molecular weight drugs from the nanocomposite, with
substantial improvements in the release rate of large motegaight drugs when compared
to passive diffusionThe microneedle arrays weshiownto survive the force of insertion
through compressive loadinghe depth of penetration of the microneedles was determined

through crossedional analysis of chicken skin
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(A) PL and U\ Vis spectra showing the UVis absorption for GO an
GQD, and PL excitation and emission wavelengths for GQD dots
inset: (left) GQD in distilled water and (right) distilled watgnpwing the
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(A) Vertical and (B) side view optical microscopy images of chitebe
wt.% GQDLH nanocomposite microneedle array. (C) Compressivec
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(A) TGA curves for GQDs, LH, and GQDH, and (B) therelease
rate ofLH from chitosan and chitosahwt.% GQDLH microneedle
Figure 5.11: (A) TGA curves for GQD, BSA, and G3A and (B)
release of BSA from chitoseBQD microneedles, with and without tl
Digital photos showing the release of BSA from the microneedle
distilled water over 24 h for (left) passive diffusion and (right) electric
(A) The biostabilityof GQD (1:3), GQD-LH (4), and GQBBSA (5), in (1)
distilled water, (2) phosphate buffered saline (pH=7.4), an8l) f®etal
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(A) Photoluminescence spectra of MGQDs showing the excit
wavelengths versus emission wavelengths; (Inset) Photolumine
imaging of (left) PBS and (right) MGQDs in PR@der 360 nm light; (B’
PL lifetime data for MGQDs in an aqueous suspension (1 i mlé é
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Chapter 1. Introduction

Comparedo the 28" century, people in the 2kentury are living longer and healthier lives,
due mainly to improvements in healthcdfie2]. This trend has created a boom in the
biomedical and healthcare sectors, such that these sectors are very lucrative to the @zonomy;
the UK, the average increase in palhealthcare spending was %t year between 2000 and
2011[3] andglobal healthcare expenditureagpected to increase 5.3% a year between 2014
and 20174].

Within the biomedical and heatthre sectors is the therapeutic drug and drug delivery
markets. The quantity of therapeutic drugs consumed is increasing; for example, the
prescription drugs market increased 6.5% between 2005 and%j008mart drugs are being
developed that can remedy malignancies quicker and more effectively than the previous
generation of drugs cdf]. Theserecent developmentaust be met with improvementsthe
delivery to the bodyo fully utilise the therapeutic effefl,8]; such improvementshouldbe
painlessshould not be constrained to one therapeutic, tgpdshould deliver théherapeutic
efficiently.

Therapeutic delivery sgems, such asypodermic needles and oral tabjetse
commonly used budre limited in their application, efficiency and ease of[@8&1], and as
such cannot be considered an ideal drug delivery device. This has led to the development of
other forms of drug delivg to solve the inadequacies of the current drug delivery methods;
one of these methods is transdermal drug deliM&y1 3} the delivery of therapeutics through
the dermal layer it the blood circulatory systen@f the many transdermal drug delivery
devices that are being developed, the most promising of these is {helyoiwer microneedle
array, a series of micrometsized projections made from a biocompatible and biodegradable
polymer.This system bypasses the hepatic first pass through the stomach, liver andkidney

allowing the drug to enter the blood system through the capillaries within the dermal layers. It

1



will limit distress to the patiertby being painless and it willrpmote seHadministration by
being easy to use

Simultaneous to the development of smart drugs and new drug delivery devices, the
application of nanoparticles, such as graphene and iron oxide, in conjunction with therapeutics
has been investigatedlhe ciossing of smart drugs and drugdelivery systems with
nanotechnology add yield very promising results, such as possible improvements in the
therapeutic effect of drugd4], imaging capability15,16], the ability to track bound drugs
vivo[17,18], the ability to target bound drugs to specific sji€y, and the ability to thermally
ablate tumourg20].

The overall aim of this project is to develop a new typenafroneedle agmy using
nanocomposites of @egradable and biocompatible polymer &malctionalnanoparticlegor
targeted and monitored transdermal drug delivEngse nanocompositesll beoptimised in
terms of theirmain material properties: an optimised nanocomposite would have increased
mechanical propegss uch as Young6s modul us and ul ti mat
the chance of microneedles buckling or bending under force; it would have a sufficiently
increasectlectrical conductivityelative to pristine chitosan to allow for electrisimulation
of the drug delivery;the nanocomposites would possess similar or higleymatic
degradation ratpropertiesto pristine chitosanandthe nanocompositewould have quicker
and more efficientlrug delivery profileghan pristine chitosanwvhile alsooffering stimulus
responsive release and monitorfagctionalities There are five objectiveassociated with this

projectwhich are outlinedbelow.

1 To prepae chitosangraphene oxide nanocompositesl investigate the effect
of graphene oxide on the mechanjsadpertiesenzymatic degradation raaed

drug delivery performance of chitosan



1 To reduce graphene oxide usingraen, biocompatiblenethodto restore the
electrical conductivity and mechanical strengfhgraphene for incorporation
into chitosan, study the effect of reduced graphene oxide on the mechanical,
enzymatic degradatiorand drug delivery performance of chitosan, and
demonstrate the redse of a model drug from chitoseeduced graphene oxide
nanocomposite microneedle arrays.

1 To develop electrically conductive chitosgraphene quantum dot
nanocomposites wittmaging and tracking functionalitguring drug delivery
and investigate thgsssiverelease of small molecular weigkt 1000 Dadrugs
and the electrically stimulate@leaseof large molecular weight>1000 Da)
drugs fromchitosangraphene quantum doticroneedlerrays

1 To develop noveliron oxidereducedgraphene oxidequantum dots with
intrinsic photoluminescent and superparamagnetic propéntésan be used
for dual modality imaging/trackingndsite sgcific targeting of bound drugs

1 To prepare electrically conductive chitosamagnetic quantum dot
nanocomposites ith duatmodality imaging andargetingfunctionality, create
a novel design of detachable microneedle array, and Htedglease of drugs
from electrically stimulated or detachabthitosanmagnetic quantum dot

microneedle arrays

This research wilhelp advance the fields of transdermal drug delivery and polgnaghene
nanocomposite and lead to new designs aégradable microneedle arrays for targeted and

monitored transdermal drug delivery.



Chapter 2. Literature review

2.1 The currenttherapeutic delivery routes

Currently, the main therapeutic delivery routes used are the hypodermic syringe, the perioral
tablet route, and the nasal inhalation route. The standard hypodermic needle is used to
administer the therapeutic to either a mugicledzamuscular), into a vein (intravenous), or just
under the skin of the patient (subcutaned2q). The advantages of hypodermic syringe
include a quick application procedure and the ability to bypass the hepatic first pass. The
downsides to hypodermic syringes include poor patient compliance and the risk of blood
transmitted diseas¢$0,11,22 25].

The perioral route of drug administration is achieved through the swallowing of the
tablet, digestion through the stomach, and then absorption in the intestines and colon.
Metabolism occurs in the liver and the bioaahility of the drug is lowered due to the hepatic
first pass, often to a small fraction of the original dose, and can be further lowered by the
insolubility of the drug within biological fluids in the intestines and cd®26,27] Further
adding to the complexity of drug delopment, the way that a drug is metabolised within a
body will vary from person to persq@8], something that must be accounted for during the
design phase of the drug. As for advantages of the perioral route, the ease of administration
reduces the need for skilled medical staff to administer the #haiapThe pain associated
with oral tablet administration is a lot lower and there is no piercing of the skin with an external
device like with a hypodermic syringe and this negates the risk of blood transmitted diseases.

The nasal inhalation route ap@ithe drug through the nostrils to the mucous lining of
the olfactory region of the superior turbinate (within the inner nostril cavity) which is densely
packed with blood vesse[9,29,30] This awids the hepatic first pass through the liver,

associated with tablet medtaans, and allows for easy sefiministrationof the medicine.



The pH of any solution or powder will have to match the pH of the nasal passage or there is a
risk of irritation and degradation of the mucous layers. The permeability of the mucous layers
depends on the size of the molecule trying to penetrate, saitistie size of the molecules

in a nasal spray to 1000 Daltdi39].
2.2 Transdermal drug delivery

2.2.1 Introduction

Transdermal drug delivery refers to the admratstn of drugs through the dermal layer.
Transdermal drug patches, chemical or mechanical exfoliants, permeation enhancers and
microneedle arrays have all been used to administer therapeutics tramgdgrnal,32] In
the dermis lies a region called the viable epider(ME) (Figure 2.1). Within the/E lies a
dense network of blood capillaries. Drugs delivered toMEewill diffuse into the blood
capillaries and pass into the main blood system, therefore avoiding the liegtapasg12].
Once diffusednto the main blood vessels from tbapillaries, the drug can then be absorbed
into the cells witin the body. The drug would typically arrive to the cells/tissue from blood
vessels, with the drug entering the tissue from the vessels by diffusion and convection means
[33]. Once difused through the vessel wall, the drug will have to move through the lipid
membrane, the extracellular matrix, and the cellular wall. The rate that drugs achieve this is
dependent upon thmolecular weight MWt) of the drug, the solubility of the drug bodily
fluids (for example, the extreellular matrix) or lipids (lipid membrane), the charge of the drug
molecule, the therapeutic dose administered and the gradient of the drug level difference
between the blood vessel and the tig@834], and as such, the rate at which various drugs
enter the cells will differ from drug to drug.

In the VE, there is a dense population of Langerhans cell, dermal dendritic cells,

macrophages, and monocy{85i 38]; these will locate and recognise any foreign body that



enters through the stratum corneum (SC), engulf the foreign body and present them to the
lymphocytes whichnitiate a specific and prolonged immune response to the foreign body. By
focusing the delivery of therapeutics to ¥E, the delivered therapeutics can very quickly
initiate a substantial response from the immune system of the patient to any vaccine

adminstered[39,40]

Stratum corneum ——
m—

15-20 pm
Viable epidermis
130-180 um | Langerhans cell
Nerve
Dermis »
2000 pm Dendritic cell
¥ o« Blood vessels
« Lymph vessel
Subcutaneous
fat tissue Sweat gland
Hair follicle/
sebaceous gland

Figure 2.1 lllustration of the layers of the human skin showing the SC and the nerves, veins
and arteries deep within the dernayers Adapted from Van der Maaden et p10] with
permission from Elsevier Limited, copgtit 2012.

2.2.2 The different types of devices for transdermal drug delivery

This section will briefly review some recent advances in transdermal drug delivery, including
topical cream, passive diffusion patches, electroporation, iontophoresis, theratanabl
magnetophoresis, and sonophore&isummary is compiled in Table 2.1 of the key findings,
advantages and disadvantages of the current transdermal drug delivery déidcaseedle

arrays will be discussed in Section 2.3.

Topical cream
Topically-applied therapeutics are the most basic form of transdermal drug delivery. One of
the first reported studies on transdermal drug delivery was that of topaggdlied

hydrocortisone dissolved in acetddd]. Taking the form of therapéics dissolved in solvents



(e.g. hydrocortisone in acetorjél] or perillyl alcohol in waterf42]), dispersed in gels
(methoxaler{43] and tazarotenpt4]), in a lotion/emulsion (glucogd5] andbetamethasone

[46]), or in a liposome suspensi¢a7i 49], the topicallyapplied therapeutics are applied
directly to the outer dermal layers and have been shown to passively diffuse through the SC
and into theVE. The permeation rate of hydrocortisone varied ddpey on the thickness of

the SC at a particular test site and whether there were follicles at the tgétjsitrit it was

shown to permeate through all of the test sites at a therapeutic level. Changing the dispersion
agent from an ointmenb ta liposome increased the amount of triamcinolone found iWEhe

by 400%][49]. Methoxalen, administered to the patients through a gel, reduced the eczema in
~89% of patients treated, and was shown to be as effective a treatment as UV irradiation in the
treatment of eczenid3].

Topical creams can be selfiministered by the patient, reducing the cost of the
treatment as there is no need for specialist healthcare assistance. There is, however, no control
on thepermeation rate of the therapeutic through the 8. permeation is often slow, only
milligrams per day12,35,36] Due to the low permeability of tH&C, the maximunMWt of
the drug that can be used is less than 1000 Ddlt@50] The drug must also be sufficiently
lipophilic as the main diffusion route is through the intercellular lipid domain within the SC

[12,51]

Passive diffusion patch

A passive diffusion patch is a device that contains an internal reserve of a teppgibd
therapeutic, a diffusion membma, and an impermeable backiogyver. This device is attached

to the outer surface of the skin by an adhesive substance. The diffusion membrane is used to
control the release of the drug from the reservoir, and in doing so makes the transdermal patch
different toatopical cream where there is no control mecharjtskh The rate of drug delivery

into the skin is dependent on the surface area ofliffiession membrane, the permeability

7



coefficient of the drug, and theoncentration gradient between the internal reservoir and the
skin [12,51] As a passive diffusion patch is, simplistically, an inwe version of the
topically-applied therapeutic, it has the same advantages and disadvantages as the topically
applied therapeutic, i.e. it may be satfiministered and cheap to use, but the drugs that can be
used with this system are limited by thigivVt and solubility. It can, however, control the rate

at which a drug diffuses from the internal reservoir.

Electroporation

Electroporation increases the permeation of the SC by using an external electapied
to the skin through electrodasder ekctrical stimulation, the membraneaafell will undergo
a (reversible) chemical change where its permeability increases tempgsarha] The
therapeutic ishenapplied to the skithrough topical cream or a passive diffusion patbh; t
electricalstimulation and treatment do not occur at same time.

Electroporation increases the quantity of drug permeated through the SC in comparison
to passive diffusion. The permeation of the therdics dextran, doxorubicin, and fentanyl
from a passive diffusion patch were greatly improved when the skin was under electroporation
stimulation in comparison to passive diffusion without electroporation stimul&ddnit was
noted that electroporation created less skin damage/side effects than using tape to strip the SC
from the test site, which was an alternative route to increageetheeability of the skifb4].
Electroporation increased the delivery rate of calcein fourfold over passive diff@&pn
Similar improvements were noted fgadoliniumlabelled albumin56] and hormone$57]
when they were applied telectroporated skin. Electroporation can be used to administer
deoxyribonucleic acidDNA) vaccines, with a 100% survival rate for mice treated with the
pox-virus vaccing58]. There was a 100 times improvement in the plasmid DNA levels within
mice that underwent electroporation treatment thase that did not undergo electroporation

treatmen{59].



Electroporation offers significantly improved permeation rates when compared to
topical cream or passive diffusion, but the equipment requirecpnadybitits widespread use
as it may be more expensive than toparabm or passive diffusion. It may also be too complex
for selfadministration; stimulation of the nerves and muscles within subjects as well as
superficial burning of the SC is possible with electroporation if incorrect parameters are used

[52]. If the electrode resistance is too high, the electrode can burn tHé&kih).

lontophoresis
lontophoresis ishe stimulation of drug transfer through the SGQHgyapplication of an electric
currentdirectly to the SC[12,62 64]; the therapeutic reservoir is built into the positive
electrodeand the electric current transfers the drug from the resettwaiugh the SC by
electrarepulsion for charged molecules and/or by eleosmosis for molecules with no
charge The stimulation andreatment occur at the same time, contrary to electroporation
treatment.

lontophoresis increased the quantity of hydroxocobalamin delivered through the skin
in test patients, with 1469 pg delivered over 4 h with iontophoresis stimulation and 181 ug
delivered by passive meaf@5]. Similarly, dexamethasone phosphate and gentamicin sulphate
could be transdermally delivered via iontophoresis, and dexamethasone phosphate had a ~2.5
times higher delivery quaity thanthe value achieved byassive diffusiorf66]. Lidocaine
hydrochloride (LH) administered by ektroporation and iontophoresis achieved local
anaesthesigpl], but it was noted that iontophoresistainedthe greater depth of anaesthesia.
A linear relationship (Figure 2.2) between the drug delivery of ketorolac and the current density
applied via iontophoresis was found, showing that the delivery was current dependent and
could be controlled to achieve aesific delivery rate[67]. The therapeutic effect of
methylprednisolone sodium succinate was noted by 88% of test subjects that were treated with

iontophoresig68].
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The advantages (improved and controllable drug delivery) and disadvantages

(possibility of skinirritation and the cost/complexity of the device) of the electroporation

device are relevant to the iontophoretic device. Skin irritation and damage was noted in patients

whilst using an iontophoretic device to stimulate drug deliyE2y61,65]

Magnetophoresis

Magnetophoresis the process of usiran eternal magnetic fieldo force a drug through the

SC [62,69] this is achieved througmagneterepulsionwhich induces the movement of

diamagnetic drugand magnetdydrdkinesis which inducesthe movement of theolvent

constituent of théopical cream througtheporesin the SC

The transfer of.H through skin over 8 h was shown to be dependent on the density of

the magnetic flux usefb9]. The drug transfer using 300 uTesla magnetophoresis device

transferred 12 times the amount that passive diffusion could achieve in the same time frame

[69]. A 3 fold increase it.H transfer was recorded for a magnetophorpatsh in a similar

experimen{70]. Krishnan et al[71] researched the drug delivery profile of naltrexone using

a 250 uTesla magnetophoresigvice compared to a passive patch, reporting-@ times

increase in the drug concentration levels for magnetophoresis when compared to a passive

patch. The main problem with magnetophoresis is tirahk drug to be transferred across by
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magneterepulsion the drug needs to have a stronger diamagnetic tendency than a

paramagnetic tendency, which is not always feasible.

Sonophoresis

Sonophoresiss the process ofcreasinghe permeability of the SBy usingultrasonic energy
to induce gas cavitation, heat, ceection curents, and pressure differences the SC
[13,36,62] Samophoresis can be achieved by low or high frequency ultrag@ar8], and the
equipment required would typically consist of a signal gengratisasound transducers, and
possibly an amplifier to increase the signal from the generator.

A sonophoresisievicewill deliver one standard dos# insulinin less thar20 min
whereas by passive diffusion the same dosage will take just @ridpf4]. The quantity of
cyclosporine A transferred when under sonophoresis stimulation was 7 fold higher after 30 min
than the amount transferred under passive diffUsibh whilst heparin was transferred with a
21 fold higher flux than passive diffusion over 29#%]. The quantityof salicylic acid
transferred when under high frequency sonophoresis was 4 times higher than for passive
diffusion[73]; in this work, the author claims that a lower frequency sonophoresis device did
not noticeably improve the transfer of salicylic acid across the SC. Other therapeutics that were
investigated were BSA77], insulin [78], sulforhodamine H79], and calcein[80]. A
comprehensive list of therapeutics tested and that showed promising drug permeation
behaviouwhen under sonophoresis stimulatiomasnpiledin the work of Polat et aJ81].

Similar to electroporation and iontophoresis, the equipment required to use
sonophoresis may be proftibely expensive and complex for widespread use. Joshi[SG4l.
noted that as the gas level in the SC decreases, the permeability of the SC decreases as well.
This implies that there is a maximum usage level per application site, meaning that a new

administration site will have to be found on the patient when the quewite becomes
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unusable. This may be a hindrance for patients who require frequent drug administration, for

example diabetics.

Thermal Ablation

Thermal ablation is the selective removal of the SC by localised, controlled extreme heat
sources, subsequéntfollowed by the application of therapeutics in the form of passive
diffusion patches or topical cred®2i 84]. The skin exposed to the heat field is vaporised and
pores are temporarily created through the SC. Thermal ablation of the SC can be achieved by
running a current through a highly resistive matg88] or via lasermduced thermal ablation

[86].

The antigen response after vaccination was stronger when administered through
thermally ablated skin than through intact 4&2]. The delivery of BSA through full thickness
human cadaver skin was studi@¥], with the amount released from passive diffusion (~0 ug
mlY) increasing to ~650 pg mithrough the use of thermal ablation on the SC. Similar results
were achieved for sulforhodamine B. Human growth hornj88gcould permeate through
thermally ablated skin but not through intact skirg Hre bioavailability of the therapeutic was
measured as 75% in rats and 33% in guinea pigs, when compared to the subcutaneous injected
therapeutic. The thermal ablation of skin increased the permeation of granisetron hydrochloride
(=30 times higher thanggsive) and diclofenac sodium (~9 times higher than pa$88j)

Similar to iontophoresis and electroporation, there are a lot of variables to consider
when applying thermal ablationto the skinand this could be a limitation regarding its
widespread use; if therocedurdas notundertakerproperly, if the time of application is too
long, or the temperature is not controlled adequately, then heat damage could potentially occur

to the skin layerghe blood vessels, the nerves and the muscle/tissue around the treatment site.
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Table 21: Comparison table of transdermal drug delivery devices

Type

Method

Advantages

Disadvantages

Topical cream

Passivaliffusion

Cheap
Simple to build and operate

Limited to < 1 kDa drugs
No control over diffusiomate
Low diffusion rate

Passive diffusion patch

Passivaiffusion

Cheap
Simple to build and operate
Diffusion of drugs can be controlled

Limited to < 1 kDa drugs
Low diffusion rate

Electroporation

Electricalstimulation

No drug size limits
Control over diffusion rate

Costly
Poor design or operation can harm patien

lontophoresis

Electricalstimulation

No drug size limits
Control over diffusion rate

Costly
Poor desig or operation can harm patients

Magnetophoresis

Magnetstimulation

No drug size limits
Control over diffusion rate
No risk of harm to patient

Costly
Not all drugs are suitable for use

Sonophoresis

Soundenergy
mediated delivery

No drug size limits
Control over diffusion rate
No risk of harm to patient

Costly
Sites on body can be used for a limited tin

Thermal ablation

Thermal removal of
skin layers

No drug size limits
Control over diffusion rate

Costly
Poor design or operation can harm patien
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2.3 Microneedle arrays

2.3.1 Introduction to Microneedle Technology

(A)

(=) T
T TTTTTY

(c)_& T

“PRFTTF ST

Figure 2.3 An illustration of first and second generation microneedle arrays. The first
generation microneedle arrays are made fromnodegradable material and the drug is
delivered (A) through a transdermal patch and (B) through a powder coating on the external
surfaces of the array. (C) Second generation microneedles that are made from a biodegradable
polymer can deliver their encapsulated drug payload through biodegrading into the tissue.
Adapted from Arora et a|84] with permission from Elsevier Limited, copyright 2008.

The simplest design of a microneedle patch is an array of solid, conical micresizrside
projectiong(Figure 2.3 and Figure 2.#)atpierce through the SC to create mictannels for

drugs to permeate through to iE where there is both dense network of blood capillaries

to diffuse into and a dense population of immune system cells for vaccines to utilise (Section
2.2.1) Transdemal drug delivery with a microneedle array can offer an improvement in the
delivery of vaccines and therapeutics over conventional drug delivery methods like hypodermic
needle delivery38,90 92]. Another advantage over hypodermic syringes is that microneedle
arrays have a high level of patient compliance, with minimal pain or irritation recorded in

previously reported tests compared to hypodermic syrif33e83,94]
14



Of the current transdermal drug delivery devices, microneedle arrays offer the best
mixture of cost effectiveness, ease of use, and delivery perforri&hed 96]. Microneedle
arrays can be cheap, requiring no additional electrical equipttwerdperate, unlike
electroporationjontophoresis or sonophoresis devicescroneedle arrays can be used to
deliver a wide range of therapeutics of various molecular sizes and solubility, from vaccines
like the humarpapillomavirus vaccing97], the recumbent anthrax proteetiantigen29],
and t he -VimG&hiicinegaB]ato therapeutics like plasmid DNE®9], desmopressin
[100], calcein[35], naltrexong101], methyl nicotinatg102], insulin[103], ovalbumin[37],
lysozyme [104], sulforhodaming104,105] bovine serum albumi(BSA) [104,105]a nd b

galactosidasfgl05].

2.3.2 First generationmicroneedlearrays
The first practical study on microneedle drug delivery was calcein delivered via reactive ion
etched silicon microneedle arrayd5]. This design and other microneedle arrays made from
metals and silicon are often termed Afirst
using the same low cost, high production manufacturing processes as for microchips in the
computer industrye.g. microlithography and etching, see Section 2.3.5). The drug is applied
after the piercing of the SC by the microneedle array through a topical cream, a transdermal
patch (see Figure 2.3A), or a dried therapeutic powder applied to the exteriamagribieeedle
projections themselves (see Figure 2.3B).

The delivery of therapeutics have been tested with first generation microneedles, such
as desmopressin (mean bioavailability of microneedle delivered therapeutic was 85%,
compared to 0.1% for oral arRl4% for nasal administratiorfl00], calcein (with higher
quantities delivered through microneedle administration than thrpasgive diffusion)35],
as well as tests that confirm that naltrex@t@l], methyl nicotinatd102], LH [106], insulin

[103], and ovalbumip37], can all be delivered via a first generation microneedle.
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Figure 2.4 Images showindirst generation microneedles; (A) Metal conical microneedle
projections, adapted from Corbett et[8I7] with permission from PLOS under the Creative
Commons Attribution License 2010; (B) Penetration of metal microneedles through the SC,
adapted from Henry et gi35] with permission from John Wiley and Sons, copyright 2000;
(C) In-plane microneedle array coated with a Hepatitis C (Hep C) vaccination powder, adapted
from Gill et al.[107] with permission from Nature Publishing Group, copyright 2010.

First generation microneedles were tested irjuwuartion with vaccinations, DNA or
ribonucleic acid(RNA) gene therapies, proteins and other molecules. Vaccinations against
various threat to humans (for example human influenza vif#8,90,91] human
papillomavirug97], anthraq29], and Japanese Encephalitis, Dengue Haemorrhagic fever and
Yellow fever[98]) would be ideal therapeutics to be administered through microneedle array
technology, due to ease of administration and the heightened immune response from delivering
a drug to the VH35i 38]. Koutsonanos et gl38] showed that for a similar 10 pug dose of the
vaccine, mice in the microneedle administered group had higher haemagglutination inhibition
(HAI) and IgL titers (which are both signs of an efficient influenza specific immune response
to a vaccine) than the intramuscular injected group. Alarcon[80dkhowed higher influenza
specific titer counts for all intradermal microneedle doses than the traditional intramuscular
injection route in blood samples &k3 weeks, 6 weeks and 8 weeks after administration. Zhu
et al. [91] recordedcomparabletiter levels for subjects administeradith an inactivated
influenza virus through a microneedle and a hypodermic syringe.

First generation microneedle delivery of gene therapies have interested people as large
molecular treatments may be tough to administer with standard transdermal teclanidjues

oral delivery is limited as the hepatic first pass may damage the therapeutic. A low dose of a
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plasmid DNA therapeutic administered through microneedles (3.2 pg) was comparable to a
high dose administered through an intramuscular hypodermic syrijgggion (100 pg) in
reducing the size of tumouns mice[107]. Other reports have shown that gene therapies can
be successfully transpor-padadosidasgtOs], andplasmid e s t
DNA encoded firefly luciferasgl09].

Despite the many advantages of the first generation microneedle array over hypodermic
syringes and other transdermal drug delivery devices like iontophoresis and electroporation, it
does have disadvantages due to the materials that theyaale from. For example, first
generation microneedle arrays made from metal, ceramics, or silicon do not biocdegtade
sharp andhereforeheymust be disposed of properly; if improperly disposed of, (for example,
in a landfill site) the microneedlaray may prove to be a blood borne pathogen risk to people
who come into contact with the microneedle aitel] or if someone reuses the microneedle
array[110].

A second issue with the material is that the therapeutic must be applied to the outer
surface of the array, or administered after the microneedle arsdyelea inserted (see Figure
2.3). Neither of these methods of therapeutic application is optimised; for example, coating the
therapeutic oto the outer surface of the microneedle array means that the therapeutic might
either break off or rub off of the @y and onto the outer stratum layers during initial insertion.
Also, & only a thin layer on the outer surface of the microneedle can be used, the quantity of
drug that can be applied with each microneedle array is limited in comparison to the volume
within the microneedle itself. This issue can be partially solved through the development of
hollow microneedle arrays, such as those created from[@EE}s silicon[112], or from metal
[103], where liquid solutions of drugs can be stored in reservoirs to flow through the shaft when
the SC is perforated by the microneedle arrays themselves. This type of microneedle array

solves the problem of limited drug quantities, but the first problempddad of the microneedle
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array) remain unsolved for this generation. The hollow microneedle array are often used in
conjunction with a piezoelectric puniipl3,114] which may add to the price and complexity

of the microneedle array and may limit the widespread use of these types of microneedle arrays.

2.3.3 Second generation microneedbarays

A second generation of microneedles (Figure 2.3C and Figujewfe designed from
biodegradable and biocompatible polymers to alleviate the problems of the first generation,
e.g. no biodegradation and limited therapeldgading capacity. Some polymers can be
biodegraded through enzymes within the bosiych as chasan[115] and poly(glyceol
sebacate}116]. Othersby environmental conditionsuch agoly(acrylic acid) [117]. Some
polymers arewater soluble such agoly(vinyl alcohol) (PVA)[118]. This aids in the post
administration waste treatment of the second generationomaiedle array. These new
microneedle arrays also have the advantage where the drug can be encapsulated within the
polymer; this means that more drug carstoeed per microneedle array thaould be possible

if the drug was coated on the microneedle eatedand the drug release is now dependent on

the drug diffusing from the polymer atite drugis released straight into th.

Figure 2.5 Images showing second generation microneedles; (A) Polymer microneedle
projections made from amylopectin to allow for biodegradation, adapted from Le§lé¢l.

with permission from Elsevier Limited, copyright 2008; (B) An array of polymer microneedles
beside a 26 gauge hypodermic sge needle allowing for a comparison in size, adapted from
McAllister et al.[95] with permission from National Academy of Sciences of the United States
of America, copyright2003; (C) Poly(vinypyrrolidone) (PVP) microneedles with the
encapsulated drug sulforhodamine to allow for transdermal drug delivery, adapted from
Sullivan et al[105] with permission from John Wiley and Sons, copyright 2008.

18



Biocompatible polymers such as poHdttide) acid (PLA)[95], poly(glycolic acid)
(PGA) [95], poly(lacticco-glycolic acid) (PLGA)[95], poly(vinyl-pyrrolidone) (PVP)92],
and carboxymethylcellulose (CM@)04] have been used in the development of microneedle
arrays. PLA and CMC microneedles were used to deliver sulforhodamine B (see Figure 2.6),
BSA, and lysozymg¢104]. The enzymatic activity of lysozyme that was added into a CMC
microneedle array and stored at room temperature for 2 monthssiveagn not to be
substantially degraded in comparison to fresh lysozyme, which is an important result as
therapeutics may be stored in microneedles for a substantial amount of time prior to use. The
delivery of sulfornodamine into the skin by CMC microrleedcan be seen in Figure 2.6,
where thesulforhodamine can be seen under fluorescent light to have diffused from the surface
into the VE layers under the SC. Similar diffusion results were achieved for the delivery of
sulforhodamine B and BSA with PVP maneedle$105]. PLGA microneedles were used for
the delivery of ovlbumin [119], silk protein microneedles were used for theagsalation of
the enzyme horseradish peroxidase and tetracyldi(@, and forBSA and sulforhodamine
[121], and hyaluronic acid microneedles were used for the delivery of fluorescein
isothiocyanate labelled dextr@t22]. Dextrin microneedles were used to deliver heparin and
insulin[123,124] A microneedle made from starch/gelatinl weight ratio) was used for the
release of insulin, with the microneedle treated rats exhibiting a similar hypoglycaemic effect
as subcutaneous injected rdi5]. It was also noted that the insulin retained a 92%

bioavailability and was delivered in a pharmacologically suitable qUakty].
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Figure 2.6. (A) image of the microneedle array, (B) sulforhodamine staining of the skin after
application, and (C) histological cross section of skin showing fluorescédepted from Lee
et al.[104] with permission from Elsevier Limited, copyright 2008.

A vaccination against the PR8 influenza virus was administeréVBymicroneedle
arrays into mice, with the humoral immune response titer levels found to be statistically similar
between microneedle amypodermically administered grouf®2]. CMC micronedles were
used to deliver aimnfluenza vaccia, with strong immune response recorded 102 days post
application via the microneed]&26]. Vaccinations against tetanus were encapsulated within
thermoplastic starch microneed[@27], as well as the encapsulationgdfat antihuman IgG
antibodies into malt@s microneedle$128]. Microneedles made frofRVA, trehalose and
maltitol (2:3:3 weight ratio) were used to administer recombinant protective antigen to rats,
with higher titer counts ried after microneedle application than after intramuscular or

intradermal injectiorf129].
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PLA microneedles were coated with a poitrobenzylmethacrylateco-methyt
methacrylateco-poly(ethyleneglycol)-methacrylate¥ilm which was left within the dermal
layers upon application of the PLA microneedle; this film was used to deliver DNA and RNA
therapeutics into the dermal layers(of vivo) mice and(ex vivo)macaquemonkeys[130].
Plasmid DNA encoded witlirefly luciferase was successfully administered to mice via PLGA
microneedles, with a rapid delivery shown by an increase in luciferase activity after 5 minutes
post applicatia [99]. -gélactosidase was encapsulated and subsequently released from PVP
microneedle$105].

While s=scond generation microneedles made from PLA, PVP, Ple®A have many
advantages over the first generation microneedles, they are not fully optimised for transdermal
drug delivery. A problem with standard second generatisromeedle arrays is that the
diffusion of the drug from the polymer depends on a number of things such as the rate of water
uptake into the polymer, the dissolution r&®Vt and solubility of the drug, and the rate that
the polymer is degraded by enzymeghin the body or dissolved by the bodily fluids

[131,132]

2.3.4 Electrically-stimulated microneedle arrays

Recently, therdas been an increase in the studies of microneedle arrays that work in unison
with another transdermal drug delivery system to improve the drug release performance
relative to either separate device. An example of such a system is a combined iontaphoresis
microneedle array system for the delivery of various drugs, such as insulin whetagritess
steelmicroneedlesvere both the positive electrode for tbatophoresislevice and the means

of perforaing the skin to create microchanneisthe SC[133]. Using iontophoresis increased

the quantity of insulin transferred byS3times the value transferred without iontophoresis
stimulation[133]. The delivery of BSA into the skin was ~3 times higher when a microneedle

was combined with raiontophoresis device than witho{i34]. Small MWt drugs can
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passively diffuse frommicroneedle arraysto the SC and as such there was no noticeable
increase in drug delivery rate when the microneedle array was combined with iontophoresis
compared to passive diffusi¢h34,135]

Another possible combinaitn is theelectroporatiormicroneedle array combination
that can have hollow microneedles to allow for therapeutic flow from an internal reservoir
[136,137]or have the therapeutic applied to the outer surface of solid microngefllE38]
Such devices can be used for the electroporation of specific [¢885139] or for the
electroporation of the S{140]. Therapeutics that were delivered successfully and in a higher
guantity tharthe amounachieved by passive diffusion include dexti40], calcein and BSA
[139] and DNA vaccine$58,138] There was a 140 fold increase, in comparison to passive
diffusion, in the quantity of dextran that permeatéé skin when an electroporation
microneedle array was used; this compares favourably to micronedgl€7 fold increase)
and electroporatioonly (20 fold increase])140]. It was found that increasing the voltage to
the device when electroporating prostate cells would increase the uptake of calcein and BSA
into these cell§139].

Electrically-stimulatedmicroneedlearrayshave improved drug dekry performance
over standard first generation microneedle arrays and over passive diffusion, as well as the
ability to modulate the delivery by varying the electrical stimulus, but they are more expensive
than standard microneedle arrays (due to the awgnp required) and are liable to the same
problems as those discussed for electroporation/iontophoresis machines and first generation

microneedles on their own (Section 2.2).

2.3.5 Manufacture of microneedle arrays
Microneedle arrays have been designed in their first and second generation forms for almost
two decades, and in that time several different manufacturing processes have been used to

manufacture the microneedle arrays. For second generation microneegde anrariginal
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version of the design is often produced from a metal/silicon/ceramic material initially. This
original microneedle arrawould be replicated using silicone and a vacuum oven to create
numerous female moulds; these female moulds would thearn, be filled with thechosen

polymer and the drugo createsecond generation microneedle arrfd4l]. The different
processes used to create microneedle arrays can be summarised as microlithography, etching,
laser fabrication, and 3D printing, of which brief descriptions of the processes are included

below.

Microlithography

Microlithography was conceived to transfer complex shapes onto wafers by the selective
removal of photo resist polymer material. Microlithography is mainly used in the computer
chip, electronics, and semiconductor industries. Microlithogrdyats been used previously in
microneedle array projecf82,95,105]

Microlithography can be split into two classifications; (1) parallel and (2) seriall&ar
lithography refers to photolithography, where the UV light source is used to change the material
properties of the photo resist material, al/|l
Serial | ithography refterver ittoe e iltihtehro dgired pplcy r i
lithography [142,143] For an electron beam direct write lithography device, the beam is
focused on a polymer material that is chemically changed by electrons passing through it. Upon
the application of a developer solution, the undesired polymer is removed.s&doom beam
lithography device works either to remove a layer or to construct a layer. The ion beam has
enough power to impinge and remove a small section of the wafer down to a certain depth. The
ion beam also has the power to reduce the environmerstavittan the chamber to a solid at
specific points, allowing for the precise placement of solid material to form upright objects

[144]
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Etching

Etching uses the selective removal of a sacrificial material to form objects of high resolution
for use within the electronics and semiconductor industries. Etching relies on the chemical
reaction of etchants like sodium hydroxide and hydrofluoric acitl wisacrificial material
coating. Wet etching uses solvents to achieve a controlled removal of specific material from a
substrate wafer. This level of control is afforded by the use of a mask made from a material
that is resistant to the solvent and bywing the etch rate of the etchant. Silicon wet etching
has been used previously to create microneedle dirdysl46]

Reactive ion etching achieves higher resolution by using radical particles to remove the
chemically reactive sacrificial material not protected by a reaction inhibitor Mhskadical
particles are created by the ionisation of the gas within the chamber by a combination of low
pressure and radio frequency electromagnetic stimulation. The ions from the gas plasma
bombard the substrate, both reacting chemically with thefis@drimaterial and forcibly
ejecting (sputtering) any material with a lower binding energy than the kinetic energy of the
ion. These two processes combine to etch away the desired ppt@riReactive ion etching

has been used previously to create microneedle afééby$46]

Laser Microfabrication

UV laser cutting or drilling is a dry micromachining procgls$7]. UV laser microfabrication

was used in previgs literature to create microneedle ar®399,103] Light energy from the

laser is targeted at specific points on the target material and the material is melted and ejected
by a shockwave from its original position. By modifying the laser power and by knowing the
thermal properties of the target materibg tlepth of each penetration impact can be changed

to allow shallow or deep impacts.
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3D printing
Two-photon photepolymerisation relies on the raising of the phintitiator molecules within
a photecurable resin from the ground state to a higher endagg sia the absorption of
photons, with the polymerisation occurring at the focal point bfgaly focusedlaser of
sufficient wavelength. Femtosecond direct laser writing was used to produce 3D scaffold
structures for cell growth, with feature sizesi B8 high and 7 um wide achievéti48,149]
Similarly sized features, this time in the form of cantilevers and pyramids, were created by
picosecond laser pulses for use as optical data storage dé&0gs

Additive polymer printing techniques require the local heating of a polymer filament
and the extrusion of the melted polymer through a fine nozzle, with horizontal layers of
deposited polymer buling up to form 3D structures. These printers do not provide the same
resolution or size of detail as twdoton polymerisation can, often with limits of 0.1 mm

resolution, but produce objects much quicker.

Replication procedures for the microneedle argy

Typically, the initial microneedle array that was produced by 3D printing, microlithography,
etching, or other methods, would be replicated using silicone and a vacuum oven to create
numerous female moulds. This can be achieved by inserting the ongicra@needle array

fully into uncured silicone, using a vacuum oven to remove bubbles and voids, and then
subsequently curing the silicone.

Once the mould has been replicated, commonly the mould is filled by using either a
vacuum oven or a centrifuge; esttmethod will ensure that the voids will be filled and that the
microneedle will be fully formed. In some instances, gasierto use a vacuum oven to fill
the voids, for example filling the mould with molten polynie41] or filling it with a phote

curable resin[105]. In other circumstances, such as those where heat is not required, a
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centrifuge can be used to fill the voids of the mda@4,119,151,152]which is the process

employed in this thesis.

2.4 Functional Nanopatrticles

In this section, recent publications will be discussed that reparanaparticleassistedirug
delivery, bicimaging, and thermal ablation applicatiptiee nanopatrticles of particular interest
are @arbon nanotubes (CNTSs), graplee iron oxide (10), hybrids of graphei@, and other
nanoparticles such as gold and quantum ({@Bs).

