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Abstract

ABSTRACT

The refinement of current drug delivery systems is key for the development of personalized
medicine (PM). The rapid progress in materials science and nanotechnology over the last 10
years have allowed true major advances in controlled drug delivery systems. So far, it is
possible to deliver drugs through many routes, such as buccal, oral, rectal, parenteral, and
mucous membranes. The transdermal administration (TDD) also emerges as an attractive route
for delivering drugs and thereby, as a key delivery mode for implementing PM. Indeed, this
route offers the advantage of being able to administer drugs which are little or not tolerated
when ingested or inhaled, and also of avoiding their degradation by the gastrointestinal system.
Additionally, TDD, if non-invasive, may ameliorate the therapeutic efficacy of the drug by
improving the adherence to the treatment for patients with chronic disease. For example, TDD
may be an alternative for administrating antidiabetics with adverse side effects and/or
parenterally injected via needles. However, the administration of drugs by TDD, in a controlled
manner and on demand, remains a technological barrier to be overcome. In this thesis, we
investigated different approaches to control the non-invasive TDD delivery of insulin and
metformin, such as the use of heat in combination with graphene oxide matrices. In vitro and
in vivo tests were carried out to evaluate the effectiveness of the proposed concepts. In addition,
mats of electrospun fibers with incorporated graphene have been investigated for oral rather
than transdermal drug delivery. Furthermore, the use of nanostructures to inhibit the
aggregation of IAPP (Islet Amyloid Polypeptide) and the first promising results will be

discussed.

Keywords: diabetes; transdermal delivery; protein aggregation; nanomaterials
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Résume

RESUME

Les avancées remarquables qui ont été réalisées ces dernieres années dans la science des
matériaux et dans la nanotechnologie, ont permis de faire des progres importants dans les modes
de délivrance de médicaments, et ainsi de progresser dans le développement de la médecine
personnalisée (MP). Aujourd’hui, des médicaments peuvent étre administrés par de nombreuses
voies, comme la voie buccale, orale, rectale, parentérale et des muqueuses. Une autre voie
d’administration de médicaments extrémement pertinente pour la MP du diabéte est la voie
transdermique (TD). Cette voie offre un avantage de pouvoir administrer des médicaments qui
sont peu ou pas tolérés lorsqu’ils sont ingérés ou inhalés, et aussi d’éviter leur dégradation par
le systéme gastro-intestinale. En plus, la TD, si elle est non-invasive, peut améliorer 1’efficacité
thérapeutique du médicament en améliorant adhésion thérapeutique des patients. Cependant,
I'administration de médicaments par TD, de maniére controlée et a la demande, reste un verrou
technologique a surmonter. Dans cette thése, nous avons étudi¢ différentes approches
permettant de contréler la délivrance non-invasive TD d'insuline et de metformine, comme
l'utilisation de la chaleur en combinaison avec des matrices d'oxyde de graphéne. Des tests in
vitro et in vivo ont été réalisés pour évaluer I'efficacité des concepts proposés. De plus, des tapis
de fibres électrofilées avec du graphéne incorporé ont été étudiés pour l'administration de
médicaments par voie buccale plutét que par voie transdermique. En outre, I'utilisation de
nanostructures pour inhiber l'agrégation de I'lAPP (Islet Amyloid Polypeptide) et les premiers

résultats prometteurs sont discutés.

Mots clés: diabete; administration transdermique; agrégation des protéines; nanomatériaux

Page 5 out of 120



Acknowledgements

ACKNOWLEDGEMENTS

This thesis is based on the research conducted in NanoBiolnterfaces group (NBI) at the Institute

of Electronics, Microelectronics and Nanotechnology (IEMN).

First of all, my gratitude and professional appreciation go to my supervisors Prof. Sabine
Szunerits and Prof. Amar Abderrahmani, who made this work possible. Thank you for
providing me with extensive personal and professional guidance, continuous support,

motivation and patience in corrections of the manuscript.

The completion of this study could not be possible without help of Dr. Rabah Boukherroub, Dr.
Alexandre Barras, Dr. Valérie Abderrahmani, Dr. Valérie Pawlowski and Quentin Pagneux.
Thank you for all the precious knowledge you shared with me, your suggestions, valuable
discussions and accessibility.

I want to thank all former and present colleagues of NanoBiolnterfaces group, especially
Chengnan Li, Léa Rosselle, Aleksandra toczechin, Milica Budimir, Mathias Dolci, loana
Silvia Hosu, Michele Lodato, Teresa Rodrigues, Inés de Hoon... It was my pleasure to work

with you as well as to share unforgettable moments in Lille.

My appreciation would be incomplete without giving credit to the members of Institute of
Agrochemistry and Food Technology (IATA), Valencia, Spain, in particular to Cristina Prieto,
Maria Pardo Figuerez and Prof. Jose Maria Lagaron, who have equipped me with essential

skills of electrospinning technique.

Special thanks go to I-SITE project and the University of Lille for funding of this PhD

fellowship.

I would like to acknowledge and give my warmest thanks to my family. Even being far away,

| felt all your love and support in good and bad times.

Finally to my caring and supporting Vlad. Thank you to believe in me.

Page 6 out of 120



Table of contents

TABLE OF CONTENTS

ABSTRACT <ttt bbbttt bbb 4

RESUME ..ottt 5

ACKNOWLEDGEMENTS ... .ottt 6

OBJECTIVES ... bbbttt benne s 11

(O o 1 el I PRSP 12

Diabetes and approaches for administration of antidiabetic drugs ...................... 12
1.1. Introduction to the pathology of diabetes..........ccooeiiiiiiiiii e, 12
1.2. Pathophysiology Of dIaDELES........ceoiieiiiieeee s 13
1.3. Complications related t0 diahetes. ..........cooiiiiiiice e 16
1.4. Drug administration strategies for diabetes therapy .........c.ccoovvieiineiinncceee, 17
1.4.1. Treatment of type 2 diabetesS........ccovviieiieice e 19
1.4.2. Treatment of type 1 diabetesS.......c.coviiiiiiiiiic e e 21
1.5. From drug administration to treatment of B-cells via islet amyloid disaggregation..... 32

(O o 1 e I PSP 35

Mucoadhesive electrospun patches for buccal delivery of insulin........................ 35
7220 I o T L1 T £ o) o RSP 35
2.2. Fabrication and characteristics of mucoadhesive PAA@rGO fiber mats .................... 36
2.3. Insulin-loaded mucoadhesive PAA@rGO patChes .........ccccvevieieiiere i, 39
2.4. EX VIVO INSulin permeation StUAIES ..........ccveiveiiiieie e 41

2.5. In vivo mucoadhesive properties and acceptability of PAA@rGO nanofibers mats by

VOIUNTEETS ..ttt ettt b et b e bt e st et e st e b e besbeabeabeareaneeneeneas 44

LG T 0] 0] 01 [ ] o RSP 45
CHAPTER 3: .ottt bbbttt ettt sbennenneas 46
In vivo studies of minimally invasive insulin loaded insoluble microneedles on pigs
....................................................................................................................................... 46

200 I 111 o L1 od £ o o USSR 46

3.2. Fabrication of MoS; loaded microneedles based on GelMA and PEGDA hydrogel ... 48
3.3. In vitro characterization of insulin-loaded MoS2-MNS patCh ..........ccccoocvviiiiiiicinnn, 49
3.4. In vitro pharmacodynamic response of insulin-loaded MoS,-MNs array patch .......... 50

3.5. In vivo pharmacodynamic response of insulin-loaded MoS>-MNs array patch............ 52



Table of contents

316, CONCIUSION ...ttt ettt e st e e se bt enbeenbesneenneas 52
CHAPTER i .o bbbt sb bbb e b b 53
Near-infrared light activatable hydrogels for metformin delivery...........c.cc.c....... 53

o I 0 (oo [0 o4 A o) ST SO TP P TR PRORPRPRIN 53

4.2. Metformin hydrogels using graphene oxide (GO) as a cross-linker .............ccccceeveenin. 55

4.3. Metformin hydrogels using reduced graphene oxide (rGO-COOH) as a cross-linker. 58

4.4. NIR light triggered transdermal metformin release...........cooevvvveieiinneniesieee e 60

4.5. Influence of temperature on SKiN StTUCLUIE ..........c.ooiiiiiiiiiiiece e 62

4.6, IN VIVO STUAIES ..ottt sttt sttt ente et neenbeeneesneenneas 63

R @0 o Tod (11 o] o USSR 64
CHAPTER B .ot bbbttt bbb nbenne s 65
Carbon nanostructures for islet amyloid desintegration.............cccceoceveiiiiininnnns 65

T8 I 1o o L1 T £ o) o SRR 65

5.2. Carbon quantum dots synthesis and charaCterization.............ccoccevvvereiieneenieereeseeneenn 66

5.3. Formation of hIAPP aggregates and an effect of carbon quantum dots on its

o[ ItoTe [ £=To =LA o] TSP P PP PP VRPRORPRPPPN 71
5.4. The role of diabetogenic factors on the human amyloidogenesis process ................... 73
CHAPTER B: ..ottt et 76
Conclusions and PEISPECTIVES ........ccuiiiiiiriiiisie ettt 76
APPENDIIX ..ottt 78
RSN O 1= o o= 1SS 78
S2. SYNTNESIS. ...t 79
S2.1. Carboxylic acid enriched reduced graphene oxide (rGO-COOH) ..........c.ccocvvvrnennne. 79
S2.2. Fabrication of metformin hydrogels. ..., 79
S2.3. Fabrication of PAA@rGO nanofiber mats via electrospinning ..........c.ccoovvevrvenennn. 79
S2.4. Synthesis of Gelatin Methacrylate (GEIMA) ..o e, 79
S2.5. Preparation of microneedles (IMNS) ........cooiiiiiiiiiiicie e 80
S2.5.1. PDMS mold fabriCation .........ccoiiiiiiie e 80
8§2.5.2. Microneedles’ fabriCAtion................c.ccuvveiiiiiiiiiiiiiiiici e 80

S2.6. Carbon quantum dots (CQDS) ....ccuueiiiiirieiie e 80



Table of contents

S2.6.1. CQD-1 (carboxylated carbon quantum dotS) .........ccevvvererieriienieniie e 80
S2.6.2. CQD-2 (aminated carbon quantum dots) ........ccccceeveriiereniieiieene e 81
S2.6.3. CQD-3 (fluorinated carbon quantum dots) ........cccceeviereniiiieenese e 81
S3. Characterisations of Nanofiber MAatS ..........cccoviviininin s 81
S3. 1. SWEIIING UEGIEE ...ttt et e e s ra e reeneesneenne e 81
S3.2. Weight and thiCKNESS .........ccveiiiiieieeie e 82
SA. DrUQ 0AAING ... 82
S4.1. Insulin loaded PAA@rGO electrospun nanofibers ..o, 82
S4.2. Insulin 10aded MOS2-MNS.........ooiiiiiiiie e e 82
S5. EX ViVO permeation eXPerimentS........ccccceiieiiiiieieeie s esee st sra e 82
S5.1. Murine skin for metformin loaded hydrogels .........cccooeiieiiiiiicciceee e, 82
S5.2. Porcine buccal mucosa and cornea for insulin loaded PAA@rGO nanofibers.......... 83
S6. In VIVO INSUlIN EXPErTMENTS ON PIGS.....iiviiiiiiieiieieiiesie sttt 84
S7. In vitro photothermal drug release Studies ...........ccccceovevieii i 84
S8. TUSSUE STAINING ..ottt sttt se e b b sbenbeereas 84
SO. TUSSUE IMAGING ...ttt bbbttt sr b bbb nne s 85
S10. BiOlOQICAI @SSAYS ....cviiveiiiirierieieiesie sttt sttt ene s 85
S10.1. Determination of Metformin aCtiVITY..........cccooeiiiiniieiiecee e, 85
S10.2. Determination of iNSULIN aCLIVILY..........c.covveiiiiiiice e 86
S10.3. Cytotoxicity tests of PAA@rGO bandage ........ccoevveeeeiieviiieiiese e 86
S10.4. CytotoxXiCity teStS OF CQDS......ccviiiieieiie e 87
S10.5. Thioflavin T KINEICS @SSAY ....vecvveireeiieiieiieeriesiie st ste et sreeste e s re e 87
S10.6. Influence of glucose on hIAPP aggregation...........ccccceivevieieieese e 87
S10.7. Influence of palmitate on hIAPP aggregation ............cccccvevveieieeie e, 88
S10.8. Preparation of peptides (hIAPP, APP) and heterocomplexes (IAPP/APP).............. 88
S10.9. Western blotting of APP/IAPP aggregates.........ccccoviriiireeieiienieseesie e, 88
S10.10. Cytotoxicity of heterocomplexes (IAPP/APP) in diabetogenic condition............ 88
S11. INSErUMENTALION ......iiiiiiieiiee ettt aeenee e 89
S11.1. Fourier transform infrared spectroscopy (FT-IR) .....ccccooveiiiiviiiii e 89

S11.2. Raman SpectroSCOPY MEASUMEMENTS ......iiivieiiiieeirieesireessireessireessinessireesieeessnessneeas 89



Table of contents

S11.3. Scanning electron MICroSCOPY (SEM).....c.oouiiiiiiiiiie i
S11.4. Transmission electron mMicroSCOPY (TEM) ....cc.ooiiiiiiiiiiiiiieiese e,
S11.5. Atomic force microSCOPY (AFM) .....coiiiiiiiiieieie e
S11.6. PH MEASUIEMENTS ...t
S11.7. High-performance Liquid Chromatography (HPLC).......cccooeiiiiniiiiiiieicee,
S11.8. IMICIOWAVE FEACKON .......c.evivereeiiiteiteiestest ettt ettt et ne et b e
S11.9. Size and zeta-potential MEASUIEMENTS. .......ccuviieieerieiie e
S11.10. X-ray photoelectron spectrosCopy (XPS)......ccccvveieiieiieriiieieese e
S11.11. UV-ViS ADSOIPLION ..ottt
S11.12. FIUOreSCENCE SPECIFOSCOPY .vveuvrereerreirieiteesteeseesseeteaeesseesseeseesseesseassesseesseeseesseensenns
S11.13. Photothermal effect MeasuremMents ...........cooeoviiriiiiineiee e
S11.14. Adhesive strength MeaSUIrEMENTS ........coveierieririe it

PUBLICATIONS ... s 92
REFERENCES ... ..o 93
ABBREVIATIONS AND ACRONYMS ... .o 117



Objectives

OBJECTIVES

This thesis is dedicated to the development of materials and approaches for sufficient delivery
of antidiabetic drugs through skin and buccal mucosa, as well as for investigation of the effect
of carbon-based materials, in particular carbon quantum dots (CQDs), on islet amyloid
aggregates. Different fields of research such as chemical synthesis and material

characterization, molecular biology and animal studies will be combined.

Chapter 1 gives a general introduction into the diabetes as a pathology, its types, strategies of
treatment and complications. It also highlights the overview of nanomaterials currently used
for drug delivery. Different approaches of antidiabetic drugs administration such as
subcutaneous, nasal, pulmonary, oral and transdermal will be presented. The last two will be
discussed in details, as they were basically used for drug delivery in this thesis. In addition, the

concept of islet amyloid polypeptide (IAPP) aggregation will be outlined.

Chapter 2 describes the fabrication of mucoadhesive patch from poly(acrylic acid) (PAA) and
B-cyclodextrin using electrospinning technique. Reduced graphene oxide (rGO) was added to
the blend in order to endow the patch with photothermal properties. Loaded with insulin, the
mucoadhesive mats were tested for on-demand drug delivery under near-infrared (NIR)

irradiation ex vivo on buccal and corneal tissues.

Chapter 3, is devoted to the testing of photothermally active microneedles prepared from
gelatin methacrylate (GelMA) crosslinked with polyethylene glycol diacrylate (PEGDA) and
integrated with molybdenum sulfide nanosheets (MoS2 NSs). These microneedles were applied

to porcine ear in vivo and blood glucose level (BGL) and insulin concentration were determined.

Chapter 4 outlines transdermal delivery of metformin from light responsive hydrogel. It was
found that metformin hydrochloride, the first line drug in the management of type 2 diabetes,
can form hydrogels when mixed with graphene oxide (GO) and carboxylated reduced graphene
oxide (rGO-COOH) as cross-linkers, based on gelation process. The results of in vitro

penetration of metformin through human skin will be presented.

Chapter 5 is dedicated to the study of islet amyloid polypeptide (IAPP) fibrillation and an
influence of glucose, free fatty acids and p-amyloid on formation of aggregates. The potential

of synthesized CQDs to disaggregate islet amyloid polypeptide complexes will be investigated.

Chapter 6 summarizes the results and presents some perspectives on the work.
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Chapter 1: Diabetes and approaches for administration of antidiabetic drugs

CHAPTER 1

Diabetes and approaches for administration of antidiabetic

drugs

1.1. Introduction to the pathology of diabetes

Diabetes is a group of metabolic diseases defined by a chronically elevated blood glucose level
(BGL). There are four types of diabetes including type 1 diabetes (T1D), type 2 diabetes (T2D),
gestational diabetes and other diabetes. In TD1, patients cannot produce insulin as a result of
an autoimmune destruction of the insulin producing cells within the pancreas, known as p-cells.
T2D is characterized by insulin resistance, which corresponds to the deficiency in cellular
response to insulin. In non-treated or badly controlled type 1 and type 2 diabetes, hyperglycemia
and hypoglycaemia, ensue. Hyperglycemia can lead to a variety of syndromes, notably
cardiovascular and neurological complications, while hypoglycaemia results in a lack of energy

and ultimately death.

Number of adults (20-79 years) with diabetes worldwide

WORLD

North America &

Caribbean
EZ3 63 million 9 23 700 million 9,
o T 33% Smimcngs 51 7%
EZD 56million ! increa - EED 578 milion
79 48million - § R
*1in 6 adults in this Region is at risk of €5 463 million .
type 2 diabetes
* 43% of global diabetes-related health
expenditure occurs in this Region
Europe
EZ5 68 million /l\ 15%
. o EX) 66million ! increase
€29 49 million € 59 million i
€5 40 million *1in 6 live births are affected by
€5 32 million - hyperglycaemia in pregnancy

. 3 * The Region has the highest
* 2in 5 people with diabetes were undiagnosed nu;bgrglgf ch4|3re:ari1% i
* Only 9% of global diabetes-related health

expenditure for diabetes is spent in this Region

adolescents (0-19 years) with
’, type 1 diabetes - 297,000 in total

Africa Middle East & North Africa South-East Asia Western Pacific

EZ5 47 million T 143% EX3 108 million /T\ 96% €25 153 million 1\ 74% £ 212 million 1\ 1%

€D 29 million ! increase EZD 76 milion ! USmilion | increas 197 million ! increase

€1 19 million : €7 S5million €D 88 million : €71 163 million :

* 3in 5 people with diabetes are undiagnosed *1in 8 people have diabetes *1in 5 adults with diabetes lives in *1in 3 adults with diabetes

* 3in 4 deaths due to diabetes were in people *1in 2 deaths due to diabetes were this Region lives in this Region

under the age of 60 in people under the age of 60 *1in 4live births are affected by *1in 3 deaths due to diabetes

hyperglycaemia in pregnancy occur in this Region

Figure 1.1. Worldwide distribution of adults with diabetes. Prediction of the World Health
Organization (WHO) of diabetic patients from 2019 to 2045 in different parts of the world

(reproduced with permission from ref.%).
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Chapter 1: Diabetes and approaches for administration of antidiabetic drugs

The vast interest in finding treatments of people with diabetes is notably linked to the alarming
projections from the world health organization (WHO), which predicts approximately 700
million people worldwide to be affected by 2045 (Figure 1.1).! Diabetes is thus becoming one
of the largest public health challenges globally. Diabetes causes 5 million deaths annually in
developed countries, mainly due to cardiovascular disease (50%) and kidney failure (10-20%).2
Diabetes is also one of the leading causes of blindness, 50% of lower limb amputations, and
provokes severe complications in viral infections, like COVID-19.2. In addition, diabetes
increases rapidly at younger ages decreasing considerably the life expectation of the younger

generation, becoming lower than that of their parents (Figure 1.1).

1.2. Pathophysiology of diabetes

Diabetes is classified according to pathophysiological mechanisms into type 2 diabetes (T2D),
type 1 diabetes (T1D) and gestational diabetes mellitus, diabetes diagnosed in the second or
third trimester of pregnancy (Figure 1.2a).* To the three types of diabetes, has to be added other
types of diabetes, which result from other causes, diseases of the exocrine pancreas, like cystic
fibrosis, and drug- or chemical-induced diabetes such as in the treatment of HIVV/AIDS or after

organ transplantation.