In this project, the drugs will be bound to graphene and subsequently released from the
nanocomposite into the body in this form, so it is importantstudy the literature on
nanoparticleassisted drug deliverfpublicationson nanoparticleassistedirug deliveryfocus
on the interactions between the drug and the nanopatrticle, the potential for targeting the
nanoparticle to a specific site, and th#udiion of the drug from the nanoparticle once at the
target site Studies orthe imaging potential of nanoparticles hassessetheir applicability
to various imaging modessuch asmagnetic resonance imaging ([RI.), computed
tomography (CT,) positron emission tomography .B2T.G.), fluorescentand optical
microscopy, and photacoustic.Studies onthermal ablation applicationmvestigatethe
interaction between nanoparticles and external stimulations si¢hiRdsradiation or an AC
magnetidield, and the efficiency that the nanoparticles convert the stimglatergyo heat
in order todamage tumours and cancer cglis3].

The biocompatibility of nanoparticlesvill also be discussemh their sectionsas it is
important for future biomedical applications. It is well known that ultrafine particulate matter
in the air have adverse effects on the humans and animals that inhale them, ranging from

cardiovascular, pulmonary, respiratory, and cancer prolEsds156]. The effect that CNTSs,
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graphene, 10, hybrids of graphelt®, gold, andQDs have on the body must be checked for

similar efects.

2.4.1 Carbon Nanotubes
CNTs are carbon all ot r op €sarbbnmanbshests (Eigurer2.7)e s s e n
CNTs have recently been researched as potential drug delivery sydtemsas imaging

agentgd158], and aghermal ablation agenf&59].

Figure 2.7: A sheet of carbon atoms, arranged in a hexagonal arrangement, can be formed into
other carbon nanostructures liR&ITs, fullerenes and graphite. Adapted from Geirali60]
with permission from Nature Publishing Group, copyright 2007.

CNTs were coated with a Platinum IV anticancer drug and were shown to have a pH
sensitive release of the drug aftiee CNTs had entered cancer cfls7]. The presence of the
free drug itself did not notably deease the cell viability (with a maximum decrease of ~10%
with a 0.5 puM concentration), but wheeliveredby CNTs the drug reduced the cell viability
by ~85% at a 0.5 uM concentration of the drug. The drug, per mg of protein, was measured at
23 ng withinthe cytosol region and 36 ng within the nucleus after 3 h, values that were twice
as high as for free Platinum INL57]. Fluorescein labelled RNA attached to CNTs were used
to target HelLa cells in micl61], with the RNA working within one week to reverse the
growth and reduce both the size and weight of the tumours when compared to control mice

tumours.
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CNTs can be used to image tumours in nil&s8]. By coating theCNTswith a copper
isotope (to allow for FE.T.G. imaging) and an antagonist of integrin (to provide targeting
functionality), CNTs were able to target and image with high resolution the tumours within the
mice. Welsher et aj162] used functionalised CNTs and NIR light stimulation to monitor the
flow of blood through a mouse. Figure 2.8 shows the progression of the PEG Cb#itsd
from the insertion point at the tail vein to the lung and then fronutigeto the spleen via the
kidney and the liver, demonstrating that these nanopatrticles can be used to monitor blood flow

and to determine if there are any blockages within the veins.

-
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Figure 2.8 The path of blood flow through the lung, kidney, livedahen to the spleen. Upper
row is in the plan view and lower row is in the side view. Adapted from Welsher[£62)].
with permission from National dademy of Sciences of the United States of America,
copyright 2011.

CNTs were used to photothermally ablate 4T1 tumours in mice using NIR irradiation
[159]; this would only occur when CNTs were used in conjamctvith NIR irradiation and
notwith CNTSs or irradiation on their own. Similarly, PEG coated CNTs achieved photothermal
ablation of mice, with those treated with CNTs and laser irradiation surviving the duration of
the study: their tumours decreased irestnd mass unlike the control mice that died from

tumour growth after thirty day463].

28



The biocompatibility of CNTs can depend on whether there are any impurities on the
CNTs after production, which may limit the usefulness of CiiTlsiomedical applications.
Shvedova et al164] applied CNTs, containing trace amounts of iron derivatives, to human
epidermal keratinocytes. The unpurifi@NTs damaged the cells when introduced in doses
from 0.060.24 mg mf through OH free radical interaction with cells. Reactive oxide species
(ROS) can lead to oxidative stress which may lead to cell apofit68is168], DNA damage
[169], and some diseases of the bifdif0] and the cardiovascular syst¢h71]. The ROS in
the unpurified CNTSs is from the manufacturing process and can lead to changes to the structure
of the cells (nucleus, mitochondria and the tondjilafter 18h [164]. MonteircRiviere et al.
[172] assessed purified CNTs (without any iron derivatives present) with human epidermal
keratinocytes; the cell viability reduced to 70% with a ligke (0.4 mg k§). This shows that
if the impurities of CNTs can be reduced to negligible levels, the cell viability can be
maintained. Radomski et gl173] noted that CNTs at concentrations of-G@D pg mit
induced platelet activation and clotting of the blood.et al. [174] suggested that CNTs
administered irdoses of 10 to 40 pg per mausan inflictROS damage on the mitochondrial
DNA and that this led to an increase in atherosclerosis in the mice. Yokoyamdl&5al.
recorded that granulomas surrounded implanted CNTs after 1 week and these granulomas
developed to fibrous tissue formations after four weeks. These results suggest that the CNT
manufacturing process and the concentration of CNTs within tiiy finast both be carefully

monitored in order to avoid cytotoxicity.

2.4.2 Graphene

Graphene is a carbon allotrope the form ofa sheet ofsp? carbon atoms arranged in a
hexagonal arrangement that can be formed into other carbon nanostructures like CNTSs,
fullerenes and graphite, as demonstrated in Figur§lB(]. Graphene possesses the highest

ulti mate tensile strength (UTS) (130 GPa)
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subsgance, as well as a theoretical surface ares6802yf g%, an electron mobility greater than
10,000 criv?!s? resistancealueof 6 kq, conddsctnlaidtayhermal 20
conductivity value of ~4,006300 W mK! [160,176 182]. Pristine graphene was originally
isolated by Geim and Novdse in 2004via mechanical exfoliation of graphit&78], but other
methods have been developed such as growirghgre via chemical vapour deposition onto
substrates and epitaxial growf83], or the solvent exfoliation of graphite84,185] Pristine
graphene was not used in this project and therefore these methods will not be dfsctiesed
Graphene oxide (GO) is citea by oxidising graphite and exfoliating the resultant
graphitic oxide to create single lay@0O (the structure of which is shown in Figure Z196i
188]. The degree of oxidation can change many aspects of the structure[d8@Qwith an
increase in oxidation often met with an increase in the ratio®dbsg# carbon domains and
an increase in the quantity of hydroxyl, carboxyl, and epoxide groups present. The oxidation
process gives GO ample functional groups that improve thaitgpof GO to other molecules
[190] and excellent dispersibility within many solveiit®1], though the defects within the
structure cased by the oxidation do reduce the mechanical propedgeshe degree of
oxidation varies, so too does the regularity of defects that interfere with and reducé the sp
domaing[189]. The idealised Spcarbon structure givgsristine graphene its strong E value,
and as such, GO which has limited dpmains may not match the E of pristine graph&he.
reportede of GO varies in the literature from 207 GR82] to 3863470 GPa for ordered and
290430 GPa for amorphous M93], but the values are always less than the value associated
with pristine graphene. GO has alectricalconductivityvalue 6 orders of magnitude lower
than pristine graphepnwith conductivity values of-b x 10 S cm* [194] and resistance values
of ~1 x 13?q [195] due tothe defects in and the reduction of the size of tRelsmains the

conductivity is so low that GO is often considered an electrical insyillE86r197]
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Figure 2.9 lllustration of the perceived chemical structure of [2@8,199] Adapted from He
et al.[198] with permission from Elsevier, copyright 1998.

Typically, themethod of producing GO is to oxidise graphite through the Hummers
method[186] or a modification of that methodil87,200] A standard Hummers oxidation
reaction would involve the addition of graphite to anatgid mixture of sulphuric acid2BQs,
sodium nitrate NaNg) and potassium permanganate KMfiT86]. Some modifications to the
Hummers method include the addition of phosphoric agleid when adding the sulphuric
acid [187], or a preoxidisation step where a 8@ mixture of sulphuric acid, potassium
persulfate KS;Og, and phosphorus pentoxidgd®@was used to oxidise the graphite before the
main Hummers methd@00]. Once a sufficient amount of time has passed (predetermined by
the method used) the graphite oxide slurry is typically either diluted with {&&@&ror poured
onto ice[187], before treatment with hydrogen peroxidgOu

To partially restore the excellent properties of graphene to GO whilst maintaining the
di spersibility of GO, the GO can be reduced
the functional groups created during the oxidation of graj@éi 203]. Reduction can be
achieved by a number of methods, such as using toxic chemicals such as ammonia, hydrazine
and diazene[204i 206], by using biomolecules or by hydrothermal reduction. The
biomolecules route uses biomolecwdesh agjlucose that contains hydroxyl groy@87,208]

green tea polyphenol that contains pyrogallol and catechol gf20®k gelatin that contains
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amine groupd210], ascorbic acid that contains hydroxyl groy@41i 213], chitosan that
contains amine groug214], andBSA that contains phenolic groufzl5] to reduce the GO
The usage of biomolecules to reduce the GO to rGO is ideal for the biomedical indutstry as
will often coat the rGO with the biomolecule by chemical graftingich will improve the
biocompatibilityof the rGO[216].

The hydrothermal reduction route uses a supercritical solvent, for example water, to
reduce the functionalrgups of GO217]. At supercritical temperatures, water beés like a
strong electrolytavith a high diffusion coefficient and a high dielectric const@rhparable
to pdar organic solvent$218]. The proposed method of hydrothermal reduction of GO is
through heterolytic bond cleavage, where both of the electrons involved in the bond remain
with the most electronegative of the oxidati@duction pair[218]. The hydrothermal
reduction route is advantageous in comparison to other methods such as hydrazine reduction
as it is environmentally friendly witust no to
the addition of a suspension to an autoclave,taaend produatan befine-tunedeasily by
varying the reduction temperature and time.

Graphene, GO and rGO have found use in biomedical applications such as drug
delivery, imaging and thermal ablation of tumo(£%9,220] A popular application for GO
and rGO is therapeutic delivery, where it hasnbefhown that using graphene based
nanoparticles as the drug carrier can increase the efficiency of the drug that is delivered, relative
to free/lunbound drug[216,221,222] GO bound with the antiancer drug ethyl
hydroxycamptotbcin (SN38) showed a 50% cell viability reduction at a drug concentration of
6 nanomoles, which was comparable to the control of Irinotecan -{@QPThe oral
administration version of SN38) at a concentration of 10 unjd#gsZhang et al[223] found
that the cytotoicity for GO-doxorubicin or GGcampothecin was much higher than for either

free standing drug on its own. Hypocrellin A and-S8Iwere bonded together onto GO, and
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this combined treatment showed a better cytotoxic effect to A549 cells than either drug bonded
to GO on its own, showing the benefit of dtta¢rapeutic treatmeifi224]. The pH sensitive
release of Ibuprfen or 5fluorouracil in either the stomach or a tumour could be achieved from
chitosan coated G@16]. Similar pH sensitive release was noted for epirubicin bonded to
hyaluronic acidGO, with this pH sensitivity allowing for an in@ged release of the drug into
the nucleus of the cell225]. The pH of the solution is a critical factor on the successful loading
onto and tk release of doxorubicin from GO, with a neutral solution shown to be the best for
loading and an acidic solution best for the release of doxoryB2@}. Other therapeutics that
were studied include resveratf@R7] andchlorin e6[228], while therewerefurther studies on
doxorubicin  with rGGPEGpoly(ethylenimine) (PEI) [229], PEHpoly(sodium 4
styrenesulfonate) coated GEBO0], hyaluronic acigGO [231], and PEG alginat&O [232].

Once bonded tographene, the drug will gradually diffuse from the graphene
nanoparticle. The manner of the diffusion type, i.e. Fickian (ocutde diffusion), non
Fickian/anomalous, or case Il relaxation controlled transga83i 235], can vary in the
literature as the type of drug (and therefore the type of bonding to graphene) and the pH of the
release medium may vary the release rate and release profile of tHe@3#uigChanging the
pH of the release medium changed the type of diffusion that occurred when rhoB8anase
released from GO from case Il (pH = 7.4 ) to anomalous diffusion (pH =[234). The
authors believed that the pH sensitivity i®da the changes in the hydrogen bonding between
the graphene and the rhodamine B due to the protonation of the COOH group. In the case of
gentamicin and graphene, the pH (either pH = 3, 7.4 or 10) of the release medium did not
change the diffusion type igkian) when analysed, suggesting that the bonds between that
particular drug and graphene were not pH sensitive; similarly, the diffusion type of rhodamine
B from carbon black o€NTs remained Fickian, regardless of the pH of the release media

[236], due to the diff€perutsedy et ovie eclbsoandhios g
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rhodamine B in comparison to the aforementioned study on GO and rhodamine B (hydrogen

bonding)[234].

Figure 2.1Q (A) Free molecular beacons and (B) graphem®lecular beacons, showing the
difference in transfection of the cells due to the presence of graphene. Images are fluorescent
microscopy images overlayed onto bright field optical microscopy images. Adapted.u

et al.[237] with permission from The Royal Society of Chemistry, copyright 2010.

Gene therapies can also be delivered in conjunction with GOthveitloading of DNA
onto GO found to be dependent on certain factors, with higher loadings achieved when the
DNA helix was short, the solvent had a low pH and a high ionic str¢2g88). Plasmid DNA
and siRNA were transferred via PEHREI cated GO[239,240] with both papers noting that
the transfection of the cells with the gene therapies could be improved by using NIR laser
irradiation. Similar transfection rate irg@ses into HelLa cells were noted for DNA and RNA
gene therapies that were bonded to graphene than for the free therg@#&ijtizhang et al.
[222] used GO functionalisedith PEI to transfer short interfering RNA therapeutics into-BcL
2 cancer cells during an in vitro experiment. GO bonded to trimethigsan was conjugated
to folic acid, which acted as a targeting mechanism against cancer cell lines with folate
receptes, and the GO could then be used to deliver doxorubicin or plasmid DNA into HeLa
cells [241]. The imaging of cells could be achieved by using molecular beacons bonded to
graphene; the successful transfection of the cells with the gene therapy could be determined
through fluorescence imaging as shown in Figure R3@]. Graphene increased the transfer

of the therapeutic to the cells, as shown by the stronger fluorescence for cells treated with the
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graphene bound therapeutic than foe free molecular beacon solution. The delivery of
molecular beacons by GO was similarly noted by Lu ¢R8I], who also showed that the GO
could prevet the enzymatic cleavage of the molecular beacon by preventing the cleaving
enzyme from binding to the molecular beacon. Cells could also be probed by a molecular probe

consisting of aptamerarboxyfluorescein coated Ge42].

(A) (B)

G I:HTDNA
120 als 120
o I I I T T
4 . S y 1 B x 1
100 a_\ﬂ — ‘F- ""?=-=.H%,f"" ‘% 100 i\&_ :"'T' B _%\-_5? 3
_ . \H\ - _ 3 e g ] L
T a0t \ O e | E 901 S S .
5 . 'i’ \L kY 5 1 "“'f-m_:_ﬂ\\ a
o \\ Fa Y 1] i Y
5 60 5 601 1R
& b Y \ -3 \‘ -
£ N \ < YA
3 40 \ \ > 401 v\ I
o—0 \ \'x\ 3 L—0-0
204 2.5 pg'ml ! h ih 20 + —8— 2.5 pg/mi \'-.|
—A-5pgiml 2T —&— 5 pg/mi \
| —e— 10 ug/mi *""3}: :g | —#— 10 pg/mi &
0 05 1 2 3 5 0 05 1 2 3 5
NIR (min) NIR (min)

Figure 2.11 (A) GO and (B) CNTs under NIR laser stimulation, showing a reductiomein t

cell viability of cancer cells. The time required to achieve ~80% photothermal ablation of the
cells was less for GO than for CNTs, showing GO to be a better photothermal ablation agent.
Adapted from Markovic et aJ243] with permission from Elsevier Limited, cppght 2011.

Markovic et al[243] tested GO as a thermal ablation agent for the treatment of cancer
cells. Within 3 minutes of NIR stimulation, at least 75% of the cells had been killed for each
concentration of graphene. After 5 minutes, all concentrations of gmapi2.5 pug mt, 5 ug
ml?t, and 10 ug mb) had killed between 8000% of the cells present (Figure 2.11). Yang et
al.[244] used PEG coated GO and a NIR laser to thermally ablate tumaursdansimilar to
Robinson et al[245] who used GO coated with PEG and the targeting ligand RGD to target
U87MG cancer cells for thermal ablation. Robinson achieved @080realuction in cancer

cell viability.
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Figure 2.12 L|ght mlcrograph after 40 days showmg no damage to the kldney, liver, spleen,
heart, intestine, or the lung after treatment with 20 myKPEG coated GO. Adapted from
Yang et al[244] with permission from American Chemical Society, copyright 2010.

Wang et al[246] analysed the effects of GO bmman fibroblast cells and mice. Doses
of 20 pg mitor lower did not induce toxicity in the human fibroblast cells, but doses of 50 ug
ml* or higher induced severe toxicity through a decrease in cell adhesion and an increase in
cell apoptosis. Below the concentration of 0.4 mg per mouse, there was no notable toxicity
within the mice, but at 0.4 mg per mouse there were signs of severe dbxitity, including
granuloma formations within the lung, liver, spleen and kidney of the mice. Similarly, Zhang
et al.[247] noted no toxicity in the liver, spleen or the kidney in mice treated with 1 mhgikg
10 mg kg' of GO over a 2 week time span. It was noted, however, that there was granuloma
formation and inflammation within the lungs for the higher dosage of G@efblysis assay
showed that there was no ill effect at doses of 10 and 80 figmthaemoglobin and that GO
did not harm red blood cellg47]. The aspiration of 50 ug per mouse of graphene nanoplatelets
formed granulomas in the bronchiolar lumen and inflammation in the chest wall, and ultimately
resulted in cell apoptosis througtDS[248].

Coating GO or rGO with biomolecules can improve the biocompatibility of the
nanoparticle$222,249 252). After a treatment of@mg kg* of PEG coated GO, there was no
obvious signs of chronic toxicity after 40 days within mice (Figure 2[22%]. Human

mesenchymal stem cel]253] and osteoblasti254] were shown to proliferate when in the
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presence of chitosan coated graphenieeNreated with 20 mg kigof PEG coated GO did not
suffer hepatic nanotoxicology aft8rmonths, with white blood cell, red blood cell, platelet,

and haemoglobin counts similar to control samples of untreated24i8g Yang et al[249]
analysed the whole body biodigtution of PEGGO and its concentration in the liver, spleen,
urine and faeces, showing that the majority of the GO was excreted though urine within 2 days

and that the main congregation poiithin the body was the spleen.

2.4.3 Iron oxide
IO nanoparticls, such asmagnetite F€0» and ma g hFeOs haee use within
biomedicine as imaging contrast agents, drug delivery systems, thermal ablation agents and
filtering agents for biological assay255i 257] Their small size allows them to migrate
through blood vesselsd into tumours. Typically, IO nanoparticles such as magnetite and
maghemite are superparamagnetic, a phenomenon where they hold no residual magnetic force
(they will not aggregate together dlugh their own magnetic force), but can be manipulated
by extenal forces.

IO nanoparticles have been used before as targeted drug delivery cani@rsaase
manipulated by external magnetic fields to collect in specific gi&258] Alexiou et al.[19]
attached the antiancer drug mitoxantrone to 10 and used an external magnetic field to attract
the 10 to tumours within rabbits. Within the tumour, 4.71 pg*rof mitoxantrone was
measured when a treatment of 5 mg ®-mitoxantrone was administered tioe rabbit,
compared to 0.58 pg mlof mitoxantrone when 10 g fof free mitoxantrone was
administered. This showed that a substantial increase could be achieved in the amount of drug
delivered to a tumour when the drug is targeted to a specific siteatfed with doxorubicin
could be manipulated by an external magnet to aggregate close to the [2&@hetell
viability analysis confirmed #it the cell viability was lower closer to the magnet site than it

was far from the magnet, which was attributed to the presence-@dXQrubicin. Hu et al.
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[258] researched glyallylamine nanocapsules encapsulating 10 and doxorubicin
hydrochloride. Purushotham et §60] used polyn-(isopropyl acrylamide) (PNIPAM) to

form a polymer layer around magnetic 10 and doxorubicin. Other drugs that have been bonded
to 10 for drug diffusion and drug release tests include vitamif2B2], vitamin B12[262],
fluorescein sodiuni263], and theophylline¢118]. Gene therapies have been investigated for
use with 10; the Sendai virus, a RNA virus that can be used as a gene therapy vector, was
bound to maghemite nanoparticles and was shown to effectively transfer luciferase plasmid
into BHK-21 cells without an imease in cell cytotoxicity (when compared to unbound gene

therapy vector)264].
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Figure 2.13 (Left) A transmitted light microscopy image and (right) fluorescent light
microscopy image ofO NPs within phagocytic cells. Adapted from Corr &t[265] with

permission from The Royal Society of Chemistry, copyright 2006.

IO can be used for M.R.I. of tumours and the circulatory sy§2&®,267] Cheong et
al. [16] showed that IO could successfully image the liver, the spleen and the inguinal region
of mice, while Lim et al[268] imaged metastatic breast cancer cells within mice. Park et al.
[269] imaged tumours and vital organs in mice, and determined that smaller 10 nanoparticles
are removed from the body quicker than larger nanoparticles, a finding that could be beneficial
in optimising tke ability of 10 as a contrast agent. These results show that 10 is an effective

contrast agent for body organs for imaging purposes. Corr[26&].investigated whethe(,
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bonded to fluorescent markers, coulddmmsumedy osteoblast cells and phagocytic cells,
and the cells can be seen very clearly in Figure 2.13.

The use of 10 in thermal ablation is owed to the superparamagnetic behaviour; if
manipulated by an AC magtefield, the 10 will revolve on their primary axis and generate
heat[270], with chitosan coated 10 nanospheres used in cancer ablagoapy[20,271]
Babincov et al[272] tested 10 coated with cisplatin to reduce the cell viability of sarcoma cells
(Figure 2.14). Thermal ablation reduced the cell viability by ~20%, while free cisplatin would
reduce cell viability by 225%. When the effects of the thermaledion and bound drug were

combined into one nanohybrid, the cell viability was reduced b§0P5
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Figure 2.14 Reduction in cell numbers of control, hyperthermia on its own, cisplatin on its
own, and a combination of cisplatin and hyperthermia. Adapted Babincov et al[272]
with permission from IEEE, copyright 2008.

Brunner et al[273] found that pistine 10 had a high level of cytotoxicity to human
mesothelioma cells when exposed to a concentration of 10 Jgomhigher, which they
suggested was due to ROS toxicity of pristine 10. This ROS toxicity did not affect all cell
types, as mice fibroblasells had a 75% cell viability up to the dose of 30 ug.r@hang et
al. [274] showed that 10 nanoparticles with and without a surface coating of PEG can enter
both mouse macrophage and human breast cancer cells. Uptake by macrophage cells was lower
for the PEG coatelD than for the uncoatelD, but this trend was reversed for humareast

cancer cells. Similar results for the increase in cell viability by the passivation of 10 by
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biomolecules coating were noted for pullulan coate{RIl®], dimercaptosuccinic acid coated

IO NPs[276], and for silica coated cobalt ferrite nanoparti¢®%]. Park et al[269] analysed

the biodistribution of IO nanoparticles within the body of mice. The highest concentrations of
the 10 were found in the lymph nodes and in the spleen, suggestinuethaily was removing

the 10 from the blood through theticuloendothelial ystem (RES and the macrophages
within it. A high concentration, around 13%, was still in the blood. Low uptake in the brain
and the lungs shows that, in this case, the nanopatrticles did not accumulate to dangerous levels
in two very sensitive areas of the body. VE&ader et al[266] recorded similar biodistribution
patterns after 24 for 10 in mice, showing high uptake in the lymph nodes and the spleen,
similar to the findings of Park et §269]. Weissleder et a[278] noted no body weigHobss,

no reduction in food consumption, no increase in mortality or morbidity when rats were
injected with a maximum of 160 pg ®@f 10. No tissue damage was noted in the liver, spleen
or the lymph nodes, though the level of haemoglobin in the bloddlgligcreased as both the

dose and the time of the test increased.

2.4.4 Grapheneiron oxide nanoparticles
IO can be chemically deposited onto GO to form a nanohybrid @279 281]. If the GO
has been reduced to rGO during thea$#on process, it may become r&0 [282]. These
nanohybrids combine the interesting functions of 10 and GO/rGO; namely the
superparamagnetic properties of I@dahe abundant functional groups/high surface area of
GO. GOIO have found use in biomedicine as targeted drug carriers, imaging agents, and
photothermal agen{79 282].

GO-10 was bonded with PEG and doxorubicin to create a targeted drug delivery carrier
[280]; the GOIO-PEG-doxorubicin could be manipulated and aggregated by the presence of a
magnet, and subsequent fluorescent imagihghe bound doxorubicirshowed a higher

guantity of doxorubicin within cells close to the magnet than there was farther away. This
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reducedhe cell viability of the cancer cells close to the magnet, in comparison to ciky fa
away, showing the possibility to target a drug to a specific sitel@i@aded with doxorubicin
could be manipulated to aggregate at a specific spot by a n{ag8gtThe anticancer drug
5-fluorouracil was bonded to rG@ and the nanohybrid was shkio to be capable of entering
HepG2 cells, into which it would use pH sensitive drug release to release tHe&8L g he
degree of pH sensitivity was such that in a pH = 4 environment, there was a ~55% release of
the drug after 8 h, but in a neutral enviment the release was only ~15%. The nanohybrid
was also shown to be biocompatible, with a ~100% cell viability achieved withRl@GO
concentrations up to 80 pg MIGO1I0 was also bound to-fiuorouracil, with similar results
[284]. Insulin was bonded to G and was shown to have a pH sensitive release, high
biocompatibility, and similar enzymatic properties to free ins{®85]. The delivery of
doxorubicin using GAO has been studied befof@86i 288], with additional targeting
mechanisms such as folic ad@86,289]reported as well as chitosan functionalisation to
improve biocompatibilityf287].

Tri-modal imaging was achieved with rdO [282], with photeacoustic and M.R.1.
imaging from the rGAO and fluorescent imaging achieveddihgh bonding the rGQO with
a cyanine dye. The rG@ achieved within 1 day the full ablation of 4T1 tumours in mice
using the strong NIR absorbance of the r&0and a NIR laser (5 min exposure at 0.5 W cm
2 power)[282]. GO-I0-PEG was used as a photothermal ablation g@&@f. Once imaged
using M.R.1., the nanohybrid could be targeted sitein the body for thermal ablation using
NIR irradiation[280]. The nanohybrid achieved-80%cell viability reduction using min of
2 W cm? irradiation. Campothecin and methotrexate were both bound t#0G&3 an anti
cancer nanohybrid, which achieved a high cell radadior HepG2 and L02 cell lines and a
tumour volume reduction of ~40% without NIR irradiation and ~74% with NIR irradiation

[290].
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2.4.5 Other nanoparticles

As well as the carbon and iron oxide based nanopartatles; nanoparticles such as gold and
guantum dotQDs) have been used fdrug delivery,bio-imaging and thermal ablation

applications

Gold

Nanoparticles of dd can be used as both drug delivery carriers, imaging agents and as
photothermal ablation agents in the bioengineering sd2&ii 294]. Rhodamine B was
bonded to and subsequently released from gold nanoparticlesNiRd@ser irradiatiofi295].

The coapplication of gold nanoparticlesitty rhodamine B aided the permeation of the drug
through theSC [296]. The liver specific release of amitoumarinwas achieved with gold
nanoparticles that had both lactose and the drug bonded to the $2#fa;¢he lactose was
used totarget the nanoparticles at hepatic stellate cells in the liver. PEG functionalised gold
nanoparticles had an improved ability to enter into and dedixaliplatinto the nucleus cells

than either the free drug or ndunctionalised, pristine gold deliMeg the drug[297].
Similarly, glutathione functionalised goldchieved the cellular uptake and release of a
fluorescent dye; this was not achievable for the freg288]. PEG functionalised gold could
deliver the drugsilicon phthalocyanine 4 into tumours at a higher quantity tharree drug
achieved by itself299]; the PEGgold also increased the water solubility of the hydrophobic
drug. Gold nanoparticle drug delivery was also studi¢d paclitaxe[300], nitric oxide[301],

and with phthalocyaning02].

Gold nanoparticles have been investigated as a gene transfer[2@&803304]
Takahashi et al292] showed that plasmid DNA can be absorbed onto the surface of gold
nanorods and subsequently released from the gold nanorods bwfrezad (NIR) laser
irradiation, allowing for the possibility of targeted release of therapeutics at specific sites,

similar to other studies on NIR laser irradiation stimulated release of DNA attached to gold
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nanoparticle§303,304] The intracellular release of RNA from gold nanopatrticles could be
achieved in the presencegifitathiong305]; there was minimal releasé the RNA when the

gold nanopatrticles were in a solution with glutathione concentration at that of the extracellular
matrix, but the RNA was released at therapeutic levels when the glutathione was at a

intracellular concentrations.

Figure 2.15 Confo@l image of (A) HeLa and (B) A549 lung cancer cells showing specificity
in nanoparticle targeting. Adapted from Zhang et[203] with permission fromElsevier
Limited, copyright 2010.

Zhang et al[293] bonded folic acid targeting ligands to gold nanoparticles to provide
a means to image specificnzzer cell lines, such as targeting HeLA cells but not A549 lung
cancer cells. Figure 2.15 shows a confocal microscopy imade)dfiéLa cells andg) A549
lung cancer cells. There is a clear difference in the concentration of gold nanoparticles
surroundilg the HelLa cells and the A549 cells, which shows that this cell specific targeting
does work. Huang et aJ294] used a targeting ligand to target malignant cells witld go
nanoparticles, successfully imaging malignant oral epithelial HOC 313 and HSC cell lines and
then thermally ablating the cells with a NIR laser.

Gold nanopatrticles (4 nMoncentration) could achieve the photothermal ablation of
cancer cells when irradiated with a 800 nm laser for 2 min at a relatively low power level of
1.1 mW, compared to 22.2 mW to photothermally ablate cells without a gold nanoparticle

treatmen{306]. Gold nanop#icles bonded to doxorubicin weused to kill breast cancer cells
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under NIR laser irradiatiof307]. The gold nanoparticles alone under NIR laser irradiation
achieved a ~10% reduction in cell viability, but with doxorubicin this dropped to ~55%.
Peptides were used to selectively target gold nanoparticles, with bonded doxorubicin, against

specific cell ty@s[308], with a focus on targeting HeLa and A549 cells more efficiently.

Quantum dots

40u ! _f’.'i 11 20um ' 2 il
Figure 2.18 Main image: Fluorescent (A, C, E) and optical (B, D, F) microscopy images of
GQDs (diamter of 510 nm)within cells under 405 nm light. Insetl)(GQD suspension in
waterand @) GQD suspension under 405 nm ligilitdapted from Zhang et dl309] with
permissiorfrom The Royal Society of Chemistry, copyright 2012.

QDs are semiconductor nanocrystals that emit a dimewgpandent luminescence due to
guantum confinement effects, asemiconductor QDsvould typically be <10 nm in radius
[310i 313]. Thesesemiconductor QB, without a polymer or biomolecule passivation coating,
areof little use for biomedical applicatiores QDs like cadmium selewlie (CdSe) cadmium
sulphide(CdS)or cadmium telluride (CdTe) are cytotoxic duringvitro cell tests due to the
photolysis release of cadmium ions whilst also being shown to uncoil DNA helical strands
[314i 317]. Alternatives to CdSe or CdTe are QDs made fsilver-selenide(700-820 nm
emission) ossilver-sulphur (1060 nm emission) or sulpkainc sulphide(1155 nm emission)
[318 320], indium-arsenic with zineselenideor CdSe (all 70000 nm emission|j3211 323],
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or (indium-phosphorousjzinc-sulphidg (emission 620 nm|324,325] These alternatives are

not as common as the CdSe or CdT2s@ough, and since CdSe or CdTe are cytotoxic an in
depth discussion of these types of QDs are not included in this work; CdSe or CdTe will only
be discussed briefly in terms of magnetic QDs (MQDs), where CdSe and CdTe are very
important.

MQDs can be sythesised by either doping conventional QDs (for example CdSe,
indium phosphorous or CdTe) with metal elements (for example with mangiB2&e
chromium[327], cobalt[328], nickel[329], or gadolinium[330]) or by encasingonventional
QDs with magnetite[331] or maghemitg332] in silica spheres. These MQDs possess the
photoluminescen{PL) properties of conventional QDs and the magnetic properfi¢seo
doping agent or the encapsulated 10, but they contain the cytctmxigound<dSeor CdTe
and therefore cannot be called biocompatible without a passivation coating. An example of
passivation would be theminoPEG and carboxyPEG used on Ni dope@ddTeSeCdS that
greatly improved the biocompatibiligf the QDs allowing for the MQDs to be used for cell
sorting and imaging329]. MQDs were shown to be suitable for M.R.I. imaging, with studies
on Mn doped CdS&nS[333] and Gd dopd CdSg330] showing that they were a suitable
M.R.I. contrast agent as well as possesBihgroperties (emission ~578B0 nm). MQDs were
investigated as drug delivery carriers, with MQ&bnsisting of magnetite and Cd3eS in a
silica sphere bonded to ibuprofen, with the drug released fully ovef&h

A second type of QDs are thoderivedfrom carbon,such ascarbohydrate$15],
nanodiamond§335], and graphen17,336 338]. Graphene QDs (GQDs) can be created by
ultrasonication[336], chemical reductiorj337], photereduction[338], and hydrothermal
cutting[217]. These carbon QDs emit the same level of luminescence as the cadmium QDs,
but do not carry the same cytotoxic risk and therefore can potentially be used by the biomedical

industry.
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The main use for QDs in the biomedical industry is ifovivo imaging. It has been
shown that GQDs could enter cells but did not enter the nucleus of stem cellsiwiing
tests; they maintained a high (80%) viability for neurosphacepancreas progenitor cells up
to 100 pg mt after 72 h, andould image neurospheres (Figure 2.1B)Apancreas progenitor
cells (Figure 2.16 @), and cardiac progenitor cells (Figure 2.1&)Esuccessfully under 405
nm wavelength irradiatiofi309]. In vitro imaging of HeLa cellshave been reported from
carbohydrate derived carbon d¢1$], as well asn vitro imaging of N1H3T3 cells using
nanodiamond derived carbon dots, in which the author noted that they entered cells and stayed
in the cytoplasnj335]. GQDs were also shown to enter the cell membrane and cytoplasm of
A549 cells duringn vitro imaging[338]. Carboxylated5QDs caused no acute toxicity to rats
after 22 days post injection at a concentration of 10 migakgiwereshown to imagen vitro
KB cancer cell lines anoh vivo KB tumours in mice, which allowed for the imaging of the
tumour as well as the liver, kidney, spleen, heart and |[BB§]. The carboxylated GQDs
maintained a high (80%) cell viability of various cell lines up to a concentration of 500 ug mli
1 and noticed no acute toxicity within rats when haemoglobin, white blood cells, and platelet
levels as well as urea levels were analysed after 22 days post injection with 18 of GKDs
[339]. Carbon QDs can be excreted rapidly from the body after being administered through
intravenous, intramuscular or subcutaneous injec{i@43].

Furtherprotection for cells against the effects of QDs can be acquired from passivation;
the cell vialility of nanoparticles can be improved upon by coating with a biocompatible
organic compoundPolydopamine coated GQDs were shown to be distributed into the main
organs (liver, lung, heart, spleen and the kidney) afteard to circulate longer in the stgm
than uncoated GQDs allowing for longervivoimaging[341]. Amine functimalised GQDs
[337] significantly improved the cell viability of GQDs. Passivation of conventional QDs has

reduced their cytotoxicity, witEdSe QDs being treated with lact¢342] and with PEG343
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346] to lower cytotoxicity Lactose coated CdS&hS QDs showed no noticeable cytotoxic

effect after 24 h when HeLa cells were treated with 0.5 mig[8412].
2.5 Polymer nanocomposites

2.5.1 Introduction to polymer nanocomposites

A good defintion of a composite igivenby Hull et al.[347] in their book, which states that a
composite consists of at least two (i.e. the matrix and the filler) physidetinct and
mechanically separable materials which, when combined together by dispersing the filler in the
matrix, gives the composite matroptimised properties that are superiorotodistinctive

from the properties of either of the individual constituents. An example of a property that might
be improved is the mechanical properties of a polymer by using strong and stiff carbon fibre to
reinforce the polymei348].

A finanocompositeo is a composite where tF
as G190}, montmorillonite clay349], CNTs[350], or IO[351]. These nanocomposites have
found use as structural materials, in biomedical applications such as drug delivery and
scaffolds, and as conductive materials for energy stooagelectromagnetic interference
shielding[352 358]. Nanoparticles can makeghly effectivefillers for polymer composites
for a number of reass: as they are exfoliated, nanometre size nanopartitieg,possess a
much largeispecificsurface area than the miesoale fillers[359 361], allowing for a much
larger interfacial zone than what can be achieved with a rswate filler, therefore
maximising theinteractions between the filler and the matax well as thdoad transfer
between the matrix and the filledanoparticles can have their functional groups tailored to
specific polymers, in order to increase the bond strength between the polymer and the
nanoparticlg362].

Improvements in mechanical properties can be achieved with a lower wergantage

(wt.%) of nanofiller than with micrgcale filler, making the resultant nanocomposite lighter
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than a conventional composj&60,361] The addition of a small amount of nanoparticles may
also improve the thermal and electrical conductivity and/or the barrier properties of the polymer

matrix [363i 365].

2.5.2 Processing of polymer nanocomposites

There are three main ways to prepare hanocomposisgnt processing, melt processing,
and insitu polymerisation Solvent processing of nanocomposites involves the stirring and
dispersion of nanoparticles into a solvent, mixihig solvertnanoparticle suspensiamder

high shear stresses into a levgcosity polymessolvent solution, casting the suspension into a
mould of the required shape, and the subsequent drying of the suspmmsibot pressing
where necessaty formthe desired form (i.e. a film, test specimegis.)[366]. Polymers that
have been used to create nanocomposites through this methuoi® iIRYA[367,368] gelatin
[3691 371], thermoplast polyurethand372,373] polystyrene (PS)374], and poly(methyl
methacrjate) (PMMA)[375].

Melt processing involves the dispersiby shear mixingdof nanoparticles in powder
form into a molten polymer within a heated extrufi@86]. The resultant nanocomposite can
then be processed using other means, like injection mouldung to the higher viscosity of
the molte polymer the dispersion of the nanoparticle within the matrix may be poorer than
what was achieved with solvent processing, but melt processiuiciser, easier to scale up
to industrial levels of productioand does not involve the use of solvd386]. Examples of
nanocomposites formed by melt processirggmaly(ethylene terephthalatejay (PET)[376],
polyamideclay [377], polyestetGO [378], polycarbonat€&sO [379], and thermoplastic
polyurethaneclay [380]. Nanoparticles such as GO may, however, be unintentionally reduced
to rGO by the high temperatures used within melt processing, limiting the functional groups of

the GO/rGO available for bonding between the polymer andriphgnen some cas€881].
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In-situ polymerisatiortanbe used to prepare nanocomposites, wtteraanoparticles
are dispersed withithe monomers or precursor polymer amdnitiator/curing agent is added
[366]. Typically, energym the form of heafor light for photo polymerisation) is a requirement
for the polymerisation to occuExamples ofin-situ polymerisationnanocomposites are
PMMA-GO [382], PSGO [383], PSclay [384], or PVAclay [385] nanocomposites.
Thermosetting polymegraphene nanocomposites can also be produced using this method. For
example, epoxygraphenenanocomposite were prepared by adding curing agents to a
suspension of epoxy resin and G3B6].

Depending on the application of the nanocomposite, some of these production methods
may not be suitable. For example, if the nanocasiteds to be used for drug delivery purposes
such as in this thesis, then the use of high temperatures may damage the drug that was present.
In this instance, the best production method might be to use a thermoptdgtierthat is

soluble in water orrather suitable netoxic solvent, preferably at a low temperature.

2.5.3 Polymergraphene nanocomposites

The benefits of using nanoparticles as the nanofiller for a nanocomposite were discussed in
Section 2.5.1. Polymegraphene nanocomposites can have improved mechamagzrties
(suchasimprovedoungés modul us ( E), u lelongatantodreake ns i |
( 4} andenergy to bregkelectrical conductivityCeled, thermal conductivity, and permeability
properties than their pristine polymssunterpart$352,366] this is because gphene and its
derivatives mak@romisingnanofillers as they have high aspect ratios, high surface area and a

high E high electrical conductivity, and high thermal conductijii§0,176 179].
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Table 22: Percentage improvements in mechanical properties of polgraphene

nanocomposites relative to the pristine polymer

Polymer Graphene (wt.%) E/% Uts/% |G/ % Ref.