(a) (b)
. » s‘ . A
Type 1 diabetes Type 2 diabetes Gestational diabetes - ' <
Adipose Muscle Liver
tissue {} Type 2 diabetes
Normal to low Muscle unable to use
Cells do not ﬂ insulin secretion glucose due to
respond to insulin ( S
N - insulin resistance
Insulites 3 4 &0 Islet p-cell
‘." Pancreas
ﬂ Type 1 diabetes
The body The body High blood sugar levels in Complete loss of ks g’:ﬁscf)'fe"g:’:'g Sy
does not produce produces insulin pregnancy that Islet B-cell destruction Sl bosd vesiek
insulin but is not used efficiently  are stabilized after birth &8
Can be SN — "
NO - prevented? ‘ YES <D -

Adipose Muscle Liver
tissue

Figure 1.2. Pathophysiology of diabetes. (a) Classification of diabetes according to
pathophysiological mechanisms. (b) Consequences of relative and absolute deficiency of
insulin production by islet B-cells. In type 1 diabetes, absolute deficiency of insulin caused by
autoimmune destruction of B-cells (insulites) leads to the absence of glucose uptake and
metabolism in insulin-sensitive organs including muscle, adipose tissue and liver. Therefore,
glucose stays in the blood circulation, possibly leading to diabetic ketoacidosis in the case of a

viral infection. In type 2 diabetes, the insulin-sensitive organs become resistant to insulin action
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Chapter 1: Diabetes and approaches for administration of antidiabetic drugs

due to the impaired intracellular insulin receptor signaling. Despite the still functioning p-cells,
insulin production is insufficient to compensate for insulin resistance. (adapted from
https://visual.ly/community/Infographics/health/diabetes-type-1-diabetes-vs-type-2-diabetes
and http://www.patiadiabetes.com/en/patia/diabetes/).

Type 2 diabetes (T2D) is the most prominent form with more than 90% of diagnosed cases.>”’
As obesity itself causes some degree of insulin resistance®®, most patients with this form of
diabetes are obese or have an increased percentage of body fat distributed predominantly in the
abdominal region. In T2D, hyperglycaemia ensues as pancreatic -cells fail to produce enough
insulin to compensate for insulin resistance.’® The B-cell dysfunction is characterized by
impaired insulin secretion in response to glucose (Figure 1.2b), which progressively is
exacerbated by the loss of B-cell mass (BCM). The risk of developing T2D increases with age,
obesity, and lack of physical activity. It occurs more frequently in women with prior gestational
diabetes and in individuals with hypertension or dyslipidaemia.** Its frequency varies in

different racial and ethnic subgroups.'?

Type 1 diabetes (T1D) represents around 10% of the diabetes diagnosed forms and results from
autoimmune destruction of the pancreatic B-cells.!® Genetic factors contribute to the risk of T1D
although the environment including virus, bacteria, pollutants and nutrition is the predominant
factor. More than 40 susceptible genes have been identified so far, with the gene coding for
human leukocyte antigens (HLA) as the predominant one for predicting the risk of T1D. Some
of the risk factors of developing diabetes are presented in Table 1.1.

Genetic variation within the HLA gene accounts for approximately 40 - 50% of familial
aggregation of T1D.!* In T1D, the rate of p-cell destruction is strongly variable, being rapid in
some individuals, mainly infants and children, and slow in others, notably adults. At an
advanced stage of the disease, there is little or no insulin secretion, as manifested by low or

undetectable levels of plasma C-peptide.

Other forms of diabetes include familial and genetic forms of diabetes in which mutations
within a single gene potentially lead to defective insulin secretion, as exemplified by Maturity
Onset of the Diabetes of the Young (MODY). MODY is a group of inherited disorders that
account for 1 - 5% of all cases of diagnosed diabetes and 1 - 6% of all pediatric diabetes cases.®®
Usually, MODY onset ensues before 45 years of age. The disease is characterized by autosomal
dominant inheritance. In other words, only one mutated gene from parents is sufficient to be

affected by this type of disorder. In this case, the father or mother has a 50% chance of having
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Chapter 1: Diabetes and approaches for administration of antidiabetic drugs

an affected child with one abnormal gene and a 50% chance of having an unaffected child with

two normal genes. Unlike T1D, MODY patients have no -cell autoimmunity whereas they

have B-cell dysfunction. Mutations in genes playing a key role in B-cell function (BCF) and

survival are thought to cause B-cell dysfunction and thereby the onset of MODY.

Table 1.1. The main risk factors that influence the development of type 1, type 2 and gestational

diabetes (adapted from https://my.clevelandclinic.org/health/diseases/7104-diabetes-mellitus-

an-overview).

Type I diabetes

Type 2 and
gestational diabetes

« Family history (parent or sibling with certain type of diabetes)

Overweight/Obesity

* Injury to the pancreas (by infection,

Race (American, Hispanic, Native
American, Asian-American race,
Pacific Islander.

tumor, surgery or accident) .

Age (45 and older for type 2
diabetes)

Age (25 and older for gestational
diabetes)

Lack of physical activity

» Presence of autoantibodies (antibodies .
that mistakenly attack body’s tissues or
organs)

Having high pressure

Having low HDL (high-density
lipoprotein) cholesterol (the
“good” cholesterol) and high
triglyceride level

Smoking

» Physical stress (surgery or illness)

» Exposure to illnesses caused by viruses

Polycystic ovary syndrome

Having a history of heart disease
or stroke

Having gestational diabetes or
giving birth to a baby weighing >4
kg

There are other genetic forms of diabetes with congenital or acquired origins including neonatal

diabetes.'® In neonatal diabetes, mutations in genes involved in insulin secretion have been

identified and cause diabetes in new-born before 6 months. There are also uncommon forms of
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Chapter 1: Diabetes and approaches for administration of antidiabetic drugs

immune-mediated diabetes including the autoimmune Stiff-man syndrome and patients with
anti-insulin receptor antibodies.!’ Patients with Stiffman syndrome present stiffness of the axial
muscles with painful spasms. These symptoms are additional to high glutamic acid
decarboxylase (GAD) autoantibodies level, a characteristic shared with T1D. The presence of
GAD autoantibodies expects to increase the diabetes risk. More than one-third of patients with
Stiffman syndrome will develop diabetes. Patients with anti-insulin receptor antibodies are rare
and uncommon form of diabetes. In these patients, the anti-insulin receptor antibodies may lead
to the inability of insulin to bind insulin receptor in muscle, liver and adipose tissues. The
impaired insulin action results in absolute insulin resistance and ultimately diabetes. Such
extreme insulin resistance also termed type B insulin resistance is also found in patients with
systemic lupus erythematosus.*82° Several genetic syndromes are accompanied by an increased
incidence of diabetes. These include the chromosomal abnormalities of Down syndrome?,

Klinefelter syndrome??, and Turner syndrome.?

Diabetes can be induced by drugs or chemicals.?*%> Many drugs can impair insulin secretion or
precipitate diabetes in individuals with insulin resistance. Certain vitamins, drugs and hormones
such as the anti-parasite pentamidine, nicotinic acid vitamin and glucocorticoids can impair
insulin action.?® Some patients receiving y-interferon develop diabetes associated with islet cell
antibodies, sometimes leading to severe insulin deficiency.?’ Some endocrinopathies can lead
to diabetes.?® Excess amounts of growth hormones, cortisol, glucagon and epinephrine, leading
to acromegaly, Cushing’s syndrome, glucagonoma, pheochromocytoma, respectively, can
cause diabetes. In general, hyperglycaemia occurs in individuals with pre-existing defects in

insulin secretion, and hyperglycaemia typically resolves when the hormone excess is resolve.

1.3. Complications related to diabetes

Complications related to diabetics are classified as microvascular or macrovascular.
Microvascular complications include nervous system damage (neuropathy), renal system
damage (nephropathy) and eye damage (retinopathy). Macrovascular complications are
cardiovascular disease, stroke, and peripheral vascular disease. Cardiovascular diseases cause
up to 65% of mortality cases in diabetics.?® In addition, these people are from 2 to 4 times more
likely to develop strokes and heart disease compared to people without diabetes.?® Excess of
LDL (low density lipoprotein), also called “bad” cholesterol caused by diabetes may provoke
atherosclerosis, generating fatty plaques in arteries.*® More than 70% of people with T2D have
high blood pressure, that can also give a rise in a risk to have kidney disease called

nephropathy.3! According to the American Diabetes Association (ADA) nephropathy develops
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in about 20% to 30% of patients with type 1 or type 2 diabetes. Moreover, people having both
T2D and nephropathy are at increased risk for developing many other diabetic complications,
such as coronary heart disease and stroke.3? Diabetic peripheral neuropathy (DPN) is a common
complication estimated to affect 30% to 50% of individuals with diabetes.®*-* Hyperglycaemia
found to be the primary risk factor for developing of DPN. Other factors include hypertension,
alcohol consumption, cigarette smoking as well as age and duration of the disease.3"*° Diabetic
retinopathy, which is the most common microvascular complication, is the leading cause of
changes of retina and blindness among diabetic people. It has a relation to the duration of
diabetes: almost all patients with T1D suffering from diabetes for 20 years and longer have
retinopathy, while this number is about 60% for patients with T2D.!? 4042 The tactic for
reducing the risks of complications related to diabetes must include improvements in glycemic
control, blood pressure, and cholesterol level, since hyperglycemia, high blood pressure, and

hypercholesterolemia are known to be the most significant risk factors.*®

Since the life expectancy of people with diabetes can be shorten up to 15 years*, it is also
important to make life-style changes in order to control the disease. Increase of physical
activity, healthy diet and reduce energy intake may also decrease a risk for T2D.*® But in most
cases to achieve a control, antidiabetic medication is required. To improve the comfort of drug
intake, avoiding needle injections and to provide with on-demand delivery, alternative routes

of administration should be implied.

1.4. Drug administration strategies for diabetes therapy

Together with the search of new antidiabetic drugs with the least side effects but with highest
efficiency, different administration approaches are being relentlessly searched for (Figure
1.3a). Many of the antidiabetic drugs are small organic molecules, notably for T2D, while
therapeutic peptides such as insulin and amylin are mostly considered for T1D (Figure 1.3b).
For class Il, drug formulations should promote the dissolution of the drug, with a minimum
influence on the fat of the drug after administration. For class 11 drugs, the low bio-availability
is addressed in formulations as increased bio-availability will decrease the large variability
effect in different individuals. Furthermore, peptides such as insulin can be oxidized and
denaturised in the acid environment of the gastrointestinal (GI) tract, losing its therapeutic
activity. Next to the low pH, gastric enzymes are major barriers for antidiabetic drugs such as

insulin when administered orally.46-48
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Other routes have been considered in diabetes treatment such as nasal, pulmonary, buccal, and

transdermal approaches (Figure 1.3).4%-61

A - Oral
via oral formulations

B - Subcutaneous
via syringes, insulin pen,
insulin pumps

X

C - Nasal
via inhaling

D - Pulmonary
via inhaling

E - Buccal
via muco-adhesive formulations

F - Transdermal
via skin patches, microneedles,
iontophoresis, skin ablation
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Figure 1.3. Antidiabetic drugs. (a) Current standard of care for type 1 and type 2 diabetes and

their advantages. (b) Chemical structures of common antidiabetic drugs. Adapted from ref .2
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1.4.1. Treatment of type 2 diabetes

Type 2 diabetes involves complex interactions of metabolic and genetic defects. Initially and
often throughout their lifetime, patients with T2D do not need insulin treatment to survive.
Dietary modifications and exercise accompanied by the supplementation of oral insulin
sensitizers are the first line treatment for T2D.%® The classes of medication approved for
treatments of T2D include sulphonylureas®®’, glinides®®", biguanides’>", a-glucosidase
inhibitors’®"®,  peroxisome  proliferator-activated receptor agonists®®®,  Metformin
hydrochloride, belonging to biguanides, remains the most widely prescribed antidiabetic
medicine for the treatment of T2D worldwide.®” Metformin lowers BGLs without causing
hypoglycaemia or stimulating insulin secretion. It also improves insulin action by reducing
gluconeogenesis, glycogenolysis and lipids production. Metformin is particularly attractive as
it is orally administrated and has several relevant medical advantages.®®% Beyond the
antidiabetic effect, there is growing evidence pointing out the potential protective effects of
metformin against neurodegeneration, fibrosis, cancer, and COVID-19.%092 However, there are
still several concerns in the current use of metformin, in particular its relatively low
bioavailability reaching 55%,%% its short biological half-life of only 1 - 3 h,* and induced
lactic acidosis.?® Repeated applications of high doses (2.5 g daily dosage) may be required for
an effective treatment, resulting in reduced patience compliance and occurrence of
gastrointestinal (GI) syndromes such as diarrhea and nausea, weight loss up to anorexia, and
taste disturbance. These concerns have led to the search of innovative formulations for
improving bioavailability, decreasing the dosing frequency and Gl side effects of
metformin.®”. To overcome the side effects, improve bioavailability, and decrease the dosing
frequency, several innovative formulations for metformin administration were proposed (Table
1.2).

Table 1.2. Innovative metformin-based formulations and routes of their administrations.

: Route of .
Formulation . . Activity and features Ref.
administration

Porous silicon-based Due to tuned pore size and pH
microparticles Subsequence

absorption function, controlled metformin
(LPSip) P release over 26 h was achieved

98
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Remarkable protective
antidiabetic effects, illustrated

Selenium nanoparticles Single low dose by significant decreases in 9
(Se NPs) injection fasting blood glucose and
insulin levels after 8 weeks
treatment
Intercellular stimuli- Increased the anti-diabetes
sensitive chitosan-based Intracellular activity, improved insulin 100
metformin particles resistance in mice
Niosomal dispersions . .
. . Significant improvement of 101
entrapped in alginate Oral . .
beads metformin hypoglycaemic effect

Poly(methylvinylether-
co-maleic acid)based Transdermal
hydrogel microneedles

Delivery of metformin 102
bypassing the Gl tract

Hydroxypropyl
methylcellulose-based Transmucosal Rapid onset of action 103
fast dissolving film

Transdermal delivery, that will be discussed below in this thesis, is one of the promising
approaches of metformin administration for treatment of T2D. Most of the studies are based
on the development of metformin loaded hydrogel microneedles (Figure 1.4a). The team of
Donnelly showed that a microneedles (MNs) patch made from an aqueous blend of
poly(methylvinylether-co-maleic acid) crosslinked by esterification with polyethylene glycol
(PEG) to which a metformin drug reservoir was attached, containing 75 mg metformin HCI,
delivers 28.1 + 2.3 mg in 24 h. In vivo studies allowed to detect metformin HCI in rat plasma
at 1 h post microneedle application at a concentration of 0.6 + 0.5 pg mL™, increasing to 3.7 +
2.5 ngmL? at 3 h. (Figure 1.4b).

With the aim of improving patient’s compliance and comfort avoiding skin penetration by
needles, we will propose transdermal hydrogels formed by simple mixing of metformin with
carboxylated reduced graphene oxide (rGO-COOQOH), in a volume ratio of 1:9 (v:v) . The release

of metformin will be photothermally driven due to the presence of rGO-COOH.
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Figure 1.4. Transdermal delivery of metformin. (a) Digital image of hydrogel-based
microneedle array in swollen state. (b) In vivo plasma profile of metformin following
application of hydrogel MNs and solid metformin HCI at a dose of 100 mg. Reprinted with

permission from ref.1%?

1.4.2. Treatment of type 1 diabetes

The T1D therapy is currently mainly based on two approaches: insulin replacement and islets
or pancreas transplantation. Insulin, the most widely used and known therapeutic agent for T1D,
is a peptide hormone produced by B-cells of the pancreas and acts as a gate conducting blood
glucose into cells, providing them with the energy to function, remains. Insulin is one of the
first proteins to be fully sequenced. Its structure represents 51 amino acids arranged in two
chains, an A chain (21 amino acids) and B chain (30 amino acids) that are linked by two
disulfide bonds (Figure 1.3b). Commercial production of human insulin in the early 1980s
enabled production of synthetic human insulin in virtually unlimited quantities and in a cost-
effective way.'% To alter the pharmacokinetic properties of insulin, the B26-B30 region of the
insulin molecule, not critical for insulin receptor recognition (Figure 1.3b) is generally
substituted. Thus, the insulin analogs are still recognized by and bind to the insulin receptor.
The types of insulin currently available on the market include rapid-acting insulin, short-acting
insulin, intermediate-acting insulin, long-acting insulin, ultra-long acting insulin and insulin

mixtures.

1.4.2.1. Insulin delivery modes

Insulin delivery via subcutaneous injection.

Subcutaneous injection is the most widespread mode of insulin administration into human body.
Conventional syringes marked in insulin units (30, 50 or 100 IU) or pen-like devices as well as

insulin containing cartridges allow to deliver insulin daily by multiple injections. % In general
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an injection of slow-acting basal insulin in the morning or evening is required as well as
frequent dosing of a rapid-acting insulin prior to meals. This invasive mode of administration
is often associated with several concerns such as the needle phobia, injection pain, self-
injection, lifestyle restriction, negative social stigma, poor self-efficacy, patient compliance,
leading, sometimes, some patients to stop the treatment. Furthermore, the imperfect
reproducibility of the insulin physiology, the risk of lipodystrophy (and potentially insulin
resistance), the heat sensitivity of solutions that must be kept cool, make the need of alternative

routes for insulin delivery essential.1%6-108
Insulin delivery via insulin pumps

Insulin pens constructed as a combination of disposable insulin cartridges and external
continuous-insulin pumps found to be an alternative convenient method of insulin
administration for diabetic patients intolerant to daily injections.!® The principle of action of
insulin pump is utilization of electromechanical pumps with superimposed meal-related
boluses, providing a constant supply of rapid-acting insulin into the subcutaneous tissue at pre-
selected rates. Insulin delivery by pumps is more efficient than multiple daily injections for
stimulating blood glucose variability.

Insulin delivery via nasal cavity

Nasal antidiabetic drug delivery takes advantage of the large absorption surface area of the nasal
cavity (about 150 cm?) with high vascularity of the nasal mucosa and direct drug transport
intosystemic circulation thus bypassing the Gl tract associated low oral bioavailability (Figure
1.4a).°1%% Nasal administration of fine insulin powder allows the partial delivery of insulin into
the lungs, where it enters the blood through tiny blood vessels. Seeming the perfect
administration route, several limitations impedes this approach to a certain extent. >* One issue
is the rapid (half-life of 0.25 - 0.5 h) clearance by the mucociliary mechanism, the primary
innate defence mechanism of the lung, removing inhaled particles before they can reach the
delicate tissue of the lungs. Only small amounts of insulin are therefore detected in the
bloodstream after nasal administration.®* Furthermore, permeation limitation across the mucus
layer and nasal epithelium and enzymatic degradation similar to those of oral delivery impedes
this approach. A variety of additives including alkylglycosides were tested to enhance the
absorption of nasally applied insulin into the bloodstream,**-¢° and have shown to be relatively
safe with stable insulin formulations in spray flasks,®® making this mode of insulin

administration appealing for patients who need consecutive daily insulin treatment.
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Figure 1.4. (a) Nasal drug administration (adapted from ref.>2). (b) Pulmonary delivery where,
in general, >20% of the drug is deposited in the lung, with the rest being swallowed orally.
Deposited compounds in the lung are also cleared by mucociliary clearance and systemic

absorption through lungs. Adapted from ref.5%-5!

An interesting aspect of insulin, not related to regulating BGLs directly, is that in the brain,
insulin acts as a growth factor, regulates energy homeostasis, and is involved in learning and
memory acquisition. Pre-clinical studies have shown that nasal insulin is neuroprotective for
Alzheimer’s disease, Parkinson’s disease, and traumatic brain injury. Indeed, insulin can be

detected in the central nervous system within minutes following nasal administration.>’

Nasal insulin delivery has been proposed as an alternative to subcutaneous injection, as it is
easier and less painful way of insulin administration. The first inhaled powder form of
recombinant human insulin approved by FDA appeared on the Europe and USA markets in
2006 110, To overcome the limitations like low delivery payload, poor reproducibility, mucosal
irritation, some insulin containing formulations that at warm physiological temperature within
the nasal cavity convert to a gel have been proposed.!*! But due to low bioavailability, only
small amounts of insulin are detected in the bloodstream after nasal administration of up to 160
IU.81 Until now, a variety of additives including alkylglycoside are tested to enhance the
absorption of nasally applied insulin into the bloodstream to facilitate glucose lowering effects

for the treatment of diabetes,>** but nothing remains conclusive.