PVA rGO (0.7 wt.%) 48.4 46.7 -39.3 [387]
PVA GO (3.5 wt.%) 44.7 324 -78.8 [388]
PVA GO (5 wt.%) 46.1 290 -33.1 [367]
Cellulose GO (0.2 wt.%) 7.2 50.0 - [389]
Polycarbonate rGO (0.25 wt.%) 11.1 3.8 - [390]
Polyimide (P!) GO (5 wt.%) 1761 1211 -76.3 [363]
P rGO (5 wt.%) 1265 985 -735 [363]
PI rGO (5 Wt.%) 803 699 -71.3 [363]
Pl rGO (5 wt.%) 635 450 -78.2 [363]
BisphenolA epoxy | Graphene (0.1 wt.%) | 33.9 45.5 - [386]
E44 epoxy GO (2 wt.%) 116 - - [391]
Epon 828 epoxy | GO (0.4 wt.%) 59.9 54.1 - [392]
PolyethylendPE) | GO (0.5 wt.%) - 0.5 1.8 [393]
PET Graphene (0.08 wt.%)] 22.9 42.3 19.0 [394]
PCL rGO (5 wt.%) 109 30.1 -74.4 [395]
Chitosan GO (1 wt.%) 18.3 36.0 110 [396]
Chitosan GO (2.5 wt.%) 33.0 36.1 51.2 [396]
Chitosan GO (1 wt.%) 51.3 92.7 40.4 [397]
Chitosan GO (1 wt.%) 64.3 122 57.0 [398]
Chitosan rGO (1 wt.%) 615 20.6 -55.3 [209]
Chitosan rGO (1 wt.%) 17.2 3.3 -10.5 [399]
Gelatin GO (1 wt.%) 64.9 83.9 47.2 [369]
Gelatin GO (2 wt.%) 100 86.7 43.2 [369]
PLA GO (1 wt.%) 20.5 51.9 18.7 [400]
PLA GO (2 wt.%) 59.6 27.5 -21.8 [400]

Table 22s h ows
nanocomposites at their optimum wt.% of graphene, relative to their pristine polymer. In
general, thdnighestE and UTSoccurfor ananocomposite when treeis a good dispersion of

graphenavithin the polymerastronginterface between the graphene and the polymer, and the

some
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optimum wt.% of graphene has been achigwasddiscussed in Section 2.58h example of

where the importance of dispersion and a strong interface to mechanical properties is the study
on PFGO and P-rGO nanocompositd863]; Ha et al.[363] state that the better mechanical
properties of the PGO in comparison taPl-rGO are due to théigher concentration of
functional groups on GO that creates a strong intetfab@een the two constituerdad can

also improve thalispersion of the nanopatrticles within Pl by restricting phase separation of the
two constituents. As the reduction degree increases for the different types of rGO used in that
study, the percentage improvemeglative to pristine for the nohanical properties decreases
[363].

Also of importance to thenechanical propertiesf a nanocompositas the E of
graphene, with the different graphene derivatives having different mechanical properties, as
discussed in Section 2.418trateet al.[394] report that a very low concentration (0.08 wt.%)
of prigine graphenecanimprove themechanicaproperties oPET, with a 22.9% increase in
E, 42.3% increase in UTS, and a 19.0% increasé nelativeto pristine PET. A similar
increase in E and UTS for GO/rGO nanocomposites typically retaihégher wt.%such as
1 wt.% GQO[396,400]or 0.7 wt.% rG(387].

Within a nanocomposite, stresses applied to the polymer matrix can be transferred to
the graphene when there is a stgranterfacial bond between the polymer matrix and the
grapheng401], utilising the superior mechanical properties of the grapheoepolymer
graphene nanomposites  t, may change fative to the pristine polymeAn increase of
t h emaybe explained by the ability of the graphene to realign and translate with the polymer
chains when the nanocomposite is under sti@&9,400] the graphene within the
nanocomposite has retained its mobility within the matfixdecrease in thé€ may be

explained by the inability of the graphene to translate and realign with the {3&8%00] a
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poor bonding interface between theagfene and the polym¢B63,402] or by possible

aggregation of the graphene in the polymer matrix.

Table 23: The dectrical properties of polymegraphene nanocomposites.

Polymer Graphene | O wt.% Max. obtained Percolation Ref.
Cetec/ S 1! | Celec/ S mit threshold / wt.%

PMMA rGO - 0.1atlwt% 0.2 [382]
Polypropylene | rGO - 0.3 at 4.9 wt.% 4.9 [403]
I(DITDP) rGO 1x10° 0.08 at0.2 vol.% | 0.033 (vol.%) [404]
PS rGO 6.7 x 10" |3.49atl.1vol.% | 0.0075 (vol.%) | [405]
PS rGO 1x 10% 0.029 a2 wt.% 2.0 [383]
PE rGO 2 x 10%3 2.11at3 vol.% 0.47 (vol.%) [406]
PCL rGO 1x 10! 1x10%at8 wt.% | 0.5 [407]
Pl rGO 1x10%3 1.4x 10*at5wt.% | - [363]
Pl rGO 1x10%8 3.3x 10%at5 wt.% | - [363]
Pl rGO 1x10%3 3.3x 10* at5 wt.% | 0.45 (vol.%) [363]
Pl GO 1x10%8 6.2x 10°at5 wt.% | 0.45 (vol.%) [363]

Graphene can improve tletectrical conductivity of a nanocomposiile comparison
to the pristine polymer. Pristine graphene has excellent electrical properties, as discussed
previously in Section 2.4.2, and a relatively small wt.% of graphene is capable of forming a
conductive network through the polymer matrix to tunnirgsulating, pristine polymer into a
conductive nanocomposite; this wt.% is termed the percolation thresbh¢dhep408] Potts
et al. [366] state that the percolation threshold for a nanocomposite is dependent on the
nanoparticle shape and size, the quality of its dispersion/distribution within the polymer, and
the volume fraction of the nanoparticle. A review of eleatraonductivity increases is shown
in Table 23 that shovs considerable increases in conductivity for nanocomposites containing
graphene derivatives, when compared to the pristine polyfrtes. highest increases in
conductivity were achieved by usirgpndudive rGO that werewnell dispersed within the

polymer at a high enough concentration to establish a percolation neRworkxample, 0.2
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vol.% of rGO increased the conductivity of polypropylene by about seven orders of magnitude,
with a percolation threshold at 0.033 vol[404]. Similarly, 5 wt.% of ascorbic acid reduced
rGO increased the conductivity of Pl by about twelve orders of magri@edg In the same
work, the lessconductive GO also increased the conductivity of Pl at a 5 wt.% loading of GO
by about eight orders of magnitudeer pristine Plshowing that the electrically conductive
rGO nanoparticle increased the conductivity of poé/mer by moréghan GO As discussed
previously in Section 2.4.2, GO hassignificantly lower conductivity valughan pristine
graphene or rGQyeing effectively an electrical insulator.

A dispersiomnof largeaspect ratio nanoparticles within a nanocosife may decrease
the permeability of the nanocompodibegases and liquigdg comparison to pristine polymers
[4091 412]. This dispersionof nanoparticles may reduce the permeation through polymers
court es yortuousp athhed D3], dhe Inanoparticles impede the permeation of
molecules directly through the polymer matrix and the molecules must go around the
nanoparticles in order to permeate fully through the nanocompasitenprovethe barrie
properties of a nanocomposite, nanoparticles shoasdgess a high aspect ratio ahduld be
well exfoliated and dispersdtiroughout the polymer matr{864,413] The permeability of
nitrogen through polyurethartkecreasetby 90% with the addition of 3 wt.% rG[372], the
permeability of hydrogen through PEI with the addition of rf@®™4], and the permeability of
moisture through PI from 181 g miday* to 31 g mn? day* with the addition of 0.001 wt.%
GO|[415]. The prmeation of oxygen and water vapour reduced by 98% and 68%, respectively,
for PVA-GO at 0.72 vol.% GO loading in comparison to pristine P\8&84]. A PSGO
nanocomposite of 0.02 vol.% GO could reduce the permeability of oxygen by ~35% in
comparison to pristinPS[416]. A loading of 2.27401.% reduced oxygen permeability from

~1000 cm m2 day* to 380 cmi m? day™.
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2.5.4 Polymeriron oxide nanocomposites

IO is not a common nanoparticle for use within a nanocomposite, but the previous work
suggests that polymd® nanocomposites retathe superparamagnetic properties of the 10
nanoparticles, as noted with PMMgolypyrrolelO [417], 6 N a f -10d418], PMIMA6O
[351], and PVAIO [419] nanocomposited.he encapsulation of IO can increase the electrical
conductivity of the nanocomposites such as polyé&twlenedioxythiophene)/poly(styrene
sulfonate)lO [420,421]and PMMA-polypyrrolelO [417].

Limited studies of polymelO nanocomposites for structural applications exist, but it
was shown that a pgdhenylene oxideéO nanocomposite with a 10 wt.% loading of 10 had a
10.4% higher UTS than the pristine polymd22]; t h e deddeased at this loading in
comparison to the pristine polymer by 26.5%, which the authors believe was due to the
restricted movement of the polymer chains due to the increasing adhereheepolymer
chains to the 10. S i mwéranoteddce RIO® eanosoenposites~-oR 0 %)
1-3 wt.%, in comparison to pristine PI, but contrary to the previous report, the UTS also
decreased by ~8%423]. The authors suggested that the poorer mechanical properties may be
because of 10 aggregation and a poor interfacial interaction between the 10 anf42@.PI
PVA-10 nanocomposites of 1.2 wt.% and 2.4 wt.% possessed the same E as pristine PVA, but
had |savdenergyio break thahe pristine polymg#24].  Todecredsed by 20% for
the 1.2 wt.% nanocomposite, and ~60% for tRevi2.% nanocomposite, similar to the other
reviews of polymedO nanocompositepl22,423] The UTS of the.4 wt.% nanocomposite
did not change in comparison to the pristine polymer, but the 1.2 wt.% nanocomposite reduced
by ~10%[424]. The storage modulus of ethylene vinyl acet@enanocomposites and the
resistance to #rmal degradation both increasasd the loading of 10 increased, relative to the

pristine polymef425].
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2.5.5 Polymerquantum dot nanocomposits
Polymer composites containii@Dsfocus mainly on th@L properties of the QDs within the
nanocomposite. Polym&Ds nanocomposites retain tR& behaviour of the QDs, such as
CdSin PET [426], CdTe in PVA[427,428] CdSezinc-sulphur inPVA [428], and other
polymerQDs nanocompositg¢429i 433], allowing for the transparent afd. films to be used
for optoelectronic devices. McDonald et @34] reported thateadsulphurQDs in poly(2
methoxy5-(2 @thylhexyloxyp-phenylenevinylene)) can be used to convert NIR light into
energy and act as a nanocomposite photovoltaic device, with a 3 fold increase in internal
guantum efficiency over previous thin film studies. Zhu et [4B5] demonstrated a
temperaturaependent fluorescent emission from a flexible and transparent poly(ether ether
ketone)CdSezinc-sulphurnanocomposite film.

PVA nanocomposites containing 6 wtdfic-oxideQDs possessed 3.9 times higher E,
a 2.8 times higher toughness to break, a 87% increasé ig andla 86% higher UTS than the
pristine PVA [436]. Pdy(styrenebutadienestyrene)l wt.% CdTe QDs nanoaowposites
possessed a 4% increasetirh ¢ andJa 27% higher UTS than the pristinglyfstyrene
butadienestyrene), whilst retaining thleL behaviour of the QDg!37]. PMMA with a 6 wt.%
CdS QDs loading possessed a 47% highan@&a 57% higher UTS than the pristine PMMA
[438]. Contrary to the previous results, the presence of @i QDs in PLA affected the
mechanical properties of the nanocompogi9], which the authors suggest is due to a poor
interface between the PLA and the QDs. A 3.6 wt.% loaded PLA nanocomposite possessed
23% lower E, a 9% lower toughness to break, a 20% increasé ig antda 35% lower UTS
than the pristine PLA439]. ThePLA-(CdSeCdS) QD nanocompositesd, however, retain

the PL behaviour of the CdS&dS QDs.
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2.6 Chitosan and chitosargraphene nanocomposites

2.6.1 Introduction to chitosan

CH20H
H
o H
OH H
H
H NHCOCH3

Chitin

n

Chitosan

Figure 2.17 Chemical structure of the polymer chitin and the derivative chitosan. Adapted
from Ravi Kumar et al440] with permission from Elsevier Limited, copyright 2000.

The polymer used within this project ikitbsan, chosen becaus$eas strong, biocompatible,
enzymaticallydegradable, and simple to process into a desired shape without extreme heat or
toxic solvent§441,442] Chitosan, commonly ated as linear (#)-2-amino2-deoxyb-D-

glucan, is a cationic polysaccharide andeaivative of chitin (the material that makes up the
shells and exoskeletons of some sea crustaceans ancheihsects)441,443,444] Chitosan

is processed from chitin by a deacetylation pescusing concentrated sodium hydrof4el].

Figure 2.17 showthe chemical structure of chitosan, with Nainine and CEOH hydroxy

methyl groups visible. Chitosan possesses an orthorhombic unit cell structure, with four
glucosamine units per unit c¢fl41,445] The dimensions (a, b, c) of the unit cell are 0.828
nm, 0.862 nm, and 1.043 @4 1,446] Chitosan is soluble in certain acidic solutions (such as
acetic, lactic, citric, and ascorbic acid), due to the protonation of the amine group when exposed

to an acidic solutiof440,441,443,444]This gentle manufacturing process is important if the
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chitosan is to be used for drug release applioatike microneedle arrayBxtreme heat, toxic
chemicals or irradiation may damage delicate drugs, like DNA/RNA gene therapeutics, within
the microneedlarrays

Chitosan isa polymer that can be degradedibyivo conditions[447]. Degradation of
polymers can occur through phedegradation, thermal degradation, mechanical degradation,
or through chemical degradation and tydicalesult in bond scission or chemical
transformations of the polymgt48]. Photedegradation occurs through the absorption of UV
| i g h4rrad@ation by the polymer, which can raise the electrons of molecules within the
polymer to a higher electrongtate;this can cause the oxidation of the polymer and bond
cleavage. Thermal degradationanlead to the scission of polymer bonds along the polymer
chain. Mechanical action, such as stretching or bending, can cause the mechanical degradation
of the polymer and lead to crazing, cracking and delamination of the pol@hemical
degradation, an important degradation routarforivo application, occurs via the hydrolysis
scission of the polymer backbone through ingression by watéican becatalysed by acid
[448]. The degradationfehitosancanbe catalysed bgcids that can use either free radical or
oxidation routes to degrade chito4ddA7], but nrore commonlychitosan idegraded through
enzymes (either |l ysozyme or ¢ Jglycosilis lnkages e s ) v
between the acetyl unifd47]. Lysozyme can be found naturally in blood plasma and urine
[449]. Funkhouser et a[450] reported that the human DNA has 8 glycoside hydrolase 18
(GH18) chitanases / chitosanases that can degrade chitosan or chitin in the body. The presence
of molecules that can degrade chitosan is importamheshitosanwithin the microneedle
arraymay enér the body and may need to be degraded and excreted.

Onishi[451] showed that chitosazould beexcretedrom the bodywith the excreted
chitosan of a reducetMWt relative to the original chitosan. Chitosansaund not to

accumulate in the liver, spleen, or blood plasma. The chitosan was excreted through the kidney
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via urine and complete excretion was achieved withinh1@ the chitosan dose being
administered. Richardson et p152] also reported rapid clearance from the blood, with only
32.2% of theoriginal dose remainingfter 1 h Chitosan showed no cytotoxicitp human
lymphoblastic leukaemia and human embryonic lung cells imaivo experiment and no
haemolysis effect within solutions of chitosan and red blood [g&B. Blood tests by Rao et
al. [442] showed that no haemolysis effect was noted during their tdstsa skin and eye
irritation test showed no irritation to the chitosan solufanthe test animal.

Chitosan has been studied for biomedical applications sucto asimulate the
formation of blood clot§441,442] Chitosan nanoparticles have delivered the drugs tamoxifen
[453,454] endoxifen453], paclitaxel[455], and epirubicij456], as well as othed57i 461]
and have been studied as a potential gene trangfet{4§2]. In these works, it was noted that
chitosan nanoparticles could enter and be retained within [d&8l457,458]and that the
nanoparticles have a pH sensitive release of the therajé6d¢d55,460] Methotrexate,
bonded to chitosan nanopatrticles, could be delivered to the brain through thebtaimod
barrier [463]. Chitosan microspmres containing furosemidé64], mitoxantrone[465] and
sodium diclofenad466] were studied, with the chitosssodium diclofenac micspheres
showing pH sensitive release that would allow for colon specific release of the drug. Chitosan
micelles were used to contain the hydrophobic drug pacli{f@$6]] and 6mercaptopurine
[468]; the émercaptopurine release from the chitosan micelle was dependent on the local
concentration of glutathione, a feature that made it effective again80Hlman promeloytic
leukaemia cell§468]. Chitosan chains could also be directly conjugated to drugs like exendin
4[469], insulin[470], and paclitaxeJ471] for oral administratiorand with the antHIV drug
d4T Stavuding472].

Chitosan hydrogels were used to study the release of lidocaingHapi¥ 3], and the

encapsulation ofBSA [474], methotrexate[463], heparin sodiumLH, metronidazole,
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hydrocortisone, clotrimazole, estradiol, progesterone and piroxjid@s]. BSA had a pH
sensitive release from a chitosan hydrogel that would allow for the site specific delivery of the
drug into the intestine@l74]. Ishihara et al[476] used a chitosan hydrogel to encapsulate
fibroblast growth factors and heparin, and showed that the therapeutics could be released from
the hydrogel into mice. Chitosan films were created that encapsulated nifddipijeand

calcein andBSA [478]. Oral tablets made from compressed, powdered chitosan were
developed with pH sensitivity for the delivery of timolol maleate, ephedrine, propranolol
hydrochloride, acetylsalicylic acid, naproxen, sulphadiazine, indomethacin and pifad@pl

insulin[480], and indomethacif#81].

2.6.2 Chitosangraphene nanocomposites

Chitosan has been used previously as the polymer matrix to form chgegarene
nanocomposites [209,396,397,399,482] The processing of the chitosgraphene
nanocomposites would typically inwa the dispersion of the nanoparticles in water to form a
suspension; this suspension is then stirred into a dilute acetic acid suspension
[209,396,397,399,482Chitosan is fully soluble iracidic solutions (such as acetic, lactic,
citric, and ascduic acid)[440,441,443,444]1This chitosargraphene suspension is then poured
into a mould and allowetdb dry and solidify to the required shape.

Chitosangraphene nanocomposites show improved mechanical strength over pristine
chitosan209,396,397,399,482Fection 2.5.1 discussed the properties that make graphene an
efficient nanofiller, i.e. higlaspect ratios, high surface area and a high E, and Section 2.5.3
discussed previous studies on polyrgeaphene nanocomposites and how graphene could
improve the properties of the nanocomposites. It can be seen from TaAthetZhitosarGO
nanocomposé& s s how i ncr e asowes pristine clitosafBIa 8] @hitasan U
r GO nanocomposites show i ncr eas[@09,3MahichE and

will be discussed below.
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The increases in E and UTS vary from report to report presumably due to the different
types of chitosan used, witklWt and deacetylation degrees varying &ach work. For
example, chitosan of 95% deacetylation &\t of 600,000 Da was used in a nanocomposite
t hat showed 18. 3%, 36. 0% a ngresdediteBf396],rbutr e as e s
chitosan with 87% deacetylation akyVt of 186,000 Da showed 51.3%, 92.7% and 40.4%

i ncreases ipmespdetvelf3dr]Sdespite the ‘Anocomposites containing the same

1 wt.%of GO and using the same preparation procedure to make the nanocomposite. This can
make the comparison between chitebased nanocomposites difficudls the molecular

weight and crystallinity can affect the material properties, such as mechanical s&&jth

electrical conductivityf484], and degradation behaviojirl5,447,485,486]Nevertheless, it

can be seen from the increases in E and UTS that graphene can act as a suitable stress transfer
agent within chitosamwhen there is a strong bond interface (in the case of chite€grthe

bonding was hydrogen bondif§96,397,482) between the two and there is an adequate
dispersion of the graphene.

For the chitosaitGO nanocomposi t epcan be dssociatech with tha s e |
mobility of the GO withinthe chitosan; the GO can realign and translate within the chitosan
when the nanocomposite is under stf869,400] For the chitosanGO nanocomposites, the
rGO cannot realign under stress and the nanocomposites become more brittke thénghn
GO nanocomposites, which possibly is due to a reduction in the quantity of functional groups
on rGO compared to GO which will reduce the bonding interaction between a polymer and the
rGO[363].

It was reported that the addition of GO to chitosan would afford the chitosan
nanocomposite better mechanical rigidity and a better resistance to solubility when submerged
in water than pristine chitosgA82]; this was attributed by the authors to GO increasing the

stability of the film by decreasing the interaction between water molecules and the hydroxy
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groups of chitosan. Chitosa®O showed a higher resistance to acidic conditions than pristine
chitosan by resisting dissolution in acetic acid conditions that caused the dissolution of pristine
chitosan[209]; this was attributed by the authors to the rGO acting as a physical cross linker
between the chitosan chains, stopping the chains from entering solution despite the protonation
of the amine groups. Decreasitige susceptibility of the nanocomposite to water/acid
ingression and weakening is important if chite&@ nanocomposites are to be used for
structural purposes.

Other notable studies on chitos@® nanocomposites have shown that the
nanocomposites aredwompatible and are not cytotoxic; chitosa® nanocomposites with
up to 6 wt.% GO were shown to be biocompatible with murine osteoblasts, with the addition
of GO improving the proliferation of the cells and lowering the cytotoxicity to the cells, relative
to pristine chitosar{398]. Similar results were noted for chitosan and pristine graphene
nanocomposites, where the cell viability tests showed that nanocomposite with a 0.6 wt.%
loading of graphene has a similar cytotoxicity to pristine chit@gdzem incubation times were
48 h[487], andwhere achitosanPVA-GO nanocomposite with wt.% GO loading showed
similar biocompatibility to prishie chitosan and the proliferation of the cells after 7 days was
highest for the nanocomposite containing 6 wt.% [888]. A chitosarGO aerogel was
created by freezdrying an aqueousolution of chitosatGO, and this aerogel possessed a high
porosity (a nanocomposite aerogel with 3 wt.% GO had a porosity of ~80%) and could be used
to absorb doxorubif489]. The subsequent release of doxorubicin was found to be pH
sensitive, with a faster release in acid¢onditions. Chitosa&O nanocomposites could
potentially work as an electrochemical biosensor, with the cyclic voltammetry results

dependent upon the wt.% of GB0].
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2.7 Characterisation techniques

During this thesis project, ¢hnanoparticles and the nanocompositese characterise in
terms of mechanical properties, chemical properties, physical properties, and biological

properties.
2.7.1Mechanical properties

Chitosangraphene nanocomposites, cut into -#boge shapedpecimens, were tensile tested
to determine their Youngds modul us, their
strength. Microneedles were compression tested between two metal platens to determine the

force required to fail the microneedle arrays
2.72 Chemical properties

The chemical properties, such as bond type and chemical analysis, were studied for-chitosan
graphene nanocomposites and for graphene nanoparticles through molecular spectroscopy, the
study of how the internal energy ofraolecue is affected by thabsorpion or emission ofan

applied, external electromagnetic radiatip#91]. Fourier transform infrared (FTIR)
spectroscopy is the study of tisbange in vibratiofinduced electric dipole momeitf a
molecule[492]. Raman spectroscopy is the study of the change in polarisability of a molecule
causedby a rotationalibrational motion[491]. UV-Vis spectroscopy is a measure of the
electronic changes of a molecule when a valencéretemcreases its orbit due to it absorbing

an irradiation source in the visible or UV region (190 to 800 nm wavelefit)492] PL
spectroscopy is the study electronically excited molecules that lose vibrational energy but
maintain acquired electronic energydsubsequently proceed to release this electronic energy

to return to the ground electronic state; this electronic energy is released as a longer wavelength
radiation energy than the original radiation enef491]. Energy dispersive spectrometry

(EDS), a byproduct of transmission electron microscopy imaging, is the identificafion o

62



characteristic xay emissions from an irradiated atom due to inelastic scattering of an incident

electron by an electron in an atom in a san®3].
2.73 Physical properties

The physical properties, such as crystalline structuaaofiller dispersiorand the surface
topography, of chitosagraphene nanocomposites and graphene nanoparticles were assessed.
X-ray diffraction (XRD) was used to investigate the crystalline structure of nanoparticles and
chitosan nanocompositethis was achieved by identifig the angles of incidencéBragg
anglesd) thatwereproducedy constructively interfered waves irradiation passing through

the test samplgt93]. TEM uses a beam of condensed and focused electrons to irradiate a
pass through a thin specimeturing whichthe TEM canselectivelyallow only transmitted
electrons through tthe imaging apparatus give a brightfield imagef the test specimethe

type of imaging used in this thed#93,494] In scanning electron microscop$EM), the
condensed and focused electron beam does not pass through the sample but is simply scanned
over the sample surface in a raster fashion, astarg with the atoms on and just below the
surface within aandpraducingthe secdndary electvoos|thatrae ased to
image the surface of the sampl84,495] AFM measures the physical interaction dipawith

the specimen surfaeéhile the tip is scanned along the surface of the sample in a raster fashion,

i.e. the tip moves along a horizontal scan [#@5].

2.74 Biological properties

Biological properties, such as the enzymatic degradation of polymers and the cytptixicit
graphene nanoparticles, westidied. The enzymatic degradation of chitosan and chiosan
graphene nanocompositdsy an aqueous lysozyme solutiomas studied[497]. The
cytotoxicity of graphene towards specific cell lingegere analysed byWITT (3-[4,5
dimethylthiazol2-yl]-2,5- diphenyltetrazolium bromide) assay; cells that were incubated with

graphene wergeated with theetrazolium salsolutionwhich metabolises in the presence of
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viable cells to a formazan, the concentration of which can be measured throuyls UV

spectroscopy.

2.8 Summary of the literature review

Currenty, the maintherapeutiadelivery devices used afgypodermic syringeand peioral
tablets; these devicebave disadvantageghat include poor patient compliance, poor
bioavailability andpoordelivery performanceA very promising alternativeras shown to be
transdermal drug deliveryhis is the delivery of drugs through the dermal layethéwiable
epidermis an area rich in blood vessels and antigen presenting cells that can provide a strong
immune response to therapeutid$ie microneedle array was shown to be particularly
promisng as a transdermal drug delivery device asptislessvhen compared tmostother
delivery routesand it can offer botldose sparing and a quicker immune respamken
compared tolte current therapeutic routd®ecent developments in microneedle array design,
such as the change from metal/ceramic based arrdysdegradablg@olymer based arrays,
were reviewednd thestudies on their drug delivery performangere promising, therefore
microneedle arrays wenhosen to be developed further in this project

After reviewing the microneedle array, it was determined that microneedle arrays
currentlylack functionality such as the ability to encapsulate drugs within the microneedle
array itself and to stimulate/otrol their releasehe ability to targethe drug tdey siteswithin
the bodyto maximise efficiencyandthe ability to track/monitor the drug vivoonce released
from the microneedle arrait.was determined that@anoparticleswhen bound to the dguand
encapsulated within a polymewould add theseabilities to microneedle array&ecent
advances in nanopartiebssisted drug delivery were critically analysed, in which
nanoparticles have been used to intelligently deliver sltagspecific sites of the bod@f
particular interest within this thesis were grapheneimmoxide with graphene of intereta
drug delivery applications because of thege specific surface area and abundant functional
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groups to bond drugs .téron oxideis of interest due tats intrinsic magnetic properties that
allow for M.R.1. imaging and targeting by an external fofdee effect that nanoparticles can
havein vivowas examined, with key findings from recent papersamoparticle cytotoxicity
the distribution of the nanoparticles during the treatment, and the excretion route disksissed.
these drugpound nanoparticles will be encapsulated within a polymer, the alofity
nanoparticles to improve timechanicaand electrical conductivityropetties of polymers was
researched.

The polymer chosen for use within a microneedle array needed to be degradhble
a desired degradation timescale of 1 or 2 monthsallow for safedisposal after use,
biocompatible to prevent complications duringusasy to process to avoid excessive heat or
toxic solvents, and mechanically strong as the microneedle array needs to survive insertion into
the skin layers. The chosen polymer, chitosan, was analysed for its potential use as the polymer
in microneedle mays and as the matrix within a chitosgraphene nanocomposite; previous
studies on chitosagraphene nanocomposites were reviewed, as well as recent publications on

the toxicity, biodistribution, and excretion paths of chitosan within the body.
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Chapter 3. Chitosan-grapheneoxide nanocomposites

3.1 Introduction

The focus of this chaptas the development of chitos@BO nanocompositeshat have
improved mechanicalwith an E of 11.5 GPa)and drug release propertiéan increase in
efficiency and delivery rateyelative to pristine chitosamhe addition of GO to chitosan
should improve the mechanical propertiéshitosandue tothelarge aspect ratiof GO and
the functional groups on the surfameGO which shoud promote a strong interface between
the chitosan and the G@he functional groupsf GOallow for the bonding of therapeutics to
the surfaceof GO andwill aid in the dispersion of G@nd bound drugvithin fluids, which
may improve the release of thaigrfrom chitosan.

GO was synthesised by a modified Hummers method and then characterised to
determine the functional groups, the crystal structure, and the dimensions and thickness of the
nanosheets. A chitosd@®O nanocomposite was created by dispersi@gii@o water and then
dispersing the suspension into a dilute acetic acid susperidieneffects of GO on the
mechanical properties aetizymatic degradatiaiate of chitosastGO nanocomposites relative
to pristine chitosamwere investigatedThe effect ofGO on the drug releaseadfile of chitosan
was analysed, as well as the effect of varying the drug loading ratiGs@t®he model drug
chosen for this chapter was fluorescein sodium (FL), selected duegmotglispersibility
within aqueous mediums dmlistinct absorption peaks between 450 to 500 nm that would aid
with quantitative analysis. The drug was used to study the release rate oMskftatirugs

from chitosarGO nanocomposites.
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3.2 Experimentalsection

3.2.1 Materials

Chitosan powder (MWt = 100,000, 000, Acros Organics, deac
determined by free amine groups) and phosphate buffered saline (PBS) were used as purchased
from Fisher Scientific. The following chemicals were used as purchased fgona 3ildrich;

acetic acid (> 99.7%), sulphuric acid {98%), hydrogen peroxide (Z2% in HO),

potassium permanganate (97%), sodium nitrate (> 99%), fluorescein sodium, lysozyme (from

chicken egg white, ~100,000 units®)g and gr aphi me powder (O 20

3.2.2 Preparation of graphene oxide

GOwas synthesized from a modified Hummers method and subsequently purified, exfoliated
and freeze driefil86,187] Briefly, graphite (3 g) was added to sulphuric aci$&: (69 ml)

and sodium nitrate NaN(J1.5 g). The mixtre was stirred vigorously for 30 min in an ice
bath. Potassium permanganate KM@ g) was added slowly, and when fully added the
mixture was heated to 3& and stirred for 12 h. Potassium permanganate (8ag)added to

the mixture and stirred for 12 before being poured over a mixture of ice (400 ml) and 30%
hydrogen peroxide ¥D-> (3 ml). The graphite oxide suspension was centrifuged at 8000 rpm
for 1 hiin an Eppendorf 5804 with the supernatant being discarded. The graphite oxide was
dispersed in fresh distilled water for a total of five cycles to remove residue chemicals from the
production process. Graphite oxide was dried in a vacuum oven and stp@sder form in

a desiccator. When required, graphite oxide was exfoliated in distilled water for 2 h by a
Fisherbrand sonication bath (230 V, 50 Hz) and centrifuged at 8000 rpm for 30 min to remove
larger than desired particles. The supernatant dispevsas collected and lyophilized in a

Labconco FreeZone Triad freedeyer to be stored in powder form in a desiccator

67



3.2.3 Loading of drug onto graphene oxide

Fluorescein sodiurpowder was added to a 2 wt.% solution of GO in water and stirred for 24
h. Unbound FL in the supernatant was removed from the solution through intense
centrifugation at 8000 rpm for 1 h. This process was repeated to ensure the removal of all
unbound FL. The FL coated GO (GEL) was then ralispersed in distilled water by stirring

for 1 h.

3.2.4 Preparation of chitosargraphene oxide nanocomposites

Chitosan powder was added to a solution of 2 wt.% acetic acid in distilled water and stirred for
24 h to prepare the chitosan solution. Then, the required concentration (0.25, 0.8nd 52,

wt.%) of nanopatrticle filler was added to the chitosan solution and mixed for 12 h. The resultant
dispersion was degassed in a sonication bath for 30 min. The dispersion was poured into a
Teflon mould and allowed to air dry. Prior to testing, fil)msaconditioned in an oven for 1 h

at 50°C. Drug loaded GO was also used to produce nanocomposites-Bf @@d chitosan

using GOFL nanohybrids containing 2 wt.% GO and various amounts of FL.

3.2.5 Structural characterization of graphene oxide and nanocoposites

FT-IR spectroscopy of nanocomposite films and-ElOpowder was achieved through a Perkin
Elmer Spectrum 100 with ATR at a resolution of I'camd an accumulation of 5 scaXkD

analysis of the crystal structure was achieved by using a StoePStathi CuKy sirradiation

(0.154 nm wavelength) with an Imaging Plate detector. A Veeco Dimension 3100 AFM with
Olympus AC160TS probes was used in tapping mode at 0.5 Hz to analyse the thickness and
dimensions of GO sheets laid on a mica substrate. Isasdtering (LS) particle sizing of
particles from 0.1 to 900 em was achieved tF
of nanoparticles in a dispersion of GO (0.4 mg)mTEM analysis was achieved using a F.E.I.
Tecnai Biotwin using bright field iaging at an accelerating voltage of 80 kV. TEM samples
were prepared using a Reichdung Ultracut E microtome. UVis was performed on
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dispersions of nanopatrticles by a Perkin EImer Lambda 900 spectrometer betw8€0 200

at a resolution of 1 nm. A Hibba Fluoromax 4 with excitation source of 4800 nm (max
excitation shown to be 495 nm) and emission readings fror6600hm was used for PL
spectroscopy (using solutions of 45.6 wt.% loadedFEGat 1 mg mif, GO at 0.545 mg 1|

and unbound FL at 066 mg mi'). Zeta potential was measured using a Brookhaven
ZetaPALS, with solution concentrations of 1 mg'rahd 5 cycles of 10 runs per sample. SEM
analysis of the gold sputter coated fracture surface of the nanocomposite films was achieved

with an F.El. Inspect F50 with an accelerating voltage of 5 kV.
3.2.6 Tensile testing of nanocomposites

Tensile testing was performed on a Zwick Roell Z005 twin column tensometer using a 5 kN
load cell and a 1 mm niihstrain rate in accordance with 1S827. Specirans (number (n) =

10) were created using a punch of a-boge shape with the narrow test section between grips
measuring 22 mm in length, 2.7 mm in width and 1 mm in thickrnéss.tensometer was
calibrated against a stainless steel specimen of the sarersibns as the polymer specimens

(Figure 3.9).
3.2.7 Drug release from nanocomposites

Nanocomposite specimens (n = 5) were placed in a phosphate buffered saline (PBS) solution
(30 ml) at 37°C to simulatan vivo conditionsand gently agitated at 100 rpm in a Stuart SI500
shaking incubator. A known quantity (2 ml) of solution from the container was removed after
every time step, making sure to replace it with the same amount of fresh PBS solutigis. UV

in a Perkin Elmer Laimda 900 determined the release rates of the drug from the nanocomposite
in neutral (pH = 7.4) and acidic (pH = 2, 5.5, and 6.5) conditions. The quantity of FL was

determined by comparing the absorbance peak at 450 nm of the test samples with solutions of
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free FL of known concentration (from 0.001 to 1 mg‘nih water, similar to the procedure

used to measure the quantity of FL in solution during the loading of the drug onto the GO.
3.2.8Enzymatic degradationtests

Enzymaticdegradation tests have beegsdribed elsewheri@97,498] Briefly, the polymer

films were submersed in a PBS solution (pH = 7) &i3¢ontaining the enzyme lysozyme at

a natural concentr at i [d449,499]iSanpieswere mantainen dt37 1. 5
°C and were gently agitated. At regular intervals, each specimen was removed from the beaker,
washed with distilled water, dried in a vacuum oven, and the mass measured. The sample was
placed into fresh PB&nd lysozyme solution to maintain constant enzymatic activity. For each
sample type, there were 5 specimens for mass analysis and two sacrificial specimens for

characterization analysis.

3.2.9 Statistical analysis
Statistical analysis (standard deviatiamd 95% confidence intervals) were calculated using

MatLab 2012a software.
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3.3 Results anddiscussion

3.3.1 Characterisation of GO

[—(1) Graphene oxide —(2) Graphite oxide — (3) Graphite]
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Figure 3.1 (A) FT-IR spectra and (B) XRD traces f&O, graphite oxide and graphite

GO, produced through exfoliatiai graphite oxide created from a modified Hummers method,
was characterized by FTIR, XRD, AFM, and LS to confirm the chemical bonds present, the
interlayer spacing, and the dimensions of the GO respectiVely. process of oxidation
introducesadditionalfunctional groups to graphite; these can be identified by FTIR to verify
the successful oxidatiofihe graphite curve has two main peaks, one at 343q©@iH bonds)

from absorbed, frewvater and a second at 1640 t(C=C bonds)The process of oxidation

introduces a peak at 1043 ¢r(Ci O bonds) and at 1727 ¢h{ C=0 bonds) on the graphite

71



oxide and GO curve, as well as 828 cm' for C=C bondsand at 3400 crhfor Oi H bonds

from retained free water in the samjpl87,210] The oxidation process should change the
chemical structure of graphite and will increase the interlayer spatiagchanges can be

identified throughXRD (Figure 3.1B. The (002) peak of graphit
corresponding to an interlayerspac g of 0.8 nm and the (002) pe
corresponding to an interlayer spacing of 0.34 nm, similar to the published litdtdie

This shows that thexadation procedure has increase the interlayer spacing of graphée.

l ow intensity obnthelG® cupve shéws thdt the2nogjority ofin@nosheets

were exfoliated from graphite oxide to GO nanoshi388,397]
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Figure 3.2: (A) AFM image and height profiles of GO nanosheets @)digser scattering
particle sizing profiles of GO nanosheets and graphite in an aqueous solution.
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An AFM image of singldayer thick GO nanosheets is shown in Figui2A3.The

thickness of each layer is around 1.0 nm tha&determined from several AFM images,
showing the exfoliation of graphite oxide into single layer GO nanosf88ats The thickness
of GO is thicker than the reported thickness of graphene (0.375060]), showing that the
oxidation process has increased the thickness of GO relative to pristine graphene.

The lateral size of GO nanosheets can be meassragproximately between 0.2 to
0.6 em. This iIis a representative of a small
of a greater sample size of GO sheets is shown in FigRB; 8howing that the majority of
sheets range in size from0.620 ¢e m. The di fference in size r a
values can be attributed to the fact that LS analysis measures the hydrodynamic diameter of
GO particles and that it assumes these particles are spherical in shape. Graphite powder
measuredinsizeet ween 1 to 20 em, showing that the

successfully led to the production of smaller GO.
3.3.2 Characterisation of chitosarGO nanocomposites

Chitosan nanocomposites of 0.25, 0.5, 1, 2, 5 wt.% GO were created byidggerown
guantities of GO in chitosan solution and air drying to form a film. Characterization of the
nanocomposites will allow for an analysis of the interfacial interactidfeR), the
crystallinity of the nanocomposit¢éXRD), andthe GO dispersio(TEM). An FT-IR analysis

of chitosan nanocomposites containing @t.% GO is shown in Figure3A. Prominent peaks
showstrong C = C (1620 cr), C = O (1720 cm) and G H bonds (3308 3400 cmb). An
additional range of peaks can be seen at BEDD cm!, which are NH bonds from
ammonium ions created by the detylation process, and at 153840 cm', which are amino
groups from the chitosgd66]. At 1400 cmt, Ci OH bonds can be seen and at 20000 cm

1 Ci O bonds can be se¢#82]. The G O bonds (from 1018 to 1012 chand 1088 to 1084
cmi® for pristine chitosan and the nanocomposites respectively) and the amino group (from
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1539 to 1531 cnh for pristine chiosan and the nanocomposites respectively) have shifted
significantly, indicating a strong hydrogen bonding between these two groups and the

functional groups in G@B96,482] implying a strong interface between the chitosan and the

GO.
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Figure 3.3: (A) FT-IR spectra, (B) XRD traces of chitosan nanocomposites contairtng 0
wt.% GQ

Crystallinity can affect thelegradation of chitosan, and as such it is important to
analyse the effect that GO can have on chitosan crystalliriitg.can be acquired from XRD
analysis of the nanocompositéds XRD analysis of the nanocomposites containing chitosan
and GO is shownni Figure 33B. An amorphous structure for the chitosan powder can be

identified as the broad peak at’2R16]. Diffraction peaks for all nanocomposites can be seen
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at 8, 11, 16, 18 and 23n keeping with the literatuf@96,397] Peaks at 8, 11 and %l&e the

result of a crystalline structure in chitosan whil@ 46d 23 are due to an amorphous structure

in chitosan film[396]. Assuming no peaks for GO were present in the nanocomposite due to
their low content and the strong interaction between GO and chitosan which may lead to nearly
full exfoliation [396], the crystallinity percentae ¢, of @anocomposites can be determined

from analysing the diffraction peaks of chitosan, as shown in Equati¢s03.502]

O
© 0 o
where } is the peak area of the crystalline region and the peak area of the amorphous
region. The crystallinity values of chitosan nanocomposites are 30.5, 32.0, 23.3, 25.4, 27.3,

and 21.5% fompristine chitosan andhitosan nanocomposites of 0.25, 0.5, 1, 2, 5 wt.% GO

respectively.