Page 23 out of 120



Chapter 1: Diabetes and approaches for administration of antidiabetic drugs

Insulin delivery via lungs

Human lungs (Figure 1.4) with a combined surface area of 50 - 100 m?, 1000-fold larger than
that of the nasal cavity and several times larger compared to the 2 m? of skin. Both lungs contain
about 274-790 million alveoli involved in gas and liquid exchange and transport of liquids
delivered from alveoli to the blood.%® Different to the columnar epithelium of the Gl tract and
the nose, its alveolar epithelium has a thickness of 0.1 - 0.2 um with minimal mucociliary
clearance and presents high permeability as well as abundant vasculatures, allowing rapid drug
absorption. This makes alveoli and the associated vascular network a sought-after method of
delivering antidiabetic drugs to the systemic circulation. However, while corticosteroids and
other drugs might be delivered effectively, hydrophilic macromolecules such as insulin have
limited permeation through the mucus layer (1 - 10 um thickness) that covers the pulmonary
epithelium. Moreover, 90% of inhaled insulin is lost in its passage to alveoli to enter the blood
stream. The other barriers to overcome for insulin absorption includes pulmonary enzymes and
macrophages. Most proteins on the alveoli are subjected to degradation by proteases or
clearance by macrophages, which also secret short-lived peroxidases, mediators, able to

degrade the therapeutic protein.

While some drugs like corticosteroids and others were found to be good candidates for effective
pulmonary administration, hydrophilic macromolecules such as insulin have limited
permeation through the 1 - 10 um thick mucus layer that covers the pulmonary epithelium. A
major part of insulin (90%) sticks to the air passages before reaching the lung alveoli to be
absorbed to the systemic circulation to reduce the blood sugar. In addition, most proteins are
subjected to degradation by proteases or clearance by macrophages in the alveoli of the lung,
which also secret short-lived peroxidases, and inflammatory mediators able to degrade the
therapeutic protein. The problem that needs to be resolved is how to deliver insulin into the
alveoli directly without being deposited on the air passages on its way to the alveoli. So far, no
such a way has been found, and it may be an unreachable target especially due to the presence
of billions of tentacles (cilia) on the surface of the cells lining the air passages that pick up any
particulate matter from the breathed air that passes by. Some of the FDA approved inhalation
systems like Exubera®'? and Afrezza®'® presented on market in 2006 and 2015 were withdrawn
based on side effects, such as the notable increased risk of hypoglycaemia for people smoking
and for patients with unstable or poorly controlled lung disease such as asthma or chronic
obstructive pulmonary disease. In addition, there was a high risk of carcinogenic effects from

inhaled insulin. This makes research in this domain extremely challenging.
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Other two approaches consist of insulin delivery vial oral cavity and transdermal delivery.
These approaches will be investigated in more details from a material science aspect in
this thesis.

Insulin delivery via oral cavity

Indeed, the literature on orally administered insulin formulations is most widely presented
among other delivery routes. Oral administration of insulin is largely preferred to other routes
due to the convenience and good patient compliance. However, the oral delivery of insulin
remains a challenge due to the hydrophilic nature of insulin and its limited ability to across the
lipid bilayer of biological membranes. The formulations for oral insulin administration are

mostly presented as sprays and gels containing insulin-loaded nanoparticles'4134

Within the oral cavity, there are three other categories for drug delivery being sublingual
(through mucosal membranes lining the floor of the mouth), buccal (through the mucosal
membranes lining the cheeks) and local (into the oral cavity). When selecting one over the
another, one has to consider their differences in anatomy and permeability. The structure of oral
mucosa incudes oral epithelium, basement membrane, lamina propria and submucosa (Figure
1.6a). The thickness of oral mucosa differs depending on the region: from 100-200 um for the
floor of the mouth, the ventral tongue, and the gingivae to 500-800 um for the buccal mucosa.
135 The sublingual mucosa is accessible and convenient, with relatively good permeability for

majority of drugs..

One of the attractive methods for mucoadhesive patch preparation is electrospinning. This low-
cost, simple and versatile technique is based on the production of ultrafine nanofibres by
charging and ejecting a polymer melt or solution through a spinneret under a high-voltage
electric field and to solidify or coagulate it to form a filament. (Figure 1.5a). Drug loaded
nanofibers provide with large surface-to-volume ratio and high porosity allowing immediate
drug release.'® The choice of polymer for the electrospinning of trasmucosal patch depends on
polymer’s adhesive force. Poly(acrylic acid) (PAA) and poly(vinylic alcohol) (PVA) with the
mucoadhesive force of 185% and 94.8% respectively are ideal candidates for this purpose.**’
To this end, Sharma et al. proposed bio-degradable poly(vinyl alcohol)-based nanofiber mats
loaded with insulin. (Figure 1.5b). In vivo studies, when applying 2.5 IU insulin loaded into
PV A-based patch on the sublingual lining in rats (Figure 1.5c, green line), showed decline in

the blood glucose concentration and the effect lasted for an average period of 10 hours.
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Figure 1.5. (a) Schematic representation of electrospinning process. (b) SEM image of PVA-
based electrospun nanofibers. (c) Blood glucose concentration curves of in vivo studies in rats.

Adapted from ref 13813

Due to rich blood supply, the sublingual mucosa is able to produce a rapid onset of action that
makes it applicable for drugs with short delivery period and infrequent dosing requirements.
From this point of view, buccal mucosa is more suitable for systematic transmucosal drug
administration, like insulin, as it is less permeable with slower onset of action. Moreover,
smooth muscle and relatively immobility of mucosa make it preferred over other sites for
retentive systems used for drug delivery. Although compared to buccal mucosa, the sublingual
mucosa is better permeable it is not appropriate for an oral transmucosal delivery systems,
because this region lacks an expanse of smooth muscle or immobile mucosa. In addition,

constant saliva washing interferes with the substances placed for drug delivery. 140-141
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Buccal mucosa has appeared as another promising delivery site for antidiabetic drugs such as
insulin.> It offers a series of advantages as it avoids pre-systemic metabolism of insulin via low
enzymatic activity and ease of accessibility of buccal absorption site. Buccal insulin delivery is

attracting increased attention as it is painless and holds on-demand features!42-143,

The buccal mucosa is well-vascularized, allowing drugs to be rapidly absorbed into the venous
system underneath the oral mucosa (Figure 1.6a). Moreover, this system circumvents first-pass
hepatic metabolism by directing absorption via venous system that reaches the heart directly
through internal jugular vein. Indeed, it is distinct from oral administration. In addition, due to
lower concentration of enzymes, buccal route is more attractive in terms of protein delivery.
Mucoadhesive buccal drug delivery is expected to improve drug bioavailability, to increase the
patients’ s therapy compliance, to sustain drug delivery and to increase the onset of action with
the possibility to remove the formulation if therapy is required to be discontinued.**4% But it
Is also necessary to take into account the inconvenience of buccal route drug administration
such as the barrier properties of mucosa, smaller total area available for drug absorption,
salivary scavenging, risk of swallowing delivery device, washing away of drug and continuous

dilution of dissolved drug by saliva.!4®
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Figure 1.6. (a) Buccal delivery route and structure of buccal mucosa. (b) Transdermal delivery
route and skin structure. (c) Different possible routes for the penetration of small drugs
passively through the skin. (Adapted from ref.14”148) (d) Schematic representation of Franz

diffusion cell used in transdermal delivery approach.

In this thesis we will investigate a buccal delivery of insulin from the mucoadhesive
poly(vinylic alcohol)-based nanofiber mats produced by electrospinning. Unlike those
described above, they will be cross-linked with a cross-linking agent such as B-cyclodextrin in
order to attain insolubility in water. This step will allow to make nanofibers reusable for loading

and release of insulin.
Transdermal delivery of insulin

The other approach developed in the thesis is transdermal delivery. Currently, delivery of drugs
through the skin, known under the term transdermal delivery (TDD), has attracted much interest

from the scientific community as well as from pharmaceutical companies.

Skin — the largest organ of human body — is composed of three histological layers, which are
the epidermis, dermis and hypodermis (subcutaneous tissues) (Figure 1.6b). For successful
passive skin permeation, drug should enter into the stratum corneum (SC) and then penetrate
across it. The stratum corneum is the outermost layer of the skin with a thickness about 10-20
um, and attracts special attention for TDD as it is this layer with limits the passive diffusion of
most drugs. It consists of corneocytes and lipids forming brick and mortar structures. The routes
of drug penetration via the SC can be classified as transcellular, intracellular, follicular and
through sweat glands in the skin (Figure 1.6c). Only drugs with lipid-soluble properties can
overcome the SC barrier properties. Compounds with small molecular weight have found to

penetrate the SC via the intercellular route. In this delivery approach drugs pass through the
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corneocytes that contain highly hydrated keratin provide an agueous environment from which
hydrophilic drugs can pass.}*® Indeed, the drugs that can be delivered passively via the skin
have to meet a number of requirements such as high lipophilicity, nontoxicity, small molecular
weight (usually <500 Da), melting point <250 °C, aqueous solubility, octanol/water partition
coefficient = 1-5. Figure 1.6d depicts a classical Franz diffusion cell used for permeation
experiments in transdermal administration approach. It consists of donor chamber, where the
compound of interest is places, membrane or skin sample for drug diffusion and receptor
chamber. It is usually filled with liquid, where the drug is soluble and a part of it is withdrawn
through sampling ports at definite time intervals. In order to maintain the sink conditions®®, the

amount of liquid withdrawn is replace by the receptor chamber’s solution.

Considering that, some enhancement methods were proposed in order to expand the list of
compounds for successful transdermal administration. One of the way is utilization of chemical
compounds, e.g. alcohols, surfactants, sulfoxides, that act as penetration enhancers. Despite
their important function in increasing the passive diffusion of the drugs, chemical enhancements
usually irritate the skin and disrupt the ordered SC lipid bilayers or corneocytes structure
organization. Therefore, lots of efforts were put into the development of other approaches, one
of them being the use of nanocarriers.’™! The size of nanocarriers was found to be most crucial
for TDD, as particles with small diameter can more easily penetrate the skin. Another approach

is based on the use of physical enhanced strategies (Figure 1.7).
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Figure 1.7. Enhancementsfor transdermal delivery (inspired by ref. 147)
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Sonophoresis, based on ultrasound at low frequencies, enhances the flux of large molecular
weight substances through the skin. %2 Higher voltage pulses are involved in electroporation
used for the creation of pores in the skin with the possibility to deliver therapeutics with high
molecular weight'®3. lontophoresis is a technique where small electrical currents (from 0.5 to
20 mA) applied to anode and cathode to increase permeation of ionisable drugs into the skin.
154-136 Microneedles (MNS) array, consisting of a plurality of micro-sized tips ranging in length
from 25 - 2000 um offer a highly promising solution for overcoming the barrier that the skin
creates to deliver small molecular as well as macromolecular therapeutics such as proteins
peptides and vaccines. They also can be classified as solid®"%8 hollow™®, coated!®,
dissolving®-1%2 and hydrogel-forming®31%4, Solid MNs are applied to the skin in order to create
microconduits. After removal of MNs, drug loaded patch deposited onto the microcondiuits
allows the passive diffusion of drugs. Solid microneedles are generally made of silicon, metal,
ceramic and polymers. 1%>16” Hollow MNs are usually fabricated from similar materials as solid
MNs, but their design is different. In hollow MNs the interior part of needles is loaded with the
drug solution or dispersion that is delivered to the skin after its piercing with MNs. In coated
MNs the tips are covered with the drug solution. Their structure is based on metals or polymers
and this type of MNs has been used for delivery of macromolecules such as insulin.'®8, For the
preparation of dissolving microneedles the desired drug is mixed with biocompatible and
soluble polymers such as poly(vinyl)alcohol, pullulan, hyaluronic acid*®! 16170 etc. In contact
with skin, the polymer needles dissolve with gradual drug release. It was shown that dissolving
MNs can successfully deliver insulin.t”* For hydrogel forming MNs, blank microneedles made
of polymers are combined with drug loaded reservoir. The technology is based on the swelling
of needles after their insertion into the tissue following the drug diffusion from the reservoir

into the skin, 17175

Another promising approach allowing to enhance drug delivery through the skin is based on its
thermal ablation. The generation of local heat leads to the generation of transient microchannels
of typically 50-100 pm in diameter, which enables the transdermal delivery of a wide range of
drugs including macromolecules.}’®*"7 Multiple lasers have been tested for laser assisted drug
permeation, but only few of them cause minimal damage of the skin and can be applied for
transdermal drug delivery (Figure 1.8a). CO> based laser emits a wavelength of 10600 nm and
causes tissue vaporization due to heating of water, which in turn yields in thermal necrosis of
the tissue. Erbium-doped yttrium aluminum garnet (Er:YAG) laser light at 2940 nm is
efficiently absorbs by water molecules. Due to its reduced thermal injury (comparing with CO>
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laser) it is used in cosmetology for instance for the scars treatment. Alexandrite and Ruby lasers,
unlike CO2 and Er:YAG, do not achieve the removal of the SC, which means they cannot be
used for TDD. The lasers with emission wavelength in near-infrared (NIR) region would be
highly favorable for TDD, as light of these lasers penetrate deep into the tissue with minimal
absorption by the skin. Indeed, skin is considered transparent in this wavelength region. To
achieve the required heat transfer, the interest of the use of photothermal agents such as reduced
graphene oxide has been shown. Reduced graphene oxide (rGO) is a 2D carbon-based material
consisted of carbon atoms with sp? hybridization. It is produced by chemical, thermal and UV
treatment of graphene and graphene oxide with reducing agents!’® (Figure 1.8b). The interest
of using rGO as an enhancer for transdermal delivery is caused by its ability to rapidly convert
a low power NIR laser irradiation into heat. 1’ In addition, due hydrogen bonding, electrostatic
and m-m interactions between the aromatic rings of rGO and most of organic drug molecules,
the last ones can be loaded onto the surface of rGO with the combination of phototherapy. It
has been shown that combination of reduced graphene oxide and poly(ethylene glycol)
dimethacrylate can form hydrogels under UV light. Afterwards loaded with insulin, they
showed ability to deliver insulin through porcine skin in controlled manner under NIR
irradiation. 18
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Figure 1.8. (a) Presentation of skin tissue and penetration depth of different laser and their
emission wavelength. Reprinted from ref.!®! (b) Schematic presentation of rGO synthesis using

graphite and GO as precursors (adapted from ref. 182)
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1.5. From drug administration to treatment of B-cells via islet amyloid disaggregation

Next to the development of drug delivery approaches for diabetic patients, a growing body of
evidence suggests that 3-cell failure in T2D, relies on the formation of pancreatic islet amyloid
deposits, indicating that islet amyloid may have an important role in B-cell loss in this disease.
The major component of islet amyloid is the islet amyloid polypeptide (IAPP) amylin, co-
secreted with insulin from B-cells. In T2D, this peptide aggregates to form highly insoluble
amyloid fibrils in the pancreatic islets of Langerhans that are toxic to B-cells. While the
mechanism responsible for islet amyloid formation in T2D is still unclear,® the search for
inhibitors of islet amyloid fibril formation might prevent the progression to -cell failure in
T2D and should therefore be considered as a therapeutic approach to treat this disease. IAPP,
like insulin, plays an important role lowering the level of glucose by inhibiting glucagon
secretion. Human amylin, co-secreted by pancreatic (3-cells along with insulin, is composed of
37 amino acids and the fibrillation process of this native peptide results in the formation of
cytotoxic fibrils with a diameter of approximately 5 to 15 nm, leading to -cell death and disease
(Figure 1.9a).1®* Together with low pH, high insulin-to-hIAPP ratio and Zn concentration,
amylin stays inside p-cells granules at mM concentration range without formation of amyloid
aggregations.'® While after secretion, the physiological environment changes may cause the
formation of toxic aggregates, leading to B-cells death (Figure 1.9b). The cytotoxicity of
amyloidogenic protein aggregates may be due to interaction with the lipid membranes,
oxidative or endoplasmic reticulum stress and mitochondrial signaling pathway
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Figure 1.9. Islet amyloid aggregation. (a) Human amylin sequence. Redraw from ref. 18 (b)

Distinct stages of fibrillation process. Reproduced with permission from ref. 184
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The role and precise way of IAPP contribution into development of diabetes is still has to be
established. It is suggested that under prediabetic conditions, there is an onset of impaired
glucose tolerance, high fasting glucose levels, and insulin resistance. Because of that, p-cells
are stressed and induce more production of insulin. Since insulin and IAPP are co-processed
and co-secreted, increased insulin production also results in enhanced IAPP levels. Enhanced
IAPP/insulin levels in turn take part in the formation of critical nuclei responsible for the
fibrillation of the hormone into amyloid. The amyloid aggregation processes results in injury
and death of B-cells, that synthesize both insulin and IAPP, thereby progressing the
development of T2D (Figure 1.10)*’
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Figure 1.10. Mechanism of IAPP aggregation cascade proposed by ref .18

As the fibrillation process found to be harmful for B-cells, a number of efforts was made to find
an agent for its efficient inhibition. Some materials as small molecules, metal complexes, gold
nanoparticles, magnetic nanoparticles have been screened in order to reduce the cytotoxic effect
of formed aggregates.'®8 Among the others, graphene quantum dots (GQDs) and carbon

quantum dots (CQDs) have drawn extensive attention due to their unique structure and
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properties such as low toxicity, good biocompatibility, zero-dimension and fluorescence
acivity.191%1  Recently, Koppel et al.}®® examined the catalytic effects of LPS
(lipopolysaccharide) on the formation of IAPP fibrils with their mitigation with zero-
dimensional carbon quantum dots (CQDs) (Figure 1.11). To form fibrils, 25 uM IAPP were
incubated with LPS (0.78 pg/mL) at 37°C for 8h. The ThT assay demonstrated an enhancement
in fluorescence intensity for co-incubated solution of IAPP and LPS compared to IAPP
solution, which indicates that LPS promotes fibrillation of IAPP. When co-incubated with
CQDs, fluorescence intensity falls significantly for both IAPP and IAPP/LPS solutions,
suggesting the disintegration effect presented in CQDs. (Figure 1.11.1). The formation and
disintegration of formed aggregates was also confirmed by TEM imaging (Figure 1.11.11).
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Figure 1.11. (I) Aggregation kinetics and morphologies of IAPP in the presence of LPS and
CQDs. (11) TEM imaging: (a) IAPP fibrils alone, (b) IAPP/LPS fibrils, (c) IAPP fibrillation in
the presence of CQDs, (d) IAPP/LPS fibrillation in the presence of CQDs. Reprinted from

ref,192

Since the inhibition effect of CQDs on IAPP when co-incubated together was investigated, we
will be mainly focused on the ability of CQDs to disintegrated already formed fibrils. For this
purpose, IAPP will be fibrillated via incubation at 37°C and CQDs will be further added. The
process will be monitored by ThT assay and AFM imaging.
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CHAPTER 2:

Mucoadhesive electrospun patches for buccal delivery of
insulin

2.1. Introduction

Electrospinning of fiber mats incorporating therapeutic agents have become widely
explored for the development of fast-dissolving drug delivery systems.'*31%7 In contrast to other
forms of drug carriers, such as liposomes and nanoparticles, electrospinning technology
provides great flexibility in the therapeutic to be loaded into the fiber matrix and the material
itself.1% Being different from transdermal drug delivery route, mucosal surfaces are lacking the
stratum corneum barrier, resulting in faster drug delivery. The inherent barriers for efficient
buccal mucosal drug delivery are the keratinized tissue and the elimination of the drugs to the

flashing action of saliva in the absence of uni-directional mucoadhesive mouth patches.!%

While electrospun drug reservoirs have high drug entrapment efficiency, the delivery of the
drug is guided by drug diffusion out of the matrix, as well as by the degradation/dissolution of
the carrier polymer. A different concept is the controlled release of active principles at a certain
time point, putting the patient into the centre of action. Antinbasak et al. 2°° have demonstrated
lately the utilization of reduced graphene oxide (rGO) loaded poly(acrylic acid) (PAA) based
hydrophilic nanofiber matrix for photothermal release of antibiotics. PAA was electrospun in
the presence of beta-cyclodextrin (20 wt.% of PAA) as a cross-linker. The formed PAA@rGO
matrix features good photothermal heating properties reaching 51+2 °C upon laser (980 nm)

irradiation at a power density of 1 W cm™.