Figure 34: TEM micrograph of 2 wt.% GO chitosan nanocomposite, showing aal go
dispersion of GO nanosheets.

The TEM micrograph ifrigure 34 shows a good dispersi@f GO nanosheets (shown
as black lines within the matrix, as per the literaf@62,503), within the 2 wt.% GO chitosan
nanocomposite, the najty of which are exfoliated, confirming the validity of the assumption

of a good dispersiorsolution casting has created crystalline regions within the chitosan film,
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which differentiates from the amorphous chitosan powder (curve 1, Figure 3.2B) eEbage

of 0.25 wt.% GO slightly increased the crystallinity, owing to its nucleation efftzt].
However, nanocomposites of higher GO contents have lower crystallinity than pristine chitosan
films. Presumably, GO reduces the crystal growth by hindering the mobility of the chitosan
chains, which outweighs the nucleation eff&®4]. The lowest crystallinity was measured for

the sample with 5 wt.% GO.

Stress / MPa
N
(=]

15k —(1) Chitosan
—(2) 0.25 wt.%
10 —(3) 0.5 wt.%
—(4) 1 wt.%
SHi —(5) 2 wt.%
. . . . . (6) 5 wt.%
% 5 10 15 20 25 30 35

Strain /%
Figure 35: Representativéensile stress versus strain curves for chitosan nanocomposites
containing 65 wt.% GO.

The nanocomposites casauGO as a structural reinforcement to improve mechanical
properties as well as a drug carrier. Mechanical testing will allow for a determination of the
optimum GO concentration to be used for the nanocompioasted transdermal drug delivery
devices whictwill require mechanical strength during application, such as microneedle arrays.
The representative tensile strassain curves for chitosan and GO nanocomposites are shown
in Figure 35. The behaviour of the nanocomposites under strain varies depending on their GO
content. Pristine chitosan samples undergo elastic deformation, yielding and necking without
strain hardening. Chitos&.25 wt.% (curve 2) and chitos@wt.% (curve 5) strain soften and
then proceed to work harden before failing. The nanocomposites containing 0.5 wt.%, 1 wt.%

and 5 wt.% do not strain soften after yielding but proceed straight to work hardening before
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failing. The introduction of GO increases the ductility and ability of the samples to work harden
when compared to the pristine chitosan sample.

The mechanical properties are summarized in Table 3.1. The pristine chitosan film fails
at an average strain of 14.5%. The samples containing 0.25 to 5 wt.% GO fail at between 17.7
35.1% strain, demonstrating substantial increases in ductility of chitdseh are attributable
to the orientation and delamination of graphene sheets under tf@8hrChitosar0.25 wt.%
and chitosat? wt.% have the highest E valuetbe sample range, with average E values of
1.23 GPa and 1.30 GPa respectively. GO has a higher E than chitosan, 207 GPa versus 1 GPa
[192], and a high aspect ratio, a large specific surface area and abundant functional groups,
thus acting as an effective reantement filler in these two cases. In contrast, the chi#@dan
wt.% and chitosail wt.% present lower modulus values. Both the effective volume fraction
of GO and the effect of GO on polymer crystallinity affect the E of the final nanocomposite
[506]. The former takes into account the contribution from the interfacial region and is
therefore dependent on both the GO content and the dispersion degreg06{Cower GO
contents, e.g. 0.25 wt.%, are expected to leadttertdispersion and therefore more efficient

reinforcements.

Table 3.1:The mechanical properties of chitosa® nanocomposites.

GO content / wt.% | E/GPa UTS / MPa G/ %

0 1.00 £ 0.10 242+ 1.4 14.5+2.7
0.25 1.23+0.12 345+14 19.0+2.2
0.5 0.86 + 0.08 30.4+1.38 259+4.2
1 0.93+0.13 324+1.2 35.1+2.6
2 1.30+0.14 33.2+22 17.7+2.6
5 0.46 + 0.11 21.9+1.1 224 +3.3

In comparison, the lower moduli exhibited by chito€ah wt.%and chitosasl wt.%

nanocomposites can be attributable to their lower crystallinities. Chitogar?o shows the
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lowest modulus, presumably due to the presence of defects and aggregates in addition to the
low crystallinity, which is further discussed beldwith the exception of chitoseiwt.%, the

addition of GO increased thér'S. Again, chitosar0.25 wt.% and chitosa® wt.% present the
highest tensile strength among the materials tested, with increases of 43% and 37% compared
to the value for their pgimer counterpart. The strong bonding between GO and chitosan has
allowed for an efficient transfer of stress from the chitosan to the GO nanosheets. Similar
increases are expected for flexural modulus, flexural strength, and fracture toughness for the

nanaomposites as the GO content incre4S63].

LI

Figure 3.6: SEM micrographs of the tensile fracture sufce of chitosan GO nanocomposite
films containing (A) 0 wt.%, (B) 0.25 wt.%, (C) 0.5 wt.%, (D) 1 wt.%, (E) 2 wt.%, and (F) 5
wt.%. (Scale bar = 20 um)
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An analysis of the fracture dace of tensile specimens (Figur&)3shows thathe
nanocomposites containing20wt.% GO show a uniform morphology throughout the fracture
surfacewhich suggests that there were no voids or aggregations in these hanocompogies
voids and aggregams can be seen in the image for the sample with 5 wt.% GO which may
explain its inferior mechanical properties.

Based on the above mechanical results, the two nanocomposites that possess the best
mechanical properties are chitogaf5 wt.% and chitosa2wt.%. As a higher concentration
of GO allows for a higher quantity of drug to be loaded onto GO than would be achievable
with a lower concentration, the optimum nanofiller concentration for-besding drug
delivery devices such as microneedle arrageisidered to be 2 wt.% and therefore it is used

for subsequent drug delivery aaazymatic degradatiotests.
3.3.3 Drug loading and release analysis

Drug coated GO was created through a mixing procedure and the removal of excess drug. The
successfulbonding of FL onto GO surface can be confirmed by-U¥, FT-IR,
photoluminescence spectroscopy and AFM. Figuré& 3hows the UWis spectra of GO at

the concentration of 0.4 mg o allow for an analysis of absorption peaks. The peak at 230
235nmcabbe attributed to °~ Y ~* conjugations of
n Y ~* conj ugat[l8F]nA confpariébn of un@mdiFb, @GAFL. hybrid, and

GO nanosheets in Figurerd. shows that the characteristic peaks of FL at 450 and 480 nm are
present with a shift to 445 and 475 nm on the-l&Chybrid curve while a shoulder peak at

270275 nm of the FL curve has been transpas@d the GOFL curve but is not present on

the GO curve.
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Figure 3.7: (A) UV-Vis spectra, (B) FAIR spectraof unbound FL, GO, and 45v&.% loaded
GO-FL hybiid.

FT-IR spectroscopy analysis of GEL and FL powders are shown in Figur@BR. In
this figure, peaks chacteristic of GO can be seenHQ at 1720 c, C=C bonds at 1600 cm
land @ O bonds at 1060100 cm') for the 45.6 wt.% FL loaded GBL nanohybrid. Peaks
characteristic of FL can be seen on the-HOcurve below 1600 crhand there is ahift in
wavenumber on peaks (from 1738 for FL to 1726'dor GO-FL, from 1572 to 1530 crh
and from 1088 to 1066 ct which can be attributed to both physical absorption of the drug
onto the surface and an overlapping of FL peaks with GO peaks. mdmgbetween GO and

FL is Y stacking (electrostatic a508. hydrog
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Figure 3.8: (A) Photoluminescence spectroscopy of unbound FL, GO, andm346loaded
GO-FL hybrid. B) AFM image of a GEFL sheefrom the 45.6 wt.% loaded GEL solution,
showing a sheet of 8.3 nm, 9.4 nm, and 8.7 nm thick at the green, red and black arrow points.

Photoluminescence spectra are shown in Fig@#,3howing the quenchingfett of
GO on GGFL in comparison to free FL. The solutions of unbound FL and pristine GO were
of a concentration equal to the quantity of FL or GO on theF&® the 45.6 wt.% FL loaded
GO-FL nanohybrid solution. G&L has aPL property courtesy of thelF-as can be seen by
comparing to the GO, again suggesting successful bonding of FL onto GO. An AFM image of
a single GOFL sheet from the 0.84:1 solution is shown in FiguBA3lt shows a sheet of an
approximate thickness of 8.7 nm. The increase irkiigiss from 1 nm for GO is due to the
coating of FL on the surface, which can be seen to be rough and uneven across the surface (for

further images, see Figure 2.1 S.1.). Zeta potential readings were taken before and after the
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synthesis of the 0.84:1tra solution, with values 053.58 (x 0.96) mV for GO and4.54 (=
0.76) mV for GGOFL, implying both have good stability in aqueous solutions and that the

electrical charge of GO is only slightly decreased by the addition of FL.
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Figure 3.9: Drug loading chart of fluorescein sodium of@® nanosheets as a function of
initial FL concentration after 2l of bonding. Inset: UWis Spectroscopy analysis of FL in
water solution.

The quantity of FL was determined by bXis spectroscopy analysis byeasuring the
absorbance percentage of the characteristic peak (450 nm) of FL (FRjmseB. To calculate
the drug loading ratio (FL:GO), the amount of unbound FL present in the supernatant prior and
after to absorbing onto GO was measured agaiesspgbctra of standard FL solutions with a
known concentration. Drug loading ratio was calculated by Equation 3.2:

RN e el LY e ToNe
Ol 00 W Qe —F———F———7—
DO WE G WO Q

og,

The drug loading ratio of FL to GO is dependent on the original concentration of the
drug in the solution within the experiment time frame oh2Bigure 3.%hows the increase in
drug loading ratio when the original concentration of FL is varied fronm@ Inf* to 50 mg
ml, allowing for the selection of initial concentrations to make-BOpowders with defined

loading ratios. Initial concentrations of FL of 2.5 mgnl2.5 mg mt and 49 mg mt were
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used to create nanohybrids with the loading safit.:GO) of 0.28:1 (21.9 wt.%), 0.84:1 (45.6

wt.%), and 1.4:1 (58.3 wt.%), respectively.

100

—{(1) Unbound fluorescein sodium
—(2) GO-FL in nanocomposite

80 —(3) FL released into solution
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Figure 3.10: UV-Vis spectra of free FL, GOBL loaded into the nanocomposites and FL
released into PBS during drug release testing.

800 3(I)0

The release rate and quantityei@ted are important to determine for a drug delivery
mechanism, which can be analysed using-W¥ spectroscopy. Figure I shows a
comparison of free FL, GBGL encapsulated nanocomposites and the FL released during
testing. The characteristic peaks of fhL at 450 nm and 480 nm in the free FL have shifted
back from 445 nm and 475 nm for the &Q after being released from the nanocomposite
into the PBS medium, which indicates a possible unbinding of FL from GO after release and
is coincident with previosi speculation of drug diffusing away from G&D9]. The peaks at
450 nmwere used to calculate the drug release amounts according to the method described in

the experimental section, and the results are discussed subsequently.
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Figure 3.11: (A) Percentage of drug relsed from chitosa@ wt.% GOFL nanocomposites
compari®n to a norGO ChitosarFL hybrid in a neutral (pH = 7.4) environment as a function
of drug loading. (B) Higuchi equation simulatiohdrug release from chitosa&fL. and chitosan
GO-FL nanocomposite

Figure 311A shows the cumulative quantity (¥@leasedn a neutral environment (pH
= 7.4) over 144 h. There are different release profiles for the samples containing the following
loading ratios; FL equal to 21.8 wt.%, 45.6 wt.%, and 58.3 wt.% of thé-G@anohybrid
while the GO content in the nanocompositéixed at 2 wt.%. The sample containing a 21.8
wt . % |l oading reaches a drug | evel pl ateau af
mlt. The sample containing a 45.6 wt.% loading is slower to reach the plateau, achieving
maximum release at 24 62% of the drug ilnAfter Il2eh, as@Wmp |l e o

release has been achieved, showing the possibility of a rapid but strong drug delivery system
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of 2 1 2 hnThe nanocomposite containing a 58.3 wt.% drug loading took 96 h to reach
the maxi mum release | evel (6% %ereisarelationahip av ai
between the degree of drug loading and the time taken to reach the plateau that can be explained
by the drug concentration gradient. Initially, the releaseiunedhas 0% drug concentration
and therefore the diffusion from the nanocomposite to the release medium is fast. As the drug
concentration in the release medium increases, the diffusion of the drug from the
nanocomposite decreases. By varying the loadinigeodirug onto the GO the drug release rate
can bealtered to suit the application (i.e. fast release of anaesthetic for pain relief or sustained
release of a therapeutic drug). The 45.6 wt.% loading percentage sample was chosen to undergo
further analysign acidic drug release conditions aadzymatic degradatioanalysis as it
offered the optimum combination of strong, efficient and fast delivery of a drug as well as drug
loading efficiency.The incomplete release of the drug can be attributed to tlenplete
release of the GO from the chitosan matrix. The drug is attached to the GO and therefore cannot
be released into the medium. There is a strong hydrogen bonding between the chitosan and the
nanoparticles, as shown in Figure 3.5, which shows aishife 1539 and 1018 chpeak for
pristine chitosan to 1530 and 1016 tfor 58.3 wt.%loaded GGFL in chitosan. This strong
bonding restrains the nanoparticles and restricts their movement and subsequent dissolution
from the chitosan. A similar effect is noted in #rezymatic degradatioamnalysis later in this
paper.

A hybrid o chitosan and unbound FL was created that contains the same mass of FL as
the nanocomposite sample containing a 45.6 wt.% loading of FL kFIGBybrid (Figure
3.11A). This sample was used to investigate the improvement that bonding a drug to GO can
haveon the drug release performance. The sample of free FL encapsulated in chitosan has a
pl ateau after 72 h at 36 % lorheunbbund A was gnablen t he

to diffuse fully through the polymer film and out into the release mediuimmihe 150h,
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presumably due to the strong hydrogen bonding between FL and chitosan. In contrast, the
nanocomposite sample containing the same amount of FL has both a quicker and more
substantial (62% versus 36%) delivery of the drug than the sampéedfif. The hydrophilic
GO sheets may have increased the diffusion coefficierihe@ GOFL in comparison to
unbound FL (see below), raising the speed and the amount of the drug release. Similar to the
case in chitosan film, the incomplete release ofitiug from the nanocomposite film may be
attributed to the strong bonding between-6l0and chitosan. This strong bonding restrains
the GOFL hybrid from being released into the PBS medium.

To further understand the improvement in drug delivery performtérategrafting to
GO offers, release profiles of drugs in the polymer and nanocomposite were estimated by drug
diffusion equations that are commonly used such as the Higuchi equ@idnS11] The
standard Higuchi equation defines the cumulative amount of drug released; M

0 Q 1o o

where t is the time elapsed angdi& the Higuchi constant, defined as:

Q O ¢ O O o o8

where Giit is the initial concentration of the drug within the matrix, A is the cross sectional
area of the diffusion matrix, & the drug solubility and D is the drug diffasicoefficient in

water, namely 500 mg nhland 0.42 x 18 cn? st respectively for pristine F[512]. The result

of the modelling analysifor unbound FL and its release from chitosan is showrigare

3.11B, showing a close correlation to the experimental results and confirming the accuracy of
the experimental dataHowever, they do not model the experimental results for thd=GO
chitosannanocomposite due to the variations in the drug diffusion coefficient. Using the
Higuchi equation, an approximation of the diffusion coefficient for FL in the nanocomposite
can be made, with an initial value of 0.22 X310’ s* up to 10 h and then a l@wdiffusion

value of 0.1 x 16 cn? s* until the end of the test. The ability to increase the diffusion
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coefficient could allow for drugs with poor diffusivity in water to be releameck efficiently
than they would be as an unbound drug. A quickemamieé substantial release of these drugs
would improve the therapeutic effect of treatments.

GO-FL might have been released together from the nanocomposite into the PBS
medium, which can be identified by the change of the colour of the PBS, therebyingreas
the initial diffusion coefficient of the drug. After having been released into the PBS, FL
gradually detached from GO and presented as free FL, as determmetidértJ\/Vis spectra
(Figure 3.10. This suggests that the free released FL can thendlifitsthe cell membranes,
leaving the GO to be excreted from the body through the renal sy2teth The above
calculations consider FL as the drug. If 5O is considered as a single drug entity, thex C
Cinit Will remain the same because the newdC GO-FL is 45.6% of the original 8vhile the
new Gyit is the 1/45.6% of the originalife, which means the above theoretical values for D

will stand.
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Figure 3.12: Percentage of drug released from-GDnanocomposites in an environment with
differing pH.

Figure 312 shows the cumulative quantity of drug released in an acidic environment
(pH = 2, 5.5 and 6.5) from a nanocomposite containing a 45.6 wt.% loading of FL-FLGO

hybrid. The nanocomposite pktin the pH = 2 solution released the drug initially in a profile
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similar to the profile for neutral conditions. A steady release of drug was recorded until a
pl ateau was reached at 48 h (27 %YoThepicrug wi t
5.5and 6.5 samples released the drug slowly but steadily, where final release quantities were
46% (1.%3 agg 1MI4 h a nlat B0 Baespettivey 4Presugrabiy the pH

=2 conditions rapidly dissolved the surface of the test specimens wiBichdleased the drug

that was encapsulated in that region, but then the layers did not exfoliate and the hydrophilic
GO became hydrophobic and tended to aggregate together, presumably through electrostatic
attractiong[513,514] thus hindering the release of FL. In the neutral environment, chitosan
swelled in the medium; the presence of the hydrophilic GO facilitated the release of FL as
discussed above. The surface digson did not occur as rapidly when the specimens were
placed in solutions of pH = 5.5 and 6.5, and neither did the specimens exfoliate as rapidly as
the specimens in the neutral solution. The slower dissolution and exfoliation hindered the rapid
releaseof drug, but the higher pH values did not cause as strong an electrostatic attraction as
for the pH =2 specimens, and therefore did not hinder the release of FL. A reduction in the
maximum drug release amount when in an acidic medium offers the pogsibditselective

release device with limited release in gastric juices (pH-2f &nd then a more substantial
release when in the neutral media of the intestines (pH/ =@ in a targeted disease area
where the pH is 5:3.4.

The bonding of FL onto G@creases the maximum drug release amount by 72% when
compared to unbound FL from a chitosan matrix. The drug release tests show that the drug
release behaviour can be altered by varying the drug loading ratio onto the GO. The release
profile is sensitiveo the pH of the release medium, with the quantity of drug released reduced

substantially (by 48%) when in an acidic medium.
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3.3.4Enzymatic degradationanalysis of chitosarGO nanocomposits

100

—(1) CGO-0%
—(2) CGO-2%
80} —(3) Chitosan + GO-FL with 45.6 wt.% FL loading
e
S T T (2) T
2 ool 1 T 1.
c
8
] k) T
& 4o} + 1-
(]
2]
=
20f '|' 1) ]
G L L L L

0 1 2 3 4
Time / week

Figure 3.13 Mass change during enzymatic analysis of nhanocomposites contpirsiige
chitosan, 2 wt.% GO, and GEL with 45.6 wt.% FL loading over 4 weeks.

The effect that GO will have on trenzymatic degradatiorate of a polymer has not been
analysed in the terature. Pristine chitosan and specimens of nanocomposites containing 2
wt.% GO and 2 wt.% G@L with 45.6 wt.% FL loading were submerged in a solution of hen
egg white lysozyme and PBS to simuliateivo conditions. Hen egg white lysozyme possesses
a smilar main chain formation and binding saites as human lysozyrft&l5]. The byproduct
of the degradation process is a lower MWt chitdgdr,517]

During theenzymatic degradaticanalysis, the mass of the samples dromtefifferent
rates (Figure 3.3). Pristine chitosan showed the quickest degradation rate of those tested,
losing 70 wt.% of their initial mass after one week compared to 22 wt.% for chiRostfo
and 43 wt.% for the G&L with 45.6 wt.% FL loading samgs. A change in the colour of the
PBS solution containing the GEL with 45.6 wt.% FL after one week confirmed the release
of the drug into the medium containing the enzyme duringnizgmatic degradaticiest. The
initial high degradation rate for allelprofiles can be attributed to the lysozyme reaction to the
abundant chitosan chains containing at least 3 acetyl [H1i&517] Lysozyme degrades

polysacchari des i ke chitin and c h({tv4d s an
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glycosidic linkages through the hexameric sugar ring binding sites of lysoAgies16]
Once the number of suitable sites has been reduced, the rate of degradation slows between
week one and week two and then again between week 2 and week 3 for all specimens. Pristine
chitosan educed to 15 wt.% of their original mass after 2 weeks, compared to 67 wt.% and 43
wt.% respectivelyfor chitosar2 wt.% and the G@L with 45.6 wt.% FL loading samples.
The degradatin rate for all samples plateausm@und week 2, aftavhich the mass cfamples
variedno more than 2%. The mass loss curve for pristine chitosan is similar to the literature
[497].

The difference in mass loss between the samples can be explained by the presence of
the nanoparticles GO and GEL. Nanoparticles likegraphene an&O are impermeable to
most molecule$410]. They may decrease the rate at which the enzymes permeate through a
nanocomposite through the tortuous path model that predicts an increase in the barrier
properties of nanocomposites (as discussed in Chapter 2, Section 2.6).nkan¢hdhe
adsorption of the chitosan molecular chains to the GO via strong hydrogen bonding and
electrostatic forces can restrict the chain movement, similar to the physical crosslinking effect
of the oxygen groups of GO on polyacrylamide hydroff&l8]. Crosslinking can act to slow
down the cleaving and enzymatic degradation of these matzouteg519], hence the mass
loss is lower for the nanocomposites than for the pristine chitosan. The difference in mass loss
between chitosa wt.% and GGFL with 45.6 wt.% FL loading can battributed to the
presence of the drug coating in the latter which limittezl bonding sites between GO and

chitosan dissolved in the solution.
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Figure 3.14: SEMimages of the top surface of{B) chitosan (C-D) chitosan and 2 wt.% GO
and (EF) chitosan and G®L with 45.6 wt.% FL loading. The images A, C, and E were taken
before the test and the images B, D, and F were taken after one week eyizimeatic
degradatioriest. (Scale bar = 20 um)

The effects of GO and GBL on theenzymatic degradatioof chitosan can also be
seen in Figure 34, which shows the surface morpbgy of the films before thenzymatic
degradatiortest began and 1 week after the test. Among the three samples ardlitesdn
2 wt.% GOFL suffered the least pitting and crevassing on the surface denmgmatic
degradationconfirming its enhanceesistance to enzymatic activitgs the chitosar2 wt.%

GO-FL nanocomposite is degraded, it is eroded by the dissolution of the chitosan into solution.

This will leave chitosaitoated GGFL nanosheets partially exposed which are still anchored
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in the chitean.High aspect ratio extrusions appear in the sample for chHe€aRL (Figure

3.15) whichare chitosartoated GGFL nanosheets

Figure 3.15: SEMimages of the fracture surface of chitosan-BOnanocomposite showing
chitosan coate®O sheets. (Scalear = 20 pum)

There is no correlation betweenzymatic degradatiorate and the release rate of the
drug as the pristine chitosan film was the fastest to degrade over the course of the first week
during which it lost more mass (70%jan the nanocomposiof GOFL, but in the form of a
drug eluding polymer it had the slowest release rate and a lower efficiency of delivery with a
plateau of delivery after 72 h. The difference between drug delivery performance and
enzymatic degradatiorate can be explainday the tortuous path that slowed the enzymes
progression intohte nanocomposite containing & and by the chitosan chains that are
bound onto the GO surface, making them more difficult to break. The mass loss curve for the
sample containing 45.6 wt.% Rh GO-FL hybrid over 4 weeks is importatat consider when
studying drug release from nanocomposites. Over the first week, the nanocomposite lost 43%
of its original weight Figure 313) and released 62% of the available drigygre 311(A)).

The nanocorposite will stay intact within the body long enough for a steady and controlled
drug delivery to occurdforedegrading and being excreted, as can be seen in SEM analysis

after one weekKigure 3.8 andFigure 3.5).
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3.4 Conclusions

GO was synthesised/la modified Hummers method and ttiearacterisation studies on GO
in this chapteserved as a benchmark for changes in chemical/physical structure, dimensions
and functionalityof other graphene derivativéisrough this thesi€€nzymaticallydegradable
chitosanand chitosamanocomposite films with 0.25 to 5 wt.% GO were prepared by solution
casting. The nanocomposite containing 2 wt.% GO exhibited the best combination of
mechani cal properties and drug | oadi d@ capac
1.3 GPa,UTS from 24 to 34 MPa, antl) from 14.5% to 17.7% compared to the pristine
chitosan. Improvements of the mechanical properties were attributable to the high stiffness,
strength, specific surface area and ample functional groups as welhastitiey of GO sheets
under tension.

Drug release tests show that the release profile of the drug from the polymer matrix is
dependent on two key factors: the loading ratio of the drigQand the pH of the solution
that the drug is being released into. In a comparison to chitosan with the same amount of FL,
the GOFL nanohybrid containing 45.6 wt.% FL loading released 72% more of the drug and
achieved maximum delivery in a shorter timesg@amn the conventional composite sample.
Different drug release profiles were noted during testing in neutral and acidic media with a
decrease in release rate and a reduction of release quantity by 48% during the acidic test,
showing a pH sensitive releagenctionality. Nanocomposites of GO and &L degraded
slower than pristine chitosan, with about 70% and 45% of their original mass remaining at
week 2 compared to 18% for chitosan, due to the strong bonding of the GO with chitosan and
the effect of the iwuous path model on the permeability of the enzyme.

In conclusion, chitosa@ wt.% GO nanocomposites showed improved mechanical
properties and drug release properties in comparison to pristine chitosan, while also showing
pH and drugoadingratio sensitre release. These improvements could allow for chit@@n
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nanocomposites to be used for drug delivery applications such as microneedle arrays, where
the increased strengthould be needed to maintain microneedle rigiditylthe drug release
properties wald allow for a quicker release of the drug into the body in comparison to what a

pristine chitosan microneedle cowdhieve
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Chapter 4. Chitosan-reduced graphene oxide nanocomposites

4.1 Introduction

The chitosafGO nanocomposites from Chapter 3 possessed improved mechanical properties
and drug release rates over pristine chitosan, but the presence of GO did noteapart
functionality, such as electrical conductivity, to the nanocomposite. As destussSection
2.4.2,the electricalconductivity of GO is around 6 orders of magnitude loviban pristine
graphenand said not increase the conductivitytbie resultant chitosa@O nanocomposites.
The focus of this chapter was on improvingth the ekctrical conductivity ananechanical
propertieof chitosanrgraphene nanocomposites by synthesising a reduced graphene oxide that
is suitable for use for drug delivery purposes such as microneedle arrays. Central to this chapter
is the facileand biocompaile manufacturing process of the rGO, achieved by mixing a
chitosan solution and a GO dispersion at@7or 72 h (see Scheme 4.1), which allows for the
reduction of GO into rGO. This process does not require excessive heat, toxic solvents, or
irradiation yet allows for the pi@ading of drugs into the material.

Once synthesised, the rGOswharacteriseth compare it to GO and the effectiveness
of the reductiortechnique is analysed. The rGO svased as the nanofiller for a chitosan
nanocompsite, chitosarGO, which is enzymaticallydegradable and possesses the
mechanical strength and controlled drudjvaéy required for potential uses in microneedle
arrays. The effects of rGO addition and rGO concentration on the structure, glass transition
temperature (J), crystallinity, mechanical properties, electrical properties, drug delivery
performance andnzymatic degradationate of chitosan were investigated and the optimised

nanocomposite was subsequently used to form microneedle arrays.
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Scheme 4.1The experimental procedure to prepare chitosanced graphene oxide (rGO)

nanocomposites with the dry§L) loaded onto the rGO nanosheets. During the reduction

process, GO is dispersed in a chitosan solution; this promotes hydrogen and electrostatic
bonding between the amine and hydroxyl groups of chitosan and the epoxy, carboxyl and
hydroxyl groups of GOThe reduction procedure chemically grafts the chitosan onto the now
reduced rGO. A drug, such as fluorescein sodium, can be introduced to the eBGi@san
mixture before reduction and loaded onto the chitagated GO through hydrogen bonding

or electrositic forceg508].

O OHOH O OH OH

4.2 Experimentalsection

4.2.1 Materials

The following chemicals were reagent grade and uspdrabased from Sigma Aldrich; acetic
acid, sulphuric acidhydrogen peroxide, potassium pemganate, sodium nitrafiorescein
sodium, phosphate buffered saline, and gragateder 020 mm). Chitosan powder (Mw ¥4
100 000 300 000)was used as purchased from Fisher SifienFoetal calf serum (FCS) was

kindly provided by Dr. Ingunn Holeof the University of Sheffield.

4.2.2 Preparation of graphene oxide
The method for making GO has been described before in Chaptriely, GO was

synthesized from a modified Hummers methd86,187] Graphite (3 g) was added to
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sulphuric acid HSQ; (69 ml) ad sodium nitrate NaN§&(1.5 g). The mixture was stirred
vigorously for 30 min in an ice bath. Potassium permanganate K&g) was added slowly,

and when fully added the mixture was heated to°@5and stirred for 12 h. Potassium
permanganate (9 giasadded to the mixture and stirred for 12 h before being poured over a
mixture of ice (400 ml) and 30% hydrogen peroxidgOH (3 ml). The graphite oxide
suspension was centrifuged at 8000 rpm for 1 h in an Eppendorf 5804 with the supernatant
being discardedThe graphite oxide was dispersed in fresh distilled water for a total of five
cycles to remove residue chemicals from the production process. Graphite oxide was dried in
a vacuum oven and stored in powder form in a desiccator. When required, graplateasid
exfoliated in distilled water for 2 h by a Fisherbrand sonication bath (230 V, 50 Hz) and
centrifuged at 8000 rpm for 30 min to remove larger than desired particles. The supernatant
dispersion was collected and lyophilized in a Labconco FreeZond frdazedryer to be

stored in powder form in a desiccator

4.2.3 Preparation of reduced graphene oxide

1 g of chitosan was added to a 100 ml solution of 2 wt.% acetic acid in avatestirred
overnight to allow for complete dissolution of the chitosagof GO was dispersed in 100 ml

of distilled water by intense stirring and sonicatidhe two solutions were combined and
heated at 37C for 72 h under constant stirring. This solution was centrifuged at 8000 rpm for

1 hin an Eppendorf 5804 to separate the reduced graphene oxide (rGO) flakes from the aqueous
chitosan solution and then washed with 2% acetic acid solution for three yobesove the

excess chitosan. The rGO was dispersed in the distilled water by a Fisherbrand sonication bath

(230 V, 50 Hz).

4.2.4 Drug loading onto reduced graphene oxide
One gram of GO was dispersed in 100 ml of distilled water by intense stirring@icdton.
Simultaneously, 1 gram of chitosan was added to a 100 ml solution of 2 wt.% acetic acid in
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water. The two solutions were combined and stirred intensely for 5 h at room temperature to
ensure bonding has occurred. FL powder (0.84 g) was added toixture and heated at 37

°C for 72 h under stirring. Unbound FL and free chitosan in the supernatant were removed from
the solution through intense centrifugation at 8000 rpm for 1 h in an Bpge3804 and the

rGO-FL powder was the washed with distilled water and acetic acid solution twice.

4.2.5 Preparation of chitosargraphene nanocomposites by #situ reduction
Chitosan was added to a solution of 2 wt.% acetic acid in water and stirred f¢52Adme
4.1). The required conedration (0.25, 0.5, 1, 2, 5, 7 and 10 wt.%) of GO was added to the
chitosan and acetic acid solution. The temperature of the resultant suspension was then raised
to 37°C for 72 h under stirring to allow for the interaction of chitosan and GO and toereduc
the GO. The suspension was degassed in a sonication bath for 30 min. The suspension was
poured into a mould and allowed to air dry. Prior to testing, film was placed in an oven for 1 h
at 50°C.

To prepare drug loaded rGO chitosan nanocomposites,itteeacedure was applied
with the required concentration (1 or 2 wt.%) of GO in water added to the chitosan and acetic
acid solution and stirred for 5 h. After this, FL (1.2 wt.%) was added into the suspension which
was subsequently heated at°®7for 72h under stirring for the reduction of GO and bonding
of FL onto the rGO. Due to the amounts of GO used to prepare the chi@San
nanocomposites, the terms 1 wt.% and 2 wt.% rGO nanocomposites were used subsequently

in this paper.

4.2.6 Structural charecterisation

A Perkin Elmer Lambda 900 spectrometer was used forM$Vspectroscopy (1 nm
resolution). A Perkin Elmer Spectrum 1QGth a diamond attenuated totalflectance
(diamondATR) unit was used for FTR spectroscopwt a resolution of 1 cth A Stoe Stadi

P with Cu Ka irradiation(0.15406 nm wavelength) was used for XRD. Measurements were
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taken from 240° (2d) with a scanningpeed of 1min at 40 kV and 35 mAAtomic force
microscopy of rGO sheets laid on a mica substrate was achieved through a Veeco Dimension
3100 atomic force microscope with Olympus AC160TS probes in tapping mode at 0.5 Hz. A
Coulter LS130 was used for laser scattering particle sizing froro®@@0e m, wi t h par t i
analysed using 3 one minute runs of nanoparticles in an aqueous sélowvolers were tested

in a Perkin Elmer Pyris 1 between 40 to 800at 5°C min? for thermogravimetric analysis

under a nitrogen atmosphere. Raman spectroscopy was achieved using a Renishaw inVia
Raman microscope at a welength of 785 nm between-8000 cm' with a 0.5 cmt resolution,

with laser power reduced to 5% @woid laser induced heating\ Perkin Elmer DSG was

used to analyse the glass transition temperatures of chitosan nanocomposites. Samples were
initially raised from 3C°C to 200°C at a rate of 36C min! in a nitrogen environment befo

cooling to 30°C at a rate of 20C min? to remove the thermal history of the specimens.
Thermographs were measured from the second heating which was identical to the first stage.
The density of specimens (preheated &i@h a vacuum oven for 6 h) was determined by gas
pycometryusing a Micromeritics AccuPyc Il 1340 using 50 purge cycles of helium gas and 10

density calculation cycles.

4.2.7 Tensile testing

Tensile testing was achieved with a Hounsfield twin colt@msometer using a 1kN load cell

and a 1 mm mitstrain rate in accordance with 1827 (1 and 2). Specimens (n = 5) were of

a dog bone shape with the narrow test section between grips measuring 22 mm in length, 2.7

mm in width andLmm in thickness.

4.2.8 Electrical testing
Chitosan nanocomposites of 0, 0.25, 0.5, 1, 2, 5, 7, 10 wt.% rGO were measured using a

Thurlby DMM 1905a. Silver paint (RS 18800) was applied to the ends of test samples (n =
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5) to form contact points. The dee was calibrated using metal wire (steel, copper and

aluminium).

4.2.9 Drug release testing
rGO-FL nanoparticles (40 mg) was placed in PBS solution (20 ml, pH = 7.5 or 4)°at 37
This solution was added to a dialysis bag (Fisher Scientific Biodesajgsiy tubing DO14,
Mw cut off = 14 kDa) which was then submerged in 100 ml of PBS of the same pH as within
the dialysis bag. A known quantity of solution from the container was removed after every time
step, making sure to replace itithvthe same amount of fresh PBS solution. -Uig
spectroscopy in a Perkin Elmer Lambda 900 determined the release rates of the drug. The
guantity of FL was determined by comparing the absorbance peaks at 320 nm with solutions
of free FL of known concenttian.

Nanocomposite specimens (n = 5) were placed in a phosphate buffered saline (PBS)
solution (30 ml) at 37C and gently agitated at 100 rpm in a Stuart SI500 shaking incubator.
A known quantity (2 ml) of solution from the container was removed a¥ydime step,
making sure to replace it with the same amount of fresh PBS solutiofVisJM a Perkin
Elmer Lambda 900 determined the release rates of the drug from the nanocomposite in neutral
(pH = 7.4) and acidic (pH = 2, 5.5, and 6.5) conditiong qantity of FL was determined by
comparing the absorbance peak at 450 nm of the test samples with solutions of free FL of
known concentration (from 0.001 to 1 mg¥nin water, similar to the procedure used to

measure the quantity of FL in solution dwgithe loading of the drug onto the GO.

4.2.10Enzymatic degradationanalysis

Enzymaticdegradatiortests have been described elsewljé8y,498] Briefly, the polymer

films were submersed in a PBS solution (pH = 7) éi¢ontaining the enzyme lysozyme at

a natural concentr at i [d449,499]iSanpieswere mantainen dty37 1 .
°C and were gently agitated. At réguintervals, each specimen was removed from the beaker,
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washed with distilled water, dried in a vacuum oven, and the mass measured. The sample was
placed into fresh PBS and lysozyme solution to maintain constant enzymatic activity. For each
sample typethere were 5 specimens for mass analysis and two sacrificial specimens for
characterization analysi§he stability of rGO and G@uspensions biological mediums was

tested byisual analysis of rGO and GO suspensi@uncentration 00.3 mg mt) in FCS,

PBS and distilled water over 28 days

4.2.11 Microneedle preparation and analysis

Microneedles containin@ wt.% rGOFL were created to assess the performance of rGO
nanocomposites in transdermal drug release applications. Microneedle male moulds were
designed through finite element analysis modelling using Autodesk Inventor Professional 2014
and then produced on our ladfhby Shapeways (USA). Microneedles were a 10 by 10 array of
100 microneedles, with each microneedle consisting of a cylindrical base (starting diameter of
310 pm tapering to 200 um and a height of 150 um), a main shaft (diameter of 200 um and
height of 0 um), and a cone (tapering from 200 to 40 um and a height of 150 um) (Scheme
4.2). Microneedles were prepared by filling female silicone moulds with excess ambunts
high viscosity 2 wt.% rG&FL chitosan mixture (Scheme?3, centrifuging the moulds 8000

rpm for 1 h and cleaning away the excess suspension from the [@68]dThe mould was
allowed to air dry. The process of filling the mould and ¢Rrging was repeated twice more

to guarantee that the cavities were fully filled.
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310 pm

Nanocomposite suspension 150 pm
@® Dried nanocomposite 300 pm
P : 200 pm
Chit lut
L _J itosan solution 150 um
Dried chitosan solution
40 um

(1) (2) (3) (4) (5)

Scheme 4.2Procedure tareate chitosan2 wt.% rGOFL microneedle arrays.

(6) (7) (8)

Microneedles were mechanically tested for structural rigidity under compressive loads
with a Hounsfield twin column tensometer using a 10 N and a 1 kN load cell with a 1 mm min
! strain rate. Images were taken of the compression testing with a VeheOUMSigital
microscope under normal white light. The dissolution of#elm microneedles was visualized
using pseudan vivomethodg120], with microneedles inserted into a hydrogel of gelatin (4.5
g in boiling wate(40 ml) and allowed to set before the upper surface was covered with paraffin
tape). Images were taken of the dissolution of FL through the hydrogel with a Veh®¥MS

digital microscope under normal white light and UV light (365 nm).
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4.3 Results and &cussion

4.3.1 Characterisation of reduced graphene oxide
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Figure 4.1 (A) XRD curves for graphite, graphite oxide, GO, and rGO. (BY\d¥absorption
spectra for GO, rGO created atZDor 37°C for 72 h or 90C for 9 h, and chitosan.