We investigated the usefulness of such PAA@rGO matrixes as mucoadhesive films for
buccal and cornea linings as well as for the on-demand delivery of insulin via photothermal
activaiton (Figure 2.1). We speculated that the presence of ionizable groups such as carboxyl
groups of PAA and rGO together with hydroxyl groups of the cyclodextrin cross-linker ensures
the interaction with the mucosal membranes. Indeed, as will be shown in the following
mucoadhesive studies confirmed excellent muco-adhesion and could be imployed for in vitro

insulin release studies and ex vivo permeation studies using pig cheek lining and pig eyes.
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Figure 2.1. (a) lllustration of the formation of B-cyclodextrin cross-linked PAA@rGO
nanofiber mats using electrospinning method. (b) Heat triggered on-demand insulin release via

mucoadhesive interfaces such as cornea and buccal mucosa.

2.2. Fabrication and characteristics of mucoadhesive PAA@rGO fiber mats

Buccal and cornea mucoadhesive patches were fabricated by electrospinning a mixture
of PAA, B-cyclodextrin (20 wt.% of PAA) and rGO (2.4 wt.%). The patches consist of a dense
fiber mat (Figure 2.2a) with fibers of 400+150 nm in diameter. Most importantly, PAA@rGO
were water-insoluble and the fibrous nanostructures remained preserved even upon immersion
for 1 week in water at 37°C (Figure 2.2b). This contrasts with rGO-free PAA fibers which
dissolve immediate after immersion in water. The PAA@rGO films proved to be also stable
upon immersion into saliva (Figure 2.2¢). This makes it different to others works in which the
nanofiber film disintegration was initiated upon contact with stimulated salivary fluid in a time
frame of about 150 s.2%
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Figure 2.2. Characteristics of mucoadhesive PAA@rGO fibre mats: (a) SEM images of
PAA@rGO at different magnifications (left 1000x, right 15000x%). (b) SEM of PAA@rGO after
immersion in water for 1 week at 37°C. (c) Stability of the nanofiber film immersed in artificial
saliva solution for 1 week at 37°C. (d) Weight and thickness characteristics of four different

batches of PAA@rGO. (e) Swelling behaviour in water over time as a function of pH.

Page 37 out of 120



Chapter 2: Mucoadhesive electrospun patches for buccal delivery of insulin
Fiber mats assessed from four different batch fabrications were observe to have an
average weight of 3.2+1.0 and thickness of 120+18 um (Figure 2.2d). The degree of swelling
was fast (Figure 2.2e), reaching up to 2000 % of its weight in the first 30 s and a steady state
after 1-2 min, with a strong swelling when exposed to alkaline pH. The results of swelling

202

behaviour correlate with other works,“*> where the swelling ratio increased with increasing

solution pH.

The presence of rGO was validated by the characteristic Raman bands at 1350 cm™ (D-
band) and 1580 cm™ (G-band) (Figure 2.3a). The presence of rGO endows the mucoadhesive
patch with photothermal properties (Figure 2.3b). Irradiation of PAA@rGO with a near
infrared laser (980 nm, 500 mWcm™) resulted in a surface temperature of 512 °C within 5
min. The mechanical properties of PAA@rGO were also assessed (Figure 2.3c). The maximal
displacement at which the applied force dropped abruptly is identified as the breaking point?%
between the patch and the mucoadhesive surface, buccal tissue in our case. PAA@rGO adheres
well to the buccal tissue and shows a mucoadhesive force of 0.74+0.3 N cm, in the order of
previously reported mucoadhesive forces.?®* The results of mucoadhesion for PAA-based
patches correlate with the studies of Park et al.?®®, where the authors describe the dependency
of mucoadhesion on carboxyl-group density of polyacrylic acid and suggest that mucoadhesion

occurs according to adsorption mechanism?®, in particular through hydrogen bonding.

The biocompatibililty of PAA@rGO mats was assessed on the HeLa and ARPE-19 cell
lines (Figure 2.3d). The toxicity was evaluated using the resazurin assay, based on the
conversion of non-fluorescent dye to a fluorescent molecule by mitochondrial and cytosolic
enzymes. No loss in cell viability and loss of metabolic activities was observed upon incubation
of both cells for 24 h respectively. Lack of cytotoxicity suggests that no residual monomers,
which could lead to potential cytotoxicity, are. Furthermore, eventual detrimental effect of
thermal activation of PAA@rGO patch on cell viability was determined. Thermal activation of
the PAA@rGO mats for 10 min at 500 mW cm did not induce any change in cell viability.
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Figure 2.3. Characterization of PAA@rGO. (a) Raman spectra of PAA and PAA@rGO
mats. (b) Photothermal heating curves of the patch at 980 nm illumination as a function of
power density (0.5-1 W cm™). (c) Tensile tests via Force-displacement curve of PAA@rGO on
porcine buccal mucosa. (d) Cell viability of ARPE-19 and HeLa cells in the presence of
PAA@rGO without and with heat activation at 0.5 W cm for 10 min.

2.3. Insulin-loaded mucoadhesive PAA@rGO patches

Diabetes is one of the leading causes of early mortality worldwide.?®” As all current
antidiabetics are unable to achieve a long-term glycaemic control, insulin administration
remains currently the only option to control blood glucose levels efficiently. To decrease blood
glucose concentrations, 250-330 nM (145-192 pg mL™?) of insulin is needed. Human insulin
(200 pg mL?) was consequently integrated into PAA@rGO fibre mats through the simple
immersion of the sample for 3 h under continuous shaking at 4 °C. The loading capacity for
human insulin was evaluated through the determination of the concentration of insulin in

solution before and after loading using HPLC, as reported recently.2%®
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Insulin could be loaded (89% loading efficiency) onto the mucoadhesive patches over a time

span of 60 min (Figure 2.4a). These loading efficiencies are comparable to rGO loaded
hydrogels (80%), as reported by ref.2% The loading capacity was found to be pH-dependent,
with a higher insulin loading at pH 4 (Figure 2.4a). At pH 5 insulin is positively charged and
interacts more strongly with the negatively charged backbones of PAA@rGO fibers.
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Figure 2.4. Insulin loaded PAA@rGO. (a) Human insulin (200 pg mL™) loading capacity as
a function of solution pH. (b) Passive release over time. (c) Photothermal release with time
upon illumination at 980 nm using a laser power of 0.7 W c¢cm. (d) Loading and release of

insulin into the patch.

To determine the amount of insulin passively released from the mucoadhesive patch, the patch
was immersed for 24 h in a solution of pH 7.4 (Figure 2.4b). About 5% of insulin was released,
mostly due to some insulin being at the surface of the fibres, while most remained entrapped.
Most importantly, after 24 h, no further insulin was released. This contrasts with the amount of

insulin released upon photothermal irradiation for 10 min (Figure 2.4c).
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The good heating capacity of the mucoadhesive patch results in an efficient heat triggered
insulin release, reaching 150 pg (75%). Besides the sufficient photothermal release, PAA@rGO
fibre mats featured appropriate reusability. Reloading of the mats with insulin followed by
photothermal activation for 10 min could be performed with the same efficacy for 5 successive

cycles (Figure 2.4d).

2.4. Ex vivo insulin permeation studies

The distinct keratinization of the oral mucosa negatively impacts on the passage of drugs
through the mucosa and limits therapeutic efficiency.?' The absorption of insulin from the
patches through buccal mucosa (Figure 2.5a) has been assessed by ex vivo permeability studies,
using pig-based models with close resemblance to the human buccal mucosa.?* 2! For this,
porcine buccal mucosa was separated from the underlining tissue using a scalpel, rinsed with
PBS and fitted into Franz diffusion cells within 2 h after harvesting to preserve the membrane
permeability and to ensure tissue integrity. To determine the permeability of insulin,
electrospun fibre patch (1.5x1.5 cm?, 2+0.3 mg) were loaded with 500 pg mL* of insulin by
immersion into 1 mL solution at 4 °C for 1 h. With a loading efficiency of 82% (Figure 2.4a),
this accounts for 410 pg mLt insulin integrated in the patch. This patch was placed on the top
of the porcine buccal mucosa (Figure 2.5b) and both passive and heat-initiated permeations of
insulin were assessed (Figure 2.5c). As expected, without heat activation, the insulin-loaded
fiber mat showed limited insulin permeation through the epithelial cells of the porcine mucosa.
In contrast, photothermal laser activation for 10 min resulted in substantial insulin penetration
across the buccal tissue. After 6 h, 12+2% of insulin (which accounts for 41.1 ug mL insulin)
has permeated the porcine mucosa model, with about 16+1 % of insulin having been detected
in the porcine lining. In total, the heat activated patches were able to transport 2842 % (82 pug
mL?) of the loaded insulin into the buccal lining. These findings are in line with recently
reported buccal patches by Vaidya and Mitragotri using insulin loaded biodegradable polymeric
patches using chitosan as mucoadhesive matrix and ionic liquids (ILs)/deep eutectic solvent
(DES) as the transport facilitator.?®* An insulin flux of 16.6+2.9 pg cm2 h™! was recorded,
being considerably elevated compared to that previously reported for photothermal activated
insulin flux via porcine skin (as J=0.8+0.2 pg cm 2 h™%).2% It is in comparable with results using
an electrothermal activation approach with a flux using transdermal iontophoresis in and
menthone as a skin enhancer.?!? As the buccal mucosa is deficient of a stratum corneum layer,

insulin can pass unhindered into the entire buccal epithelium.
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The efficient mucosal insulin delivery under heat might further arises from the fluidization of
the upper epithelium of the buccal tissue upon temperature increase, thereby indicating a
paracellular mode of insulin transport. Fluorescence analysis of harvested buccal tissue before
and after heat treatment and delivery of FITC-labeled insulin (Figure 2.5d) showed no
structural damage of the tissue at the application site with the fluorescence signal remaining
localized to the outside the tissue without heat application. After 10 min heat application and
observing the fluorescence stained tissue after 6h, fluorescence of 500 um in depth is observed,
equal to the thickness of buccal non-keratinized structures. Eventual, the increased temperature
induces mucus thinning effect and the protective role of PAA@GO against saliva proteases

could be reasons for the efficient insulin delivery.
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Figure 2.5. Ex vivo insulin permeation studies of insulin-loaded PAA@rGO nanofiber
mats via porcine buccal mucosa: (a) Photographic image of porcine buccal tissue harvested
and used for permeation studies. (b) Photograph of porcine buccal tissue fixed into Franz
diffusion cell and immobilization of insulin-patch on top. (¢) Cumulative permeation profile of
insulin through the buccal tissue after 6 h upon passive or photothermal activation (10 min
action with laser at 980 nm). Error bars represent means of + SEM (n=3). (d) Fluorescence
images of buccal tissue treated with a FITC-insulin loaded PAA@rGO patch passively (above)

and with (10 min, 980 nm, 500 mW cm) activation (below).
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In addition, comparable experiments were performed on pig cornea (Figures 2.6a, b),
coated with a mixture of mucus, epithelial cells, proteinaceous and lipoidal material that adhere
firmly to the corneal surface. Permeation of insulin via the pig cornea was comparable to that
of pig buccal mucosa, with limited passive diffusion; 13+1% of insulin permeated the cornea
and 25+1% remained on the cornea tissue after 6 h, corresponding to a total insulin of 37+1%
i.e. 15143 pg mL*! and an insulin flux of 24.3+3.1 ug mL* h'* (Figure 2.6c). This flux is
several-times larger than that achieved using photothermal activation via porcine skin and 1.5
times using buccal mucosa.
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Figure 2.6. Ex vivo insulin permeation studies of insulin-loaded PAA@rGO nanofibers
mats via porcine cornea: (a) Photographic image of porcine corneal tissue harvested and used
for permeation studies. (b) Photograph of porcine corneal tissue fixed onto Franz diffusion cell
and immobilization of insulin-patch on top. (c) Cumulative permeation profile of insulin
through the cornea after 24 h upon passive or photothermal activation (10 min irradiation at 980
nm, 500 mW cm). Error bars represent means of £ SEM (n=3). (d) Fluorescence images of
corneal tissue treated with a FITC-insulin loaded PAA@rGO patch passively (above) and with
(10 min, 980 nm, 500 mW cm) activation (below).
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2.5. In vivo mucoadhesive properties and acceptability of PAA@rGO nanofibers mats by
volunteers

Finally, we applied PAA@rGO nanofibers mats to 6 healthy adult volunteers (3 male,
3 female) aged between 25 and 49 years to obtain information about in vivo residence time and
patch acceptability (Figure 2.7ab). The adhesion evaluated for a time span of 120 min was
excellent, with all bandages residing for 120 min in the 6 cases (Figure 2.7b). The volunteers
rated the patch as excellent (note of 9.3) with most of volunteers feeling comfortable (note 8.3)
while wearing the patches in the buccal cavity. 2 male volunteers considered it “mentally”
difficult to have a nanomaterial in the mouth and the discomfort was related to this rather than
the bandage itself. All volunteers agreed that the patches have no taste (note 10). The rating
for removing the bandage is evaluated as medium (note of 6.1) indicating that it remains
difficult to remove the bandage once installed removal easy. None of them reported interference
with speak nor effects on saliva production and swallowing.

exellence of bandage

adhesion time [min]{

01 23 4567 8 910

Acceptance criteria

Figure 2.7. In vivo mucoadhesive performance of PAA@rGO nanofibers mats placebo:
(a) Photograph of placement of mucoadhesive patches in humans attached by 5 s pressure
application. (b) Acceptability evaluation of 6 adult volunteers on the adhesion time, overall
bandage excellent, comfort, taste and removability in a scale of 0 (bad)-5 medium-10

(excellent).
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2.6. Conclusion

In this chapter, the utility of a poly(acrylic acid) (PAA) based fiber mat for photo-
thermal initiated insulin delivery was demonstrated. Reduced graphene oxide (rGO) was the
photothermal agent in these fibers, formed by electrospinning of poly(acrylic acid) (PAA) in
the presence of B-cyclodextrin as a cross-linker resulting in water insoluble mucoadhesive fiber
mats. The resulting hydrogel fiber mat allowed an efficient loading of a therapeutic peptide like
insulin, while maintaining a good fibrous morphology. The flux of insulin across the mucosal
lining of porcine buccal mucosa as well as porcine corneas as ex vivo models was investigated.
reaching J=16.6+2.9 ug cm 2 h* for buccal mucosa and J= 24.3+3.1 ug mL™* h! for porcine
cornea. This result confirms that buccal mucosa is suitable for the non-invasive delivery of
insulin via electrospun fiber mats-based mucoadhesive patches. Efficient release of insulin by
photothermal activation supports the idea of using mucoadhesive patches containing insulin for
treating patients with diabetes. For type 2 diabetes, which is most prominent form of diabetes,
basal insulin therapy is often added to oral diabetes medication regimens that do not provide
optimal glucose management. In general, this biotherapy does not require high dose of insulin.
The quantity of insulin released from our mucoadhesive patches could be in line with their use
in basal therapy. Therefore, compared to multiple insulin injection, this mode of delivery offers
a huge advantage by increasing the compliance of diabetes-treated patients, as it is resilient and
can be easily self-administrated. In this perspective, this study allows for future preclinical
studies aiming to test the efficiency of this original platform to on-demand deliver insulin and
to treat diabetes in animal models of diabetes. Although these dates can not be directly related
to human buccal mucosa since porcine mucosa epithelium is about 3-times thicker than in
humans, insulin released from PAA@rGO fiber mats clearly show to penetrate buccal mucosa

lining deeply.

Page 45 out of 120



Chapter 3: In vivo studies of minimally invasive insulin loaded insoluble
microneedles on pigs

CHAPTER 3:

In vivo studies of minimally invasive insulin loaded
insoluble microneedles on pigs

The content below was done in collaboration work with Bilal Demir (CEA-TECH Region,
Lille, France). The microneedles were fabricated by Bilal Demir. The author performed or

coordinated in vivo studies on pigs.

3.1. Introduction

Microneedle-based technologies have in particular opened promising avenues to overcome the
barrier of the skin’s stratum corneum for larger therapeutic agents such as proteins and
peptides.?*?1® Having been discovered several decades ago, microneedles delivery systems
have gained much attention only in the middle of 1990s. By now, a large variety of microneedle
arrays (MNs) have been manufactured including polymeric 227225 silk fibroin?62%°, as well as
hydrogel-based microneedles 22°-2%°, So far, next to hollow microneedles 2%, biodegradable
systems 22% 2% as well as swelling microneedles ! are engineered for improving the delivery
of therapeutics over a prolonged time. Drug delivery using swelling has the advantage over
biodegradable systems that they are reusable. Often the amount of released drug is limited. Drug
release from microneedles upon an external stimulus is one way to overcome these limitations.
To this end, photothermal active graphene oxide (GO) was integrated into dissolvable
polymeric microneedles, but to reinforce the scaffold rather than providing it with a stimuli-
responsive matrix. Light to heat converting approaches might be an additional consideration.
In addition, microbial contamination and infection of the micropores formed by microneedles
represent an important issue to overcome. Heat produced along the tips of the microneedle array
might be one way of limiting this effect. We found that many of the challenges can be addressed
by the application of microneedles prepared from gelatin methacrylate (GelMA) crosslinking
with polyethylene glycol diacrylate (PEGDA) (Figure 3.1a-b). GelMA is a hydrogel that has
gained popularity recently as a photo-cross linkable biomaterial for tissue engineering
applications 2% 2% as well as for sustained release of proteins 2%, In this work, we opted for the
integration of molybdenum sulfide nanosheets (MoSz NSs) 239241, While two-dimensional (2D)
materials such as graphene oxide (GO) ?*? and reduced graphene oxide (rGO) 24324 have been
successfully integrated into various hydrogels and fiber mats, we assessed the suitability of
MoS: as a photothermal component in the MNs delivery system.
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MoS, a layered semiconductor with a narrow band gap (1.2 eV for multilayer MoS>), exhibits

a strong near-infrared (NIR) optical absorption and is well-adapted for biomedical applications
where NIR photothermal activity and chemical stability are required ?*°. In contrast to peptides
and proteins adsorption on GO and rGO nanosheets, where H-bonding, n—r stacking and/or
electrostatic interactions are dominating, molecular dynamics simulations validated that
aromatic residues of peptides and proteins do interact less strongly with MoS; nanosheets 2%
Therefore, release of therapeutic peptides such as insulin should be favored under these

conditions.
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Figure 3.1. (a) Schematic representation of MoS2-hydrogel cocktail preparation. (b) Process of
microneedles formulation. (c) Illustration of loading of insulin into MoS2 microneedles. (d)

Near-infrared (NIR) light triggered on-demand delivery to control the glycemic level in pigs.
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3.2. Fabrication of MoS: loaded microneedles based on GeIMA and PEGDA hydrogel

Gelatin methacrylate (GelMA) hydrogels are formed when methacrylic anhydride reacts with
the primary amine groups of gelatin at 50°C (Figure 3.1). The formed GelMA can be
crosslinked under UV irradiation in the presence of an appropriate photo-initiator, which upon
UV light absorption, generated free radicals that subsequently induced GelMA polymerization.
The critical factors influencing the final physio-chemical properties of GeIMA hydrogels are,
next to the degree of gelation functionalization, the parameters of photo-crosslinking such as
exposure time and UV intensity. In this study, GelMA was mixed with polyethylene glycol
diacrylate (PEGDA), a commercially available hydrogel precursor with equal
photopolymerization properties like GelMA, and MoS; to obtain a hydrogel cocktail for the
fabrication of microneedles (Figure 3.1a-b). PEGDA, owing to its polyethylene glycol (PEG)
units, provides an additional hydrophilic environment necessary for preserving the biological
activity of many biomolecules, as insulin 2*’. The incorporation of MoS; endows the MNs with
photothermal heating properties (Figure 3.2b). Irradiation of hydrogels without and with
increasing amounts of MoS; resulted in a fast light to heat conversion reaching more than 80°C
for MNs hydrogel formed using 1.2 mg MoSz and 5 min irradiation. Indeed, MoS; exhibits an
absorption bands in the UV-Vis as well as in the NIR (Figure 3.2a) adapted for photothermal

heating 24°.
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Figure 3.2 Characterization of MoS2-MNs array formed from a GelMA:PEGDA cocktail

using different amounts of MoSz: (a) UV-Vis spectrum of MoS; dispersion in water.
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(b) Photothermal heating properties of the MoS,-MNs array under irradiation with a laser at

980 nm (0.5 W cm) as a function of MoS, amount in the hydrogel cocktail. (c) Photographic

images of the MNs with increasing amount of incorporated MoS..