As discussedni Section 2.4.2 (page 29), the oxidation procedure to create GO creates
ample functional groups that improve the bonding of GO to other moldd9@ksandgive it
excellent dispersibility within many solvenf$91], though the oxidatiorprocedure does
reduce the mechanicahd electricatonductivitypropertied192i 194]. By partially restoring
the structure to that of pristine graphdmeremoving the functional groups created during
oxidation rGO can maintain thdispersibility of GObut also restore soenof the material

properties of pristine graphengigure 4.1A shows the XRD curves for graphite, graphite
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oxide, GO, and rGO. Graphite, graphite oxide, and GO have been discussed in Chapter 3,
Figure 3.1B. The creat i ofissyfonymoubwitbthedcregtiena k f o
of partially reduced rGO, where the crystalline structure has nearly returned to that of pristine

graphene or 9 whighisin keepin Ritt theliterat6fg99].
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Figure 4.2 (A) FT-IR spectra for GO and rGO created at’G7for 72 h or 9CC for 9 h. (B)
TGA of GO, chitosan reduced rGO, and chitosan.

Figure 4.1B shows the UVis spectra of GO, rGO created at ZDor 37°C for 72 h
or 90°C for 9 h, and chitosan. For GO, there are two noticeable peaks; the peakkd86280
corresponds to the change in electronic stat
at 300 nm corresponds to the chaGxg@bonda el ec

[187,520] The successful reduction can be seen for the rGO curve createtCao872 h as
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the shoulder peak of C = O bonds380 nm has been reduced and is no longer a noticeable
feature of the curve. A shift has also occur
of C = C bonds, shifting to 260 nm due to th
in graghene nanosheets a@NTs [210]. These changegeasimilar to the rGO created by
heating at 90C for 9 h, showing that body temperature reduction is a suitable alternative to
high temperature reduction processes. There was no such shift in the peaks for the rGO curve
created at 20C for 72 h suggestmthis temperature did not reduce the GO in this time frame.
The UV-Vis spectra for GO treated at 20 and 37°C at different time steps (Figure 4.S1,
Appendix 1) highlight the gradual reduction of GO when treated &3¥er 72 h. There is
no change irthe curve for GO treated at 20 which shows the importance of both the use of
temperature and the functionalisation with chitosan to the reduction process.

Figure 4.2A shows the FIR spectra of GO and rGO created at@7or 72 h or 9CC
for 9 h. TherGO created at 37C or 90°C possesses the same peaks, again showing the
similarity between the two reduction processes and the effectiveness of the body temperature
reduction method. The peak intensities eD®onds (1050060 cm?), the C=0 bonds (179
1750 cmt) and the GH bonds (3400 crh) from GO decrease significantly after reduction. The
C=C bonds can be seen at 1€@50 cm! with amino groups and -OH bonds from the
chitosan (1530 crhand 1400 cm). The amino {NH2) groups of chitosan reactit the
oxygenated groups (C=Oand@) of GO t o reduce the GO in r G
where chitosan is chemically grafted onto rGO sh§2idl]. Besides chemical bonding,
hydrogen bonding and electrostatic forces are also present between the remaining oxygenated
functional groups of rGO and the amino and hydroxyl groups of chif@d4h This is shown
in Scheme 4.

Figure 4.2B shows the thermogravimetric analysis (TGA) curves of GO, chitosan and

rGO which allows for a determination of the reduction in oxygen groups present on rGO and
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the content of chitosan. Elimitiag free water that was removed below 20Gor all samples,

the GO powder lost 45% of its mass during the first decomposition stage-28095, while

rGO lost 13% of its mass. This represents a 73% reduction in oxygen functional groups through
the facile reduction process. The mass loss (33%) for the rGO between 280 di@ic&20be

mainly attributed to the degradation of the glucosamine in the chitosan cl@dt#jgsimilar

to pristine chitosan (mass loss of 39% between 280 t6@GROaking into account these two

mass losses, the mass loss of GO at this temperature range (3.2%), and the oxygen reduction

degree, the chitosan content in the original rGO was estimaB&dat

—(1) Graphite| ' ' '
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: |—(4) Chitosan
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: — ]
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© \
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l (4)
500 1000 1500 2000 2500 3000

Raman shift / cm ™!

Figure 4.3: Raman intensity curves for graphi@Q, and rGO.

Raman spectroscopy, Figur84further confirms the successful reduction of GO into
rGO at 37°C. Transition for the G band from 1581 to 1590 to 1597 fangraphite, GO, and
rGO respectively show a change in thgnaode of sp[210,216] Similarly, the D band shifts
from 1318 to 1322 to 1313 chfor graphite, GO, and rGO respectively show a change in the
breathing mode of ;gsymmetry[208]. The blue shift in the G band for rGO can be attributed
to the partial reduction of oxide groups and the strong interaction between the rGO and chitosan

[210,214,216]
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Figure 4.4: Laser scattering particle sizing of rGO nanosheets in an aqueous sdglaget).
AFM image of a rGO nanosheet on a mica subsirage height profile for the AFM image

shows a thickness of 3.5 nm for a single layer sheet, the edgeatf ishiighlighted by red
arrows

The hydrodynamic diameter of rGO was determined as 0.8%uto fiom laser sizing
analysis (Figure 4)4noting that the la¢r assumed the particles were spherical rather than in
sheet form. As identified through AFM (Figure 4.(Inset), the thickness of each rGO
nanosheet is3:5 nm, confirming the formation @f protective chitosan coating on graphene

nanosheets as each nanosheet of GO is around Higune 3.1)
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Figure 45: (A) TGA spectra for rGO, rG&L and FL powder showing the loading ratio of
FL:rGO to be 0.26:1, once free water has been elimin@@¢dT-IR spectra for rGO, rG&L
and FL power.

Drug grafted rGO nanohybrids (rGEL) were created through mixing chitosan with

GO for 5 h initially and then subsequently mixing with FL at ambient temperature, followed
by reduction at 37C for 72 h and mmoval of the unbound FIBonding is through the carboxyl
groups of FL with the amine and hydroxyl groups of chitosad theepoxy, carboxyl and
hydroxyl groups of GOThe loading ratio of FL:rGO was determinkegd TGA to be 0.26:1
(Figure 4.3\). The succes of the combined drug grafting and reduction procedure can be
confirmed by FT-IR analysis (Figure 4B) that shows that characteristic peaks of both rGO
(1050 cmt, 1400 cmt, 1530 cmt) and FL (840 cm, 1100 cmt, 1450 cnt) are present on the

rGO-FL curve. The peak intensities of C=0 (98% for both rGO and-FGand GO (87%
108



for rGO and 92% for rG&F-L) were similar for both rGO and rGBEL when the curves were
normalised, which demonstrates that the reduction process whampered by the grafting

of the drug and worked to create the rEDhybrid.
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Figure 4 .6: Drug release from rG®L powder in PBS sotion (pH =4 or 7.4) over 72 h.

The cumulative release of FL from r&& in PBS (pH =4 and 7.4) over 72 h is shown
in Figure 46. FL can be seen to diffuse from the rGO nanosheets in a PBS solution, with the
maximum value of 10.2 mg mI(91%) occurring around 72 h in a pH = 7.4 release medium.
There was a quick initial release, with 2.78 mg'f15%) and 4.16 mg ml(37%) released
after 3 h and 8 h respectively, potentially allowing rGO bound drugs to be used for applications
where a quick release is necessary. This initial release rate lowered until a plateau of 10.2 mg
ml (91%) was reached around 72 h. In an acidedliom, the release rate is much lower,
achieving a maximum value of 1.2 mglLl1.1%) after 72 h. This compares to a value of
3.18 mg mt released in a neutral medium after 6 h. This pH sensitivity can be explained by
the change of rGO dispersion in theedium. When in the neutral release medium, rGO
nanosheets were well dispersed and stable in the medium due to electrostatic repulsion from
the amine groups of its coating material chitosan as previously disdqad&¢dwWhen in the

acidic release medium, chitosan is dissolved and so the electrostatic repulsion decreases, and
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the electrostatic attraction, caused by the carboxyl and hydroxyl groups in GO and the salt in
PBS, prevails. This leads to the aggregation of rGO sheets ineiti@m which prevents the
efficient release of F[513]. This pH sensitivity will allow for the drug grafte&O to be used

for applications such as site specific drug delivery to regions like the colon, and prevent
undesirable side effects by limiting the releasehef drug n acidic areas like the stomach

(gastric acid has a pH of2[521)).

(A) (8) () (D) (E) (F)

Figure 4.7: The biostability of the (A, C, E) GO and (B, D, F) rGO nanosheets in solutions of
(A-B) distilled water, (D) foetal calf serum, and {E) phosphate buffered saline (pH = 7.4).

For the rGO to be used for drug delivamyivo, the rGO will have to be stable within
bodily fluids. If it is not stable, it may aggregate and this will hinder the release ofTdreg.
biostability (Figure 47) of the GO and rGO nanosheets in solutiohdistilled water, foetal
calf serum (FCS, pH = 7.4), and phosphate buffered saline (PBS, pH = 7.4) is shown over the
course of 4 weeks. The rGO sheets remain stable and in dispersion within all of the fluids (B,
D, F), which is attributed tohe chitosarcoating. The GO sheets without a chitosan coating
aggregated in the FCS (C) and PBS (E) which can be seen at the bottom of the containers,
though they were stable in distilled water (A). Presumably the GO aggregated in the FCS

solution due to the physicatosslinking of GO by proteins in the FCS and in PBS due to
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electrostatic forces caused by the salt in PBI®,522] Chitosan maintained an electrostatic
repulsion through thegsitively charged amine groups, allowing the rGO nanosheets to remain

well-dispersed when in biological fluidi216].

4.3.2Characterisation of chitosanrrGO nanocomposites
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Figure 4.8: FT-IR spectra of chitosan nanocompositeataining 010 wt.% rGO

The results from Section 4.3.1 show that GO was reduced by the body temperature reduction
process, and so chitosan nanocomposites of 0, 0.25, 0.5, 1, 2, 5, 7, and 10 wt.% rGO were
prepared by the samegitu reduction processei.the reduction of known quantities of GO in
chitosan solution at 37C for 72 h and subsequent air drying. Figui@dshows the FIIR

spectra of chitosan nhanocomposites and their control samples of GO and rGO nanosheets. For
the nanocomposites, stronggks from the chitosan can be seen at 2800(di¥H), 1633 cm

1 (C=C), 1400 crt (C-OH), 1000- 1100 cm! (C-O), and at 1530 cth (amino groups)
[466,482] similar to the rGO control sample in Figure 4.2A .comparison to chitosaBO
nanocomposites at the same concentrations, the spectra of these nanocomposites have a much
weaker peak of the 1720 &n€=0 bonds (which can be clearly identified in the spautfor

GO), confirming successful radtion of GO into rGO. ChitosaBO nanocomposites possess

a prominent 1720 cthC=0 peak, even at low concentratioriBhe C=C peaks have shifted
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from 1633 cmt for pristine chitosan to 1629 chfior the nanocompositetue to the presence

of rGO and the peak for amino has shifted from 15486 fom pristine chitosan to 1539 c¢in

for the nanocomposites. This is presumably due to the strong covalent bonding between the
chitosan and the graphene nanosheets (Schdmeuing the reduction process which utilizes

the amino groups of chitosan and the hydroxyl and epoxy groups 130
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Figure 4.9: XRD traces of chitosan nanocomposites camtg 0-10 wt.% rGO with crystalline
peaks highlighted with the symbol #ACO.

Figure 49 shows the XRD analysis of chitosaO nanocomposites. Chitosan can be
identified by the crystaand itnhee pberaokasd ,a ta n2odr p=h .
= 23 [396,397] Crystallinity can be determined from Equation 3.1 (Chapt€eFi®) results of
the crystallinity analsis are shown in Table 4.1, showing that the presence of rGO increases
the crystallinity of the nanocomposites in relation to pristine chitosan (15.3%). The crystallinity
increased in general as the rGO concentration increased to 7 wt.% (18.9%), bafeasidg
at 10 wt.% (17.7%). On one hand, the presence of rGO increased the nucleation of crystals
within the chitosan matri¥s04], while on the other hand it limited the mobility of polymer
chans restricting rearrangements of the polymer chains into ordered crystalline structure. In
these cases, the former was the dominant falctdhe case of the 10 wt.% rGO, the decrease

in crystallinity in comparison to the 7 wt.% rGO nanocomposite magiugeto the patrtial
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aggregation of the rGO within the nanocomposite, thereby decreasing the number of viable
nucleation points that would be possible if the rGO was fully exfolidted.crystallinity data

of chitosaarGO nanocomposites are lower than thadechitosarGO nanocomposites
(Chapter 3) at the same graphene concentrations (32.0, 23.3, 25.4, 27.3, and 21.5%bfor 0.25
wt.% GO) presumably due to the reduction process decreasing the chain mobility of the
chitosan more substantially, arising frone tbovalent bonding in comparison to hydrogen

bonding anckelectrostatic forces (chitos&hO nanocomposites)

Table 4.1 Crystallinity andglass transition temperatuoé chitosarrGO nhanocomposites

rGO content / wt.% Crystallinity / % Glass transition temperature/ °C

0 15.3 134.1

0.25 16.5 134.7

0.5 18.1 138.5

1 17.8 144.2

2 18.1 160.9

5 18.5 165.6

7 18.9 171.9

10 17.7 173.5

¥
[(8) v —(1) Chitosan
2 : —(2) 0.25 wt.
- (3) 0.5 wt.
2 —(4) 1 wt.%
= —(5) 2 wt.%
1]
s (6) 5 wt.%
T |(3) ; \ —(7) 7 wt.%
(2) — —(8) 10 wt.%
1)
80 160 150 1:10 1é0 1EI30

Temperature / °C
Figure 4.10. DSC traces of chitosan nanocomposites containih@ @t.% rGO.

Figure 4.10and Table 4.1 show the results of the DSC analysis of chi@an

nanocomposites of varying rGO concentration. The presence of rGO significantly alters the
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glass transition temperatureg{ of chitosan, with a maximum increase of°8achieved for

the 10 wt.% nanocomposite (178 versus 134C). The value for pristine chitosan is similar

to the reported literature (140) [523]. Similar large (3CC) increases in giwere observed in

PMMA and were attributed to a good dispersion of graphene and to a strong bonding
interaction between the graphene and the poly8%]. The chemical bonding of the polymer
chains to the rGO surface can restrict the movement of the polymer chains, increasing the
temperature at which the polymer changes from a brittte 8iea softer, rubbdike state. As

well as the quality of bonding, the degree of exfoliation of the nanoparticles (higher degree of
exfoliation equals a higher surface area and more bonding sites per gram) and the degree of the

dispersion within the pgimer matrix also affect they[524,525]

100 = T T T
—(1) Chitosan (4)

—(2) Chitosan + 0.25 wt.% rGO
80 —(3) Chitosan + 0.5 wt.% rGO 2)
—(4) Chitosan + 1 wt.% rGO

(5) Chitosan + 2 wt.% rGO (5)
60[]—(6) Chitosan + 5 wt.% rGO .

\/\]m |

()
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Stress / MPa

6 8

Strain/ %
Figure 4.11: Tensile stress versus strain curves of chitosan nanocomposites contaifiing 0
wt.% rGO.

Representative curves for chitosan and rGO nanocomposite specimens of 0, 0.25, 0.5,
1, 2 and 5 wt.% @O are shown in Figure 4.1Pristine chitosan undergoes a brittle failure,
which is attributable to the mild heating process applied to prepare the chitosan film in the
same manner as used to produce the chitgs@nnanocomposites. The heating process might

cause the thermal crosslinking of the amino groups in chi{d&&i, leading to an increase in
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t he E

from 1 to

1. 38

GPa,

UTS

from 24, 2

from 14.5% to 8.2% in comparison to the values recorded in Chapter 3.

Table 4.2 The mechanical properties of chitos&@0O nanocomposites.

GO content/ wt.% | E/GPa UTS / MPa Kol %

0 1.38+0.15 554+ 3.9 82+1.7

0.25 1.75+£0.25 73.6+4.2 11.6+1.2
0.5 1.95 + 0.26 41.1+5.4 80+17

1 2.64 £0.15 80.9 £ 20.8 10.8+1.0
2 2.25+0.43 65.6 + 4.6 6.7 £ 0.6

5 0.69 +£0.28 9.5+3.3 53+2.0

The introduction of rGO into chitosan

samples of 0.22 wt.% from 1.38 GPa up to 2.64 GPa (Table 4.2). This is due to rGO being

an effective nanofiller, with a high Youngs modulus over 180 {5P&,528] a high asect

ratio and a high surface area. The UTS values of the nanocomposites-2fv25, are in

MP a

has

general higher than the pristine chitosan, increasing from 55.4 MPa up to 80.9 MPa, apart from

the 0.5 wt.% nanocomposite that has a UTS of 41.1 MPa. Enhanceoh¢neé UTS may be

attributed to the high strength of rGO and effective stress transfer originated from the strong

covalent bonding between chitosan and rGO. Samples containing 0.25 and 1 wt.% rGO have a

hi gh@¥6%@nd 10.8% respectively) and th® 0.wt .

pristine chitosan (8.2%), presumably due to a good dispersion of rGO within the

%

sampl g(8%) than a

nanocomposites and the mobility of rGO nanosheets during teg86®%j400] This is

presumably due to the covalent barglibetween rGO and chitosan which prevents the

realignment of the chitosan chains when the nanocomposite is placed uridesstitar to

other chitosairGO nanocompositd209]. Samples containing&t.% rGO failed at a slightly

lower U than pristine chitosan, which may be attributable to a poorer dispersion of rGO within

the nanocomposite because of the higher rGO concentration.
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The 5 wt.%rGO nanocomposite was britttkie to the inadequate dispersion of rGO
within the nanocompositend failed at a low E, UTS art#l Nanocomposites with even higher
rGO concentrations (7 wt.% and 10 wt.%) were too brittle to form into test specimens using

the current procedure, and were therefore not tested.

b
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o Experimental
—Halpin Tsai (nominal)
—Halpin Tsai (effective)
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Figure 4.12: Halpin-Tsai modulus prediction estimates of chitosan nanocomposites, using both
nominal and effective volume fractions of rGOciomparisorwith the experimental data.
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The modified HalpirTsai method (Equations 4.2 to 4.5) allows for the calculation of

the Youngbés modul us of nanocompo[S20,538]s wi t h r

ca .
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where:
]
o P
- 0 «ca& ®
O 00
The nominal filler volume fraction, / can be determined from:
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where g and k are the Youngs modulus of chemically reduced GO (217.5 GPa, taken from
the average Youngo0s modul us o f[524 @&dD250 @GRaor t e d
[528]) and chitosan (1.38 GPa) respectively, X is the wt.% of rGO within the nanocomposite,
lrgo andtrgo are the length (1 pm) and thickness (3.5 nm) of the single rGO nanosheets taken
from AFM and laser sizing analysis (assuming the nanocomposites are fully exfoliated within
the matrix)a n ¢a n ¢ argthe densities of rGO and chitosan (3,120 ¥gnd 1,458 kg m
3 from gas pycometry of rGO and chitosan powder, respectively). The eéfditiiv volume
fraction, Vd, which takes into account the contribution of the adsorbed or attached polymer
chains, can be determined fr¢&06]:

W w p Q Y o "V 1E0)
where k is a constant relevant to the ratio of the modulus of the adsorbed chitosan to the
modulus of rGO and the thickness of the adsorbed layer (assumed §8&0248)0,506]A is
the specific surface area of chemically reduced GO (determined ag 46®wB.E.T. surface
area analysis[203], and R is the radius of gyration of chitosan chains (52.5[B81)]. The
results of the calculations are shown in Figu@4lt can be seen that in general the modified
Halpin-Tsai model for randomly aligned nanocomposites using the nhominal volume fraction
underestimated the nanocomposites with lower rGO concentrations while the theoretical values
calculated using the effective volume fraction show good correlation, whichsgstant with
previous studies on polymgraphene nanocomposif@$9,400] Unlike the effective volume
fraction method, the nominal volume fraction method did not consider the contribution of the
interface to the modulus, thus giving lowleeoretical values. At higher rGO concentrations (2
wt.%), the model with the effective volume fraction overestimated the experimental value,
presumably due to the poorer dispersion of rGO sheets in the matrix. As previous described,
this method assumekdt the graphene sheets are fully exfoliated within the polymer matrix,

which may not be the case for the 2 wt.% nanocomposite.
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A high Youngdés modulus and a high mecha
microneedles as they are key parameters to deterthe buckling and bending force failure
values. Another key parameter is a high content of rGO which will allow for a considerable
quantity of bonded drug to be included into the microneedle. The strongest nanocomposite
contained 1 wt.% rGO, with incressof 95.6% foTSt o 80. 9 MPa and 91. 39
modulus to 2.64 GPa in contrast to pristine chitosan, whilst enhancing the ductility of pristine
chitosan by 31.7%. The nanocomposite containing 2 wt.% rGO had an increase of 63.0% for
Youngo6s miad8ui highddaSthan the pristine chitosan, which are lower than the
increases found for the 1 wt.% nanocomposite. The higher content of rGO in the 2 wt.%
nanocomposite, however, offers a higher drug loading capacity relative to the 1 wt.%
nanocompage. So, both nanocomposites were chosen for drug releasesrayinatic

degradatioranalysis.
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Figure 4.13: Conductivity versus rGO concentration of chitosan nanocomposites containing
0-10 wt.% rGO.

The electrical conductivity of chitosan and rGO nanggosites of 0, 0.25, 0.5, 1, 2, 5,
7 and 10 wt.% rGO are shown in Fig4ré3. It has been shown previously that the diffusion
of therapeutics from microneedle arrays can be improved by the process of iontoph8B&ésis

135,532] which istheelectraerepulsion of charged molecules by an electrical field from
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one electrode towards the other electrf@&fy. If the chitosarGO nanocomposites are
suitably conductive, they may be used as combined iontophonésisneedle array
devices with improved drug delivery, relative to conventional microneedle arrays.
Conductivity can be measured by calculating the seeff resistivity, shown in Equation 4.6.
There is a significant increase in conductivity between the pristine chitosan and the 0.25 wt.%
rGO nanocomposite, with similar values between the nanocomposites of 0.25 wt.% to 2 wt.%
rGO, and further increasestideen 2 wt.% and 7 wt.% rGO. The initial, major conductivity
increase is at 0.25 wt.% rGO, therefore this concentration is presumed to be the percolation
threshold403]. The maximum conductivitgf 0.06 S m' was achieved at 7 wt.% rGO, with
conductivity dropping at 10 wt.% rGO to 0.03 S'.nAll of the nanocomposites have a
conductivity value similar to or higherthan other conductive polym&O or rGO

nanocomposites (Chapter 2, Tabl8)2.

2AOEO@EOE@@EO‘A£§EEL
QAT GoE '

The reason behind the increase in conductivity is that graphene has a high electrical
conductivity (electron mobility of 10,000 é&mwr? s1) [179]. The dispersion and the degree of
exfoliation are also important in order to avoid the formation of aggregates of graphite within
the nanocomposites. With this in mind, the rdotucin conductivity of the 10 wt.% in
comparison to the 7 wt.% nanocomposite, despite having a higher concentration of rGO, can
be attributed to a poorer dispersion and/or a lower degree of exfoliation within the 10 wt.%

nanocomposite.
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Figure 4.14: Cunulative drug release (mg) and percentage drug release (%) froartGO

nanocomposites (1 and 2 wt.% rGO) in a neutral (pH = 7.4) and acidic (pH = 4) environment.

(B) Cumulative drug release (mg) from r&@ nanocomposites and Higuchi equation

simulation ofFL release from 1 wt.% and 2 wt.% rGO nanocosiigs in pH = 7.4 PBS

solution.

Figure 4.8 shows the cumulative and percentage of total drug released in a neutral
environment (pH = 7.4) and an acidic environment (pH = 4) dd@h1 Similar to the chitosan
GO nanocomposites in Chapter 3, bonding rGO to FL within chitosan improves the drug
release performance in comparison to pristine chitosan. This can be seen by comparing the
chitosan rGGFL nanocomposites to a hybrid of chitosan and free FL (ChaptetiBhe same
guantity of FL. The chitosaRL hybrid has a plateau after 120 h at 0.39 mg or 36% of the drug
in the sample. The nanocomposites have both a quicker and more substantial delivery of the
drug than the hybrid of chitosan and free FL, with th&t26 nanocomposite achieving a
maximum release of 91% of the available drug (1.09 mg) after 48 h and the 1 wt.%
nanocomposite achieving a release of 75% (0.91 mg) after 24 h. The drug release from the
nanocomposites plateaued and the cumulative releasesv@mained effectively consistent
until the end of the test.

The nanocomposites of 1 wt.% and 2 wt.% rGO with a loading of 1.2 wt.% FL were
tested for their pH responsive drug release performance (Figute When submerged in
acidic solution (pH =% the release of FL from the nanocomposites was reduced in comparison
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to release profiles in neutral conditions (69.2% reduction for the 1 wt.% and 69.5% reduction
for the 2 wt.% nanocomposite). Samples of pristine chitosan fully dissolved within lass tha
12 h in the acidic medium which did not occur with the chita$€a® nanocomposites, showing
that the presence of rGO nanosheets improves the resistance of chitosan to acid. Similar to the
neutral condition test, rGO concentration affected the releastorpance of the
nanocomposite with the 2 wt.% nanocomposite releasing 0.32 mg (or 27% of the available drug
in the tested specimens) after 30 h and the 1 wt.% nanocomposite achieving a release of 0.28
mg (or 24% of the available drug) after 48 h.

The decease in the release of FL from the rGOinto the acid medium compared to
the case with the neutral medium, despite the low pH assisting in the swelling and presumably
the partial dissolution of the chitosan nanocomposite, allows for pH sensitivity ithitn
the release of the drug in areas of low pH, such as the stomach, and will increase the release in
areas of neutral pH (e.g. the targeted disease area). The pH sensitivity of the nanocomposites
is presumably due to the amine group in the chitasating of rGO when the rGBL is in
the release medium. The amine group is important as it provides an electrostatic repulsion that
prevents aggregation when in a neutral medi2b6]. When this chitosan coating is partially
dissolvedin the low pH solution, the electrostatic repulsive forces are decreased substantially
due to the degradation of the amine group to the point where the electrostatic attraction forces,
between the carboxyl and hydroxyl groups on the rGO surface andtine?2S, are dominant

and cause the rGO sheets to aggregate and hinder the releadé18,blL4]
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Figure 4.15. Cumulative drug release (mg) from r@@Q nanocomposites and Higuchi

equation simulation of FL release from 1 wt.% and 2 wt.% rGO nanocomposites in pH = 7.4

PBS solution.

The increase in drug release performance between the pristine chitosan and the
chitosarrGO nanocomposites may be explainedhsy effect that bonding FL to rGO has on
the diffusion coefficient in water of FL, similar to the effect that was noted in Chapter 3 for the
chitosanGO nanocomposites. The hydrophilic chitosan reduced rGO sheets may have
increased the diffusion coefficieaf the rGGFL in comparison to unbound FL. The Higuchi
equation (Equation.3 and 37 from Chapter 3) simulation of FL release from pristine chitosan
and from 1 wt.% and 2 wt.% rGO nanocomposites is shown in Figube ©IGO-FL was
released together fromte nanocomposites into the PBS releasing medium due to physical
adsorption of the FL onto rGO, where subsequently the Flseplarate from the rGO as shown
previouslyWhen considering rG&L as the releasing agent, the Higuchi equati@guations
3.3and 3.4)can be used to model the initial drug release from the rGO nanocomposites, with
the diffusion coefficient rising from 0.42 x 2@n?¥ s for pristine FL to 0.27 x Ifcn? st
and 0.42 x 18 cn? s for the rGGFL in the 1 wt.% and 2 wt.% nanocomposite respectively.

As the FL content is constant but the rGO content varies from 1 wt.% to 2 wt.%, the
drug loading ratio bFL onto rGO is presumably the cause of the different release profiles,

similar to the chitosa®O-FL nanocomposites in ChapterThe initial ratio of FL to GO in
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the preparation of the nanocomposite is 0.55 for the 1 wt.% nanocomposite while it decrease
to 0.38 for the 2 wt.% nanocomposite. Based on the maximum loading ratio of FL to rGO
(0.26:1) and the amount of chitosan in the rGO (~ 85 wt.%), it can be considered that all the
FL has been loaded onto the rGO sheets. So, the drug loading rati@ imttBenanocomposite

is lower than in the 1 wt.% nanocomposite. The higher rGO wt.% and the lower drug loading
ratio of the 2 wt.% nanocomposite allows for a quicker diffusion of the FL from theRIGO
nanohybrid. Drug loading ratio affects the bondinguveetn the rGO and the drug, with lower

drug loading ratios increasing the number of bonding sites between the rGO and the drug at a
fixed mass of the drug.

Chitosan and chitosarGO nanocomposites containing 1 wt.% and 2 wt.% rGO had
their enzymatic degradatiocharacteristics tested in a solution of lysozyme and PBS to
simulatein vivoconditions (Figure 48A). After 7 days, pristine chitosan samples were at 49%
of their original mass, while the 1 wt.% rGO nanocomposite was at 64% aRdwi rGO
nanocomposite was at 62% of their original masswvié{sthe chitosarGO nanocomposites of
Chapter 3, initially theenzymatic degradatiorate is rapid as there is an abundance of ideal
acetyl uni ts for | ys eglycosie linkages[4De 5 6] Whke theseh r o u g h
ideal degradation sites are consumed, the degradation rate slows down and plateaus. This can
be seen by the decreaseeimzymatic degradatiorate, with the remaining mass for pristine
chitosan dropping to 46, 44 and 40% after 2, 4, and 6 w8akdsarly, the mass for 1 wt.%
dropped to 60, 55, and 53% and the mass for 2 wt.% dropped to 59, 55, and 49% after 2, 4 and

6 weeks respectively.
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Figure 4.16. Mass change during enzymatic analysis oftadanrGO nanocomposites
containing (A) 0 wt.% GO, 1 wt.% rGO, and 2 wt.% rGO, and (B) chito$dn and 2 wt.%
rGO-FL nanocomposites over 4 weeks.

The difference in mass loss between the pristine chitosan and the rGO nanocomposites
can be explained by the @At or theeprasenceobthel@D mo d e
improved the barrier properties of the nanocomposites. The enzymatic degradation is also
hindered by the strong covalent bonding forces betweeartiiee and hydroxyl groups of
chitosan and the epoxy, carboxyl and hydroxyl groupss@) that can restrict the chitosan
chain movement, as shown in the DSC and XRD analysis, and hence slow the cleaving of the
chains by the lysozyme. It is interesting to note that the barrier properties of the nanocomposites
are not dependent on the rGO centration in this case, with both nanocomposites possessing

a similar enzymatic degradatiopath, presumably due to the decrease in dispersion and
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exfoliation quality for the 2 wt.%anocomposite negating the effect of the increased rGO
weight percentage in comparison to the 1 wt.% nanocomposite.

The inclusion of the drug into a nanocomposite also affectsrthgmatic degradation
rate, shown in Figure 46B. The inclusion of the dig quickens thenzymatic degradatiaiate
and decreases the remaining mass at each time step in comparison to the nanocomposites
without the drug. The difference can be attributed to both the dissolution of the drug from the
samples and also the reductiorthe bonding between the rGO and the bulk chitosan due to
the presence of the druihe remaining mass for 2 wt.% r&&l dropped to 27% after 1 week
and plateaued at 23% after 4 weeks. At the end of the test there was only 16% of the original

mass remaiing, compared to 37% for the chitosan.

4.3.3 ChitosanrGO Microneedle performance
Microneedles wererpduced that contain chitos&wt.% rGO-FL and these were subjected
to compression and drug release tests. Figuieshdws the microneedles successfully created

by centrifuging highly viscous suspensions into female moulds.

Figure 4.17: Optical microscopy imag of the microneedles crefabea chitosan and 2 wt.%
rGO-FL nanocomposites; (A) Overview of a microneetti@y and (B) a close up which shows
the shape of the individual microneedles.
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Figure 4.18: (A) Compression test results for six microneedle arrays created from chitosan and
2 wt.% rGQOFL nanocomposite material tested up to 10 N or a minimum distance between the
two platens of 0.1 mm. (B) The images of the microneedle array on the stationary platen, (B
1) before the compression test;ZBduring the compression test with a load of 1@&iN] (B

3) after the compression test, showing no damage to the structure.

Microneedles were tested for their structural rigidity under compressive loads, as shown
in Figure 4.8. The microneedle tip design has a radius of 20 um in order to guararitdeetha
microneedle is sharp enough to puncture théy8@ch requires a pressure of 3.18 MB3a3));
by considering the radius of the microneedle and the pressure required, each individual
microneedleneeds to withstand 0.016 N of force without failing due to bending or buckling,
or 1.6 N for the entire microneedle arradll the microneedle arrays tested survived the
compressive force of 1.6 N without failing, as shown in Figur8AL.The sudden increase in
force on the curve is taken as the point where the compressive platen is meeting resistance from
the microneedle slftaas it tries and fails to buckle or bend to microneedle shaft. Up to this

point, the platen was compressing the microneedle tip, slightly deforming it from its original
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shape. A failure of the microneedle would be seen as a sudden drop in the fones requi
displace the laten vertically. Figure 48B1-B3 shows a series of images taken before, during

and after the compression testing of a microneedle array to 10 N, showing that the microneedles
can survive a compressive cycle designed to simulatdiorseto human skin.

To test the force required to fail a microneedle, Figure 4.S2 shows compressive testing
curves for microneedles using a 1 kN load cell with no limitation on maximum loads or
minimum depths. The microneedles began to yield at a nteapressive force value of 37 N,
the point at which is indicated by the relevant arrow on the curve. After this point, the individual
microneedles are being crushed to a horizontal position after having failed by bending means
(shown in the inset image). &@hcompression testing indicates that the chito&D-FL
microneedles are strong enough to withstand the force of insertion without the fear of buckling

or bending of the individual microneedle shafts.

Figure 4 19: Optlcal mlcroscopy |mages of the dissolution of r-GDfrom mlcroneedle arrays
afterinsertion into a gelatin hydrogel fé@ h. (A-B) Cross section of the hydrogel after the
microneedle array has been removed. The diffusion of FG@an be seen by thegsence of

the greeryellow color which shows the depth and width of diffusion through the hydrogel. In
(C-D), the holes left behind when the microneedle array pierced the hydrogel can be seen in
the plan view of the hydrogel. Images (B) and (D) are ukidétight (400 nm) which was

used to better highlight the fluorescence of FL In contrast to gelatin.
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Figure 4.D shows optical microscopy images of the dissolution of 4FkOfrom
microneedle arrays after 6 h into paraffin film (simulating 8@ and a geln hydrogel
(simulating theVE) [120]. The hydrogel contains water that will allow the drug to diffuse,
much like the bodily fluids between celisthe VE. Once themicroneedlearray was removed
with tweezers and the hydroggosssectionedwith a knife, the diffusion of rGE&-L can be
seen in Figure 49 A-B as thegreenyellow colour from which one can see the depth of
diffusion (about 2 mm) through the hydrogel. Figure94ClD is a plan view of the upper
surface of the hydrogel and the characterigteenyellow colour of rGOGFL can be seen on
the surface following diffusion of th&O-FL from the microneedle into the hydrogel. Images
(B) and (D) are under UV light (400 nnwhich was used to betterdtilight the fluorescence
of FL in contrast to gelatin. Of nota images (C) and (Darethe holes left behind by the
microneedle paits after insertion on the surface of the hydrogel sample. This confirms that the
microneedles were sufficiently designed to withstand insertion and to penetrate the synthetic
layers of theSC (paraffin film) and into theVE (the hydrogel). The microneedles also
successfully released the r@€ into the hydrogel medium, showing that the chitosan-rGO
FL nanocomposites can potentially be used in microneedle arrays for transdermal drug

delivery.

4.4 Conclusions

GO was successfy reduced to rGO byydrogen and electrostatic bondictytosan to GO in

an aqueous suspensjdollowed by heating thehitosancoated GCsuspensiomat 37°C for

72 h. This biocompatible body temperature reduction process is comparable in reduction
effectiveness to higher temperature (&) processes; the lower temperature allowed for the
reduction of GO in the presence of drugs and cells for the development of drug delivery systems

and tissue constructs within biomedical and biological applicatiors.r&® produced was
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stable in water, PBS and cell culturing media, and demonstratesemsitive drug release
profiles.

The introduction of rGO to chitosan improved the mechanical properties and the
conductivity of pristine chitosan, with the strongestaw@mposite containing 1 wt.% rGO
showing an increase of 47% for Youngs modulus and 39%JT@ over pristine chitosan
whilst maintaining the at 11.8%. The maximum electrical conductivity of 0.06 $was
achieved at 7 wt.% rGO and the percolation tho&s was found to b8.25wt.%. Similar to
chitosanGO nanocomposites, the chitos&0O nanocomposites had improved drug delivery
properties over pristine chitosan in neutral conditions, and the nanocomposites showed a pH
responsive release of the drugeTgresence of rGO reduced #reymatic degradatiamte in
comparison to pristine chitosan, due to a decrease in the permeability of the enzyme through
the nanocomposite. Chitosa8O nanocomposites were formed into microneedle arrays and
were shown to bstrong enough in compression testing to survive the force of insertion through
the SC. The microneedles could release the drug FL when inserted into a hydrogel, used to
simulate the dermal layers of the body.

The insitu body temperature reduction of G@wdes an efficient reduction method
for the use of polymegraphene composites in the biomedical sector. The enhancement of the
mechanical, electrical, and the drug release performance attributed to tlsomatirGO
means that chitosaltsO nanocompotes have high potential for use in enzymatically
degradable microneedle arrays for transdermal drug delivery. The conductivity of the ehitosan
rGO nanocomposites may allow them to be used for electrically stimulated drug delivery
applications, i.e. iontdporesis. Combining a microneedle made out of the chitdSén
nanocomposite with iontophoresis stimulation nragreasethe release of largéAWt drugs

from the nanocompositeslative topassive diffusion.
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Chapter 5. Chitosan-graphenequantum dot nanoconposites

5.1 Introduction

In Chapters 3 and 4, GO and rGO have been used as the nanoparticles within the chitosan
nanocomposites. GO and rGO have improved the mechanical properties of the chitosan,
imparted pH sensitivity to the drug release, and in the case of rGO, increaséettheat
conductivity to the nanocomposite. The addition of pH sensitivity and electrical conductivity
to chitosargraphene nanocomposites can make the nanocomposites useful for drug delivery,
i.e. pH sensitive release within the bowels and electrictityulated, iontophoretic release,

but neither nanoparticle can add the functionality of imaging/tracking of the boundndrug
vivo. Graphene quantum dots (GQDisaive the potential to adthis extra ability to
chitosangraphene nanocompositd$ie GQDs have intrinsiBL properties that allow

for the GQDs to banaged under fluorescent lighatr the potential tracking of tH@QDs

(and any bonded drugs) through the bot@lgey have a low cytotoxicity, unlike the
semiconductor QDs discussed in Sact?2.3.5.