3.3. In vitro characterization of insulin-loaded MoS2-MNs patch

The loading capacity of the MoS2-MNs patch for insulin was investigated in the following by
keeping the patch immersed in 100 pg mL? of insulin at 4°C for 8h (Figure 3.3a). The
entrapment efficiency, determined by HPLC from the insulin remaining in solution 2°°, was as
high as 80+2% (80 pg of insulin), which correlates to 2.3 IU for hydrogels formed using 5 min
UV irradiation . Generally, to correct high concentrations of blood sugar in humans, 0.3-1.0 1U

kg™ insulin is needed to decrease the blood glucose by 50 mg dL™.
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Figure 3.3. Insulin entrapment and release behavior of MoS2-MNs patches: (a) Entrapment
efficiency of human insulin into MoS2-MNs formed from hydrogel cocktails containing 500 pg
mL* of MoS;. Loading with insulin was achieved by keeping the MNs at 4°C for 8h. An insulin
stock solution of 100 pg mL* was used and corresponds to 100%. (b) Passive cumulative in

vitro release profile of insulin from the patch into PBS (pH 7.4). (c) Cumulative in vitro release
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profile of insulin from the patch in PBS (pH 7.4) upon application of different laser power

densities at 980 nm, as determined by HPLC: 1.0 W cm (red) or 0.5 W cm (black) for 10

min. Results are presented as the mean + standard deviation of four experiments.

To evaluate the passive release characteristics of the MoS2-MNs patch, they were immersed
into PBS at 37°C (body temperature) for 12 h. Not more than 1 pg of insulin could be detected
from the 80 pg loaded into the gel, indicating that passive release was restricted (Figure 3.3b).
Figure 3.3c depicts the cumulative in vitro release profile of insulin from the MoS,-MNs array
into PBS (pH 7.4) upon laser irradiation for 10 min with a laser power of 0.5 or 1.0 W cm™ at
980 nm. In a time span of several minutes, up to 100 pg of insulin were released from the patch

in a power density-dependent manner.

3.4. In vitro pharmacodynamic response of insulin-loaded MoS2-MNs array patch

Figure 3.4a exhibits a standard permeation profile of insulin recorded for MoS,-MNs patch
loaded with 100 ug of insulin. The high molecular weight and hydrophilic character of insulin
restricted passive skin permeation and no skin permeation of insulin was detected without
photothermal activation. When a mouse skin was subjected to 10 min heating at 0.5 W cm
after a lag time of about 20 min, sustained transdermal transport of insulin occurred over a time
period of 3 h. The total amount of permeated insulin after 2 h equals to 20.3 + 2.5 ug, which is
superior to other integrated microneedles 2%, corresponding to an insulin flux of 15.6 + 1.3 pg
cm? h! (2.0 £ 0.4 uM cm™? hh), reported by Pillai et al. addressing insulin delivery from
poloxame-407 gels using transdermal iontophoresis in the presence of menthone as a skin

enhancer 2°1,

The activity of released insulin was evaluated, in vitro, on a immortalized human hepatocytes
(IHH) cell line model using native insulin as a positive control and the same culture without
insulin as a negative control as described previously. 2°? Figure 3.4c indicates that the insulin
activity (Akt phosphorylation, pAkt/Akt ratio) increased when IHH cells were treated with
native insulin in comparison to non-treated cells (p-Akt/Akt ratio of 3.7 versus 1.0 for the
negative control). A comparable p-Akt/Akt ratio of 3.5 was determined on the released insulin,

indicating that all the activity was preserved under photothermal release from MoS,-MNs patch.
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Figure 3.4. In vitro and in vivo permeation studies: (a) Cumulative permeation profile
recorded for MoS,-MNs arrays loaded with 100 pg of insulin passive (grey) and active (black)
upon laser irradiation (980 nm) for 10 min at 0.5 W cm (n=3). Error bars represent means of
+ SEM. (b) Insulin activity determined on IHH cells via Western blotting of p-Akt/Akt cell
lysates from IHH cells incubated under several conditions: without insulin, with native insulin
or with photoreleased insulin; (c) Insulin activity shown by the ratio between p-Akt and Akt
(A.U.) for all the samples in comparison to a negative control (control) (cells without insulin
treatment). One-way ANOVA and multicomparisons test. The results are expressed as the mean
+ SEM of at least 3 independent samples for each group, (*p < 0.05, **p < 0.01). (d)
Measurement overtime of blood insulin (dark blue line) and blood glucose level (BGL, black
line) in minipig carrying MoS2-MNs arrays (MNs) patch loaded with human insulin (2.88 1U).
In a control experiment (bright blue), insulin was injected subcutaneously (2.88 IU) and blood

insulin was dosed over time.
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3.5. In vivo pharmacodynamic response of insulin-loaded MoS2-MNs array patch

To investigate the efficiency of the MoS2-MNs arrays to lowering blood glucose level (BGL),
Mo0S2-MNs arrays loaded with 100 pg mL™ (2.88 Insulin units) of insulin were applied on the
pancreatectomized Géttingen minipig as a valuable model of insulin-dependent diabetes.?>
Subcutaneous insulin injection was used as a control. Of particular relevance, diabetic minipigs
share many similarities with humans with regard to pharmacokinetics of compounds after
subcutaneous administration, structure and function of the gastrointestinal tract, morphology of
the pancreas, and the overall metabolic status of the two species.?>42® Application of a MoS,-
MNs array loaded with human insulin on the ear of the minipig resulted in a reduction of the
BGL after 30 min from the start of the patch application. The decrease of the BGL coincides
with a peak in the plasma insulin concentration, confirming the hypoglycemic effect of insulin
released from the patch (Figure 3.4d).

3.6. Conclusion

In this chapter we presented the first on-demand insulin delivery strategy via microneedles
using photothermal activation rather than dissolution of microneedles to liberate the cargo. We
showed that microneedles formed using molybdenum sulfide nanosheets loaded onto
crosslinked gelatin methacrylate with polyethylene glycol diacrylate represent an appealing
platform for on demand insulin delivery under NIR irradiation. The in vitro insulin release
profile revealed a remarkable fast release rate, which can be tuned via the applied laser light
power. The presence of MoS: allowed microneedles to show photothermal behavior. The
heating properties of the MoS,-MNs array under irradiation with a laser at 980 nm (0.5 W cm”
2) were found to be depended on the amount of MoS; in the hydrogel cocktail. The in vivo
glucose tolerance test as well as an insulin transdermal delivery were tested on mini-pigs,
underlying the ability of the smart insulin patch for clinical opportunities for type 1 diabetic

patients for pin-free and safe insulin delivery.
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CHAPTER 4:

Near-infrared light activatable hydrogels for metformin

delivery

The content below is based on an article content that was published in collaboration work with
Chengnan Li. The hydrogels were fabricated by Chengnan Li. The author performed the

characterizations and in vitro studies.

4.1. Introduction

Advancements in materials science have impacted positively to the development of on-demand
drug delivery.?>® Among the various external stimuli, the high spatial and temporal resolution
of near-infrared (NIR) light, has shown to be highly beneficial for drug delivery.?"% NIR-
triggerable drug delivery platforms are largely based on NIR absorbing nanomaterials, notably
on reduced graphene oxide (rGO) based matrixes.'8 261-263 The effectiveness of rGO as NIR-
absorbing photothermal agent compared to other carbon allotropes is due to the rapid light-to-
heat conversion of rGO under low-power NIR irradiation. This has made rGO preferential filler
in polymeric blends and composite hydrogels.?®42% Next to efficient drug delivery, near-
infrared light has also been considered as external trigger to enhance transdermal drug
delivery.17" 180,259, 261, 270-271 Transdermal drug delivery systems are more and more considered

for personalized medicine and are a pain free alternative to hypodermic injections. 271272

In this chapter, the formulation of light responsive transcutaneous patch, based on gelation
between rGO and metformin will be shown as well as its use for the transdermal delivery of

metformin.

Metformin hydrochloride is a commonly used anti-hyperglycemic agent and represents
currently the first line drug in the management of type 2 diabetes.?”®> While metformin is
conveniently administered orally in the form of tablets, some patients experience side effects
including nausea, abdominal pain and indigestion, often leading to a discontinuation of the
treatment. Furthermore, metformin exhibits an unfavorable pharmacokinetics profile, with low
and variable oral bioavailability (50-60%) and a biological half-life time in the range of 0.9-2.6
h.273-274 Therefore, frequent applications of high doses of metformin (0.5-2g twice daily) are
required for an effective treatment. To overcome these limitations, transdermal delivery of
metformin has been identified as an effective alternative.?®® 2752’ The transdermal

administration route allows metformin to be delivered into the body bypassing
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the gastrointestinal tract and avoiding many of the unpleasant side effects. Additionally, the
enhanced bioavailability of metformin allows reducing the administered daily dose amount and
its frequency. The transdermal delivery of metformin is currently limited to the use of thermo-
responsive microneedles, where metformin is released upon needle melting,2°® 27> 278-279 gnq
the use of hydrogel-based microneedles.?’’ The advantage of hydrogel-based microneedles over
thermo-responsive microneedles is that once applied to the skin they can be withdrawn and
remain intact. Onto these microneedles metformin reservoirs were integrated to have access to

a sufficient amount of metformin.

In this chapter, we investigate the potential of thermo-responsive metformin gels as a
transdermal controlled release system. Hydrogels are extensively used in controlled-release
systems due to their hydrophilic character and good biocompatibility. These systems are
commonly prepared using self-assembly processes and benign conditions in contrast to
polymeric gels for which toxic photo-initiators and cross-linkers are employed for their
formation. 8 280 \We show here that simple mixing of metformin with graphene-based
derivatives, such as graphene oxide (GO) or carboxylated reduced graphene oxide (rGO-
COOH), as cross-linkers in a volume ratio of 1/9 results in metformin gel formation. The
gelation process is believed to be driven mainly by hydrogen bonding and electrostatic
interactions. Photothermal activation of GO/metformin and rGO-COOH/metformin gels results
in a stepwise dissolution of the gel and release of active metformin. In vitro assessment of the
key target Glucose-6 Phosphatase (G6P) gene expression using Human hepatocyte model?®2

confirmed that metformin activity?®! was unaffected by photothermal activation.
Metformin

release

Figure 4.1. Schematic representation of metformin release from GO/metformin hydrogels
trigged by NIR laser.
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4.2. Metformin hydrogels using graphene oxide (GO) as a cross-linker

Figure 4.2a depicts the formation of a metformin hydrogel, using graphene oxide (GO) as a
cross-linker. The hydrogel is obtained under mild conditions by mixing GO/metformin in a
weight ratio of 10/1. Figure 4.2b exhibits the SEM images at different magnifications of a
lyophilized sample, revealing a porous structure with a pore size of about 10+£5 um. The
characteristic Raman features of GO and the GO/metformin gel present the G band centered at
around 1585 cm™ corresponding to the in-plane sp? C-C stretching, and the D band at 1350 cm®
! due to defects in the GO structure (Figure 4.2c) . The ratio of ID/IG is 0.76 for GO and
increased to 0.93 for GO-metformin arguing for an increase in defects due to the gelation
process. The UV-Vis spectrum of GO/metformin (Figure 4.2d) comprises a strong absorption
band in the ultraviolet at 233 nm, characteristic of metformin as well as contributions from GO
(n-m* of the aromatic bonds at ~230 nm and a shoulder at ~310 nm due to n-n* of C=0)%?,

along with a slight increase of the absorption tail until the near-infrared region.
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Figure 4.2. (a) Graphene oxide (GO) based metformin encapsulated hydrogel together with
photographic image of the lyophilized gel. (b) SEM images of lyophilized GO/metformin gel.
(c) Raman spectra of GO (black) and GO/metformin (blue). (d) UV-Vis of metformin (grey),
GO (black) and GO/metformin (blue). () XPS survey spectra of GO (black) and GO/metformin
(blue). (f) Cys high resolution spectrum of GO/metformin. (g) Change of temperature upon laser

irradiation at 980 nm (1 W cm?) for 10 min.

While the XPS survey spectrum of GO shows only the presence of C and O with a C/O ratio of
2.1, GO/metformin (Figure 4.2e) shows in addition the presence of nitrogen of 5.4 at. % . The
Cys high resolution spectrum of GO/metformin displays bands at 284.4, 285.0, 286.6, 288.3 eV
corresponding to C=C (sp?), C-C (sp®)/C-H, C-O/C-N, and C=0, respectively (Figure 4.2f).28
As metformin lacks aromatic structures, strong hydrogen bonding and electrostatic interactions

between GO and metformin are believed to drive the gelation process.?*®

The photothermal heating curve of GO/metformin is in accordance with the UV-Vis spectrum:
the hydrogel achieves a moderate heating capacity at 980 nm (Figure 4.2g), resulting in a

solution temperature of 41°C after 10 min irradiation.
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The stability of the GO/metformin hydrogel is strongly pH dependent (Figure 4.3a).2%°
Immersion of GO/metformin gel into NaOH (0.1 M, pH 12) results in a fast decomposition of
the gel most likely due to the deprotonation of —-COOH groups of GO under basic conditions,
decreasing hydrogen bonding occurrence with metformin. With a pKa of 12.4 for metformin
breaking of electrostatic interactions with negatively charged GO can occur as well. Lowering
the pH reduces the degree of negative charge on GO (Figure 4.3c) and electrostatic interaction;
however hydrogen-bonding between GO and metformin limits the full collapse of the
GO/metformin hydrogel until pH 3. The release profile of metformin at ambient conditions
(T=23°C) is in accordance with the stability of the GO/metformin gels (Figure 4.3b): a release
of about 5 ug mL? between pH 3 and 9, while the instability of the gel at pH 12 results in a
complete release of metformin as expected. This high pH is, however, not adequate for most

medical applications.
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Figure 4.3. (a) GO/metformin gel formation as a function of solution pH. (b) Release profiles
of metformin from freeze-dried samples upon immersion into solutions of different pH (3, 5, 7,
9, and 12). (c) Zeta potential of GO, rGO and rGO-COOH as a function of solution pH. The

data points are averaged over three parallel experiments. (d) Metformin release from
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GO/metformin gel into PBS (pH 7.4) upon photothermal irradiation of the GO/metformin gel

at 980 nm (10 min at 1 W cm2 every 2 h) in comparison to passive release.

The effect of photothermal heating on metformin release from the gels immersed in PBS (pH
7.4) was further assessed. As depicted in Figure 4.3d, photothermal heating using a laser
density of 1 W cm (corresponds to a steady-state temperature of 47°C) leads to improved
metformin release from the GO/metformin gel, where about 12 pg (12%) of metformin is
released per laser activation, while without activation a total amount of 9 pg (9%) is released
in the first two hours and then remains constant. The amount of metformin released is
comparable to other reports using NIR melting microneedles with metformin release between
12-24%. 275, 278

4.3. Metformin hydrogels using reduced graphene oxide (rGO-COOH) as a cross-linker

We were intrigued if replacing highly oxidized GO, with known suboptimal absorption of NIR
light, with reduced GO (rGO) would allow to optimize metformin release. Partial restoration of
the aromatic network in rGO affords a significant increase in NIR absorbance and rGO has
become of particular interest as a highly effective photothermal agent.?3* However, as can be
seen in Figure 4.4, the crosslinking properties of rGO with metformin are too weak due to
absence of hydroxyl and carboxylic functions on rGO needed for hydrogen bonding formation

and decreased electrostatic interactions with metformin (Figure 4.3c) at more acidic pH.

rGO/metformin |

Figure 4.4. rGO/metformin gel formation as a function of solution pH.

Therefore, to enrich rGO with carboxylic acid groups, we synthesized water dispersible rGO-
COOH. The synthetic procedure is based on the reaction of GO with chloroacetic acid under
strong basic conditions (Figure 4.5a).2%° Furthermore, by performing the carboxylation reaction
at elevated temperature, a partial reduction of GO was achieved, as evidenced by the increased
absorption tail in the NIR region of the UV-Vis spectrum (Figure 4.5b). XPS analysis
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confirmed the formation of rGO-COOH/metformin (Figure 4.5c) by the presence of 5.3 at %
N next to C and O. The high resolution Cys spectrum of rGO-COOH/metformin shows bands
at 284.6, 286.6, 288.5 and 292.7 eV corresponding to C-C, C-O/C-N, C=0 and O-C=0 (Figure

4.5d).
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Figure 4.5. (a) Synthetic procedure for the preparation of rGO-COOH. (b) UV-Vis spectrum
of GO and rGO-COOH. (c) XPS survey spectrum for rGO-COOH (black) and rGO-
COOH/metformin (blue). (d) C1s high resolution XPS spectrum of rGO-COOH/metformin.

The gelling process of rGO-COOH with metformin is also pH dependent with stable gels
obtained at pH< 7 (Figure 4.6a). The formed gel has a porous structure with an average pore
size of 25 £10 nm (Figure 4.6b), somehow larger than that of GO/metformin. Using rGO-
COOH as a cross-linker rather than GO significantly improves the photothermal properties of
the rGO-COOH/metformin gel (Figure 4.6¢) due to favorable light-matter interaction of rGO-
COOH, showing stronger absorption in the near infrared compared to GO (Figure 4.5b).

The better heating ability of rGO-COOH results in an increased metformin release from the gel
upon laser activation at 1 W cm2 (corresponding to a steady-state temperature of 61°C) where
about 25 pg (21%) of metformin is released per laser activation (resulting in a total of 75 pg
for 3 laser activation cycles of 10 min each). Passive release is increased due to the larger pore

size attaining a total amount of 11 pg (11%) in the first two hours and then remains constant

(Figure 4.6d).
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Figure 4.6. (a) Photographs of rGO-COOH/metformin gels at different pH. (b) SEM images
of a rGO-COOH/metformin gel. (c) Change of temperature upon laser irradiation at 980 nm at
0.5, 0.7 and 1.0 W cm? laser power for 10 min. (d) Metformin release from a rGO-
COOH/metformin gel into PBS (pH 7.4) upon photothermal irradiation of the GO/metformin
gel at 980 nm (10 min at 1 W cm2 every 2h) in comparison to passive release.

4.4. NIR light triggered transdermal metformin release

The rGO-COOH/metformin heatable hydrogel is further implemented in ex vivo transdermal
drug delivery studies using mice skin in Franz diffusion cells. Figure 4.7a represents the
cumulative permeation profile of metformin from rGO-COOH/metformin gels (500 pg)
passively and under the impact of one-time NIR laser irradiation at 1 W cm2 (corresponding to
about 61 °C) and at 0.7 W cm™ (corresponding to about 54 °C). After 6 h permeation, 80+8 g
cm2 (16% of total patch as determined by HPLC, 1 W cm) and 56+5ug cm™ (12%, 0.7 W cm
2) metformin had diffused through the skin. The combined metformin delivery for a day is
31948 pg cm? (64%, 1 W cm) and 222+10 pg cm™ (45%, 0.7 W cm™2). The passive release
after 24 h corresponds to 50+5 pug cm™ (10%). The efficiency of thermal- induced transdermal
metformin delivery of rGO-COOH/metformin gel is competitive with the hydrogel

microneedles reported recently by Migdadi et al., reaching a release percentage of 12.94+2.96%
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and 37.53+3.17% after 6 and 24 h, respectively.?’”” About 5-30 pg (5-6%) of metformin was

further found to be trapped in the skin (Figure 4.7b).
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Figure 4.7. Ex vivo permeation profiles of metformin assessed using Franz diffusion cell: (a)
rGO-COOH/metformin gel of 500 ug metformin activated one time for 10 min at 0.7 W c¢m
(green) or 1.0 W cm (red) as well as without activation (black); (b) Amount of metformin
trapped in the skin; (c) The Glucose 6 Phosphatase Catalytic (G6PC) mRNA level of human
IHH hepatocyte cells exposed to heated (45, 55 and 65 °C) and native metformin for 24 h. The
G6PC mRNA was normalized against the RPLPO mRNA. Similar result was found upon
normalization against TBP mRNA. The expression levels from untreated cells (-, Control) were
set to 100%. Data are the mean + SEM of three independent experiments made in triplicates.
To ensure that NIR laser irradiation did not alter the activity of metformin, GGPC mRNA in
human IHH hepatocytes cells exposed to metformin photothermally heated at 45 °C, 55 °C and
65 °C, which approximately correspond to 0.5, 0.7 and 1.0 W cm, was measured. Reduction
of the G6PC expression in hepatocytes, leading to diminished gluconeogenesis, partly accounts
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for the improved insulin sensitivity and the antidiabetic effect of metformin. 2! As previously

observed, exposure of IHH cells to native metformin results in drastic reduction of the G6PC
expression (Figure 4.7c). The effect of metformin heated at 45 °C, 55 °C and 65 °C on the
decrease of GGPC mRNA level was comparable to that of caused by native metformin (Figure
4.7¢), indicating that the laser irradiation enabling the transdermal metformin delivery does not

affect the drug activity.

4.5. Influence of temperature on skin structure

The thermal damage to the skin tissue was further evaluated. When skin is exposed to
temperatures above the physiological temperature over an extended period of time, skin tissue
damage can occur.?8 It has been recently demonstrated that heating rGO loaded hydrogels in
contact with a skin at a laser power density of up to 5 W cm did not induce any significant
histological changes to the skin.?! Figure 4.8 shows the histological analysis of human skin in
contact with rGO-COOH/metformin gel before and after laser irradiation (10 min, 0.5-1.0 W
cm) using conventional hemotoxylin and eosin (H&E) staining. At a laser power density up
to 0.7 W cm? (corresponding to 52°C) normal dermis characteristics are observed. The
epidermis as well as the dermis are unaffected. These results are in agreement with reports by
others using Cu7S4 loaded microneedles, where tissue necrosis in the dermis could be visualized
after NIR irradiation for 3 min and 1 min, respectively. 27 Application of > 1 W cm™ laser

power results however in skin damage.

-
control

Figure 4.8. Bright-field micrograph of histological section of an ex vivo human skin model

before (control) and after 10 min laser irradiation at 0.7 W cm™ and 1 W cm,
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4.6. In vivo studies

Animals were separated into four groups. In the negative control group animals received
carboxymethylcellulose (CMC) (0.5%) via oral gavage. The second groups received CMC
(0.5%)/metformin (Figure 4.9) orally in the same manner as the negative group. The third
group was composed of animals where metformin (200 mg/kg) was subcutaneously injected.
These results were compared to the fourth group treated with rGO-COOH/metformin gels (1 g
metformin loading) and being activated for 10 min at 0.7 W cm™. As seen from the plasma
profile in Figure 4.9, a maximal concentration was detected after 30 min when administered
orally and under subcutaneous injection. Using the metformin based rGO/COOQOH patch for the
delivery of metformin via photothermal activation for 10 min, a maximal plasma concentration
was detected after 1h activation where a concentration of 13+2 pg mL™ was detected, in line

with other reports.?’” It decreased thereafter slowly until the 2 h endpoint.

T, 807 -+ CMC ( negative control)
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Figure 4.9. In vivo plasma profiles of metformin following oral administration with only CMC
(black) or CMC+metformin (blue), subcutaneous metformin injection (green) and following

application of the rGO/metformin gel and activation for 10 min at 0.7 W cm. n=3 per group
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4.7. Conclusion

In this chapter, we presented a novel formulation of a metformin releasing hydrogel based on a
simple and straightforward mixing of carboxyl enriched reduced graphene oxide (rGO-COOH)
with metformin hydrochloride. Delivery of the antidiabetic drug was achieved by weakening
the gelation forces through photothermal heating. The proposed delivery system could release
metformin in an intermittent cycle administration with near-infrared light on/off cycles, which
increased release in the laser on state. Using mice skin as ex vivo model in Franz diffusion cells,
these supramolecular drug reservoirs could deliver transdermally 319+8 pg cm™ (64%, 1 W
cm) and 222+10 pg cm (45%, 0.7 W cm) in a day, with about 5-30 pg (5-6 %) of metformin
being trapped in the skin. In vitro assessment of the key target Glucose-6 Phosphatase (G6P)
gene expression using Human hepatocyte model confirmed further that the biological activity
of metformin remained unaffected by photothermal activation. In vivo studies indicated in
addition the rise in metformin plasma level, 1h after patch activation.
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CHAPTER 5

Carbon nanostructures for islet amyloid desintegration

5.1. Introduction

Human islet amyloid polypeptide (hIAPP) also called as amylin is a hormone co-expressed and
co-secreted with insulin in pancreatic B-cells in a ratio between 1:10 and 1:100 (hIAPP:insulin).
288 h1APP plays a key role in glucose homeostasis. hIAPP helps the anabolic effect of insulin
by strongly inhibiting the glucagon secretion. In addition, it controls adiposity and triggers in
brain an inhibitory effect in satiety .2° In most patients with diabetes, hIAPP is structurally
modified by several factors including hyperglycemia. hIAPP aggregates from its non-toxic
native monomers to cytotoxic oligomers. hIAPP oligomers contribute to pB-cell death and
thereby, to B-cell mass reduction in T2D and the progression of the disease towards
complications. 2°°-2% Moreover, it has been shown that hIAPP can reach the brain, in which it
interacts with B-amyloid (AP) aggregates for forming various heterocomplex fibrils and
oligomers.?®2 These complexes might not only account for the development of Alzheimer

disease, but might also be responsible for the destruction of pancreatic B-cells in T2D 2%3-2%4,

Inhibition of hIAPP oligomers and complexes formed with AP is suggested as a therapeutic
strategy for improving B-cell survival and slowing the progression of diabetes towards
complications. 2% In recent years, several inhibitors preventing the formation of amylin p-sheets
and the aggregation of the peptide together with destabilization of fibril have been synthetized
29302 The first inhibitors were short peptides and small molecules with high affinity and
specificity for amylin.?®” 3% Next, nanoparticles-based inhibitors have been developed. 304
3%Indeed, it is known that the interactions between carbon nanoparticles and peptides are
dominated not only by hydrophobic and n—r stacking interactions, but also by the surface
curvature. Numerical computation of tetramer and octamer hIAPP with or without diverse
carbon nanoparticles such as graphene, single-wall carbon nanotubes (SWCNTSs) and fullerene
C60 revealed that peptides can be strongly adsorbed onto graphene and SWCNTs, while C60
prevents aggregation to a lesser extent. 37 Experimentally, various GO nanosheets and
graphene quantum dots (GQDs) have been widely described for inhibiting the formation of
hIAPP fibrils in water. 3%
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In this chapter, we investigate the possibility of carbon quantum dots (CQDs) to disintegrate

amylin aggregates formed under physiological conditions using thioflavin T assay (ThT). In
addition, first promising results about co-oligomerization of hIAPP with B-amyloid will be
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Figure 5.1. Schematic representation of amylin aggregation and its disintegration after carbon

quantum dots (CQDs) treatment.

5.2. Carbon quantum dots synthesis and characterization

For producing functionalized CQDs from different organic precursors, high temperature
conditions in a close Teflon-line reactor named hydrothermal synthesis is mostly used. 3% It has
the advantage in terms of high fluorescence of produced CQDs, but on the other hand, it is time
consuming and lacks of reproducibility. To overcome these limitations, microwave-assisted
synthesis of CQDs can be performed.31%-31 This rapid, homogeneous, temperature and pressure
controlled method leads to the formation of quantum dots with uniform size distribution.3!2
Hence, microwave-assisted method was used for preparation of 3 types of carbon dots:
carboxylic acid-modified CQDs (CQD-1) from glucosamine as a precursor and p-alanine as a
surface passivating agent, aminated CQDs (CQD-2) from the same precursor but passivated
agent was changed to ethylenediamine and fluorinated CQDs (CQD-3) mixing glucose and
hydrofluoric acid to catalyse dehydration reaction (Figure 5.2). To remove larger precipitates,
the CQDs suspension was centrifuged and then dialyzed against water with a final yield of
0.8%, 3.4% and 2.5 % for CQD-1, CQD-2 and CQD-3 respectively. Transmission electron
microscopy (TEM) images (Figure 5.2 (a)-(c)) showed that the CQDs were almost spherical
with an average particle size of ~26, ~19 and ~22 nm
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Figure 5.2. Schematic representation of carbon quantum dots synthesis and their TEM images
CQDs-1 (a) ,CQDs-2 (b) and CQDs-3 (c) respectively.

The chemical composition of the carbon dots was assessed by X-ray photoelectron spectroscopy
The Cys high resolution XPS spectra of the CQDs depict different carbon features (Figure 5.3a).
In the case of CQD-1, the high-resolution spectrum of the Cysreveals the presence of fives peaks
corresponding to C=C (283.8 eV), C—C/C-H (285.0 eV), C-N/C-0O (286.8 eV), C=0 (287.9
eV) and -O-CQO (289.2 eV). The presence of carbonyl and carboxylic functions is additionally
validated by the presence of a band at 530.7 eV (C=0) in the O1s high resolution spectrum, next
to 531.5 eV (C-0). The Ny high resolution spectrum can be curve-fitted with bands at 398.3
eV (pyridinic C=N-C), 399.1 eV (pyrrolic N-H) and 400.3 eV (graphite-like structure N-C3).
For the CQD-2 (Figure 5.3b), the deconvoluted spectrum of Cys assigned fives peaks: C=C
(283.8 eV), C-C/C—H (285.0 eV), C-N/C-0 (286.2 ¢V), C=0 (287.2 eV) and —O—-C=0 (288.3
eV). The band at 530.1 eV (C=0) with the band 531.6 eV (C-0O) in the O high resolution
spectrum verified the presence of oxygen functions. The Nis high resolution spectrum shows
comparable bands as CQD-1: 398.3 eV (pyridinic C=N-C), 399.2 eV (pyrrolic N-H) and 400.9
eV (graphite-like structure N-C3).
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In case of CQD-3 (Figure 5.3b) the high-resolution spectrum of the Cys indicated the presence
of four peaks corresponding to C=C (284.2 eV), C-C/C-H (285.9 eV), —0O-C=0 (289.0 eV)
and C—F (290.1 eV). The Fys high resolution spectrum was fitted with the band at 685.2 eV.

The oxygen content in the CQD-1 and CQD-2 was determined to be 22.8 at% and 14.4 at%,
respectively. Higher nitrogen content (13.7 at%) was found in CQD-2 in comparison with

CQD-1 (5.7 at%). The fluorine content in CQD-3 was found as 3.9 at%.
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Figure 5.3. (a) XPS analysis of CQD-1: Cys, O1s and Nis. (b) XPS analysis of CQD-2: Cys, Oss
and Nis. (c) XPS analysis of CQD-1: C1s, O1s and Fis.
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Figure 5.4. (a) Raman spectra of CQD-1, CQDs-2 and CQD-3. (b) FT-IR spectra of CQD-1,
CQD-2 and CQD-3. (c) UV-Vis spectra of CQD-1, CQD-2 and CQD-3 at 20 ug mL™ in PBS
(pH 7.4, 0.01 M). (d) Zeta potential analysis of CQD-1, CQD-2 and CQD-3. Red, blue and
green lines correspond to CQD-1, CQDs-2 and CQD-3 respectively.

Typical Raman spectra of CQD-1, CQD-2 and CQD-3 are presented in Figure 5.4a. The
observed peaks are typical of sp? carbon materials at 1580 cm™ (G-band) and 1378 cm™ (D
band), indicating that the material is graphitic in nature. The ID/IG ratio were 1.94, 1.56 and
1.32 corresponding to CQD-1, CQD-2 and CQD-3 respectively suggesting large surface

disorder and amorphous nature.3!3

Bonding composition and functional groups of synthesized CQDs was further investigated by
Fourier transform infrared (FT-IR) spectroscopy (Figure 5.4b). The FTIR spectrum of CQD-2
contains a broad band between 3410-3420 cm™ attributed to the O-H/N-H stretching
vibrations, while the C—H stretching and bending vibrations are located at 2932 and at 1384 cm”
! respectively. The band at 1636 cm™ is due to C=N and C=C bonds of the aromatic structure,

and C=0 stretching vibration (-NHCO-). Compared to CQD-2, the more intense peaks at 1083
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and 1041 cm™ in the FTIR spectrum of CQD-1 are associated with C—O stretching of either the
residual carbohydrate or B-alanine. The sharp peak at 1710 cm™ is assigned to the asymmetric
stretching vibration of carboxylic acid moieties.®!* In case of CQD-3, a sharp peak at 1100 cm"
! corresponds to stretching vibrations of C—F, indicating the doping of quantum dots with

fluorine. 31°

The CQDs absorb in the short-wavelength region with a maximum at around 220 nm due to p—
p* transition of C=C and C=N carbon cores with a weak extending tail in the visible region
(Figure 5.4a). An additional shoulder at approximatively 280 nm is attributed to p—p* transition
of different sp2 domains.3!® The absorption shoulder at around 306 nm in CQD-1 is due to n—
p* transitions of C=0. This contribution is decreased in CQD-2 due to the high content of
ethylenediamine;®!’ the strong absorption extending from 350 to 600 nm is related to surface
passivation of CQDs-2 with ethylenediamine. The peak at 199 nm of CQD-3 testifies that the
carbon dotes were doped with fluorine. 3!8

The surface charge of carbon quantum dots can be seen from zeta potential distribution curves
in Figure 5.4d. CQD-1 displays a negative zeta potential value ({ = -24.0 £ 1.6 mV) in pure
Milli-Q water. The negative surface charge confirms the functionalization of carbon dots with
carboxylic groups. Whilst, a positive surface charge ¢ = +32.5 + 0.8 mV of CQD-2 underlines
the presence of NHs* groups. CQD-3 showed slightly negative charge { = -7.2 + 2.4 mV due

to the presence of fluorine on the surface.

The cytotoxic effect of CQD-1, CQD-2 and CQD-3 was check on the rat insulinoma (INS-1)3!°
and mouse insulinoma (MIN-6)3% cell lines using resazurin assay as described above. 1, 10
and 100 pg mL™ of carbon quantum dots were applied to cells and incubated for 24 hours in
order to check their viability. Figure 5.5 depicts the viability results for INS-1 (a) and MIN-6
(b) cell lines. As it can be seen, there was no cytotoxic effect of carbon quantum dots at 1 and
10 ug mL* of CQD-1, CQD-2 and CQD-3, while increasing the concentration of quantum dots
to 100 pg mLt in case of MIN-6 cell line, slightly reduce cell viability.
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Figure 5.5. Cell viability of INS-1 cells (a) and MIN 6 cells (b) in the presence of carbon

quantum dots CQD-1 (red), CQD-2 (blue) and CQD-3 (green) at different concentrations.
Negative control: without CQDs.

5.3. Formation of hIAPP aggregates and an effect of carbon quantum dots on its
disaggregation

According to a sigmoidal shape of hIAPP growth curve, the aggregation process can be divided
into three phases: lag phase, elongation phase and saturation phase. The ThT fluorescence assay
allows to easily differentiate them by variation in intensity of fluorescence. First few minutes
correspond to a lag phase, when the fibrils are still not formed. During this time monomers
undergo conformational rearrangement leading to formation of clusters that induce fibrillation.
This step is considered as a critical and rate limiting. 32132% Rapid increase in ThT fluorescence
corresponds to an elongation phase which finally rapidly reaches to equilibrium. Figure 5.6 (a-
¢) depicts the aggregation profile of hIAPP following the addition of carbon quantum dots. 20
uM of hIAPP was first let to form aggregates for 6 hours and then the CQD-1 (Figure 5.6a),
CQD-2 (Figure 5.6b) and CQD-3 (Figure 5.6¢) at the concentration of 1, 10 and 100 ug mL*
were added in order to affect the aggregation. We determined that CQD-1, CQD-2 and CQD-3
showed similar profile in hIAPP disaggregation. As expected, higher concentration of CQDs at
100 pg mL* dropped the intensity of fluorescence dramatically, while 10 pg mL™? showed
moderate decrease. Almost no effect was found, when 1 pg mL* of CQDs were added. The
ability of CQDs to disintegrate hIAPP aggregated was further confirmed by atomic forced
microscopy (AFM). Figure 5.6d exhibits the formation of hIAPP fibrils of diameter ~100 nm.
The AFM image of h1APP fibers in the presence of 100 ug mL™* CQD-2 (Figure 5.6d) indicates

an inhibition of fibrillation with isolated aggregates.
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Figure 5.6. Aggregation profiles of hIAPP with addition of CQD-1 (a), CQD-2 (b) and CQD-
3 (c). (d) AFM images of hIAPP aggregates in the absence and presence of CQDs.
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5.4. The role of diabetogenic factors on the human amyloidogenesis process
To investigate the potential effect of glucose on hlAPP aggregation, 20 uM of hlAPP was
incubated with 5, 11 and 33 mM glucose at 37°C and physiological conditions *2* (Figure 5.7a).
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Figure 5.7. (a) Influence of glucose on hlAPP aggregation. (b) Effects of palmitate on the
fibrillation of h1APP. (c) Aggregation kinetics of B-amyloid from APP (amyloid beta precursor)
(20 uM) alone and co-incubated with hIAPP at ratios 1:1 and 1:0.1 (d) Western immunoblotting
analysis for heterocomplexes of hIAPP:APP (1:1). Oligomers were formed after incubation for
24 h at 4°C while fibrils were formed after incubation for 24 h at 37°C. (e) Ponceau S assay for

hIAPP and APP heterocomplexes.
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The slight increase in fluorescence indicates that more aggregates of hIAPP were formed in
the presence of glucose, but no difference in glucose concentration was found. It was previously
reported, that lipids can induce high amylin expression. 322" Consequently, the next step was
to examine an influence of free fatty acid on hIAPP aggregation. For that reason, 20 uM of
hIAPP was incubated without and with 125 uM of sodium palmitate. (Figure 5.7b). The result
suggested that palmitate accelerates h1APP fibrillation. Previous research investigated the effect
of hIAPP on B-amyloid aggregation suggested the high amyloigenic nature of hIAPP can seed
the formation of APP aggregates. 32 We next confirmed that co-incubation of hIAPP with APP
can promote B-amyloid aggregation. (Figure 5.7¢). We compared the aggregation profile of
freshly prepared hIAPP, APP and co-incubated APP:hIAPP heterocomplexes. This process was
also a ratio depended: increasing the ratio between hIAPP and APP from 0.1:1 to 1:1 markerly

increased the aggregation rate starting from 16 h of aggregation.

The heterocomplexes formed due to co-incubation of hIAPP and APP were found to be toxic
to B-cells. It has been shown that glucose and saturated fatty acid palmitate promote A
oligomerization and formation of distinct heterocomplex aggregates with hIAPP in a

mechanism that is independent of cell function.3%¢ 3%

To confirm the changes observed in APP co-incubated with hIAPP aggregation profile,
denaturing immunoblotting using antibodies against APP was performed to detect the formation
of aggregates (Figure 5.7a). 20 uM hIAPP:APP (1:1) mixtures were left overnight at 4°C and
37 °C to form oligomers and fibrils respectively. Oligomerization and fibrillation of APP alone
were compared to freshly prepared APP solution. All samples demonstrated an ability to form
large aggregates (>250 kDa). Moreover, hIAPP:APP oligomers and fibrils demonstrated an
increase in large aggregates formed.

To test a cytotoxicity of aggregates, rat insulinoma (INS-1) and mice insulinoma (MIN-6) cell
lines were incubated with hIAPP:APP in diabetogenic conditions. In order to simulate the
diabetogenic conditions, in addition to heterocomplexes, cell were exposed to 20 mM glucose,
0.5 mM palmitate and their mixture. As it can be seen from Figure 5.8a, the combination of
both glucose (20 mM) and palmitate (0.5 mM) causes cell death in the presence of hIAPP:1APP
heterocomplexes. Similar pattern is pesented for MIN-6 cells (Figure 5.8b). In this case the
cytotoxic effect was analogical to the one described for INS-1 cell line, however it was more

pronounced.
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Figure 5.8. (a) INS-1 cells viability after incubation of APP:hIAPP heterocomplexes for 48h.
(b) MIN-6 cells viability after incubation of APP:h1APP heterocomplexes for 48h.