As well as beingPL, GQDs are highly reduced rGO nanoparticles and were
thereforethought to be an excellent choice for a filler within a nanocomposite; as
discussed in Section 2.4.2, reducing GO to rGO can help to partially return some of the
excellent properties of pristine graphene nanoparticles, such as electrical conductivity
and mechanical strength, whilst keeping the functional groups that aid in the dispersion
of GO. Increasing the conductivity of chitosan is important if the nanocompasédo
be used for iontophoretic/electrically stimulated drug release, and as such, the GQDs
are an interesting nanoparticle to do so. For use as a microneedle array, the
nanocomposite will need to be mechanically strong; this requirement will maké use o

the improved mechanical properties of the rE&3ed GQD.
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GQD were synthesisedusing previously reported methodgRl1l7] and
characterised to determine th&L properties. Chitosa@®QD nanocomposites were
assessed to determine the optimal wt.% of GQD to maximise the electrical conductivity,
mechanical ancgnzymatic degradatioproperties.Microneedle arraysvere formed
from nanocomposites of chitosan amblugcoaed GQDs. The nanocomposite
microneedles were tested for mechanical integrity under simulated skin insertion
conditions. Their ability to release small MWt drugs through passive diffusion and large

MWt drugs through electrically stimulated iontophoresis awasessed.
5.2 Experimental section

5.2.1 Materials

Chitosan powder (MWt = 100,06800,000, Acros Organics), isopropanol alcohol
(reagent grade), and phosphate buffered saline (PBS) tablets (pH = 7.4) were purchased
from Fisher Scientific. The followinghemicals were purchased from Sigma Aldrich:
hydrochloric acid (36.5%), hydrogen peroxide-@3% in HO), acetic acid (> 99.7%),
potassium permanganate (97%), sodium nitrate (> 99%), lysozyme (from chicken egg
white, ~100,000 U mg), sulphuric acid (988%), fluorescein sodium (FL), graphite
powder (O 20 Om) , r h-Qarbolme),ricdocaiBe, hydnoohtordda r ma n
(LH, > 99%), trypsin from porcine (BioReagent grade), fluorescein sodium labelled
bovine serum albumin (BSA, BioReagent grade]4,3-dimethylthiazol2-yl]-2,5
diphenyltetrazolium bromide (MTT) solution (1 mg lin PBS) and

et hyl enedi aminetetraacetic acid (EDTA, Bi
medium (DMEM), penicillin, streptomycin, and fungizone were purchased fronoGibc

Invitrogen (Paisley, UK). Fetal bovine serum was purchased from Advanced Protein
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Products (Brierley Hill, UK). All chemicals were used as received unless otherwise

described.
5.2.2 Preparation of grapheneguantum dots

Graphene oxide was synthesized frarmodified Hummer$187] method and subsequently
purified, exfoliated and freeze dried as outlined befioreChapter 3 The aqueous GO
suspensin (with araised pH of 8, ~ 3 mg M) was treated in a Parr Series 4000 autoclave at
200°C for 10 h (pressure of boiling water at 2T1= 1.6 MPa) to generate reduced graphene
oxide quantum dots (GQDs)s described in the literature with some modifces[217]. The
suspension was placed in a dialysis bag (Fisher Scientific Biodesign Dialysis tubing, Mw cut
off = 3.5 kDa) and theresidua chemicalsvere allowed to difise into the distilled water
surounding the dialysis bag. TH@QD were collected in an aqueous suspengiom the
dialysis bagand lyophilised in a Labconco FreeZone Triad fre#aer to be stored as a

powder in a desiccator.
5.2.3 Cell viability

All human skin and fat were collected and used on an anonymous basis with ethical permission
from patients undergoing abdominoplasties or breast reductions from the Department of
Plastics, Burns and Reconstructive Surgery, Sheffield Teaching Hospitals undenaa H
Tissue Authority research bank tissue license number 08/H1308/39. From the collected fat,
mesenchymal stromal cells @C) were isolated and culturéd DMEM (containing foetal
bovine serum, streptomycin (100 ugtplfungizone (630 ng M) andpenicillin (100 units
mlt) [534].

When the culture reachem 50% confluence, the cells were treated with a trypsin
solution for 10 mirto detachcolleced and then the cell solution was centrifuged000 rpm

for 5 min to form a pellet (Hettich Rotafix 32A centrifug€ells were counted, with cells

132



seeded (10,000 per well) in a 48 well plate. Cells were incubated overnight in DMEM to allow
for cell reatachment, after which the DMEM medium was replaced with MGQD suspensions
(20, 50, 100, 200, 500 ug rhin DMEM) for 6 h and 24 h incubation times (each testing
iteration was tested in triplicate). At the end of each incubation time, cells were washed with
PBS and then incubated in fresh DMEM until 72 h gosaitment when cells were assessed by
the MTT-EDTA. Cells were incubated for 40 min at 7, after which the formazan salt was
eluded by acidified isopropanol. The optical densities of the resultiamtioss were measured

with a plate reader at 540 nm with a reference filter of 630 nmTBIOELXx800). Control
samples of untreated cells in DMEM were taken as 100% viable, and the optical densities of
the MGQD treated cells were compared to these vahre©lympus CK40 microscopeas

used for cell imaging.
5.24 Cell viability and imaging

Dermal fibroblast cells were isolated and cultured in DMEM in a°G7and 5% CQ@
environmen{534]. After the cell culture was 50% confluent, the cells were separated from the
well plates by a trypsin solution for 10 min and collected by centrifugation of the cell
suspension at 1000 rpm for 5 min to form a pellet. Gedlse seeded at 10,000 cells per well
into a 48 well plate. To allow for reattachment, cells were incubated in DMEM overnight. The
DMEM was replaced and the cells were incubated with GQD suspensions (5¢ pg H0l0

ug mrtin DMEM) for an incubation timef 12 h. Cells were washed with PBS and then fixed
with glutaraldehydeA Leica TCS SP8 twghoton confocal microscope (excitation source 690

nm, emission filter 360 nm) was used for imaging of cells.
5.2.5Drug loading onto graphene quantum dots
LH or BSA was bonded to GQDs as follows: 0.3 mg'mf GQDs was dispersed in

distilled water through stirring and sonication. To this suspension, 0.3 thgfriaH or
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BSA was added and stirred for 24 h before centrifugation (8000 rpm for 1 h) separated
the GQDLH or GQD-BSA from the supernatant containing the unbound drug. This
GQD-LH or GQD-BSA was lyophilized in a freezdryer and then stored in a desiccator

until further use.
5.2.6 Preparation of nanocomposites

Chitosan powder was dissolved in 2 wt.% acetid aovater solution (15 mg ) at

room temperature for 24 h under stirring. The required amount of GQDs (0.25 @t.%
wt.%) was dispersed in distilled water and the suspension was added under stirring to
the chitosan solution. The suspension was left to stir in a fume hood to evaporate most
of the solvent until it became a viscous nanocomposite suspension of chitG€D

(~80 mg mtt). The mixture was degassed in a vacuum oven for 1 h at room temperature
and then poured into a petri dish to air dry. Chitosan film without GQDs was prepared

in parallel.
5.2.7 Characterisation of GQDs and chitosanGQD nanocomposites

A Veeco Dimension 3100 with Olympus AC160TS probes in tapping mode at 0.5 Hz was used
for atomic force microscopy (AFM). A Brookhaven ZetaPALS (660 nm wavelength) was used
for dynamic light scattering (DLS), with 3 cycles of 2 min runs on suspensionsngfrif?

MGQD in KNOs buffer (10 pM concentration). UWis spectrometry (0.3 mg n) was
achieved using a Perkin Elmer Lambda 900 spectrometer with a 1 nm resoRition.
spectroscopy was conducted using a Horiba Fluoromax 4 with excitation sources from 300
400 nm and emission readings from 38 nm with a wavelength resolution of 2 nm.
Photoluminescence quantum yield measurements used fluorescein sodiumsdiOrh

hydroxide rhodamine B in ethanol and 0.019gdrochloric acid and norharmane in 0.1 M
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suphuric acidas reference standards. Quantum yield measurements were taken by using

Equation 5.1535], shown below:

DNY sy i &
le lgza@ D,\%?qﬁ (5.1)
wherg® iis the fluorescence quantum yield, nGr
versus absorbance, fAdo is the refradvoi aadi nd

A s t dDsanddhe standards used

PL lifetime analysis (1 mg ) was achieved through Time Correlated Single
Photon Counting (TCSPC): a Mira 900-Sapphire laser (10 W), with the wavelength
halved through an A.P.E. Second Harmonic Generatas,used as the laser source, a
Becker and Hickl SPB30 was used as the single photon counting module with a
Becker & Hickl GmbH PHBP400-N High Speed Photodiode Module as an electronic
trigger, and an ID Quantique ID1@D single photon detection moduleasvused to
detect the emission from the sample. Perkin Elmer Spectrum 100 with a diamond
attenuated total reflectance unit was used for Fourier transform infraretR{FT
spectroscopy between 4@000 cmt with a resolution of 1 cmh A Stoe Stadi P was
used for Xray diffraction (XRD) analysis with Cu Kirradiation (0.154 nm
wavelength), with operating parameters of 40 kV, 35 mA, and a scanning speéd of 1
min™?. A Micromeritics AccuPyc Il 1340 was used to measure the density of the GQDs,
achieved at rom temperature (2%C) by using 10 purge cycles and 10 calculation cycles
of helium gas.

Electrical conductivity (number of samples = 5) was measured using an Agilent
Technologies 34401A digital multimeter, with contact points painted using silver paint
(RS Components, RS 188600) and using a two probe method. The multimeter was
calibrated by testing with various metals of known conductivity. The mechanical

properties of chitosan nanocomposites were tested on a Hounsfield universal
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mechanical testing machdnusing a 1 kN load cell and a 1 mm rhistrain rate in
accordance with 1SG27. Dog bone shaped test specimens (number = 5) were used,
measuring 22 mm in length, 2.7 mm in width and 1 mm in thickness. Enzymatic
degradatiortests were carried out by plaginanocomposite film samples (number = 5)
into 30 ml of 3°C PBS solution (pH = 7.4) with a 1.5 pghdoncentration of lysozyme
[499]. Samples were maintained over the course of 8 weeks’at &7d agitated at 100
rom in a Stuart SI500 bioincubator. After each time step, specimens were removed,
washed with distilled water, and dried before being weighed and placed into 30 ml of
fresh PBS and lysozyme solution.

Thermogravimetric (TGA) was achieved using a Perkin Elmer Pyris 1 with a
nitrogen atmosphere with a flow rate of 20 ml rhfrom 40 to 700°C at 5°C mint. A
Perkin Elmer Lambda 900 spectrometer was used for-vidMle (UV-Vis)

spectroscopy from 26800 nm with a 1 nm resolution.
5.2.8 Production of nanocomposite microneedles

The production of microneedle arrays has been described p&5dr&52] Briefly, the
procedure consts of two parts: the filling of the main needle shaft with a
nanocomposite containing a therapeutic and the filling of the needle base with a
conventional nanocomposite. Female silicone moulds were filled with an excess amount
of a highly viscous nanocqmosite suspension of chitosartGQD (~80 mg mt), with

and without a therapeutic drug for testing of drug release and compression testing
respectively. Centrifugation at 8000 rpm for 1 h was used to fill the micronsleaied
cavities, with excess suspon cleaned from the surface. The microneedle arrays were
placed inside a fume hood to air dry. This cycle was repeated 3 times to fill the needles.
Once the needles were filled, the base of the needles was filled with high viscosity
nanocomposite suspeos (without drug), centrifuged for 1 h at 8000 rpm and dried in
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a vacuum oven overnight at 4. Upon drying, the exposed side of the microneedle
array was gently sanded with fine sandpaper to remove spurs and gently removed from
the female mould. Micragedles were stored in desiccators and prior to use were dried
further at 40°C overnight in a vacuum oven. Pristine chitosan microneedles were also

fabricated for comparison.
5.2.9 Compression testing of microneedles

The microneedles were tested usingaunsfield universal mechanical testing machine
using a 10 N load cell and a 1 mm nhioompression rate. Microneedle arrays were
fixed to a steel plate and a second steel plate was used to uniformly compress the

microneedle arrays (number = 5).
5.2.10 Therapeutic release from microneedles

Quantitative analysis of LH drug release was achieved through the use-wisUV
spectroscopy (Perkin EImer Lambda 900 operating at a resolution of Mamneedle

arrays (chitosafl wt.% GQDLH, number = 5) were placeith 10 ml, 37°C PBS
solution (pH = 7.4) and tested over 6 h whilst being agitated at 100 rpm. ThasUVv
spectra of the released solutions were compared to the spectra of free LH in distilled

water of known concentrations.
5.2.11 Therapeutic release frommicroneedles with iontophoresis

Microneedle aayswerecreated fronachitosanl wt.% GQD nanocomposite, with the
GQDs coated with BSAThese microneedle arrayere used for iontophoretic release
of the high MWt drug. The electrical circuit for the mineedle array was based on a
prototyping circuit board (PCB). The power to the PCB was supplyea PP3 9 V 280

mAH nickelmetal hydride (NiMH) battery, with the battery snagn connector linked

to the PCB by solddess jumper wires and an -aff switch (Scheme5.1 ) . A 2 kq

137



resistor was added to the circuit between the switch and the microneedle to lower the

voltage across the circuit.

Crocodile clips

Resistor

Container

Release
medium

Microneedle
array

Glass-slide

Schemeb5.1: Schematic of the system used to analyse the effect that lontophoresis has on the
therapeutic release frommicroneedle array.

Electrically stimulated microneedles were ¢eshby mounting the chitosan
GQD microneedle array to a microscopy glalde using doublsided tape. One
jumper wire, feeding from the positive terminal, was arranged that its expas&gaen
fixed in contact with one side of the microneedle array. This was achieved by soldering
the jumper wire to a crocodile clip; silver paint was applied from the microneedle array
edge to the side of the glaskde where the crocodile clip grasped gtassslide. The
second jumper wire, leading to the negative terminal, was submerged in the receiving
medium (distilled water) into which the drug was to release. The -glaes was
submerged vertically in water up to the fixed microneedle array, wittrdo®dile clip
and silver paint out of the water. This method ensured that the electrical flow was

through the microneedle into the receiving medium.
5.2.11 Biostability of GQDs and drug-loaded GQDs

Suspensions of GQD, GQDH and GQDBBSA (0.3 mg mit) were dispersed in distilled

water, PBS and FBS, and digital images were taken after 5 min, 2 h, 4 h, and 24 h.
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5.3 Results and discussion

5.3.1 Characterisation of graphene quantum dots
(A) 3nm
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Figure 5.1: (A) AFM image and height profile of GQDs, (B) DL&ta of GQDs,

showing a large count in the 480 nmregion

3

GQDs were prepared through a hydrothermal reduction procedure (see &hepme
Figure5.1A is an AFM image of the GQDs on a mica substrate, demonstrating that the
GQDs are in general 886 nm indiameter, with an average diameteb&f9 nmand an
average height of ~1.5 nrithe GQDs are thinner than the chitosaduced rGO in
Chapter 4 (3.5 nm) due to the hydrothermal route of reduction, i.e. no biomolecules were
used.The GQDs are thicker, hower, than the GO from Chapter 3 (~1 nm) that served

as the precursor to GQD and pristine graphene that is estimated at ~0.34 nm thick
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[536,537] Presumably the thickness of the GQDs is due to the stacking of two or more
of the rGO sheets together after the hydrothermal reduction due to aggregation as there
was a substantial dexase in functional groups a@he GQD surface compared to GO

This may lower the solubility in solvents, compared to GO, and therefore there may
have been partial restackingigure 5.1B shows DLS analysis of the hydrodynamic
diameter of GQDs, showing artge count of GQDs in the 480 nm region and a mean

diameter of 54.8 nm.
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Figure 5.2: (A) PL and U\ Vis spectra showing the UVis absorption for GO and
GQD, and PL excitation and emission wavelengths for GQD dots, and inset: (left) GQD
in distilledwater and (right) distilled water, showing the photoluminescent properties of
GQDs under UV light (365 nm), anB) PL lifetime data for GQD aqueous dispersion.
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The UV-Vis spectra of GO and GQD show that the 230 nm peak of GO (Figure
5.2A, curve 1) remais for GQD (Figure5.2A, cur ve 2) , attribut
conjugations of C=C187], but GQD has an additional peak at 265 nm attributed to the

transition networ k [200f Thg 6Q@0O3 lalsonpessebsean n g
absorption peak at 320 nm, in contrast to the 300 nm peak of GO, similar to other
hydrothermally reduced GQD217]. This initially indicates GO has changed to rGO in
the GQDs during the hydrothermal reduction and cutting process. The PL spectra of the
GQDs are also shown in FiguseA, showing the maximum excitation at 320 nm and
the maximum emission at 420 nm, indicating a Stokes shift of 100 nm which is similar
to previously reported valu¢a17]. The excitation peak at 320 nm is linked to thglér
carbenes inhe zigzag structure of the GQ[P&17,538] The quantum yield for the
GQDs is calculated at 9.4% (data shown in Figusd $h S.1.), again similar to the
published literature for GQDs (581%)[337,338,539] The selectiveness of the GQDs
to the excitation wavelength is depicted in Figb®2, which confirms the strongest
emission at the excitation wavelength of 320 nm, with the emission intensity reducing
at other wavelengths. The inset to Figbr2A shows he GQDs fluoresce under UV
light (365 nm) as opposed to no fluorescence for the control sample of distilled water.
Figure 5.2B shows PL lifetime data for GQDs, showing that a 1 mg adueous
suspension has a lifetime of 2.3 ns. This value is similathier & QDs in the literature
(1-10 nanoseconds) and to that of conventional QDs of CdSe/ZnH@bs42] and

CdTe QDg18].

141



(AY120 3 h incubation 6 h incubation
110
100
90
80
70
60
50
40
30
20
10

——

Cell viability / %

s 8
Concentration / pg ml!

Figure 5.3: (A) MTT-ESTA cell viability results for GQD treatddSC. Concentrations
were 20, 50, 100, 200, and 500 pg'rahd the incubation times were 3 h and Bésults
that arestatistically similar (p < 0.05)o one anotheare shown with symbols (*, +). (B)
Optical microscopy images for samples treated witl® ((control), (2) 20, (3) 100, and
(4) 500 pg mt. Images were taken 72 h after the 24 h incubation time.
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MTT cell viability results forMSC treated with GQD concentrations of 20, 50,
100, 200 and 500 pg milin DMEM for 3 and 6 h are shown in FiguseA. For the 3
h sampes, the concentrations of 2200 pg mit are within 6995% cell viability range,
comparable to other GQD reports {80%)[15,309,338,339]with a dose dependent
cytotoxic effect only occurring at 500 pg tiSamples treated with 20 pg hfbr 3 h
and 6 h had a cell viability of 95% and 96% respectively, with thakers dropping to
75-80% for 50 and 100 pg mifor 3 h and 6 h. For the 200 pg fdample, the cell
viability for 3 h is 69% but this drops to 43% for the 6 h incubation time, showing a
time dependent cytotoxic effect. Figute8 B1-B4 show optical mimscopy images of
MSC treated with 6600 ug mit GQDs for 24 h incubation time. It can be seen by
comparing the control sample with no GQDs and the 20 g sample that the
morphology, size and quantity of tMSC are consistent. However, the quantitycelis
in the 100 ug mt sample has decreased in comparison to the first two samples. The
quantity of cells in the 500 g mhlsample is even lower compared to the 100 pg ml
sample, while the size and morphology of the cells have also changed conapalted t
the samples with lower concentrations. These results confirm that GQDs have limited
cytotoxicity up to 100 pg mifor 3 h or 6 h, but when exposed to 200 pg i higher
for 6 h or more the cells show signs of apoptosis and are reduced in stqaeaatity.
Figure5.4 shows optical and fluorescent microscopy images of dermal fibroblast
cells cultured with GQD concentrations of 50 pg*nand 100 pg mt for a 12 h
incubation time. By overlapping the fluorescent images with the optical images, it can
be seen that some cells are fluorescent due to the presence of photoluminescent GQDs
within the cells. The PL emission is stronger for the cells treatedidhug mi* of
GQD, with the higher concentration of GQDs allowing more of the GQDs to be

endocytosed into the cells, relative to the lower concentration sample. These results
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confirm that the GQDs can potentially be usedifovivo cell imaging[309,543] as
well as for tracking drugs when they are loaded onto the nanoparticles. Using fluorescent
imaging, QDs have previously been tracked migrating through the vasculature in the

body[17] and have been tracked during drug delijagj.

Optical microscopy Fluorescent microscopy Overlay

Figure 5.4: Optical and fluorescent microscopy images of fibroblast cells treated with
50 pg mit and 100 pg mt GQDs for a 12 h incubation time, showing the use of GQDs
as fluorescent imaging agents.

5.3.2Characterisation of chitosarGQD nanocomposites

Figure 5.5A showsthe FT-IR spectra of chitosa@QD nanocomposites, from which
chitosan can be identified throutite N‘H peaks at 2800 cty C=C at 1640 cnh amino
at 15351546 cmt, C-OH at 1405 cnt and GO at 10501100 cm' [482]. The amino
peak shifts from 1535 cfor pristine chitosan to 1546 chfor the 1 wt.% chitosan
GQD nanocomposite, and theQ@peaks shift from 1065 chand 1021 cm for pristine
chitosan to 1059 crhand 1017 cm for 1 wt.% chitosarGQD due to hydrogen bonding

between the amino groups of chitosan and the remaining oxygenated functional groups
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on the GQD$396,482] The intensity of the main peaks, apart from a slight decrease in
the amino and €©H peaks, did not alter by a notable degree when the GQDs were
introduced to chitosan, due to the relatively low content of GQDsirwithe

nanocomposites relative to chitosan.
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Figure 5.5: (A) FT-IR spectra, (B) XRD traces chitosarGQD nanocomposites. The
Cas in Figures.3B denote crystalline peaks from chitosan.

XRD traces (Figuré®.5B) allow for the crystallinity of chitosato be measured
as 59.9%, 51.1%, 54.6%, 56.1%, and 56.4% for chitosan ambcomposites
containing 0.282 wt.% GQDs, respectively, by using Equation 3.1 (Chapter 3). The
presence of GQDs within the polymer presumably limits the mobility of some chitosan

chains due to surface adsorption, hence restricting rearrangement of chitosan chains into
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ordered chains to form crystallites and reducing the crystalljfy], similar to the

effect of GO witln chitosanGO nanocomposites in Chapter 3. The significant
difference in crystallinity levels between chitog&0 (Chapter 4) and chitos&@®QD
(Chapter5) is presumably due to the deacetylation and the treatment procedure of the
chitosan solution. As aeference, the crystallinity of the pristine chitosan for the
chitosanrGO series is much lower than the crystallinity of the pristine chitosan for the
chitosanGQD (15.3% versu$9.9%, respectively). The thermal treatment of the
chitosan solution by heatjnat 37°C for 72 h has decreased the crystallinity, due to

thermal crosslinking as previously repor{éd4].
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Figure 5.6: Electrical conductivity of chitosaittsQD nanocompositeas a function of
GQD concentration

Figure 5.6 shows the electrical conductivity of the nanocomposites, with peak
conductivity occurring at 1 wt.% GQDs and a percolation threshold occurring at around
0.25 wt.%, similar to the percolation #shold of chitosanGO nanocomposites in
Chapter 4. The low percolation threshold and the increase in conductivity for the
nanocomposites compared to the pristine chitosan are due to the high reduction degree
and the low thickness of the GQDs, which mayéha conductivity close to that of

pristine grapheng¢l79]. The conductivity of the nanocomposite containing 1 wt.%
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GQDs is 8.9 times of the original value for chitosan (0.0161'S@nsus 0.0018 Sm

1), and is comparable to other polyrmaphene nanocomposites with similar
concentrations (0.001 to 0.01 SY209,545,546] The decrease in conductivity for the

2 wt.% GQD nanocomposite in contrast to the 1 wt.% GQD nanocomposite may be
explained by the partial aggregation of GQDtw the nanocomposite. The difference

in conductivity levels between chitosa@O (Chapter 4 and chitos&QD (Chapteb)

is presumably due to the crystallinity of the chitosan; it has been shown that the
conductivity of chitosan films decreases with reesed crystallinity[484]. The
difference in crystallinity beteen the two chapters was previously discudSed.to its
relatively high conductivity and high GQD content which would facilitate a high drug
loading within the nanocomposite, the 1 wt.% nanocomposite was chosen to undergo

further analysis.
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Figure 5.7: Representative tensile strestsain curvesor chitosan and chitosahwt.%
GQD nanocomposite.

Figure5.7 shows representative tensile testing curvegpfmtine chitosan and
chitosan1 wt.% GQD nanocomposite. Thieincrease by ~37% from 15.5 (+ 4%)for
pristine chitosan to 21.2 (x 3.2) % for the 1 wt.% GQD nanocomposite, presumably

because of both the orientation of GQDs towards the tension direction which absorbs
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energy[400,505,547nd the change in crystallinity as previously discussed. The UTS
for pristine chitosan is 62.5 (= 9.4) MPa, which increased by ~36% to 84.83#MPa

for the 1 wt.% GQD, courtesy of the strong interfacial interactions between chitosan
matrix and GQD filler. Similarly, increases in thie(4%) and UTS (27%) were noted

for nanocomposites of poly(styrebetadienestyrene) with 1 wt.%CdTe QDs,
attributed to the strong interfacial bond between the polymer and th¢43Dis The E
hasremained similar despite the inclusion of 1 wt.% GQDs, with 1.48 (+ 0.38) GPa for
pristine chitosan compared to 1.45 (+ 0.14) GPa for the nanocomposite. The similar E
values may be attributed to the cancelling out of two opposing factors: the reinforcing
effect of GQD nanofiller and the decreased crystallinity of the chitosan. GQD can have
a reinforcing effect on chitosan arising from its high mod[{8@3,528Jand high surface

area, but it is not as effective a nanofiller as GO (Chapter 3) and chredaced rGO
(Chapter 4) because of its smaller lateral size, lower aspect ratio, and the reduction in
surface functional groupf48]. Countering this expected improvement from the
presence of GQD, a lower crystallinity can result in a lower E (dB@], thus causing

the actual E a&lue to remain effectively the same between the pristine chitosan and the
nanocomposite.

The enzymatic degradatioprofile of the 1 wt.% nanocomposite in a PBS
solution containing the enzyme lysozyme is shown in Fig#éwithin the first week,
theenzymatic degradatiomate was higher for the 1 wt.% GQD nanocomposite than for
the pristine chitosan, as can be seen by the lower remaining mass for the former. This
initially quicker enzymatic degradatiorate of the nanocomposite, relative to pristine
chitosan, may be due to the lower crystallinity of the chite&D nanocomposite
which promotes fasteanzymatic degradatigd86]. The effect that crystallinity has on

enzymatic degradatiocan be seen by comparing the mass losses for pristine chitosan
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between Chaer 4 (~50% loss) and Chaptér(~23%), with the lower crystallinity

chitosan degrading faster.
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Figure 5.8: Enzymatic degradatioprofiles for chitosan and chitosdnwt.% GQD
nanocomposite.

After 28 days, both the pristine chitosan and the 1 wtBiéosanGQD
nanocomposite were reduced to around 65% of their original mass. The similarity
between the remaining mass of the pristine chitosan and the nanocomposite is due to the
relatively low loading of GQD within the nanocomposite (just 1 wt.%) aedimited
effect that the GQD had upon the permeability of the nanocomposite; it is reported that
exfoliated, large aspect ratio nanoparticles can reduce the permeability of a
nanocomposite due to the previousflegt expl
was evident in thenzymatic degradatiostudies in Chapter 3 and Chapter 4, but the
GQDs have a low aspect ratio, as discussed in previously, and therefore have a limited

effect on the permeability of the nanocomposite whesgmt at this low wt.%ohding.
5.3.3 ChitosarGQD nanocompositemicroneedles

Microneedle arrays of chitosdnwt.% GQD nanocomposite were formed by solution
casting into moulds and subsequently drying. Optical microscopy images of cHitosan

wt.% GQD-LH microneedles can be seen in Figd®A and 5.9B, showing the
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alignment of tle microneedles within an arrag well as the main shaft and conical tip.

As shown in Figureb.9C, the five microneedle arrays tested can all withstand a
compressive forcef at least 10 N, showing that they are strong enough to withstand the
compressive force of insertion into human skin. The microneedle arrays have not broken
or bent noticeably after the tests (FigbreC Inset) in comparison to their shape before

the test (Figure5.9B).
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Figure 5.9: (A) Vertical and (B) side view optical microscopy images of chitekan
wt.% GQD-LH nanocomposite microneedle array. (C) Compressive fdisgggacement
curves for chitosaii wt.% GQD microneedles. (Inset) Opticaicnoscopyimage of a
chitosanl wt.% GQD microneedle array after compression testing to 10 N. The
microneedles have not broken under the force applied.
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The depth of penetration of the microneedle array was determined by inserting

chitosanGQD microneedles into ctkenskin and subsequently cressctioning the

chicken skin (Figur®.S3). Microneedle arrays were inserted by hand into chicken skin

and leftin situfor 1 h before examination. The microneedles were intact after insertion

and the depth of penetration is typically 48@0 um and the width of the channel 250

350 pm. This confirms that the microneedles are strong enough to insert into skins.
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Figure 5.10: (A) TGA curves for GQDs, LH, and GQDH, and (B) the release rate of
LH from chitosan and chitosah wt.% GQDLH microneedle shafts containing the

same amount of LH.
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Figure5.10A shows TGA curves for the GQDs, LH, and GQH. The loading
of LH onto GQDs was determined to be 0.12:1 from the residual masses of GQDs
(91.5%), LH (0.3%) and GQIH (81.6%) at 500°C, accounting for the absorbed
moisture of the three materials. Takinga consideration this loading ratio of LH to
GQDs, a desired amount of GQIH was added to chitosarolstion to prepare a
chitosanGQD-LH nanocomposite suspension at a concentration of 1 wt.% GQDs. This
nanocomposite suspension was then used to form tbemaedle shafts for drug
delivery testing, with the base of the microneedle patch made from the same
nanocomposite but without the drug. To make control microneedle shafts of chitosan
LH, a chitosarn_H solution was created with the same concentrationbtbfs in the
chitosanl wt.% GQDLH suspension. By restricting the LH to the microneedle shafts
and not the base, all of the GQIM will enter the body through the bloodstream thus
reducing the use of expensive drug in microneedle arrays.

Figure5.10B shaws the release rate of LH from the microneedle shafts of pristine
chitosan and the chitosdnwt.% GQD nanocomposite containing the same amount of
LH (11.5 pg). For the GQIH nanocomposite microneedles, the drug is bound to the
surfae of the GQDs, whereas in tkhitosanLH microneedles the drug was directly
incorporated into chitosan. In the former, the GOQIB was released together into the
mediumbut it was shown ilChapter4 that FL can diffuse away frommGO over time
After 1 h, 23.0% (2.6 pg) of LH was released from the GQIB microneedle, with a
maximum release of ~68.3% (7.9 ug) released after 7 h. This compares to ~18.1% (2.1
png) of LH after 1 h from the chitosdrH microneedle, with a maximum release of
57.4% (6.6 ug) releadeafter 7 h. Up to 6 h, there is a similar drug release profile
between the two sample types, but after 6 h the nanocomposite microneedles obtained

a quicker and more substantial release than the polymer microneedles. Similar
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improvements in the releasearugs from chitosan nanocomposites containing a drug
with GO or rGO have been noted in ChaptélP&ge 83and Chapter 4Page 118)this

was attributed to an increase in the diffusion coefficient of the drug when bonded to GO
or rGO compared to the frekeug, which is presumably the same cause of the improved

drug delivery from the GQIL.H microneedle.
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Figure 5.11: (A) TGA curves for GQD, BSA, and GQBSA and (B release of BSA
from chitosarGQD microneedles, with and without the effect of iontophoresis

LH is a drug with a lowWt of 288 Da Another low MWt drug, FL, washown
to successfully diffuse from polymer films and microneedteShapter 3 and Chapter
4. Some therapeutics are of a much higher MWt tharot AL, for example BSA with

a MWt of ~60 kDa. Herein, the feasibility of releasing BSA bonded to GQD from a
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microneedle array is assessed. The quantity of BSA bonded to the GQD was determined
from TGA (Figure5.11A). As a significant amount of BSA still remained even at 700

°C, the mas losses for GQDs (8.9%), BSA (66.1%) and GREA (43.6%) during the

major degradation step of BSA (2ZD0 °C), taking into account of the absorbed
moisture, were used to determine the loading ratio of BSA onto GQDs (BSA:GQD) of
0.29:1.

Curve 1 of Figur®.11B shows the passive release of BSA from the microneedles
into the release medium (distilled water) over 24 h. There was only minimal diffusion
of the drug (7.6% of the available drug, or 0.6 pg) into the medium within the tested
period of time. This 9 due to the difficulty in passive diffusion of large MWt
therapeutics like BSA from its carrier; it was noted previously that the high&t\he
and the degree of deacetylation of chitosan, the lower the release of BSA from chitosan
[549]. A similar low diffusion of BSA was noted from other polymer carriers, such as
PMMA nanoparticles[550], with ~20% release over 24 h, and from alginate
montmorillonite microparticles, with ~13% over 175 rf®1]. In order to improve the
release of the large MWt therapeutic, a microneedle that uses iontophoresis, the electro
repulsion of charged molecules by an electrical field from one electrode towards the
other electrod¢62], was created as per Schefi2 lontophoresis has been previously
used to improve upon the passive diffusion of low (dexamethasone, ~4(&BREnd
medium (inslin, ~5800 Da)[133] MWt drugs and proteins/peptid¢s34,135]from
microneedle arrays. Curve 2 of Figuse3B shows that for the iontophoresffect
microneedle aay (operating at 21.3 mV and 1.5 mA), the final drug release after 24 h
was greatly improved in comparison to passive diffusion to 94.5%, or 7.4 ug of the

available drug.
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Figure 5.12: Digital photos showing the release of BSA from the microneedle into
distilled water over 24 for (left) passive diffusion and (right) electrically stimulated
diffusion.

The effect of iontophoresis is shown visually in Fighi® verifying the results
of Figure5.8. The left container contains a mioeedle array made of chitosarwt.%
GQD-BSA which was submerged in the release medium (distilled water) and allowed
to passively diffuse into the release medium over 24 h. The-m@htside container
contans a microneedle with the iontophoresisgpt The strong, yellow staining of FL
on the BSA (Figur®.$4, Appendix 3 can be seen within the release medium after 6 h
and this effect grows stronger over the 24 h with the iontophoresis. However, there is
no obvious colour change in the standard-wgetfor passive diffusion. The

iontophoresiseffect microneedle has released markedly more BSA into the medium
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than the standard microneedle ,dab seen by the stronger colotihis implies that
iontophoresisoffers an approachio deliver large MWt therapeutics through a
microneedlearray, and the chitosaBQD nanocomposites are excellent candidates for

this purpose.

5.3.4Biostability of the GQD-drug released from the microneedle

Figure 5.13: (A) The biostability of GQD (43), GQDLH (4), and GQBBSA (5), in
(1) distilled water, (2) phosphate buffered saline (pH=7.4), arAs) (®etal bovine
serum. (B) Long term stability of GQDH in foetal bovine serum over 10 days,
showing that the drug cted GQD remains relatively stable over 10 days.

After the GQDdrug is released into the fluid, it is important to assess their stability for
future clinical applications. Figur®13A shows suspensions (0.3 mgibf GQD (A,

B, C), GQDLH (D), and GQDBBSA (E), in (A) distilled water, (B) PBS (pH=7.4),{C

E) FBS. GQDs can be seen to remain stable in water up to 4 h and with negligible
aggregation of larger particles after 24 h, and to experience no aggregation in PBS for
up to 24 h. There was a small aggation of GQDs in FBS after 5 min, possibly due to

the aggregation of larger particles or due to the crosslinking of GQDs via hydrogen
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bonding ofi COOH of GQDs with the proteins in the FB®22], but the quantity of
aggregation does not increase up to 24 h. In contrast, thelBQias stable up to 3
days in FBS (Figur®.13B), experiencing barelgny aggregation due to electrostatic
repulsion from the positive ionic charge of [68]. This suspension remaitieelatively
stable between 3 days and 10 days, with only little aggregation. As chitosan is also
cationic, it is expected to enhance the stability of GQDs too, like what we previously
found for chitosarcoated rGO nanosheg¢f52]. GQD-BSA was stable up to 5 min and
then agglomerated heavily before 2 h. This is presumably due to the crosslinking
between GQEBSA nanoparticles themselves, forming larger particles; albumin is a
protein found in blood serum, and the same hydrogen bondibhgltbeved GQD to
bond to BSA may cause physical crosslinking between B3B.

ChitosanGQD microneedles were also tested for their biostability in FBS over
6 h. The results (Figurg.S5) show that the chitosan within the microneedle array is

stable withinFBS, similar to previous reporfsS53].

5.4 Conclusiors

Graphene quantum dots, created by the hydrothermal reduction of a graphene oxide
aqueous suspension, were-5® nm in diameter and ~1.5 nm in height, possessed
photoluminescent properties and were shown to be minimally cytotoxic to adipose
derived MSCs anbe able to act as a contrast agent for fluorescent imaging of cells.
Chitosani GQD nanocomposites were prepared by solution casting. The
addition of GQDs increased the electrical conductivity relative to pristine chitosan by
7.9 times. Theenzymatic dgradationrate of the chitosan GQD nanocomposite was
similar to pristine chitosan 28 days after the test started. The UTS of chitosan increased
from 62.5 MPa to 84.8 MPa and the elongation to break from 15.5% to 21.2% by the

addition of 1 wt.% GQDs, with he Youngos modul us rema i
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presence of GQD did not impede thezymatic degradatioof chitosan, with similar
masses remaining after 28 days for both pristine chitosan and the nanocomposite, though
initially the nanocomposite had a gker enzymatic degradatiomte than chitosan.

When formed into microneedles, the chitosah wt.% GQD nanocomposite
shows promise as a transdermal drug delivery device. The microneedle arrays withstood
the force of insertion into the body and releasedphinkiller lidocaine hydrochloride
more substantially than pristine chitosan microneedles (68.3% of the available drug was
released compared to 57.4%). Large molecular weight drugs like bovine serum albumin
could be released from the nanocomposite meedie under electrical stimulation,
with an increase from 7.6% to 94.5% of the available drug released after 24 h for
standard and iontophoresaffect microneedles respectively.

GQDs and GQELH were shown to be stable in distilled water, phosphate
buffered saline, and foetal calf serum over 24 h. GIQIDremained stable in foetal
bovine serum for up to 10 days, due to the LH imparting an electrostatic repulsion effect
on the GQDs.

Bonding therapeutics to photoluminescent, electrieadigductive GQDsand
integratng the drugladen GQDs into aegradable polymer such as chitosan forms a
nanocomposite that can be used in a microneedle array, creating a universal,
multifunctional drug delivery platform for enhanced and controlled drug delivery that
can bepotentially utilised to deliver both small and large molecular weight therapeutics

and be monitored through bimaging.
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Chapter 6. Magnetic iron oxide-reduced graphene oxide quantum

dots

6.1 Introduction

The chitosarGQD nanocomposites in Chapter 5 were an improvement over the chHé@san
and chitosanGO nanocomposites of Chapters 3 and 4 as they offered increases in electrical
conductivity and mechanical properties over pristine chitosan, while alsangffeew
functionality with the imaging/tracking of the drug within the bodg. the form of
microneedles, chitosa@QD nanocomposites could release small and large (under electrical
stimulation)MWt drugs.The GQDs, however, only possess one mode of imgg@uorescent)
and cannot be targeted to a specific site through external means. Ideally, the nanoparticles
would have multiple modes of imagirag the depth of tissue penetration and the resolution of
different imaging methods variefor example, fluogscent imaging has a poorer depth of
penetration in comparison to M.R.l., while M.R.l. has a lower resolution than fluorescent
imaging[554,555] They should alsbe responsive to external stimulatiorallow for targeted
drug delivery andshouldhave low cytotoxicity

The aim of this chapter was to synthesise a new type of graphene based nanoparticle
that will add these d&rednewfunctionalities to the nanocomposit&siperparamagneticon
oxidereduced graphene oxidguantum dots (from herein known as magnetic graphene
guantum dots, or MGQDsith these propertiesvere synthesized through a green,
hydrothermal method wth simultaneously reduced and shattered nanopatrticles of GO coated
with 10. The structure and morphology of the MGQDs wamalysedMGQDswere assessed
for their ability to offer diakmodality imaging through M.R.I. and fluorescent imaging, as well

as the targeting of the delivery site of MG@Dund drugs by theisuperparamagnetic
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properties Owing to their strong NIR irradiation absorbance, the MGQDs wadse

investigated as cancphotothermal therapy agents.
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Hydrothermal reduction
@ for 10 h at 200 °C
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Magnetic graphene quantum dots (MGQD)
Scheme6.1: Synthesis procedure for magnetic graphene quantum dots (MGQD). Aqueous
solutions of ferrous chloride tetrahydrate and ferric chloride hexahydrate are stirred into a GO
aqueous suspension; the mixture is reabbed® h under a nitrogen atmosphere at ambient
temperature to form G@D nanoparticles. The GOD aqueous suspension undergoes
hydrothermal reduction in an autoclave for 10 h atZD@ create MGQDs.

6.2 Experimental section

6.2.1 Materials

The following chemicals were used as purchased from Sigma Aldrich; sulfuric aca8¥9h

hydrogen peroxide (292% in water), potassium permanganate (97%), sodium nitrate (>

99%), ferrous chloride tetrahydrate (> 99%), hydrochloric acid (36.5%), ferric chloride

hexa hydr at e (97 %) , fluorescein sodi um, grapt
norharmane, lidocaine hydrochloride (> 99%), porcine trypsin (BioReagef§,5-3
dimethylthiazoi2-yl]-2,5-diphenyltetrazolium bromide (MTT) solution (1 mg “lin

phosphate buffered saline (PBS)), and ethylenediaminetetraacetic acid (EDTA, BioReagent).
Dul beccodés modi fied eagle medium (DMEM, 500

with fetal calf serum (FCS, Advanced Protein Products, Brierley Hill, kiicillin (100
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units mt), streptomycin (100 pg M), and fungizone (630 ng Ml from Gibco Invitrogen
(Paisley, UK). Isopropanol alcohol (reagent grade) and PBS tablets (pH = 7.4) were acquired

from Fisher Scientific UK.
6.2.2 Preparation of grapheneoxide-iron oxide nanoparticles

Graphene oxide was synthesized from a modified Hummers m@Bp&O-10 was prepared
according to methods described in the literature with some modificd@675279] The
freezedried GO powder (1 g) was dispersed in 150 ml of distilled water through stirring and
sonication for 1 h and the pH of the suspension was raised to pH = 8 with the addition of
ammonium hydroxide NEDH. Separately, ferrous chloride tetrahydrate FdELO (5.4Q)

and ferric chloride hexahydrate Fe®H-O (4 g) were dissolved in 135 ml distilled water. The
GO suspension and the solution of IO precursors were added together, ammonium hydroxide
was added drop wise until a pH = 10 was reached, and then the mweisigtirred for 2 h
under a nitrogen atmosphere at ambient tempex.afilne precipitate, |©oated graphene oxide
(GO-10), was washed with distilled water, ethanol and dichloromethane to remove residual
chemicals before being-gispersed in distilled wat (~ 3 mg ml) by sonication for 1 h in a

Fisherbrand (230V 50Hzo0nication bath.