Conclusion

In this chapter, we demonstrated that 3 types of microwave prepared carbon quantum dots can
disintegrated the hIAPP aggregates. The disaggregation was found to be CQDs dependent. In
addition, we tested an influence of glucose and palmitate on the aggregation profile, where
palmitate showed its effect unlike glucose. Also, aggregation kinetics of APP was effected by
addition of hIAPP, which was confirmed by ThT fluorescence assay and Western blotting. The
toxicity of formed aggregated was shown using 2 insulinoma cell lines cultured in diabetogenic
conditions. The highest toxicity was found for the hlAPP/APP heterocomplexes, supporting the
idea that the brain and pancreas amyloidosis might accelerate 3-cell destruction in T2D. Future
experiments will be to confirm the studies in islets B-cells and to check the inhibition effect of
CQDs on aggregation of hIAPP, APP and hIAPP:APP heterocomplexes. Moreover, it would
be interesting to investigate the the rescue effects of carbon dots in the harmful effects of
APP+hIAPP mixture in the islets cell survival cultured with glucose and palmitate.
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CHAPTER 6:

Conclusions and perspectives

As it was discussed in chapter 1, diabetes remains one of the leading diseases causing premature
deaths all over the world. This thesis presents different attempts to develop personalized
medicine for diabetic patients as well as to find new ways for improving their compliance by
using alternative routes of antidiabetic drugs administration. In this respect, the potential of
mucoadhesive patches and mucosa lining for delivery of insulin via oral cavity has been made
possible via insulin loaded mucoadhesive PAA@rGO fibre mats, which can be activated on-
demand via irradiation. Results from ex vivo experiments using porcine buccal mucosa
suggested that photothermal activation allows to achieve insulin release in sufficient quantity
with good penetration through buccal tissue. Considering porcine buccal mucosa being thicker
than human one, insulin loaded mucoadhesive PAA@rGO fibre mats are expected to achieve
even better on demand delivery of insulin in humans. Next to buccal, different transdermal
delivery approaches have been outlined, ranging from insulin loaded polymeric microneedles
to metformin hydrogels. Both systems contained photothermal agents such as rGO-COOH or
MoS: in order to attain on-demand drug release. Released insulin and metformin stayed active

and could be found in pigs and mice plasma after delivery.

In addition to finding new drug delivery ways for antidiabetic drugs, the use of carbon quantum
dots as disaggregation agent for islet amyloid polypeptide fibrils (IAPP) has been proposed.
The perspectives of such studies include experiments in islets of pancreatic cells and
investigation of inhibition effect of carbon quantum dots on aggregation of islet amyloid
polypeptide, B-amyloid and their mixtures. In addition, it is also essential to investigate the
rescue effects of carbon quantum dots in the harmful effects of IAPP and -amyloid mixture in

the islets cell survival cultured with glucose and palmitate.

As cardiovascular diseases (CVD) are considered one of the macrovascular complications
caused by diabetes, investigation of transdermal delivery of angiotensin-converting enzyme
(ACE) inhibitors is a strategy, which further perspectives in the future using the knowledge
obtained on the construction of transdermal bandages. In this respect, ramipril, one of the
widely used ACE inhibitor prodrugs orally administered once or twice a day, might be an
interesting candidate to pursue. Due to its hydrophobic character, limited solubility in aqueous

medium and low biodistribution, large amounts have to be administered to obtain a therapeutic
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effect. Ramipril with an octanol/water partition coefficient of 3.32 being only slight above the
optimal partition coefficient for transdermal deliver (considered to be between a log P of 1-3)
is ideally adapted for the transdermal route. In combination with enhanced delivery modes such
as chemical enhancers, nanocarriers and heat, ramipril is considered as a candidate for in vivo

transdermal administration in hypertension rats.
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APPENDIX

S1. Chemicals
Metformin hydrochloride, hydrazine hydrate (NH2NH2°H20), chloroacetic acid (ClI-
CH2COOH), acetonitrile, potassium dihydrogen phosphate buffer (pH 6), sodium dodecyl
sulfate (SDS), dexamethasone, polyacrylic acid (PAA, Mn 450 000 g mol™), B-cyclodextrin,
artificial saliva solution, recombinant insulin, FITC-labeled insulin, phosphate-buffered saline
(PBS 1X, pH 7.4), sodium hydroxide (NaOH), sodium chloride (NaCl), glucose, hydrofluoric
acid (HF), Spectra/Por 3 dialysis tubing, formic acid (FA), carboxymethylcellulose (CMC),
acetonitrile (ACN), hydrochloric acid (HCI), potassium bromide (KBr), Irgacure 2959,
paraformaldehyde, gelatin, methacrylic anhydride (MA), polydimethylsiloxane (PDMS),
thioflavin T (ThT), 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP), poly(ethylene glycol) diacrylate
(PEGDA, average MW~700 g molt), molybdenum(1V) sulfide (MoS2), Dulbecco’s modified
Eagles medium (DMEM, Gibco®), fetal bovine serum (FBS, Gibco®), penicillin-streptomycin
(Gibco®), RPMI 1640 Medium, Williams E medium, dexamethasone, sodium pyruvate, p-
mercaptoethanol, sodium palmitate, resazurin, Mayer’s hematoxylin solution, Y-eosin

solution, ramipril, Thermofisher or Fisher Scientific.

Reduced graphene oxide (rGO) in powder form was purchased from Graphenea (Spain).

Graphene oxide (GO) was purchased from Graphitene (UK).

RNeasy Lipid Tissue Kit was purchased from Qiagen, Germany. Isoflurane was obtained from

Aerrane; Baxter, France.

Human skin for ex vivo experiments was provided by HypoSkin®, Genoskin SAS, Toulouse,

France.

Clarity Western Peroxide Reagent, Clarity Western Luminol/Enhancer Reagent, Mini
PROTEAN TGX Stain-Free precast gels for polyacrylamide gel electrophoresis, 10x
Tris/Glycerine/SDS buffer, nitrocellulose membranes and Ponceau S solution were purchased
from Bio-Rad, France. Human amylin [8-37] peptide (IAPP) and human beta-Amyloid [1-42]
(APP) were purchased from Cliniscience, France and Eurogentech, USA respectively. Beta
Amyloid (1-42) Polyclonal Antibody, anti-rabbit HRP secondary antibody were purchased
from Thermofisher. The water used for all experiment was purified with a Milli-Q system from
Millipore Co (resistivity 18.2 MQ.cm at 25°C).
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S2. Synthesis

S2.1. Carboxylic acid enriched reduced graphene oxide (rGO-COOH)
To produce rGO-COOH, carboxylic acid enriched GO (GO-COOH) was first synthesized from
GO.285:330 | short, sodium hydroxide (NaOH, 1.4 g) and chloroacetic acid (CI-CH,-COOH, 1
g) were added to 50 mL of GO (20 mg) aqueous solution and sonicated at 35 kHz for 2 h at 80
°C to convert hydroxyl groups present on GO to COOH via conjugation of acetic acid moieties
and to partially reduce GO into rGO. The resulting rGO-COOH solution was quenched with
HCI (20%), washed (four times) with distilled water until neutral pH and purified by repeated

rinsing/centrifugation (4500 rpm, 30 min) cycles.

S2.2. Fabrication of metformin hydrogels
The metformin gel was fabricated by mixing GO or rGO-COOH (10 mg mL!) and metformin
hydrochloride (10 mg mL™) at a volume ratio of 9:1 (v/v) and homogenized by sonication for
5 min prior to lyophilization for 12 h before use.

S2.3. Fabrication of PAA@rGO nanofiber mats via electrospinning

The electrospinning of nanofiber mats were performed according to the procedure described by
us previsouly.2% Briefly, dispersed aqueous rGO solution (1 mg mL?, 2.4 wt.%) was mixed
with PAA (81.4 wt.%), and B-cyclodextrin (16.2 wt.%) and kept under magnetic stirring
overnight. The resulting clear solution was electrospun using a 1 mL syringe fitted with a 14-
gauge blunt needle at the rate of 0.35 mL min~! at 15 kV. The distance was kept at 15 cm during
the electrospinning process. Resulting electrospun fibres were cross-linked under vacuum at
140 °C for 30 min.

S2.4. Synthesis of Gelatin Methacrylate (GelMA)

Methacrylation of gelatin was carried out as described in a previous report with minor
modifications.®3! In brief, 10 g of gelatin were added into 100 mL of PBS and heated to 50 °C
under constant magnetic stirring. For a 1:1 ratio, 10 mL of methacrylic anhydride (MA) were
gradually added to the above mixture and the reaction was kept under vigorous stirring for 3 h
at 50 °C. The reaction was stopped by adding a five-fold volume (500 mL) of PBS. Residual
salts and excess of MA were removed by dialysis in distilled water at 40 °C for one week using
dialysis tubing with molecular weight cut-off of 12-14 kDa. Dialysis water was changed twice
per day. After lyophilization for one week, GelMA was collected in the form of white porous
foam and kept in the dark for further use.

Page 79 out of 120



Appendix
S2.5. Preparation of microneedles (MNSs)
S2.5.1. PDMS mold fabrication

A circular MNs array (named as C700, diameter 18 mm) was designed with 137 needles of a
conical structure and micromachined on an aluminum surface to have a master mold. The
needles have the following dimensions: 700 um in height, 400 um in length and tip-to-tip
distance of 850 um. This MNs array (tipped up) was covered with 10% cross-linked
polydimethylsiloxane (PDMS) solution following vacuo to remove the bubbles and kept at 80

°C for 2 h. Hardened PDMS mold was gently separated from aluminum master mold.

S2.5.2. Microneedles’ fabrication

Initially, 400 mg of GelMA were dissolved in 1.5 mL of PBS at 65 °C. Then, 10 mg of Irgacure
2959 as photoinitiator were mixed with 200 mg of PEGDA, 1.0 mg of MoS; and 0.2 mL of
EtOH. This mixture was sonicated for 8 min. Afterwards, GelMA solution was mixed with
other components and was complemented with 2.0 mL of PBS. The final solution was
sonicated for another 8 min to remove the possible bubbles and 300 uL of GeIMA:PEGDA
(20:10 weight ratio) mixture was casted into preheated PDMS mold and kept under back
vacuum for overnight at 30°C. UV irradiation (15 cm, 400 W, Delolux 3S) of the PDMS mold
for 5 min resulted in the polymerization of the mixture immediately. The formed MNs were
gently peeled from the mold, washed for 2 h in PBS to remove any non-polymerized monomers
and stored in a desiccator until further use.

S2.6. Carbon quantum dots (CQDs)
S2.6.1. CQD-1 (carboxylated carbon quantum dots)

Carboxylated CQDs were synthesized according to a modified procedure.®*? To a stirring
solution of glucosamine hydrochloride (1.00 g, 4.63 mmol) in distilled water (20 mL) in a 30
mL vial G30, b-alanine (0.454 g, 1.1 eq.) was added and stirred to ensure homogeneity. The
reactor was then placed in a microwave (Monowave 450, Anton-Parr). The solution was heated
under pressure for 2 min from room temperature to 200 1C and then maintained for 1 min at
200 °C under stirring (1200 rpm). The resulting brown solution was centrifuged at 4 °C (10
000g, 10 min) in order to remove big particles. The supernatant was dialyzed against water
during 24 h (SpectraPor RC membranes, 1 kDa) and then kept (or lyophilized) to yield a brown

solution.

Page 80 out of 120



Appendix
S2.6.2. CQD-2 (aminated carbon quantum dots)
To a stirring solution of glucosamine hydrochloride (1.00 g, 4.63 mmol) in distilled water (20
mL) in a 30 mL vial G30, ethylenediamine (0.307 g, 1.1 eq.) was added and stirred to ensure
homogeneity. The reactor was then placed in a microwave (Monowave 450, Anton-Parr). The
solution was heated under pressure for 5 min from room temperature to 200 °C and then
maintained for 10 min at 200 °C under stirring (1200 rpm). The resulting brown solution was
centrifuged at 4 °C (10 000g, 10 min) in order to remove big particles. The supernatant was
dialyzed against water during 24 h (SpectraPor RC membranes, 1 kDa) and then kept (or

lyophilized) to yield a brown solution.

S2.6.3. CQD-3 (fluorinated carbon quantum dots)
Fluorinated CQDs were synthesized according to a procedure described previously 32 Briefly,
4 mL of hydrofluoric acid (HF) was mixed with 10 mL of 1 % glucose aqueous solution. The
mixture was placed into microwave reactor (Monowave 450, Anton-Parr) and kept under
continuous stirring at 180 °C for 1 h until brown color dispersion was produced. In order to
remove larger particles, the dispersion was filtrated through a 0.2 um filter and pH was
neutralized with NaOH 1 M. The supernatant was dialyzed against water during 24 h

(SpectraPor RC membranes, 1 kDa) and then kept (or lyophilized) to yield a brown solution.

S3. Characterisations of nanofiber mats

S3.1. Swelling degree
The swelling degree of PAA@rGO nanofibers was determined following the method reported
by Mittal et al.®3 The nanofiber mat was cut into smaller pieces (1 x 1 cm) and dried at 70 °C
for 24 h before weighting. The dried samples were then immersed in Milli-Q water at room
temperature for 1 h and taken off at given time intervals (2 s - 10 min). The nanofiber pieces
were dried with a cotton tissue in order to remove any remaining water and weighted using a

microbalance. The swelling ratio of nanofiber mats was calculated as following:

wt-wd
wd

x 100

Swelling degree (%) =

where Wt is the weight of wet nanofibers at time t and W4 is the weight of dry nanofibers.
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S3.2. Weight and thickness
The measurements of weight and thickness were performed in triplicates on randomly selected
patches from 5 independent batches. The thickness was determined using a thickness gage ID-
C112XBS from Mitutoyo Corporation (Japan). For weight determination, the mats of 1 x 1 cm?

in size were weighted on a digital balance.

S4. Drug loading

S4.1. Insulin loaded PAA@rGO electrospun nanofibers
Insulin-FITC and insulin loaded patches were produced by immersion of 3.0+1.0 mg
PAA@rGO electrospun mats into 1 mL (200 pg mL™) of insulin-FITC or insulin aqueous

solutions under continuous shaking at 150 rpm for 4 h at 4°C.

S4.2. Insulin loaded M0S2-MNs
MNs array was immersed into 2.0 mL of 100 pg mL? insulin solution under continuous shaking
at 150 rpm for 8 h at 4 °C.

S5. Ex vivo permeation experiments

S5.1. Murine skin for metformin loaded hydrogels
Skin permeation studies were performed using fresh mice skin. For this, mice C57BL/6 were
anaesthetized with isoflurane, shaved with an electric shaver (Philips Series 7000) and further
treated with a depilatory cream (Veet) for 1.5 min. Then mice were killed by cervical dislocation
and the skin from the back of the mice was cut into pieces of at least 20 mm in diameter and
preserved in Dulbecco’s modified Eagle medium (DMEM) supplemented with gentamicin
(0.4%).

Static Franz diffusion cell (Proviskin, France) exhibiting an effective area of 0.785 cm? were
used for skin permeability tests. After filling the receptor compartment with degassed phosphate
buffer saline (PBS, pH = 7.4) the solution was maintained at 32 °C using a circulating bath
(Julabo) and stirred with a magnetic stirring bar at around 500 rpm. Freshly cut mouse skin was
clamped between the donor and the receptor compartment (8 mL), pre-incubated for 20 min,
and wetted with 30 uL of a glycerin solution (50%) to insure contact between the gel and the
skin. At determined time intervals, 500 pL aliquots of diffused solution were removed from the
receptor compartment and analyzed using HPLC. After each sampling, an equal volume of fresh
diffusion medium was added to the receptor compartment to maintain a constant volume. All
experiments were performed in triplicates.
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To estimate the amount of metformin trapped in the mice skin, the skin was added into a
water/ice mixture for 10 min and sonicated in the presence of ZrO; beads (4 mm in diameter),
before being centrifuged for 30 min at 13500 rpm using an ultracentrifuge (Midi Scanfuge
ORIGIO). The liquid phase was collected and filtrated through a 0.1 um Nylon filter (Whatman
Puradisc 13 mm) and the amount of metformin was determined. The metformin flux (J, pg cm-

2 h't) was determined according to equation (1):
J=m/A 1)

with m being the linear slope of the cumulative metformin amount versus time curves in
equilibrium conditions (ug h), and A is the surface of the membrane of the Franz cell (0.785

cm?).

S5.2. Porcine buccal mucosa and cornea for insulin loaded PAA@rGO nanofibers
All animal studies were conducted at the Plateforme de Recherche Expérimentale (University
of Lille, France) in accordance with the ethnic protocol entitled “Délivrance transdermique, de
substances pharmacologiques, controlée par I’utilisation d’une énergie thermique chez la souris
et le mini-porc” (Nr. APAFIS#21080-2019111511521244). 3 female mini-pigs weighting 10-
16 kg were used. Ex-vivo permeation experiments were performed using cornea and buccal
mucosal lining from pigs. Fresh porcine buccal mucosa was separated from the underlining
tissue using a scalpel and stored in PBS 1x at 4 °C not more than 12 h before the permeation
experiment. Tissue with any visual damage was discarded. Intact mucosa was immersed in
deionized water at 65 °C for 60 s in order to separate the epithelium from the connective tissue
as reported previsouly.®4 Mucosa samples (thickness 310+£80 um) were gently cut into pieces
(1 cm?) and placed between the chambers of Franz diffusion cell and ex-vivo experiment was
performed. In the case of pig cornea, they were gently cut into 1.8 cm? circular pieces prior to
their use in the Franz diffusion cell. Insulin skin diffusion experiments were carried out using
static Franz diffusion cell (Proviskin, France), exhibiting an effective area of 0.785 cm?.The
receptor chamber was filled with 1x PBS (pH 7.4) solution and maintained at 37 °C using a
circulating bath (Julabo) with magnetic stirring at around 500 rpm. The cornea pieces were
carefully clamped between the donor and the receptor chambers (8 mL) and pre-incubated for
20 min. The drug loaded electrospun mats were irradiated with a continuous wave laser at 980
nm for 10 min (laser power=1 Wcm2). At determined time intervals, 300 pL aliquots of
diffused solution were removed from the receptor compartment and analysed by HPLC. After

each sampling, an equal volume of fresh diffusion medium was added to the receptor chamber.
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S6. In vivo insulin experiments on pigs

Microneedles penetration and insulin delivery in vivo were tested on female pigs weighing 52-
60 kg. The animals were subjected to total pancreatectomy a day before each experiment. A
tunneled central venous catheter into the external jugular vein was placed in each animal
facilitating a blood sampling. The insulin loaded microneedles (2.8 1U) were placed on the pig’s
ear and fixed with adhesive tape (Sparadrap Micropore, 2133). The microneedles were
photothermally-activated for 10 min to a temperature of ~50 °C. Glucose levels were measured
directly from fresh blood using a commercial glucometer. Blood samples were obtained at
definite time intervals. Blood samples were centrifuged at 5000 rpm for 10 min at 4 °C and the
plasma was immediately separated and stored at —80 °C until analysis. Radioimmunoassay Kits
were used for the measurements of insulin (Bi-Insuline RIA ® ; Bio-Rad, Elexience, Verriéres-
le-Buisson, France). All the manipulations in pigs, including total pancreatectomy, placing of
the catheter, microneedles and activation as well as blood samplings, were performed under
general anesthesia with a 4% concentration of isoflurane (Aerrane; Baxter, France). Animal
studies were approved by the Institutional Ethics Committees for the Care and Use of
Experimental Animals of the University of Lille (protocol n°21080). All experiments were
performed in accordance with the guidelines for animal use specified by the European Union
Council Directive of September 22, 2010 (2010/63/EU).

S7. In vitro photothermal drug release studies
Release experiments were performed into 1 mL deionized water under passive conditions
(without any stimulation) and upon illumination of the metformin based gels, insulin loaded
MoS,-MNs or insulin loaded PAA@rGO nanofibers using a 980 nm continuous wave laser
(Gbox model, Fournier Medical Solution) at 0.5-1.0 W cm™ for 10 min. The temperature
changes were captured by an infrared camera (Thermovision A40) and treated using
ThermaCam Researcher Pro 2.9 software. The amounts of metformin or insulin released were
evaluated by high-performance liquid chromatography (HPLC) of the solution collected after
irradiation using calibration curves generated for each drug.

S8. Tissue staining
To determine the integrity of the tissue after heat treatment, human skin, porcine mucosa and
cornea were fixed with paraformaldehyde (4 %), embedded in paraffin and sectioned (5 uM
pieces in thickness). Tissue sections were stained with hematoxylin and eosin (H&E) to observe

the tissue structure.
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S9. Tissue imaging
To evaluate the penetration of FITC-labeled insulin, porcine mucosa or cornea were frozen in
OCT (Optimal Cutting Temperature) compound and cut with Leica CM3050 S cryostat
(thickness of 10 um) and placed on a glass slide. The glass slides were directly observed using
a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek Instruments SAS, France) equipped
with a 4x or 20x objective (Plan Fluorite WD 6.7 NA 0.45). The fluorescence signal was
acquired using excitation and emission filter sets for GFP (exc. 469/35 nm and em. 525/39 nm).

All the images were further analyzed by Gen5iPlus 3.04 Imaging Software.