6.2.3 Preparationof reduced graphene oxidaron oxide quantum dots

The aqueous G@D suspension (~ 3 mg Ml was treated in a Parr Series 4000 autoclave at
200°C for 10 h (pressure of boiling water at 2L1= 1.6 MPa) to generate reduced graphene
oxide-iron oxide quantum dots (MGQDs). The suspension was placed in a dialysis bag (Fisher
Scientific Biodesign Dialysis tubing, Mw cut off = 3.5 kDa) and tegidualchemicalswere
allowed to diffuse into the distilled water surrounding the dialysis bag. The MGQD were
collected in an aqueous suspensfoom the dialysis bagnd lyophilised in a Labconco

FreeZone Triad freezéryer to be stored as a powder in a desarc#ts a control, 10 (with a
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raised pHof 8) wasautoclaved at 208C for 10 h togproduceautoclaved iron oxide (AO) for

a comparison studg=QDs from Chapter 5 were also used as a control in this chapter.

6.2.4 Drug loading onto quantum dots

LH (0.1 mg)was added to a suspension of MGQDs (0.1 m§) mder stirring for 48 h. The
suspension was centrifuged at 9000 rpm fox &fter which the supernatant (containing the
unbound drug) was removed and the precipitate wasspersed in water. This procesas
repeated several times to remove the unbound drug. The MGQMas then freezdried and

stored in a desiccator.
6.2.5 Characterisation

Transmission electron microscopy (TEM), energy dispersirayXspectroscopy (EDS), and
selected area electron fd#ction (SAED) were achieved using a Philips Technai T20 electron
microscope operating at an accelerating voltage of 200 kV. High resolution TEMENR
was carried out using a JEOL 2010F field emission gun TEM operating at an accelerating
voltage of 20kV. TEM samples were prepared by evaporating a diluted suspension (~ 0.01
mg mf?) onto a holey amorphous carbon coated copper grid (mesh size = 400). Electron energy
loss spectroscopy (EELS) spectra were acquired on the JEOL 2010F using a Gatantenage fil
in image coupled mode with an energy dispersion of 0.5 eV per pixel. Atomic force microscopy
(AFM) was carried out on a Veeco Dimension 3100 with Olympus AC160TS probes in tapping
mode at 0.5 Hz, using a diluted suspension (~ 0.01 ryewhporated mto a freshly cleaved
mica substrate. Dynamic light scattering (DLS) was performed on a Brookhaven ZetaPALS
(660 nm wavelength), with 3 cycles of 2 min runs on suspensions of 1 Thil@QD in
distilled water.

X-ray diffraction (XRD) was performed on ao8tStadi P with Cu irradiation (0.154
nm wavelength), with operating parameters of 40 kV, 35 mA, and a scanning spéedrof 1

! Raman spectroscopy betweer3 M0 cm! with a resolution of 0.5 crhwas achieved with
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a Renishaw inVia Raman microscopging a 514.5 nm wavelength laser. Fourier transform
infrared (FFIR) spectroscopy between 4@000 cm' with a resolution of 1 cmh was
performed on a Perkin Elmer Spectrum 100 with a diamond attenuated total reflectance unit.
Thermogravimetric analysis (TGA) from 40 to 10@at 5°C min! was implemented with a
Perkin Elmer Pyris 1 with a nitrogen atmosphere (20 minirA Micromeritics AccuPyc Il
1340 was used to measure the density of the MGQDs, achieved at room temperd@je (24
by using 10 purge cycles and 10 calculation cycles of helium gas.

UV-visible light (UV-Vis) spectroscopy of nanoparticle suspensions in distiiaibr
(0.3 mg mt! concentration) from 26800 nm with a 1 nm resolution was achieved with a
Perkin ElImer Lambda 900 spectrometer. Photoluminescence spectroscopy was conducted
using a Horiba Fluoromax 4 with excitation sources from800 nm and emissioreadings
from 360600 nm with a wavelength resolution of 2 nm. Photoluminescence quantum vyield
measurements used fluorescein sodium in 0.1 NaOH, rhodamine B in ethanol and 0.01% HCI,
and norharmane in 0.1 M>BQO; as reference standards. Quantum yield nreasents were

taken by using Equation[35], shown below:

. _ . y Grdg dﬁd

£, 78 Grd@‘j Z (6.1)
whege iis the fluorescence quantum yield, AGr
versusabstrance, fAdo is the refractive index for

Ast 0 are gquantum dot s and the standards u e
norharmane). PL lifetime analysis (time correlated single photon counting) was ackhitved
irradiation from a frequency doubled Mira 900-Sapphire laser (10 W), a single photon

counting module (Becker and Hickl SF830), an electronic trigger (Becker & Hickl GmbH
PHD-400-N High Speed Photodiode Module), and the emission was detected Wy an
Quantique ID10650 single photon detection module. The magnetic hysteresis loop was created

using a Quantum Design MPM&L 5 superconducting quantum interference device (SQUID),
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operating at 3?C to simulaten vivo conditions and between-+20,000 @& (2 T) in 200 Oe
intervals.A SiemensTrio TIM 3 Tesla M.R.l. was used to measure the T2 relaxation times of
the MGQDs, with the echo timeg¥ 15.2, 30.4, 45.6, 60.8, 76, 91.2, 106.4, 121.6, 136.8, 152,

167.2 milliseconds and the relaxation time=T3000 milliseconds.
6.2.6 Cell viability and imaging

Human skin was obtained with ethical permission from patients undergoing abdominoplasties
or breast reductions from the Department of Plastics, Burns and Reconstructive Surgery,
Sheffield Teaching Hospitsl All tissue was collected and used on an anonymous basis under
a Human Tissue Authority research bank tissue license number 08/H1308/39.

Dermal fibroblast cells were isolated and cultured, as described prev[86§/yin
DMEM at 37°C and 5% C®@environment. When the culture was 50% confluent, the cells
were collected by treating with a trypsin solution for 10 min and centrifuging the cell
suspension to form a pellet at 1000 rpm for 5 min using a Hettich Rotafix 32A centrifuge. Cells
were countedwith cells seeded (10,000 per well) in a 48 well plate. Cells were incubated
overnight in DMEM to allow for cell reattachment, after which the DMEM medium was
replaced with MGQD suspensions (20, 50, 100, 200, 500 fgniDMEM) for 6 and 24 h
incubation times (each testing iteration was tested in triplicate). At the end of each incubation
time, cells were washed with PBS and then incubated in fresh DMEM until 72-trguistent
when cells were assessed by the MASEay of metabolic activity. Cells weneubated for 40
min at 37°C, after which the formazan salt was eluded by acidified isopropanol. The optical
densities of the resultant solutions were measured with a plate reader at 540 nm with a reference
filter of 630 nm (BieTek ELx800). Control sanigs of untreated cells in DMEM were taken
as 100% viable, and the optical densities of the MGQD treated cells were compared to these

values.
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An Olympus CK40 microscope and a Leica TCS SP8phaton confocal microscope
(excitation source 690 nm, emissiollel 360 nm) were used for cell imaging. For the two
photon fluorescent imaging, the cells were incubated with either 50 figom100 pg mtt

MGQDs for 12 h before the cells were fixed wilutaraldehyde.

6.2.7 Drug release fromM GQDs

A 10 ml PBS suspwsion (37°C, pH = 7.4) of MGQDBLH (1 mg mi* MGQD-LH) was inserted

into a Spectrum Labs Floét-Lyzer G2 dialysis tube with pore sizes between@®3LkDa.

This dialysis tube was floated vertically in a sealed container of pristine PBS solution (550 ml,
37°C, pH = 7.4) This container was placed within a Stuart SI500ibonbator, maintained at

37 °C and agitated at 100 rpm. At set time points, 3 ml of PBS solution was taken from the
outer containerghd subsequenthgplaced with 3 ml of fresh PBS) aadalysed with a Perkin
Elmer Lambda 900 (resolution of 1 nm). The acquired spectra were compared to the

absorbance values of free LH of known centration (ranging from 0.66 mg mt') in PBS.

6.2.8 Photothermal measurements

The temperature of aqueosisspensions of MGQDs and GQDs (1.5 ml, concentration of 50
pg mit and 100 pg mb) under irradiation from &R continuous laser (wavelength: 808 nm;
laser power: 2, 5, 7.5 W cfiiwas measured as a function of time. Distilled water was also
studied as aontrol.

Photothermal experiments on HelLa cells incubated with suspensions of MGQDs and
GQDs were carried out with a neafrared continuous laser (wavelength: 808 nm; laser
power: 2.5 W crif). HelLa cells were seeded to a density of 5000 cells per welloéf well
culture plate (BD Falcon, U.S.). Cells were incubated &C3n a 5% CQ@atmosphere for 24
h to allow for reattachment. After incubation, the cell culture medium was replaced by the
MGQD or GQD suspension (100 pl of cell medium with a 50 pg saispension of MGQD or
GQD). After 4 h incubation with the QDs, the cells were irradiated by a laser for 20 min or 30
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min. After incubation overnight, the QD suspension medium was removed and the cells were
washed twice with PBS. To test the viabilitytbe cells after irradiation, 100 pl of CC&
solution was added to each well and the cells were incubated for 2 h. The optical density of the
cell solution was read on a microplate reader (Varioskan Flash, Thermo Scientific), with

measurements taken atdbm
2.9 Biostability

MGQD and MGQDLH were dispersed in distilled water, PBS and FCS at a concentration of

50 ug mrl. Suspensions were imaged using a digital camera after predetermined intervals.

6.2.10Statistical analysis
Statistical analysis (p 8.05) and graphing were completed through MatLab 2012a software.
Size analysis of TEM images was conducted through ImageJ software, with 60 separate

samples taken over several images.
6.3 Results and discussion

6.3.1 Structure

Figure6.1shows TEM (Al ard A-2) and AFM (Figures.1B, Inset) images of MGQDs. The
synthesized MGQDs have an average diameter of 41.8 (+ 8.1) nm from the TEM images, and
an average diameter of 45.2 (£ 10.3 nm) and a height of 2.3 nm (£ 0.07 nm) from AFM. The
MGQDs are identifiablen the TEM images in dark contrast (FiguselA1-1A2) on the
amorphous carbon film support due to the presence of high densi#90 %.2 g cm? for
magnetite[556]) within the MGQDs as well as ma#isickness contrast, similar to the
identification of IO on GAO reported in the literatuf@80]. DLS results (Figuré.1) show a

mean hydrodynamic diameter of 61.4 nm, with a significant count within H®® 4n range.

It is larger than the average diameters obtained fro ARd TEM, which can be accounted

for by the presence of larger nanopatrticles (i.e. agglomerates) in the polydisperse MGQD water
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suspensio557]. The diameter of the MGQDs is larger than hydrothermally reduced GQDs
(5-25 nm) previously reported by other groygd7,%8,559] but these papers use either a
longer hydrothermal treatment time (24[6%8,559]or an additional oxidation procedure to
further reduce the size of their GO before the hydrothermal treaf@fefit The diameter is,
however, similar to that of the GQDs (51.9 nm) prepared by the same oxidation and

hydrothermal treatment method@hapter 5
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Figure 6.1: (A) TEM images of MGQDs, showing that the QDs are approximately040m

in diameter, (B) DLS size analysis of MGQD aqueous suspension, showing the majority of

MGQDs are within the 480 nm diameter range; (Inset) AFM image of MGQDs, showing an

average hght of 2.3 nmand an average width of 45.2 nm

As described previously, the average thickness of the MGQDs from AFM is 2.3 nm,

which is thicker than the reported thickness of graphene (0.33007), rGO (~0.8 nnj213])
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or the GQDs prepared using the same hydrothermal reduction method (1CGhapter 5).
This suggests that the 10 coating on the MGQD surface is likely D8 nm thick. IO growth
on GO was reported to be smaller thaistpre 10 growth due to the dispersed nucleation of
Fe* by the oxygen functional groups (C=0) of GB&60], and a similar effect may have
occurred during the synthesis of the 10 on the-l@3dollowed by reduction of GO into rGO

during hydrothermal cutting.

9000

8000

7000 Cu

5 6000

®
3'5000

2 4000
g
£ 3000

20001

// Fe Cu
K
M s J M J -
Si
4 e 5 e " 5 1 1 1
7

G0 1 2 3 4 5 6 8 9 10

Energy / keV
Figure 6.2 EDS spectrum of the MGQPresented in Figure 2 (&), showing a composition
of carbon, oxygen, and iron; (inset) the SAED pattern of the MGQD, confirming the presence
of iron oxide.

The composition of the MGQD in FigufelA-2 can be seen in the EDS spectrum in
Figure 6.2, which onfirms the presence of iron (0.72, 6.42, and 7.08 K&¥},562] The
oxygen (0.54 keV) was from the 10 and the residual oxygenated groups in the hydrothermally
reduced GO while carbon (0.3 keV) was from the rGO anllotecoated copper grids (0.94,

8.06, and 8.92 keV]561,563] The SAED pattern (Figuré.2, Inset) has the ring patterns

associated with (220) and (104) di-Fe®sy acti ol

respectively{564,565]
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Figure6.3: XRD tracesof GO, 10, GOIO, GQDs, AIO, andMGQDs

The results from XRD (Figuré.3) confirm that the MGQDs are characterized by both

rGO and a nxture of magnetite, maghemjtend hematite. GO has been oxidized from graphite

and is largely exfolia d

peak
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0629 card for magnetite, as 10 possesses the (311), (220), (511) and (422) peaks that are
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peaks of maghemite (JCPDS-B346)[565,569] GO-IO displays a distinct (311) pealofn

the 10, with the other peaks at a lower intensity, showing that the magnetite is formed before

the hydrothermal treatment, as previously repof&t®]. The GQDs were structurally

characterised briefly in Chapter 5 as consisting of rGO. From Fig8ré&sQDs are
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to the higher reduction temperatureIO is a mixture of magnetite, maghemite, and

hematite (thé} mineral form of maghemite), with the (311), (220), and (422) peaks from the
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IO, maghemite specific peaks (210), (211),3R1and hematite characteristic peaks (021),

(110), (024) (JCPDS 23B8664) indicated on the cury{865,570] The presence of hematite is

caused by the partisdpotactic oxidation of magnetite at 28D during autoclavings71]. The

MGQD curve shows a change in structure from both GQD al@d.AGO can be identified by

t he weak ( 00 2)° Thuisepaak haa ghifte?l by 8:&her2 compéred to the GQD

curve, which may stem from the reaction of GO and IO during autoclaving that may have
altered the crystalline structureide infrg) [284]. The effect of rGO withinite MGQDs has
caused a reduction in intensity of the (311)
76.common to magnetite and maghemite, %@Qnd t he

a (113) pedk ammtd 2ad (=3 0405°, alifrenaHemadit§5652 d = 7 8

F |H = Hematite Mh = Maghemite 1
-|Mn = Magnetite D, G = Graphene (?) (9) ) -
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Figure 6.4: Raman spectra of GO, 10, GO, GQDs, AlO, andMGQDs.

A further analysis of therystal structure of the MGQDs and the structural change
during autoclaving was performed through Raman spectroscopy of GO, I G&Ds, A
IO and MGQDs (Figuré.4). GOcan be identified by the G band at 1591qifi.g mode) and
the D band at 1322 ch{A1g) [210]. The IO is a mixture of magnetite and maghemite, with the
maghemite caused by the local extreme heating of the IO powder by the laser source as it was
not identified in the XRD analys[§72,573] The peak at 300 cfhand the broad peak at 660

cmt are assigned to magnetitegnd Ayg while the peaks at 217, 283 and 401 'cane
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attributed to hematite #(1), Ey(2 + 3), and E&(4) [571,572,574] The GOIO spectrum is a
combinaion of the characteristic peaks of the GO and 10 spectra, again showing the successful
seeding of IO crystals onto the GO nanosheets.

GQDs can be identified by the G band at 1594 ¢B»; mode) and the D band
at 1359 crtt (asg), with the ratio of théntensities of the D peak to the G peak decreasing
relative to GO, showing an increase in thécgybon structure of pristine graphene and
graphite. It is noteworthy that the final values for the GQD are different, in particular
the D peak, than those mrded for chitosameduced rGO from Chapter 4 (1359°tm
and 1594 cm for GQD vs. 1313 cnhand 1597 cm for rGO). The GQD DBpeak at
1359 cm' is close to the accepted edgepBak for pristine graphene (~1350 ‘tm
[575,576), confirming the result of XRD (Figure . that showed GQD as closer to
pristine graphite than the chitoseeduced rGOA-IO is charactered as a mixture of
magnetite and hematite, with a magnetite peak at 653[6@2,577]and a hematite peak at
619 cm' [565,572,577] and with additional goethitelFeOOH, the hydrated form of
hematite) peaks at 924 drand at 1442 crh[578]. MGQDs can be seen to be magnetite (656
cm}) [572,577] magherite (broad peak at 500 ch[572,577] hematite (peaks at 218, 287,
402, and 604 cr and rGO (G peak at 1588 &){210]. The Raman spectrum of the MGQDs
is closer to GAO than to AIO. Presumably this is because the 10 within the MGQD is
magnetite, like wh GO1O while the AIO is mainly composed of maghemite and hematite.
The 10 of MGQD is in the form of a film on the surface of the MGQD as previously described,
and only has one outer surface exposed to the effects of the hydrothermal treatment, unlike the
A-10 patrticles which have all the surfaces exposed. This reduces the effect of the hydrothermal

reaction on the 10 on graphene surface, leading to a different chemical composition.
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Figure 6.5: FT-IR spectra of GO, 10, G0, GQDs, AIO, andMGQDs

The demical bondand chemical interactiongthin the nanoparticles can be identified
throughFT-IR spectra of the nanomateriaggsshown in Figuré.5. GO has G bonds at 1043
cml, C=C bonds at 1621 chand C=0 bonds at 1720 ¢mOn the 10 spectrum, peak for
the FeO bond is present at 551 @rf279]. For the GAO, the synthesis prodeare of 10 on
the GO has led to the shift of the C=C aromatic bonds of the GO from 162tb &693 crmt
and to the creation of Q=0 bonds at 1415 ch{579]. The FeO peak has been maintained
and is at 527 cth The GQD curve shows a reduction in functional groups in comparison to
GO, with the peaks barely visible on the curve, confirming the reduction of GO to rBD. A
possesses 622 and 537 tpeaks attribted to FeO peakd574]. MGQDs have 646, 619 and
462 cm' peaks attributed to F@® bonds from magnetite, maghemite and hematite, a C=C peak
at 1564 crit and GC=0 peak at 1406 ctrpeak that are similar to G@, and 1086 and 1012
cmt peaks attributed to €€e bonds confirming the chemical bonding between rGO and 10

[574].
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Figure 6.6: TGA curves of GO, 10, GO, GQDs, AIO, andMGQDs

Figure6.6 shows the TGA curves of the MGQD and its control samples in a nitrogen
atmosphere. TGA suggests that GO is oxidized graphene (dissociation of epoxide and hydroxyl
groups at ~200C is 23% of the total dry mass). 10 has limited dissociation of ~5% (sitailar
magnetite) as it does not possess any functional groups on the surface to be di§580iated
GO-10 is a mixture of GO and IO with a main mass loss (2f%e dry mass) at ~78C,
attributed to the reaction of 10 with carbon from rGO to release CO and&©$581]. GQD
is rGO (reduced mass loss as compared to GQ@R°C, 0.5% of the total dry mass)
[210]. The 0.5% mass loss compares favourably to the 13% mass loss for ehitosan
reduced rGO for the same temperature raAg@ has a major mass loss between 400 and
500°C (~19% of the dry mass) that is attributable to the phase transformation frdramitey
to hematite; this phase transformation may be accompanied by other transformations such as
conversion of maghemite to an intermediate product magiigeé&581 583]. Similar to A
1O, the MGQDs have a mass loss step at 2g50ith 20% of the dry mass. This mass loss
does not occur in magnetite, so maghemite ispnegent on the IO or GEOD as previously
discussed. At ~62%C, there is a minor mass loss (4% of the dry mass), which could be due to
t he r eact e anl eatbenefegraphélfe83], resulting in the release of CO and
CO.. The major mass loss at ~78D in the curve for GAO has moved to ~91%C (with a
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loss of 24% of the dry mass), which may be the resulutiicéaving that has caused phase
transformation of the IO and the chemical bonding between 10 and rGO.
The density of the MGQDs was measured through pycome8y66g+ 0.006) g cr
for MGQDs. In comparison, the density of GQDs was 1%66.006) g cr¥, slightly higher
than that fochitosanreduced rGO (1.4§ cni®, Chapter 4pecause of the absence of chitosan
in the GQDs. The increase in density of the MGQDs over the value of GQDs is due to the
higher density of the 10 within the MGQD structure, &.§.i 5.2g cm?® for magnetitg556].
By using the rule of mixture and considering the density of 10 is 5% ttre amount of 1O in

the MGQDs is estimated at 60 vol.% or about 82 wt.%.

6.3.2 Photoluminescent and magnetic properties

—(1) GO
—(@2) 10

(3) GO-I0
—(4) GQD
—(5) A0
—(6) MGQD

Absorbance / normalised %

200

300 400 500 600 700 800
Wavelength / nm

Figure 6.7: UV-Vis spectra for GO, 10, G@0, GQDs, AIO and MGQDs (0.3 mg
concentration in distilled water)

The photephysical properties of the nanoparticles were characterized using-stagalyJ\¢
Vis spectroscopy. As shown in Figu&, MGQDs and GQDs have absorbance peaks at 270
nm and 320 nm, with the MGQDs also exhibiting the characteristic absorbanad #&-10

in the wavelength region 400 to 500 nm.
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Figure 6.8: (A) Photoluminescence spectra of MGQDs showing the excitation wavelengths

versus emission wavelengths; (Inset) Photoluminescent imaging of (left) PBS and (right)
MGQDs in PBS under 360 nm lighB) PL lifetime data for MGQDs in an aqueous suspension

(1 mg mf).

The emission characteristics of the MGQDs are presented in Figtike Here,
excitation of the MGQDs at 320 nm (corresponding to the peak in the excitation spectrum)
yields an emission spectrum with a peak at 398 nm. This emission value is slightly lower than
that (420 nm) observed for the GQDs prepared by the same hydnathreethod Chapter 5)
Quantum vyield measurements (using EquaBdr) gave a value of 7.9% for the MGQDs,
similar to the published literature for GQDs [B.4%) prepared by other groups
[15,337,338,539hnd slightly lower than the GQDs prepared using the same method (9.4%)

(Chapter 5) The MGQD result, in comparison to the GQD valseggest the presence of 10
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slightly quenches # luminescence of GQDs. The photos in the inset confirm the
photoluminescence (PL) properties of the MGQDs (right), in contrast to the control sample of
PBS solution. MGQDs, in a 1 mg ¥hqueous suspension, have a PL lifetime of 1.9 ns (Figure
6.8B), simlar to GQDs and conventional QDs in the literature (rangeldi &s) 18,540 542,

and slightly lower than the GQDs prepared using the same method (RChapjer 5)

Previously reported GQDs with attached 10 (G@D») did not possess PL properties
as theysynthesized GQDs first and then attached384]. Coating of 10 onto the GQDs
guenched thdluorescenceof GQDs, which is similar to the quenching behavior of gold
nanoparticles bonded to semiconductor Q&85]. It was theorized that a QD would have its
fluorescence quenched by a n@dliative energy dissipation process from the bonded
nanoparticles, and not explicitly through a decrease in the radiative (PL) properties of the QD
itself[585,586] In our process the G was synthesized first and then reduced to MGQDs;
the reduction procedureroke the GAO into small QDs with the edges of the cefeQD
within the MGQD now exposed. These edges have a zigzag structure that contain triple
carbene [538] which are linked to the electron orbital transition at 320[21Y], and so the
PL properties of GQDs are preserved.

The magnetic hysteresis loop of MGQDs (Fig6r8A), determined with a SQUID,
illustrate that they possess no residual magnetization and are superparamagnetic. The saturation
magnetization of the MGQDs was 7.31 emYyj gomparable to other magnetic nanoparticles
(4.62 emu @) [279]. As demonstrated in Figure9 (Inset), the MGQDs can be drawn
towards a magnetdm a restingposition. Figure 6.B is theT2 relaxation time of MGQDs
from M.R.I., with the slope of the relaxation time determined as miG st In
comparison, the slope of the relaxation time of magnetite can vary3sat@ to 114
mM1 s? [587,588] maghemite had a slope of 43.3 mig? [589], and gadoliniurdoped

graphene and a G{®-manganese oxide nanoparticle had slopes of 108 #590], and

176



65.91 103 mM!s![591], respectively. The relaxation time slopes of nanoparticles that contain
IO varydue to the different Fe concentrations of the nanoparticles[58@b88,591] Figure

6.9B (Inset) shows digital images of MGQDs as castragents as a function of
increasing Fe concentration. The results of the PL and magnetic properties tests confirm
that the MGQDs can potentially be used for duadality fluorescent and M.R.I.

applications.
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Figure 6.9: (A) Magnetic hysteresis loopf MGQDs and (Inset) digital images of the
effect of external magnetic stimulation upon MGQD powder, (left) before and (right)
after a magnet is placed beside it. (B} relaxation time of MGQDs from M.R.l. and
(Inset) digital images of MGQDs as contrageats, as a functioof increasing Fe
concentration.
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6.3.3 Cell viability and imaging

(A) 6 h incubation 24 h incubation
80 + +
70

Figure 6.10 MTT cell viability results for MGQDs treated fibroblast cells. Concentrations
used were 20, 50, 100, 200, and 500 pg imDMEM medium and the itial incubation times

were 6 h and 24 h. Cells were then washed and cultured for a further 72 h before viability was
assessed. Bars with the same symbols @), were statistically similar to each other (p < 0.05).
Optical microscopy images of the cellere taken 72 h after an initial 6 h incubation with
MGQDs. Concentrations used were1B0 (control), (B2) 20, (B3) 50, (B4) 100, (B5) 200,

and (B6) 500 pg mt.

MGQDs were found to have limited cytotoxicity up to a concentration of 50 ftgmMVITT

cell viability tests (Figures.10A). Suspensions of MGQDs of 20 and 50 ug'rit DMEM
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gavecell viability levels of 7675% compared to cell culture on tissue culture plastic at an
initial 6 h and 24 h incubation times, suggesting that they hdow aytotoxicity. The cell
viability values for MGQDs are similar to those recorded for pristine 10 nanopatrticles used for
M.R.1. imaging (80% for 50 pg ) [275] and other GQDs reported before that are used for
fluorescent imaging (780%) [15,309,338,339]There is a dose dependent cytotoxic effect
with a decrease in cell viabilityhen the concentration of MGQDs is raidesm 50 pg mt*
to 500 pg mtt. The visual effects of acute exposure (6 h incubation) to MGQDs shown in
Figures6.10B-1to 6.10B-6 for cells which were subsequently culturedddurther 72 h. Cells
which had encountered 20 and 50 ug'mGQDs grew well showing no long term adverse
effects while cells which were exposed to concentrations of 100, 200 and 500 gligi mot
recover and increase in number over the 72 h (Figut@8-41 6.10B-6). Many of these cells
are seen as the compact, white, and circular nodes: an appearance that was previously reported
to indicate apoptosif246]. The cell viability of nanoparticles can be improved upon by
passivation with a coating of a biocompatible organic compound, with amine functionalized
GQDs [337] and 10 functionalized by pullulaf275] and dimercaptosuccinic ac[@76]
significantly improving the cell viability of the respective nanoparticles.

Figure6.11 shows fibroblast cells under 345 nm irradiation that have been treated with
(A-C) 50 pg mtt and (DF) 100 pg mtt of MGQDs for 12 h. Figie 6.11 C and F are overlaid
white light (Figure6.11 A and D) and fluorescent light (Figuéel1 B and E) images, showing
that the emission of fluorescent light is from within the cells which suggests that the MGQDs
entered the cells for both suspension concentrations. The emission is concentration dependent,
with the emission from the cells strongenen treated with 100 pg miof MGQDs than with
50 ug mtt; the higher concentration of MGQDs in the suspension allowed for more MGQDs
to be absorbed into the cells, but higher concentrations have been shown to be cytotoxic after

a long period of incubain (Figure6.10A). Nevertheless, at 50 ug rhit is still possible to
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image the nanoparticles. When surfai@ated witha passivation agent, MGQDs at a higher

concentration such d90 ug mi* may also be used without incurring toxicity to cells.

<7

b i

Figure 6.11: Optical microscopy images of fibroblast cells after an initial 12 h incubation with
MGQDs. Concentrations used were-CA) 50 pg mft and (DF) 100 ug mt. (A) and (D) are

the fibroblast cells under normal light, and (B) and (E) are under fleemegsght. (C) and (F)
are an overlay of the white and fluorescent light images.

6.3.4 Drug delivery

The chemicalbonding of the anesthetic lidocaine hydrochloride (LH) (FighliA, inset)
ontoMGQDs to form MGQBL H i s mai nl ystt acloiugd bet ween
of the MGQDs and LH592]. Figure6.S2 shows the transposing of LH peaks onto MGQD in
FT-IR (6.251A) and Raman §.S1B) spectra, showing that the LH is adsorbed to the surface of
the MGQDs. A comparison of TGA curvesMGQD-LH and LH (Figure5.12A) and MGQD
(Figure6.5) allow for the quantity of the drug in MGQDH to be estimated as 23.8%, giving
an estimged loading ratio of LH:MGQD of 0.31:1. The drug release profile (Figut2B)
determined that the release of LH from MGQH into the PBS achieved ~100% (106.9 +
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13.1%) of the total drug available, or 5.09 (+ 0.63) mg,mat 8 h, after which the testaw

terminated.
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Figure 6.12: (A) TGA curves for MGQDBLH and LH (Inset: chemical structure of LH). (B)
The release of LH from MGQIRH over the course of 8 h.

To determine if the diffusion of LH from the MGQD follows Fickian law, Equa@i@n

was usedl132]:

C~l| (e
(@)
(@]

0%,

inwhichQi s the amount of dr u gis theetdtad amowentdof daug t h e

released during the experiment, K e tdiffusion coefficient and n is the diffusion release
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exponent. It was found that the values of 0.56 pgasd 0.55 for K and n best fit the
experimental data presented in Figare2B. This shows that the diffusion of the LH from the
MGQD was notFickian but anomalou$233] at pH = 7.4, similar to the diffusion of
doxorubicin from GQ235] and rhodamine B from GO into a solution of pH =[2534]. These

results indicate that a drug can be bonded to the surface of MGQDs and then be gradually
released from the MGQDs into the body. It has been previously shown in the literature that
similar nanoparticles like carbon QE[8:0], GO[249] and I0[266] can be extracted from the

blood andcollect in the spleen/bladder to be excreted from the body through urine.
6.3.5 Photothermal properties

There is a possibility of using the MGQDs for cancer photothermal therapy, where the MGQDs
absorb NIR light and convert it to heat that can be usédltcancer cells locallyj593]. To

assess their potential for this application, suspensions of MGQDs in distilled water, together
with GQD suspensions and distilled water control sample, were irradiated with a 2, 5, and 7.5

W cmi? NIR laser (wavelength: 808 nm) for a periafctime.
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Figure 6.13: Temperature increase difference betwédh MGQD suspensiongB) GQD
suspensions, and distilled water (control) under NIR 808 nm laser irradiation with varying
power.

The results (Figur&.13) show that the temperature of the @Dspension increases with
increasing laser power as well as QD concentration. After 20 min under 53Afraatiation

power, it can be seen that the temperature of thegs®! MGQD suspension increases by
32.6°C, compared to 8 & for the water conticsample and 8.2C for the 50ug mit GQD
suspension. This can be attributed to the higher absorption of the MGQDs in the NIR range
(700-800 nm, Figures.6) than the GQDs; this higher absorption is due to the presence of 10
on the MGQDs. After 20 min, theuspension of 5Qg mitMGQDs at 7.5 W cm achieved a
temperature increase of 46@; this is comparable to the increase of the @on*MGQD

suspension (499C) after 16 min at 5 W crhirradiation. This concentration and laser power
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dependent result shows that the MGQDs can be used as an effective photothermal ablation
agent at a low concentration that was determined to have low cytotoxicity (BigQyeThe
differences in suspension concentration, irradiation time, and irradadwer make direct
comparisons between previously reported photothermal therapy agents difficult. But, generally
MGQDs compare well to other nanoparticles that are structurally and elementally similar, in
particular GGOpoly(ethylene glycol) (PEJR45], rtGO-PEG[245], GO0 [280], and 10[587].

MQGDs also compare well to other photothermal agents such as carbon nafidi@basd

gold nanoparticlef594].

Control MGQD GQbD

—H

Cell viability / %

£ L& &

& & &

A

Figure 6.14: CCK-8 cell viability of Hela cells incubated with 50 pg MMGQD or GQD
suspensions and irradiated with a 2.5 W2dWiR laser (wavelength: 808 nm) for 0 min, 20

min, or 30 min. Control cells were pristine HeLa cells without QD treatment.

The photothermal therapy results suggest that the MGQDs could be potentially used for
the ablation of tumours, where the presence of MGQDs within the tumour will raise the
temperature and kill tumour cells loca[y93]. MGQDs and GQDs were incubated for 4 h
with HeLa cellsfor in vitro photothermal ablation studies (Fig@&4). Under 2.5 W cid NIR
laser irradiation, untreated HeLa cells can be seen to have a similar cell viability, with statistical
insignificance, to the untreated, noradiated cells. This shows thasé irradiation alone at
this power density will not reduce the viability of the HelLa cells. The presence of MGQDs,

without irradiation, reduced the cell viability of HeLa cells to 68.2%, compared to 83.8% for
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GQDs. These two values are lower than the eslior fibroblast cells (Figuré.10) due to
different types of cell and incubation conditions used. MGQDs could have a higher cytotoxic
effect on HelLa cells than on dermal fibroblast cells because of a higher susceptibility of HeLa
cells to reactive oxidspecies than for the fibroblast cells, similar to the differing cell viability
results for 10 when incubated with mesothelioma cells and mice fibroblast that was attributed
to reactive oxide species damdge&3]. There is a time dependent decrease in cell viability,
with a more substantial decrease in cell viability occurring when the HelLa cells that were
treated with MGQDs were irraded for 30 min than for 20 min (cell viability of 40.9% versus
62.3%, respectively). GQDs, under irradiation, did not reduce the cell viability of the HelLa
cells by as much, achieving a reduction to 83.1% and 74.2% for 20 min and 30 min irradiation
time, respectively. This difference between the GQDs and the MGQDs is in accordance with
the temperature increases from the photothermal measurement.

Previously, QDs such a8uS [595,596]were used as photothermal ablation agents
under irradiation with a 808 nm laser, witle QDs reducing the viability of HeLa ce]&95]
and of U87 glioblastoma cel[§96]. When irradiated for 5 min with a 12 W @WIR laser,
around ~65% of the tumour tissue in mice treated with CuS QDs showed signs of necrosis
[596]. rtGO-10 nanosheets achieved the full ablation of 4Thdurs in mice that were treated
with a 5 min exposure of 0.5 W chmearinfrared laser irradiatiof282]. In comparison to
these results, our MGQDs are not afcefnt as photothermal ablation agents under the laser
irradiation conditions that we use, but they do offer bimodal imaging, with intrinsic M.R.I and
fluorescent imaging capability. Also by increasing the laser power density (but still within the
safeuse range), the photothermal ablation effect of the MGQDs may be improved.
3.5 Biostability
The stability of the MGQDs in biological fluids, including water, PBS and FCS, was assessed

and the results are shown in Fig8re5. It can be seen that pristine MG partially aggregate
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in distilled water and PBS (pH = 7.4) within 2 h, with larger particles falling to the bottom of
the container, but the remaining particles remained stable in suspension as the quantity of
aggregates did not increase with time up2t® h. The 10 on the surface of MGQD is
hydrophobic [597] and aggregates in water and in PBS. MGQDs in FCS aggregated
significantly within 2 h, presumably due to the crosslinking of MGQDs by hydrogen bonding

of the proteins in the FCSith the remaining COOH groups on MGQD edg@s22].

5 min

Figure 6.15: The biostability of (AC) MGQDs and (D) MGQELH suspensions in solutions

of (A) distilled water, (B) PBS (pH=7.4), (D) FCS. (E) MGQDBLH biostability in FCS over

10 days, showing that the drug coated MGQD is relatively stable in biological fluid over the
test period of time.

The coating of LH onto the MGQD surface has reduced this crosslinking effect and
greatly improved the biostability of the MGQD over 10 days (Figut®E), with minimal
further aggregation of the MGQDH after the initial 2 h. In solion, LH maintains a positive

ionic chargg63], and in FCS the LH coating prevents the MGQDs from aggregatioggh
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electrostatic repulsion. Coating the MGQDs with another ionic biopolymer, such as chitosan,
may also improve the stability of the MGQDs, similar to the improvement afforded to chitosan

coated rGQChapter 4)as well as decreasing the cytotoxicitytlod MGQDS[253].
6.4 Conclusions

The synthesis of MGQDs through the hydrothermal reductfienwater suspension of GIO
nanoparticles was shown. The MGQDs were found to be around 45 nm in diameter and 2.3 nm
high from TEM and AFM, with a composition of carbon, oxygen, and iron identified from EDS
and EELS. Iron oxide was coated onto the graptsmface as a thin film and maybe also as
individual particles within the bulk MGQDs. A mixture of iron oxides (magnetite, maghemite,
and hematite) and rGO was formed during the hydrothermal reduction process, as determined
from XRD, Raman spectroscopy,THR and TGA. MGQDs emitted violet light with a
wavelength of 398 nm when excited at 320 nm, showing excellent photoluminescent
properties. They were also superparamagnetic, as determined by magnetic hysteresis analysis,
and could act as a T2 contrast agarM.R.l. applications.

Dermal fibroblast ells which had encountered a concentration of 50 pyanlower
of MGQDs grew well and showed no long term adverse effects. The MGEDDsy(mit or
100 pug mt') entered the cells after incubation for 12rd could be detected by fluorescent
imaging. A model drug was successfully bonded to the MGQDs, with a loading ratio of 0.31:1
(LH:MGQD), as characterized by HR, Raman spectroscopy and TGA. The full release of
the drug from the MGQD surface was achewdgthin 8 h. MGQDs, under NIR irradiation,
generated a higher temperature than GQDs or distilled water due to the presence of iron oxide
which is a more effective NIR absorber, and could achieve more significant temperature
increases at a low concentratiand laser power. This higher NIR absorption allowed for the
MGQDs to reduce the cell viability of cancer cells durnimgitro laser ablation experiments

by a greater amount than was possible with GQDs. lonic drug coated MGQDs were shown to
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have a bettestability in FCS than uncoated MGQDs, which showed the coated MGQDs were
relatively stable in FCS over the test period (10 days).

These results demonstrate that the MGQDs have a low cytotoxicity and they retained
the photoluminescent properties of GQDisiah, in conjunction with the superparamagnetic
properties from 10 nanoparticles, would allow for fluorescent and M.R.l.-dodhlity
imaging in biomedical applications without the need to use an additional fluorescent dye.
Meanwhile, the MGQDs could besed as a targeted drug carrier via the physical bonding of a
therapeutic to the MGQDs and the subsequent release of the therapeutic at the desired site by
external magnetic stimulation, and as an effective potential agent for cancer photothermal

therapy.
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Chapter 7. Chitosanmagnetic graphene quantum dot

nanocomposites

7.1 Introduction

In Chapter6, magnetic graphene quantum dots (MGQDs) were synthesised and
characterised. The MGQDs offered additional functionality when compagedgbene
quantum dotsGQDs), the MGQDs werbothphotoluminescerdnd superparamagnetic
which allows for the MGQDs to be used for duaddality maging (fluorescent and
M.R.I.) and they could be manipulated for targeted drug delivery purposes.
Furthermore, he reduction of th&sO during the MQGDformation processhould

return some of the ideal mechanical and electrical conductivity properties of pristine
graphene that GO loses during the oxidation procedure. For these reasons, the addition
of MGQDs to chitosan to form cloisarMGQD nanocomposites shoulde an
interestingmaterial for use within microneedle arrays.