S10. Biological assays

S10.1. Determination of metformin activity

In vitro assessment of metformin activity was performed using the Immortalized Human
Hepatocytes (IHH) as relevant Human hepatocyte cell model as they retain features of normal
hepatocytes.?®? IHH cells (maintained at passages 25-35) were cultured in Williams E medium
(Invitrogen) containing 11 mM glucose and supplemented with 10 % fetal bovine serum (FBS;
Gibco®), 100 U/mL penicillin, 100 pg/mL streptomycin, 20 mU/mL insulin and 50 nM
dexamethasone. The activity of metformin when heated at 45 °C, 55 °C and 65 °C was assessed
by monitoring the glucose-6-phosphatase catalytic (G6PC) gene expression from IHH cells
(4x10° cells) cultured in 12-well plates in a Dulbecco’s Modified Eagle Medium (DMEM)
supplemented with 5 mM glucose, 2 % FBS, 100 U/mL penicillin, 100 pg/mL streptomycin
containing either PBS (Control) or 5 mM heated metformin for 24 h. Total RNA was extracted
from IHH cells according to the manufacturer’s protocol (RNeasy Lipid Tissue Kit, Qiagen).
The RNA purity and concentration were determined by RNA Integrity Number (RNA 6000
Nano Kit, 2100 Bioanalyser, Agilent). Total RNA was transcribed into cDNA as described
before.28 Each cDNA sample was quantified by quantitative real-time polymerase chain
reaction using the fluorescent TagMan 5’-nuclease assays or a BioRad MyiQ Single-Color Real-
Time PCR Detection System using the BioRad iQ SYBR Green Supermix, with 100 nM
primers and 1 pL of template per 20 pL of PCR and an annealing temperature of 60 °C. Gene
expression analysis was normalized against TATA box Binding Protein (TBP) expression or
60S acidic ribosomal protein PO (RPLPO). Primers for human RPLPO (sense 5'-
ACCTCCTTTTTCCAGGCTTT-3'; antisense 5-CCCACTTTGTCTCCAGTCTTG -

3");Primers forhuman G6PC (sense 5’-AGACTCCCAGGACTGGTTCA-3’; antisense5’-
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ACAGGTGACAGGGAACTGCT-3’);  Primers for human TBP  (sense 5’-
GAACCACGGCACTGATTTTC-3’ and antisense 5’- CCCCACCATGTTCTGAAT

S10.2. Determination of insulin activity
The activity of released insulin was evaluated, in vitro, on a immortalized human hepatocytes
(IHH) cell line model using native insulin as a positive control and the same culture without
insulin as a negative control as described previously.?® After overnight culture in a serum-free
and glucose-free culture medium, IHH cells were incubated for 1 h without insulin (negative
control), with native insulin (positive control) and with released insulin at a physiological active
concentration of 200 nM. After 1 h of incubation, cells were lysed and proteins were collected.
Expression of p-Akt and Akt proteins was evaluated by Western blotting analysis. For Western
blotting experiments, 40 pg of total proteins of each condition were loaded and separated onto
a polyacrylamide gel, then transferred on a nitrocellulose membrane. B-actin was used as an
internal control. Immunoblotting for p-Akt and Akt was performed using anti p-Akt specific
antibody (Thr-308, Cell signaling), anti Akt specific antibody (sc-8312, Santa Cruz) and
fluorescence-coupled secondary antibodies against both mouse and rabbit primary antibodies.
Analysis of the Western blot was performed using Odyssey revelation process and ImageJ

quantification technique. A one-way ANOVA test was carried out.

S10.3. Cytotoxicity tests of PAA@rGO bandage
The ARPE-19 spontaneously immortalized cell line of human retinal pigment epithelium and
the HeLa cells, derived from cervical carcinoma from a 31-year old female [ATCC® CCL-2™,
ECACC, Sigma Aldrich, Saint-Quentin Fallavier, France], were cultured and maintained in
Dulbecco’s Modified Eagle’s medium (DMEM, Gibco®) high glucose with 2 mM Glutamine,
DMEM/F12 media with 2 mM Glutamine and DMEM supplemented with 10% fetal bovine
serum (FBS, Gibco®) and 1% penicillin-streptomycin (Gibco®), respectively, in a humidified
incubator at 37 °C and 5% CO,. Cells were seeded at a density of 5x10° cells/well in a 12-well
plate and grown for 24 h before assay. The day of experiment, the cell medium was changed
and pieces of PAA@rGO mats were immersed into the cell medium allowing to swell. Passive
and active mode (with 10 min 980 nm laser patch activation at 0.7 W cm) were applied in
order to check viability of cells without and with laser irradiation of nanofiber mats. After 10
min the mats were removed and the cell viability was evaluated using resazurin cell viability
method. Briefly, 1 mL of the resazurin solution (11 pg mL™) in complete medium was added

to each well containing the gel and the plate was incubated for 4 h in the humidified incubator.
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The fluorescence emission of each well was measured at 593 nm (20-nm bandwidth) with an
excitation at 554 nm (18-nm bandwidth) using a Cytation™ 5 Cell Imaging Multi-Mode Reader

(BioTek Instruments SAS, France). Each condition was replicated three times.

S10.4. Cytotoxicity tests of CQDs
Cytotoxicity of prepared carbon quantum dots was tested at the concentrations of 1, 10 and 100
ug mL?t The rat insulinoma cell line (INS-1E) was cultured in RPMI-1640 medium
supplemented with 10% fetal bovine serum (FBS, Gibco®), 1% penicillin-streptomycin
(Gibco®), 1% sodium pyruvate, 50 uM f —mercaptoethanol. The MIN-6 cell line derived from
a mouse insulinoma was cultured in Dulbecco’s Modified Eagle’s medium (DMEM, Gibco®)
high glucose with 4 mM glutamine supplemented with 10% fetal bovine serum (FBS, Gibco®)
1% penicillin-streptomycin and 0.1 mM B-mercaptoethanol. Both cells were seeded at a density
of 10° cells/well in a 96-well plate and grown for 24 h before assay. The culture medium was
replaced with a fresh medium that contains the CQDs at 1, 10 and 100 ng mL*. After 24 h, the
old medium was aspirated and cells were washed with PBS. The cell viability was evaluated

using resazurin cell viability assay as described above.

S10.5. Thioflavin T Kinetics assay

To assess the fibrillization kinetics of IAPP and APP in the presence of CQDs, a freshly
prepared 573.8 uM ThT solution was mixed with samples at a 1:2 molar ratio of ThT:peptide.
The final concentrations of ThT and IAPP were 10 uM and 20 uM respectively. The assays
were performed at 37 °C on a Nunc™ MicroWell™ white polystyrene 96-well plate and
changes in ThT fluorescence were recorded every 10 min over 15-25 h, at excitation/emission
440/484 nm using Cytation™ 5 multi-mode microplate reader. All samples were analyzed in
triplicate.

S10.6. Influence of glucose on hIAPP aggregation
To perform the fibrillization of hIAPP in the presence of glucose, 2.5 mM stock solution of
hIAPP in DMSO was mixed with a freshly prepared 573.8 uM ThT solution and 1 M glucose
stock solution in PBS to get the final glucose concentration of 5 mM. 11 mM and 33 mM. The
final concentration of ThT and hIAPP were 10 uM and 20 uM respectively. The assays were
performed at 37 °C on a Nunc™ MicroWell™ white polystyrene 96-well plate and changes in
ThT fluorescence were recorded every 10 min over 15-25 h, at excitation/emission 440/484 nm

using Cytation™ 5 multi-mode microplate reader. All samples were analyzed in triplicate.
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S10.7. Influence of palmitate on hIAPP aggregation
To perform the fibrillization of hIAPP in the presence of palmitate, 2.5 mM stock solution of
hIAPP in DMSO was mixed with a freshly prepared 573.8 uM ThT solution and 150 mM
sodium palmitate stock solution in 50% ethanol-10% bovine serum albumin (BSA) solution to
get the final palmitate concentration of 125 uM. The final concentrations of ThT and hlAPP
were 10 uM and 20 puM respectively. The assays were performed at 37 °C on a Nunc™
MicroWell™ white polystyrene 96-well plate and changes in ThT fluorescence were recorded
every 10 min over 15-25 h, at excitation/emission 440/484 nm using Cytation™ 5 multi-mode

microplate reader. All samples were analyzed in triplicate.

S10.8. Preparation of peptides (hIAPP, APP) and heterocomplexes (IAPP/APP)
Dry peptides were weighed and dissolved in 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP, Sigma-
Aldrich) for 1 h at room temperature (RT) and then separated into 100 ug aliquots. The HFIP
was lelt to evaporate overnight at RT, producing dry peptide films which were stored at —20 °C
for future use. Before each experiment, fresh APP and 1APP solutions were prepared by initially
solubilizing the dry peptide in dimethyl sulfoxide (DMSO, Thermofisher) to make a 2.5 mM
stock. The IAPP and APP were mixed in a ratio of 1:1 to obtain the final concentration of 200
uM. The peptide solutions were incubated at 4 °C and 37 °C for 24 h to allow formation of

oligomers and fibrils.

S10.9. Western blotting of APP/IAPP aggregates
To perform Western blotting, first, the proteins were denatured for 3 min at 95°C. For a gel
electrophoresis, 50 pg of total proteins was separated in precast 4-15% TGX stain free gels at
200 V for 30 min. Subsequently, gels were blotted to nitrocellulose membranes at 250 mA for
2 h. Immunoblotting for aggregates was performed using beta Amyloid (1-42) rabbit specific
primary antibody and anti-rabbit HRP secondary antibody. Analysis of the Western blot was
performed using Clarity ECL substrates based on chemiluminescent revelation process. The
imaging of the membrane was performed using ChemiDoc MP Imaging System. The ImageJ

was used for quantification.

S10.10. Cytotoxicity of heterocomplexes (IAPP/APP) in diabetogenic condition
Cytotoxicity of prepared heterocomlexes was tested on INS-1E and MING6 cells. The rat
insulinoma cell line (INS-1E) was cultured in RPMI-1640 medium supplemented with 10%
fetal bovine serum (FBS, Gibco®), 1% penicillin-streptomycin (Gibco®), 1% sodium pyruvate,
50 uM B —mercaptoethanol. The MIN-6 cell line derived from a mouse insulinoma was cultured
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in Dulbecco’s Modified Eagle’s medium (DMEM, Gibco®) high glucose with 4 mM glutamine
supplemented with 10% fetal bovine serum (FBS, Gibco®) 1% penicillin-streptomycin and
0.1 mM B-mercaptoethanol. Both cells were seeded at a density of 10° cells/well in a 96-well
plate and grown for 24 h before assay. The heterocomplexes were allowed to form according
to a procedure described above. The day of experiment the medium of cells was replaced by a
fresh medium containing glucose solution (final concentration 20 mM), palmitate solution in
50% EtOH-10% bovine serum albumin (BSA) (final concentration 0.5 mM) or glucose and
palmitate mixture (final concentrations 20 mM and 0.5 mM respectively). The heterocomplexes
and fresh peptides as a control were added to get a final concentration of 20 uM. The cells
were allowed to incubate for 48 h at 37°C. All samples were analyzed in triplicate. The cell

viability was evaluated using resazurin cell viability assay as described above.

S11. Instrumentation

S11.1. Fourier transform infrared spectroscopy (FT-IR)
FT-IR analyses were performed on Thermo Fisher Scientific Inc. Nicolet 8700, in the frequency
range between 650 and 4000 cm™* with a resolution of 6 cm cm™. Samples (around 1 mg) were
mixed with potassium bromide powder (200 mg) in an agar mortar. The mixture was pressed
into a pellet under 7 tons, and the spectrum was recorded immediately. An average of 64 scans

was carried out for each sample.

S11.2. Raman spectroscopy measurements
Raman spectroscopy measurements were performed on a Horiba Jobin Yvon LabRam high
resolution micro-Raman system combined with a 473 nm (1 mW) laser diode as excitation
source. Visible light is focused by a 100x objective. The scattered light is collected by the same
objective in backscattering configuration, dispersed by a monochromator with 1800 mm focal

length and detected by a CCD camera.

S11.3. Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) micrographs of prepared mats were performed with an
electron microscope Hitachi S-4800 FE-SEM (Hitachi Technologies Corp., Tokyo, Japan). The
samples were sputtered with a gold/palladium layer before scanning. The accelerating voltage
was 10 kV, the probe current was 9800 nA.
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S11.4. Transmission electron microscopy (TEM)

The morphology and sizes of CQDs were characterized using FEI Tecnai G2-20 microscope.

S11.5. Atomic force microscopy (AFM)
AFM images were recorded in tapping mode on a Dimensiont 3100 (Digital Instruments) in air
at a scan rate of 1 Hz, and with an antimony doped n-type silicon cantilever (resistivity: 0.01—-
0.025 ohm cm, frequency resonance ranging from 130 to 250 kHz — with a constant stiffness k
~ 48 N m™). Samples were diluted by 15 with filtered PBS, deposited on freshly cleaved mica
substrates, dried in air and then rinsed three times with water. Data were analyzed with a
Gwyddion software (2.56).

S11.6. pH measurements
The pH values of solutions were adjusted with HCI and NaOH solutions using a SevenCompact
pH meter S210-Std-Kit (Mettler Toledo, USA).

S11.7. High-performance Liquid Chromatography (HPLC)
HPLC analysis was performed using a Shimadzu LC2010-HT system (Shimadzu, Tokyo,
Japan) on a C18 stationary phase (2.6 um, 150 x 4.6 mm i.d.) from (Interchim, Montlugon,
France) heated to 40 °C. The mobile phase consisted of formic acid (0.1%) in water as eluent
A and the eluent B was formic acid (0.1%) in acetonitrile:water (90:10 %, v/v) (flux: 1 mL min

1). Detection was performed using 2789 UV-Vis detector at 215 nm.

S11.8. Microwave reactor
Synthesis of carbon quantum dots was performed in the microwave glass or silicon carbide
(SiC) reactor placed in a Monowave 450, Anton-Parr microwave. The time of reaction was
controlled from 1 to 3 h.

S11.9. Size and zeta-potential measurements
DLS measurements were carried out by Zetasizer Nano-ZS (Malvern Instruments Inc.
Worcestershire, UK). Nanomaterials were diluted to 1 nM and measured in Milli-Q water.

S11.10. X-ray photoelectron spectroscopy (XPS)
X-ray photoelectron spectroscopy (XPS) was recorded using ESCALAB 220 XL spectrometer
from Vacuum Generators featuring a monochromatic Al Ko X-ray source (1486.6 eV) and a
spherical energy analyzer operated in the CAE (constant analyzer energy) mode (CAE = 100

eV for survey spectra and CAE =40 eV for high-resolution spectra), using the electromagnetic
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lens mode. The angle between the incident X-rays and the analyzer is 58° and the detection

angle of the photoelectrons is 30°.

S11.11. UV-Vis Absorption
UV-Vis Absorption spectra were recorded using a Perkin Elmer Lambda UV-Vis 950

spectrophotometer in a 1-cm quartz cuvette. The wavelength range was 200-1100 nm

S11.12. Fluorescence spectroscopy
Emission and excitation fluorescence spectra were recorded between 200-900 nm using a
Xenius XC spectrofluorometer (Safas S.A., Monaco). Fluorescence measurements of CQDs
were performed in PBS (pH 7.4, 0.01 M, Gibco®)at 20 mgmL™ (excitation and emission band
width =10 nm, step =1 nm, PMT voltage = 460 V, ultrascan). For quantum yield measurements,
fluorescence emissions were recorded from 350-900 nm with an excitation wavelength of 350
nm (excitation and emission bandwidth = 10 nm, step = 1 nm, PMT voltage = 260 V, ultrascan).

Integrated fluorescence emissions were calculated from 365 to 680 nm.

S11.13. Photothermal effect measurements
The photothermal effect was assessed using a 980 nm-continuous wave laser (Gbox model,
Fournier Medical Solution) with an output light at 980 nm at power densities 0.5, 0.7 and 1 W
cm2. This laser was injected into a lens (position 25) and placed at 10.5 cm from the bottom of
the wells. The output was not collimated and the resulting beam divergence allowed to
illuminate uniformly every well. The temperature changes on the surface of the samples were
captured by an infrared camera (Thermovision A40) and treated using ThermaCam Researcher

Pro 2.9 software

S11.14. Adhesive strength measurements
Mechanical properties of elastomeric PAA@rGO fibers were investigated viaa TA XT plus C
Texture Analyser. The fiber samples were soaked in water and squeezed between tensile grips;
a tension test was applied using the following parameters with a pre-test speed of 1.0 mm/s, test
speed of 0.5 mm/s and a post-test speed of 10 mm/s. Tensile test was performed until seeing a
macroscopic damage of the fibers. Relative analysis was applied to calculate stress, strain and

Young modulus of elasticity.
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Abbreviations and acronyms

ABBREVIATIONS AND ACRONYMS

2

2D — two dimensional

A
AP — beta amyloid

ACE — angiotensin-converting enzyme

ACN — acetonitrile

ADA — American diabetes association

APP — amyloid beta precursor

AFM — atomic force microscopy

ARPE-19 — arising retinal pigment epithelia cells

B

BCF — B-cell function

BCM — B-cell mass

BGL - blood glucose level

BSA — bovine serum albumin

C

CAE - constant analyzer energy
CDD - charge-coupled device
cDNA — complementary DNA
CI-CH2COOH - chloroacetic acid
CMC — carboxymethylcellulose
CQDs — carbon quantum dots

CVD - cardiovascular diseases

D
DMEM — Dulbecco’s Modified Eagle’s

medium

DNA — deoxyribonucleic acid

DLS — dynamic light scattering

DPN — diabetic peripheral neuropathy

E
Er:-YAG — erbium-doped yttrium aluminium

garnet laser

F
FDA — Food and Drug Administration

FA — formic acid

FBS — fetal-bovine serum

FITC — fluorescein isothiocyanate
FTIR — Fourier transform infrared
G

G6PC — Glucose-6-phosphatase, catalytic

subunit

G6P — Glucose-6 Phosphatase

GAD - glutamic acid decarboxylase
GelMA — gelatin methacrylate

GI — gastrointestinal tract

GO — graphene oxide

GQDs — graphene quantum dots
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Abbreviations and acronyms

H
HCI — hydrochloric acid

HDL — high-density lipoprotein
HFIP — 1,1,1,3,3,3-hexafluoro-2-propanol

hIAPP — human islet amyloid polypeptide

HIV/AIDS - human immunodeficiency virus

infection and acquired immunodeficiency syndrome

H&E — hematoxylin and eosin
HelLa — Henrietta Lacks' immortal cells

HF — hydrofluoric acid

HPLC - high performance liquid chromatography

|
IAPP — islet amyloid polypeptide

IHH — immortalized human hepatocyte cells
INS-1 — rat insulinoma cell line
IU — international units

K
KBr — potassium bromide

L
LDL — low density lipoprotein

LPS — lipopolysaccharide

M
MA — methacrylic anhydride

MIN-6 — mouse insulinoma cell line

MNSs — microneedles

MODY — maturity onset of the diabetes of the young

MoS2 NSs — molybdenum (IV) sulfide
nanosheets

uPsip — porous silicon-based microparticles

N
NaCl — sodium chloride

NaOH — sodium hydroxide
NH2NH2¢H>0 — hydrazine hydrate
NIR — near-infrared

NPs — nanoparticles

0]
OCT - optimal cutting temperature

P
PAA — poly(acrylic acid)

PBS — phosphate buffer saline

PCR — polymerase chain reaction

PDMS — polydimethylsiloxane

PEG — polyethylene glycol

PEGDA - polyethylene glycol diacrylate
PM — personalized medicine

PVA — poly(vinylic alcohol)

R

rGO — reduced graphene oxide

rGO-COOH — carboxylated reduced
graphene oxide

RNA — ribonucleic acid

RPM — revolutions per minute



Abbreviations and acronyms

RPLPO — ribosomal protein lateral stalk subunit PO

S

SC — stratum corneum

SDS - sodium dodecyl sulfate

Se NPs — Selenium nanoparticles
SEM - scanning electron microscopy

SiC —silicon carbide

SWCNTSs — single-walled carbon nanotubes

T
T1D — type 1 diabetes

T2D — type 2 diabetes

TBT — TATA-box binding protein

TDD - transdermal drug delivery

TEM — transmission electron microscopy
TGX — tris-glycine eXtended

ThT —thioflavin T

U
UV-Vis—ultraviolet—visible

spectrophotometry

wW

WHO — World Health Organization
X

XPS — X-ray photoelectron spectroscopy
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