In Chapter5, microneedle arrays made from chitosa@D nanocomposites
proved to be successful, with the added electrical conductivity of the nanocomposite
allowing the microneedle arrays to be used for iontophoigsisulated drug delivery
of largeMW!1 drugs. In this chapter, the chitosBtGQD nanocomposites will be tested
for their suitability to use within a microneedle array as thagrerparamagnetic aird
propertieswould make the microneedle arrays capable of delivering M®GQINd
small and largé&Wt drugs that could be tracked and manipulatedvo.

An additional aim of this chapter is to improve the usability of the microneedle
arrays. The release tifie encapsulated therapeutic from polymer microneedle arrays
typically is dependent upon thenzymatic degradatioar the dissolution rate of the

polymer. If theenzymatic degradationr dissolution time is too long, the use of a
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microneedle array may bmpractical, and the placement of a patch on the skin for a
substantial amount of time may also cause irritd&®8]. To counter this problem, this
chapter will assess the design of a microneedle array that allows for the quick separation
of the microneedle shafts from the basghin 5 min. This was achieved by the
introduction of a disc sectioat the base of the microneedle shaft that was made from
the water soluble polymer PEG; when the PEG is dissolved, the microneedles are no
longer attached to the base of the array and can therefore remain within the skin after
the base patch has been reeub The structural effect that this design change had to the
microneedle array rigidity was assessed and it was shown that the modification did not

impede the mechanical or drug release properties of the original microneedle array.
7.2 Experimentalsectin

7.2.1 Materials

The following chemicals were reagent grade and used as purchased from Sigma Aldrich;
acetic acid (> 99.7%), sulphuric acid {98%), hydrogen peroxide (Z22% in HO),
potassium permanganate (97%), sodium nitrat@9%s), lidocaine hydrochloride (LH,

> 99%), ferrous chloride tetrahydrgteeCb-4H0O, > 99%), ferric chloride hexahydrate
(FeCk-6H20, 97%), fluorescein sodium (FL), lysozyme (from chicken egg white,
~100,000 U mg), fluorescein sodium labelled bovine serum albumin (BSA,
BioReagent grade), polyethylene glycol (PEG, of 10k Da, 20k Da, and 35k Da MWh)
and graphite powder ( O w2 @00,008800,000CAcios 0 s a n
Scientific) was used as purchased from Fisher Scientific. Phosphate buthdired s

(PBS) tablets (pH = 7.4) were purchased from Thermo Fisher Scientific.
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7.2.2 Preparation of magnetic graphene quantum dots

The method to prepare M@3 has been discussed previously in Chapt&riefly,

GO was synthesised from graphite using a iffel Hummers methoflLl87], purified

by washing with distilled water, exfoliated in distilled water, and lyophilised in a freeze
drier (LabconcoFreeZone Triad). Fe&dH.O (5.4 g) and FeG@GI6HO (4 g) were
dissolved in 135 ml distilled water. GO (1 g) was stirred and sonicated in 150 ml distilled
water for 1 h, and ammonium hydroxide was used to raise the pH to 8. The two solutions
were added tagther and the pH was raised to 10 by ammonium hydroxide. Under a
nitrogen atmosphere, the solution was stirred for 2 h. The resultant precipitat®, GO
was washed with distilled water and ethanol.-{&0was dispersed in distilled watér,

3 mg mit), and thesolution was hydrothermally reduced in a Parr Series 4000 autoclave
(200°C for 10 h at 1.6 MPa). A dialysis bag (Fisher Scientific Biodesign Dialysis tubing,
Mw cut off = 3.5 kDa) was used to separate the quantum dots from larger particles.

MGQDswere collected from the surrounding solution and lyophilised for storage.
7.2.3 Drug loaing onto magnetic graphene quantum dots

Equal quantities of MGQD and either LH or BSA were added to distilled water to form
an aqueous suspension of 0.1 mg'mhd stirred for 48 h. To remove the unbound
therapeutic, the suspension was centrifuged (8000 rpm for 1 h) and dispersed in fresh

distilled water several times. The resultant powder was lyophilised for storage.
7.2.4 Preparation of nanocomposites

The required amount (to form 0.25 wt.% nanocomposites) of the QDs (whether they
be MGQD, MGQDLH, or MGQD-BSA) was dispersed with stirring and sonication in
distilled water. Simultaneously, chitosan powder was added to 2 wt.% acetic acid in

distilled water to fom a 2 wt.% solution. When the chitosan was fully dissolved
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(typically left overnight at room temperature under stirring), the MGQD suspension was
added under intense stirring and left stirring to allow the suspension to increase in
viscosity (chitosan caentration of ~80 mg ). The mixture was degassed in a

vacuum oven for 1 h at room temperature and poured into a mould to air dry.
7.2.5 Characterisation ofchitosanrMGQD nanocomposites

Fourier transform infraed (FTIR) spectroscopy was achieved hva resolution of 1
cm! between 4081000 cmt on a Perkin Elmer Spectrum 100 with a diamond attenuated
total reflectance (ATR) unit. Xay diffraction (XRD) analysis on a Stoe Stadi P with
Cu Ky irradiation (0.154 nm wavelength) was used with the follgwoperating

parameters: 40 kV, 35 mA, and a scanning speef mifri’.

A Hounsfield twin column universal testing machine was used to mechanically
test the nanocomposites with a 1 kN load cell and a 1 mm stiain rate in accordance
with ISO-527. Tesspecimens (number of specimens per material (n) = 5) were punched
from nanocomposite film and were dbgne shaped (neck section = 20 mm long, 2.6
mm wide, and 1 mm thick). Electrical conductivity was measured with an Agilent
Technologies 34401A digital mtimeter (n = 5) with electrode contact points painted
using silver paint (RS 188600). The samples used were the -Hoge tensile
specimens, prior to mechanical testing, with the electrode contact points placed at either
end of the neck sectiorMass I@s due to enzymatidegradation over 8 weeks of
nanocomposite specimens (n = 5) in°@7PBS solution (pH = 7.4) with a 1.5 pgml
concentration of lysozymd99], was recorded with an analytical balance (Sartorius M
power AZ124) and a Stuart SI500 bioincubator agitating at 100 rpm. After each time
step, the specimens were washed with distilled water and dried icuain@aoven
overnight before weighing, after which they were placed into fresh PBS and lysozyme

solution.
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7.2.6 Production of nanocomposite microneedles

Nanocomposite suspension 310 pm

@® Dried nanocomposite 150 pm
@® Chitosansolution

Dried chitosan 300 pum
@® PEG solution 200 um

@® Dried PEG 150 um

40 pm
(A) Conventional H

(1) (2) (3) (4) (5) (8) (7) (8)

(B) Detachable

(1) H (3) H (5) (6) (7) (8) (9)

Scheme 7.1Experimental procedure to create a (A) conventiand (B) detachable chitosan
MGQD microreedle arrays.

Conventional microneedle arrays were created in ast@p process as outlined
in Schemer.1 [151,152] with the filling of the main needle shaft and the filling of the
needle base as two separate processes. First, viscous nanocomposite solution (~80 mg
mlt) was used to fill the moulds (Schem&A-2). To ensure that the solution filled the
full microneede (tip and shaft), the moulds were centrifuged at 8000 rpm for 1 h. Excess
solution was cleaned from the surface and the moulds were left to air dry (Sthéme
3). The process of filling, centrifuging and drying the mould was repeated twice more
to ensue the shaft was fully formed (Schemé&A-(4-7)). Secondly, the base was filled
with a viscous pristine chitosan solution, centrifuged for 1 h at 8000 rpm and dried in a
vacuum oven (Schem&lA-8). Upon drying, the microneedles were gently removed

from the female mould and stored in desiccators.

To allow for the rapid detachment of the microneedle shaft from the base in the
presence of bodily fluid, detachable microneedle arrays (Scheme 7.1B) were created

with a ring of PEG at the base of the shaft. Tlaesmys were created in a manner similar
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to the standard microneedle arrays (Scheme 7.1B), but with one extra step: after the
microneedle shaft has been filled with the nanocomposite mixture and dried, a highly
viscous water solution of PEG is applied te thould and excess solution scraped off.
The moulds are then centrifuged for 1 h at 8000 rpm and dried in a vacuum oven. The
base of the microneedles was created as standard, i.e. filled with high viscosity pristine

chitosan solution, centrifuged for 1 h&00 rpm and dried in a vacuum oven.
7.2.7 Qharacterisation testing of microneedles

A Swift M10L microscope was used for optical microscopy images. Compression
testing of the microneedles was carried out with a Hounsfield twin column universal
testing mahine with a 10 N load cell. The compression rate was 1 mm.Mimo metal

plates were used as the platens; the microneedle array was attached to a fixed platen and
a second platen was attached to the load cell and was used to uniformly compress the
microneedle arrays (n = 9)120]. The penetration of the microneedle arrays was
measured in fulthickness chicken by cros®ctioning the specimen ugia microtome

(Brunel bench microtome) after they were embedded in a LabondtdtiQparaffin

embedding medium.

Chitosani 2 wt.% MGQDLH microneedle arrays (n = 5) were placed in 30 ml
of PBS solution (37C, pH = 7.4) and agitated at 100 rpm. LH drugcaske was
measured at set time points by collecting 3 ml of the solution and analysing it with UV
Vis spectroscopy (Perkin Elmer Lambda 900 operating at a resolution of 1nm), having
replaced the taken solution with 3 ml of fresh PBS. The curves for eazpdimt were

compared to curves of free LH in PBS of known concentrations.

Chitosani 2 wt.% MGQDBSA microneedle arrays were tested for both passive

diffusion and electrically stimulated diffusion of MGGEBSA. For passive diffusion,
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the microneedle aryan = 5) was placed in 100 ml of distilled water C€). BSA drug

release was measured using-W\ spectroscopy, similar to the procedure to measure

LH release. Electrically stimulated testing of chitosan2 wt.% MGQDBSA
microneedles was outlined preusly in Chapter 5Briefly, microneedle arrays were
mounted to a microscopy slide using dousilded tape, with contacts made from silver
paint to connect the microneedle array to the outer edge of the microscopy slide. The
circuit, based on a prototygjrcircuit board, consists of a PP3 9 V 280 mAH nidkel

met al hydride battery, a 2 kq resistor, a
electrode was a crocodile clip that was used to connect the silver paint at the outer edge
of the microneedlarray to the circuit (the crocodile clip was not in direct contact with

the microneedle array, and instead was in contact with the silver paint that touched the
side of the microneedle array). The second electrode was submerged in the container of
distilled water. The glasside was submerged vertically to a point where only the
microneedle array was in the water and not the silver paint or the crocodile clip. The
electrical flow, therefore, was through the microneedle array and not through the

crocodileclip or the silver paint.
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7.3 Results and discussion

7.3.1 Characterisation of nanocomposites

Characterisatin of the MGQD nanoparticles wesportedn Chapter 6. MGQDs werghown
to posses®L and superparamagnetic properties for fluoresa@agingand M.R.1., and to

respondo external magnetic stimulatidor targeted drug deliveryrhe MGQDswere ~40 nm

in diameter and-2.5 nm thick, and consisted of a core of a GQD coated with a shell containing

a mixture of severdDs, namely maghemite, magitetand hematite.

[— 1) Pristine —(2) 0.25 wt.% —(3) 0.5 wt.% —(4) 1 wt.% — (5) 2 wt.% — () 5 wt.% — (7) MGQD|
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Figure 7.1 (A) FT-IR spectra and (B) XRD traces$ chitosarMGQD nanocomposites.

MGQDs were dispersed within ch#an at concentrations of 0:85wt.%. FFIR
spectra are shown in FigurelA, showing the characteristic peakscbftosan (NH peaks at
2800 cmt, C=0 peak at 1720 ctpC=C peak at 1640 cfpamino peak at 1535546 cm', C-
OH peak at 1405 cthand GO at 10501100 cmt) [482]. The characteristic peaks of MGQDs

are shown as C=C at 1564 ¢nO-C=0 at 1406 cm, and GFe peaks at 1086 chand 1012

cmit [574]. There are shifts in certain bonds when MGQDs are added to chitosan, for example

the amino peak shifts from 1545 @rfor pristine chitosan to 1538 chiior 1 wt.% MGQD, the
C=C peak shifts from 1636 chfor pristine chitosan to 1631 chfor 1 wt.% MGQD and the

C-O peak shifts from 1060 chtor pristine chitosan to 1063 chfor 1 wt.% MGQD. These
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shifts can be attributed to both the hydrogen bonding that occurs between the chitosan (amino
group)[396,482]and the MGQDs (F®© and GC=0) and for the @ peak shift there is the
possible overlapping of peaks between th® @Geaks of chitosan and theRe peaks of the
MGQDs. The shifts are accompanied by a change in intensity of the C=C, ar@té,aGd

C-0O peaks for the nanocomposites, with the absorbance of all the peaks increasing from 0.25

wt.% to 2 wt.% as the MGQD wt.%dreased.

[— (1) Pristine —(2) 0.25 wt.% — (3) 0.5 wt.% —(4) 1 wt.% —(5) 2 wt.% —(8) 5 wt.% — (7) MGQD]
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Figure 7.2: XRD tracesof chitosaaMGQD nanocomposites.

In Figure7.2, XRD traces of the nanocomposites can be seen. Typically, the chitosan
peaks (crystalline and amorphous) are the only peaks present for both the pristine chitosan and
thenanocomposites up to 2 wt.% MGQDs. The diffraction peaks from the MGQDs can be seen
in the 5 wt.% nanocomposite due to the high wt.% of MGQDs present. These peaks are the
(213) peak from maghemite, the (104) from hematite, and (422) and (511) from neagnetit
(Chapter6). The other MGQD specific peaks may be present but too weak to clearly identify
at this wt.%. From the chitosapecific crystalline peaks that are identified on curve 1 of
Figure7.2, the crystallinity percentage can be determined from EmuatiL (Chapter 3)This
gives crystallinity values for-6 wt.% MGQDs nanocomposites of 34.1%, 27.3%, 27.3%,
27.1%, 26.3%, and 25.5% respectively, showing a decrease in crystallinity with increasing

wt.% of MGQDs.Graphene based nanopatrticles have beewrslpreviously to reduce the
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crystallinity of chitosanGO in Chapter 3 and chitos&QD nanocomposites in Chaptgrin
this instance, the decrease pseesumably due to MGQDs restricting the chitosan chain

movement due to the surface absorption and borjaiw.
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Figure 7.3 Electrical condutivity of chitosarMGQD nanocomposites.
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The electrical conductivity of the nanocomposites was measured, with a maximum
conductivity of 0.0035 S rhachieved at 5 wt.% MGQD versus 0.0018 S far pristine
chitosan (Figurer.3). There was no significant increase in conductivity when the MGQDs
wt.% increased from 0.25 wt.% to 2 wt.% MGQDs. The conductivity of the 5 wt.% MGQD
nanocomposite is lower thahat recorded for chitosa®QD nanocomposites (e.g. 1 wt.%
GQD = 0.0161 S mh, Chapters). The difference between nanocomposites formed of highly
reduced GQD and of MGQD is due to the presence of 10 on the surface of the MGQDs. 10
can improve the conductty of polymerg417,420,421]but graphene is more conductive than
10 [179,599] The shape, size, the dispersion degree of the MGQD and the volume fraction of
graphene in the nanocomposite are other important factors that affeeitineal conductivity
of a nanocompositi866]. From ChapteB, it can be seen thtddGQDs are bothhicker than
GQDs at ~2.5 nnversus ~1.5 nnand of a higher density than the GQWBBich means that
there is a lower volume fraction of MGQDs within the nanocomposite for a given(&i6%

g cn® for MGQD in comparison to 1.6§ cni® for GQD).
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Figure 7.4: (A) Representative tensile curves and @dyymatic degradatiorate for
pristine chitosan and 0.5 wt.%, 1 wt.%, and 2 wt.% MGQD nanocomposites.

Figure 7.4 shows representative tensile strefggin curves for pristine chitosan and
chitosan nanocomposites. The Youngdés modul us
9. 4) M Pyas,15.5a(h 412) 9 for pristine chitosafihe 0.5 wt.% and 1 wt.% MGQD
nanocomposites can be seen to have a lower UTS than pristine chitosan, with average values
of 48.9 (x 3.4) MPa and 49.8 (+ 4.1) MPa, respectively. The E of the 0.5 wt.% and 1 wt.%
MGQD nanocomposites are 1.19 (x 0.07) GPa and 1.32 (+ 0.16) GPa respethigetywt.%

MGQD nanocomposite has a UTS and E that is statistically similar (p < 0.05 confidence level)
to pristine chitosan, with an E of 1.45 (+ 0.27) GPa and a UTS of 60.6 (+ 7.25) MPa. The 5
wt.% MGQD nanocomposite was found to be too brittle to behargcally tested.

The influential factors are the crystallinity of the chitosan and the effectiveness of the
MGQDs as reinforcing nanofillers. The crystallinity of a polymer can affect its mechanical
propertieg483], and the nanocomposites of 0-25nt.% have a lower crystallinity than the
pristine chitosan, potentially reducing the strength and stiffness of the nanocomposites. As
discussed previouslDs such aMGQDsand GQDsgnay not be as effective a nanofiller as
GO or rGO de to its smaller aspect ratio (they hdnah got a smalér diameter than GO or

rGO and ardoththicker than GQ. MGQDs arealso denser tharGO and GQDwhich means
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that there is a lower volume fractioh MGQD nanoparticles within the nanocomposite for a
given wt.% of nanofillerMGQDs do, however, have a rGO backbone (reportedIB®iGPa
[527] to 250 GPa[528] to 305 GPa[390]) and a shell of IO (E reported as 2280 GPa
depending on the crystal orientati@®0]). There is also a strong bonding interface between
the MGQDs and the chitosan (as shown in Figute At a 2 wt.% loading, there is a sufficient
concentration bMGQDs to efficiently transfer the load through the chitosan (which may not
have been the case with the 0.5 wt.% and 1 wt.% nanocomposites).

The effect of crystallinity upon the chitosan and the effectiveness of the MGQD can be
seen to effectively cancelach ot her out for thgs123®39) % nan
% for 0.5 wt.%, 15.5 (= 4.5) % for 1 wt.%, and 18.2 (= 4.6) % for 2 wt.% MGQD
nanocomposites. TH& .4% increase n, folthe 2 wt.% MGQD nanocompositeer chitosan
is not as big an imease as for thd} increase(37%) for the chitosanl wt.% GQD
nanocomposite from ChaptBy which also had a 36% increase in UTS unlike the chitosan
MGQD nanocomposite, which is presumably due to the differences between MGQD and GQD
in terms of size andethsity, as discussed previously. In comparison to chitosan, the increase
in G can be explained by theduction in the crystallinity of the chitosan in tbleitosan
MGQD nanocomposite and the MGQDs may possess a degree of mobility within the
nanocompositewhen the nanocomposite is under tension, which will absorb energy

[369,400,505]
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Figure 7.5 Enzymatic degradatiorate for pristine chitosan and 0.5 wt.%, 1 wt.%, and
2 wt.% MGQD nanocomposites.

Pristine chitosan and the 0.5 wt.%, 1 wt.% and 2 wt.% nanocomposites were subjected
to a enzymatic degradatiotest to determine the effect of MGQD concentration on the
enzymatic degradationate of chitosanFigure7.5 shows the effect that increasing the MGQD
concentration has upon the remaining mass of chitosan at eaeht¢jpvehen subjected to
enzymaticdegradation. Chitosan samples were reduced to 61.6% of their brizasa after
49 days, while 0.5 wt.%, 1 wt.% and 2 wt.% were reduced to 54.1%, 54.9% and 56.2%
respectively.

It was previously noteth Chapters 3 and #hat the inclusion of graphene nanosheets
impeded theenzymatic degradatiorate of nanocompositébrough thepreviously discussed
fit ort uous .Phstvds oot threocdse Wwith the smaller MGQDs, as the nanocomposites
can be seen in Figuie2B to have a higheznzymatic degradatiomte than pristine chitosan
and therefore the MGQDs did not impede #nzyme from permeating through the chitosan,
similar to the chitosanGQD nanocompositesn Chapter 5. For the chitosatMGQD
nanocomposites, the difference in the final mass of the samples is statistically insignificant,

showing that the&nzymatic degradi@n rate is not concentration dependent. The decrease in

remaining mass between pristine chitosan and the MGQD nanocomposites is due to the lower
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crystallinity of the nanocomposites compared to pristine chitosan and the possible diffusion of

some of the N6QDs from the nanocomposite into the PBS solujd&@®,601]

7.3.2Chitosan-2 wt.% microneedle arrays

(A)

(0)1 9 —(1) CH-MGQDs 1
—(2) CH-MGQDs 2
gll—(3) cH-mGaDs 3
—(4) CH-MGQDs 4
—(5) CH-MGQDs 5

6

Force/N

(2)

Force of
- insertion

N

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8 1

" Vertical displacement / mm

Figure 7.6: Optical microscopy images of the EMIGQDs microneedle array; (A) side
view, (B) plan view of the microneedle array, and (C) compression testing of CH
MGQDs microneedle arrays. (Ins&ide view of CHMGQDs microneedle array after
insertion into chicken skin.

The 2 wt.% MGQD nanocomposite was selected for use as a microneedle array as the
nanocomposite had better mechanical properties than the other nanocomptstedo
pristine chiosan while the high wt.% did not hinder tle@zymatic degradatiocharacteristics

and would allow for a higher quantity of drug to be loaded into the nanocomposite riglative
lower wt.% nanocompositeS€hitosan2 wt.% MGQDs nanocomposites were useddaonf
microneedle arrays for the delivery of small and large MWt drugs into the body via transdermal
drug delivery. Figur@ .6A and7.6B show optical miawscopy images of the chitos@nwt.%
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MGQD microneedle array (from here on known as-KBQD microneedle @may), showing
the plan and side profile of the microneedle arrays. The microneedle arrays were tested by
compressive testing 10 Nto verify their structural integrity under the force of insertias
seen in Figur& 6C. A failure of the microneedle aft would be seen as a substantial drop in
the compressive force required to compress the microneedle array. The inset o7 Bi@ure
shows the CHMGQDs microneedle arrays during insertion into chicken skin by hand,
confirming that these CiMGQDs microneelé arrays were strong enough to survive the force
of insertion into the skin. The depth of penetration of the microneedle array into the chicken
skin can be determined as approximately G0 similar to previously reported petration
values for chitosa®QD microneedles Chaptels.

To allow for the microneedles to detach from the microneedle array base, a disc of the
water soluble polymer PEG was included at the base of the microneedle shaft. Incorporating a
section of pristine PEG to the base of themomeedle may have a negative impact upon the
microneedle rigidity. Different MWt PEG polymers (MWt = 10 kDa, 20 kDa, and 35 kDa)
were investigated for the effect that they would have on the structural integrity of the
microneedle arrays. Higher MWt PEG svaot tested as the systemic clearance of PEG from
the body is reduced as the MWt increal] and there is a reduced dissolution rate when
the MWt increasef503]. Figure7.7A shows representative curves of the compressive testing
of pristine chitosan microneedle arrays with the additioa sfmall ring of PEG between the
main microneedle shaft and the base. It can be seen that the 10k Da MWt PEG microneedle
array deformed substantially in comparison to pristine chitosan; the low MWt PEG offered
limited mechanical strength to the base ofrtieroneedle when under compression. The 20k
Da microneedle arrays retained similar levels of deformation to the pristine chitosan sample

due to the stronger mechanical properties of the 20k Da PEG relative to the 10k Da PEG.
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Figure 7.7: Compression teéing of (A) chitosan and various MWt PEG and (B) -CH
MGQDs with 35k Da PEG microneedle arrays.

The microneedle arrays containing 35k Da PEG were less ductile than the pristine
chitosan microneedle arrays, due to the rigidity of the high MWt PEG. A strasw iba
important to the usability of microneedle arrays, preventing the fracture or bending during
insertion. The 35k Da PEG proved to be the strongest base material of the materials tested and
the force versus displacement curve of the chit@$ak Da PEGnicroneedle wasimilar to
the pristine chitosa wt.% MGQD microneedle array in FigureésC. With this in mind, the
35k Da PEG was chosen to be used in this nanocomposite microneedle array.

The compressive testing results of the-MIBQD with 35k Da PEQfrom here on

known as CHMGQD-PEG) microneedle arrays are shown in Figum®, which shows that
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the addition of a PEG ring to the base of the microneedle main shaft does not deteriorate the
strength of the microneedle array in comparison to conventiOhaMGQD microneedle

arrays, and the compression curves are similar to th&IGKD microneedle arrays without

PEG.

P
Lo >
A o

Figure 7.8: Side view of a CHMGQD-PEG microneedle array, with (A) before and (B)
after 5 min in the presence of water, showing stuecessful detachment of the
microneedle shaft from the base. (C) After insertion of the microneedle array into
chicken skin for 5 min, the successful detachment of the microneedle shaft from the
base can be seen again.

Figure 7.8 shows the detachment dfe microneedle main shaft from the array base
when the CHMGQD-PEGmicroneedle array was mounted to a glass slide and had two drops
of distilled water applied to the upper surface. After 5 min, the water had caused the
microneedle to swell and upon furthieispection the microneedle shafts were no longer
connected to the microneedle base. The mounds at the base of the microneedle shaft can be
seen to have remained, as seen in FigwBB. The region where PEG was deposited would
have been between the mouarad the main shaft. This shows that the microneedles can be
detached within 5 min when in the presence of water or bodily fluid within skins by placing a
ring of PEG between the main shaft and the base. Other images of microneedle separation are
shown in kgure7.S1 Appendix ). As a further proof of concept test, t8&-MGQD-PEG

microneedle array was inserted into chicken skin (Figu8€) for 5 min, and it can be seen
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that the microneedles have separated from the main base. This further confirine BaGt

separation method can work after insertion into skin.
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Figure 7.9: Release of LH from microneedle arrays of-&#&QD or CHMGQD-PEG

over 7 h. The release from both microneedle types can be seen to be very similar in
profile.

For the delivery osmall MWt therapeutics, LH (288 Da) was chosen as the model
drug. The drug was bonded (Miay d r o g e n b e n dsitnado ke sudfape of the
MGQDs, witha loading ratio of 0.31:1 (LH:MGQDJetermined from Chapté Microneedle
arrays containinghitosan and 2 wt.% MGQD with bonded LH were tested for the release of
LH (Figure7.9). Two types of microneedle arrays were tes@H-MGQD-PEG and CH-
MGQD. It can be seen that the two types of microneedle array are initially (up to 4 h) very
similar in rms of quantity of drug released and the rate at which it was released, after which
the CH-MGQD-PEG released less LH than #8&-MGQD microneedle array (after 6 h,
CH-MGQD released 2.3ug or 76.6% of the available drug a@H-MGQD-PEG released
9.4 ug or59.4%). After this timepoint, the microneedles were no longer fully intact and the
test was stopped. The difference in final delivery quantity between the two types of
microneedle array is presumably due to the separation of the microneedles from {lzes base
the same amounof drugcontaining chitosa2wt.% MGQD was used in both types of

microneedles (i.e. three centrifuge cycles) and therefore the results should be identical. It is
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possible that some of the microneedle shafts for theM@@QD-PEG may havdecome
buoyant after 4 h after detaching from the base and floated to the surface of the PBS. This
problem would not occur during vivotreatment as the microneedles would be embedded in
the skin prior to the separation. This test focused on the retédgksQD-LH from the

microneedle array; it has been shownChapter 6that LH could be fully released from

MGQDs over 6 h
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Figure 7.10: (A) TGA curves for the determination of the loading of BSA onto MGQDs

and (B) the passive diffusion and electrically stimulated releaBeBSA from
microneedle arrays

To study the release of large MWt drugs from@e-MGQD microneedleMGQDs

were bonded to the therapeutic BSA (~60k Da MWhtophoresis could not be achesl
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with CH-MGQD-PEG microneedles as the PEG ring would cause the detachment of the main
microneedle shaft containing the drug before the drug could be released. Flgdrgahows

the TGA curves of MGQDs, BSA, and MG@EBEA. This shows that there is a 9.5860.10:1
BSA:MGQD, loading of BSA in MGQEBSA, as determined from the mdsss of MGQD

BSA between 22@00°C, accounting for both the loss of BSA over this temperature range
(52.8%) and for absorbed water, in both cases. This MBQR was used to fornCH-
MGQD microneedles which were subsequently tested for passive diffusion release of
BSA over 1440 min (24 h), as shown in Figur&0B. The passive diffusiorrelease of

BSA was limited, with only 0.5 pg or 10.7% released after 8 h and 1.2 ug or 25.%%ectle
over 24 h.Similar passive drug release performance ftbeBSA loadedCH-MGQD-
PEGmicroneedle array is expected.

This low level of release can be improved by using electrical stimulation, as
shown in Chapter5, where he use of electrical stimulatiooffered a significant
improvement over standard diffusion release of BSA from chit@&@D microneedles
A similar improvement was noted for the @HGQD microneedles, with 1.9 pg or 40.7%
released over 8 h and 4.5 pg or®6.released over 24 h, with the final value markedly higher
than the 1.2 pg after 24 h for the passive diffusion microneedle &igyre7.11 shows the
difference in release visually, with passive diffusion shown in the left container and
electrically simulated release in the right hand container. The yellow colour of the FL
labelled BSA(Figure5.S2, Appendix 1xan be seen in the right hand container after 4
h, with the colour becoming more vibrant at 6 h and 8 h. After 24 h, the colour of the
right hand container is a combination of the strong yellow from the FL release and the
black of the MGQD(Figure 6.4, ins@t The water in the left container does not exhibit a
strong yellow colour as the amount of BSA released from the passive diffusion mi¢eoneed

array was substantially lower. The results of the drug test in Figl@B ghow that hitosan
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- 2 wt.% MGQD microneedle arrays can be used for the release of large MWt drugs
through electrically stimulated diffusion; this ability is due to the nanoositgs being
electrical conductive which allows for the current to flow through the nanocomposite in
order to transfer the therapeutic from the nanocomposite into the target medium, such
as with normal iontophoretic devices and their electr¢é2js The results shown in
Figure7.9 and Figure7.10 show that chitosaMGQD nanocomposites are capable of

the efficient andstrong release of small and large MWt drugs when in the form of a

microneedle array.

Figure 7 11 Vlsual representatlon of the dlfference in release of BSA by either passive
(left) or electricdly stimulated (right) release.

7.4 Conclusiorns

Iron oxide- reduced graphene oxid@gDs (MGQDs) were shown in Chapter 6 to be
capable of dualodality imaging targeted drug deliveryand photothermal ablation.
Polymer nanocompositesf chitosanMGQDs were developetbr transdermal drug
delivery applicationsuchas acombined iontophoretimicroneedle array device where

the nanocomposites would need to be both electrically conductive and mechanically
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strong tosurvive insertion into the skinhe MGQDs would be used after release from
the microneedle for the imamgy/tracking ofthe drug.

The addition of 2 wt.% MGQDs to chitosan increased the electrical conductivity
by 25%. The 2 wt.% MGQD nanocomposites has a statistically sibill&randE to
chitosan and a highé&. Microneedle arrays need to be biodegradabtethe 2 wt.%
MGQD nanocomposite has a quickeitial enzymatic degradatiorate than pristine
chitosan. These results show that, while the MGQD may not offer an improvement to
the mechanical properties, the added benefits of combining MGQDs with cHgosan
as improved electrical conductivity and increasedymatic degradatigrare not met
with the disadvantage of a reduction in mechanical properties. Compression testing of
the chitosarMGQD nanocomposite microneedles confirmed that they were strong
enough to survive the force of insertion into the skin layers. Gsesgons of chicken
skin samples were used to determine the depth of penetration of the microneedle array
as 500 pm.

Drug release from polymdyased microneedles is dependent uporitizgmatic
degradatioror the dissolution rate within bodily fluids of the polymer, which may be
prohibitively long.ChitosarMGQD nanocomposite microneedeere modified with
a ring of PEG at the microneedle base; the microneedles were shown to ragadly de
from the base within 5 min in the presence of water or bodily fluid, with no effect on
the mechantal strength of the microneedle arraysder compressive loadin@he
microneedlesan stay in the body and release the MGIQIDnd drug

The chitosarMGQD microneedle arrays, both conventional and detachable,
were tested for their ability to release a smhé@lVt drug. The conventional chitosan
MGQD microneedle array released 76.6% within 6 h, more than the detachable

microneedle array (59.4%), proving ththe chitosarMGQD nanocomposite can be
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used for drug delivery. There was a marked improvement in the delivery of large MWt
drugs when the conventional microneedles were electrically stimulated to create a
microneedle arrayontophoretic type device. Thet& percentage of drug released
increased from 25.7% for passive diffusion to 96.4% over 24 h for the microneedle
arrayiontophoretic type device; showing that the ability to efficiently release large MWt
drugs from the nanocomposite was only achievabledayg electrical stimulation of

the conductive films.

Microneedles formed from chitoséWGQD nanocomposites have potential for
use in medicine; the use of MGQDs as a drug carrier allows for therapeutics of small or
large MWt to be bonded to the nanopaht, subsequently targeted by an external
magnetic field to a site of release whilst being monitored by M.R.I. or fluorescent
imaging. The elecital conductivity of chitosastMGQD nanocomposites can be used
for the electrically stimulated release of lahjé@/t drugs, allowing for chitosaMGQD
microneedle arrays to be a universal delivery platform for therapeutics of many different

sizes and their subsequent targeting and monitoring.
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Chapter 8. Overall conclusionsand future work

8.1 Overall conclusions

This thesis has focused on the synthesid characterisationf graphene derivatives and
chitosangraphene nanocomposites, andqoantifying thechanges in material propertigeat
adding thesgraphenelerivativesnto pristine chitosan can achieveelach individual chapter,
key findings have been discussed at that level but certain findings and trends are common
throughout the thesis. From these common trends, one major conclusion can be ascertained:
graphene can alter the mechanical propertiesgléotrical conductivity,the crystallinity, the
enzymatic degradatiorates,and the drug release ratalsthe nanocompositaglative to the
pristine polymer

Graphene acted asn aeffective reinforcement filler to increase the mechanical
properties of citosan, with changes in tHe UTS, and( recoded for the chitosagraphene
nanocomposites attributed to the high aspect ratios, high surface aredmsglantburg 6 s
modulus of graphen&raphene islao avery electricallyconductive nanoparticleand wen
incorporatedinto a polymer nanocomposjtéhe resultant nanocomposites have improved
electrical conductivity wherwompared to pristine chitosan and percolation thresholds were
achieved at low graphene concentration levels.

Graphene affestthe crystdinity of the nanocomposites, relative to pristine chitgsan
which can influence the mechanical properties and éheymatic degradationate. The
lowering of the crystallinitys attributedto the restriction of the chitosan chains by the graphene
derivativesthroughsurface absorption and bonding betwdle graphene and the chitosan,
preventing the rearrangement of chitosan chains imdaodeed molecular chains for
crystallisation An increase in crystallinitywasattributed tahe crystallite nucleation effect of

the graphene Additionally, the presenceof nanoparticle within a nanocompositean
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influence theenzymatic degradatioof the nanocomposite bgcreasng the barrier properties
due to thetortuous path modelyhere he high aspect ratio sheets aftectivenanoparticles
to limit the permeation of enzymes through the nanocomposite.

The release of the drdgom a nanocomposit@as both quicker and more substantial
thanthatrecordedor pristine chitosanthis improvementvas attributed to the increase in the
diffusion coefficient of the drug as a resultomnding the drug to grapheneprovements in
stimulus response were also noted for the chitgsaphene nanocomposites in canpon to
the pristine chitosanhe nanocomposites displayed a pH sensitive release of the drug, with a
considerably lower drug release when the nanocomposite was in an acidic envirasmesit
as the electrically stimulated release of large MWt dtiaigBnicroneedles containing chitosan
graphene nanocomposites can be used for the delivery of both small and large MWildrugs.
increasean conductivityfor the chitosargraphene nanocompositas f the hanocomposites
were not conductive, iontophoretstimulation would not be possible and subsequently the
nanocomposites could not be used to deliver |[M@é drugs.

Due to the improvements in mechanical, electrical conductivity, and drug
release/delivery/tracking performance, chitegaaphene nanocomposites are ideal materials
for use in biomedical applications such as microneedle arrays ofrelaage films and
codaings, and the graphene derivatives themselves may find use as drug carriers that are capable

of tracking and targeting a drug to a target isiteivo.

8.2 Future work

The design of the microneedle areguld be improvedhn future work These improvemest
could be an increase in the number of microneedles in an(@way10x 10 to 50x 50, for
example).This is the obvious way to increase tgephenebound delivery dosage per

microneedle array administration, but this can be met by usability isstie® fesearch work
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may focus on whether all of the microneedles in a larger array could be apidgat once
by hand alone, and if not, how to achieve this with an a applicator instadwhiod.

Other possible improvements in the design cinddothe depth of penetration of the
microneelles; this might be through lengthening the microneedle shatft, but this would require
compression studies to determine if buckling or bending is ngesaible failure mode.
Additional studies coulédlsoanalyse thk pain felt by patients when this particular design of
microneedle is appliedf human trials could be arranged. If the microneedle is too long, it
might interact with the nerves below the viable epidermis, and therefore cause pain.

The design of the mioneedle array may be modified ydening the gap between
microneedlesn the array. This would benefit the insertion of the microneedlgsduenting
clogging by debrighat might accumulate during insertionnify also reduce the damage to
the skin, wih further spaced microneedles more likely to cleanly puncture the skin than to tear
the skin.The effect that widening the spacing would have would require furthetro skin
penetration analysiand possible human or relevant animal trials to detexriiia effect that
microneedle spacing has on skin healifgsting would also be needed to determine whether
all of the microneedles could be applied at once by hand, or whether the array is too large and
an applicator is needed.

Alternative tip shapemight improve cutting performan@nd make the microneedle
sharper, requiring a lower force to insert the array. These changes would need human or
relevant animal trials to determine the effect that microneedle spacing has on skin ialing.
best desigrrould be determined and then utilised in future iteration of the microneedle array.

Within this thesispolymergraphenenanocomposites haveeen typically studied for
drug testing at 1 wt.% or 2 wt.%ndwith the loading of drugs onto graphene typicatlyhe
20-40% range this meansthat the quantity of drug within a nanocomposite is limited. A

solution to this problem may be to introduce unbound drug into the nanocompbsieffect
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of graphene on the releasetluk freedrug fromthepolymer couldoe studied. In this scenario,
graphene would not be bound to the drug but may still affect the drug release rate by decreasing
the permeability of the rese medium through the polymer, and the drug loading within the
nanocomposite would be higher thanatthpossible for graphedsound drug loaded
nanocomposites. This drug reledsstingwill show if graphene will inhibit or improve the

free drug relase from nanocomposites with, for example;48% loading versus pristine
chitosan with the same drug quént but without grapheneél'his may overcome some of the
problemswith low graphene content arstill allow graphene to ba structuralreinforcement

and to beused to makeelectrically conductivenanocomposites to allow for electrically
stimulated drug lease

In vivo testing of the microneedle arrays and the release of the nanoparticles may be
required to study the effects of nanoparticles delivered through this wltiveugh the
literature states that graphene can be removed from the body, theatpplaf graphene
through the dermal layers has not been sufficiently stumkeof yet.This testing might take
the forsricft ra butiioond test where the quantity
certain points of the body over the courseedesal weeks, as well as in the excretions of the
test subject.

In this thesisin vitro testing and characterisation analysis showed the potential of the
MQGDs, but n vivo testing would be required to fully study the combined targeting and
imaging/tracking of the MGQDs and to assess their usefulness to biomedicine.

The GQDs and M&QDs could be developed further, wilteir cytotoxicity lowered by
passivation with biomolece.An in vitro biostability test will determine which biomolecules
enhance the biostability of the QDs in bodily fluids when coated to the surface. The
biomolecules may, however, hamper the fluorescent imaging capability of the QDs by

fluorescence quenahg, which will need to be investigated.
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The magnetic properties of the MGQDs could be impro@drently, the magnetic
portion of the MGQDs is a mixture of iron oxides with varying magnetic strengths. Ideally, the
magnetic properties of the MGQDs could bptimised bykeeping theiron oxide solely
magnetite. Tiis may require an alteration in the production parameters (siehlawer
autoclave temperaturer the use of inert gases the hydrothermal treatment to prevent
oxidation to other formsto prevet the production of differentO typesthat may le less
magnetic than magnetite.

The hydrothermal treatment might also be modifigdncreasing the pressure of the
inert gases beyond that which is possible with steam from théQ0fter. The increasa
gas pressuneithin the autoclavenay reduce the size of the QDs to a smaller size than currently
possibleThis may also allow the treatment temperature to be reduced froRC20Ga lower

temperature.
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