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ABSTRACT

REDUCED GRAPHENE OXIDE EMBEDDED POLYMERIC
NANOFIBERS FOR THERMO-RESPONSIVE
DRUG DELIVERY SYSTEMS

In recent years, nanofibers have become popular in biomedical applications because
of their distinctive qualities, such as the large surface area to volume ratio, porosity, and
appreciable mechanical strength. Electrospinning is the most widely utilized method to
manufacture nanofibers due to its straightforward setup and cost-effective production.
Fabricated nanofibers can be modified with different functional groups to impart
characteristic properties and enable their application. In recent years, ‘click’ chemistry

transformations have been preferred to functionalize nanofibers.

In this thesis, clickable copolymers were synthesized to generate furan functionalized
polymeric nanofibers with the help of electrospinning. Morphological features of the
produced nanofibers were characterized with SEM. Reduced graphene oxide (r-GO) was
embedded into the nanofiber during electrospinning to provide a photothermal property to
the fibrous material. Irradiation of r-GO-containing materials with near-infrared (NIR) light
results in the conversion of the light into heat and increases the temperature of the surface
of the fibrous substrate. Doxorubicin (DOX) was modified with a maleimide functional
group to enable Diels-Alder (DA) cycloaddition between furan-functionalized nanofibers
and maleimide-modified drug molecules. After successfully conjugating the drug molecule,
exposing drug conjugated nanofiber to NIR light leads to retro Diels-Alder (rDA) reaction

resulting in drug release thanks to rapid light-to-heat conversion.



OZET

TERMO-DUYARLI iLAC TASIMA SISTEMLERI iCIN
AZALTILMIS GRAFEN OKSIT GOMULU
POLIMERIK NANOLIiFLER

Son yillarda nanolifler, genis yiizey alani/hacim orani, gézeneklilik ve kayda deger
mekanik mukavemet gibi ayirt edici nitelikleri nedeniyle biyomedikal uygulamalarda
popiiler hale gelmistir. Elektrospinning, basit kurulumu ve uygun maliyetli liretimi nedeniyle
nanolifleri iiretmek igin en yaygimn kullanilan ydntemdir. Uretilen nanolifler, karakteristik
ozellikler kazandirmak ve uygulamalarini saglamak icin farkli fonksiyonel gruplarla
modifiye edilebilir. Son yillarda nanolifleri islevsel hale getirmek icin 'klik' kimya

doniigiimleri tercih edilmistir.

Bu tezde, elektrospinning yardimiyla furan fonksiyonellestirilmis polimerik
nanolifler iiretmek icin tiklanabilir kopolimerler sentezlendi. Uretilen nanoliflerin
morfolojik 6zellikleri SEM ile karakterize edilmistir. Indirgenmis grafen oksit (r-GO),
elyafli malzemeye fototermal bir 6zellik saglamak i¢in elektro-egirme sirasinda nano elyafin
icine gdomiildii. r-GO igceren malzemelerin yakin kizilotesi (NIR) 1sikla 1s1nlanmasi, 15181n
1stya dontstiiriilmesiyle sonuglanir ve lifli substratin ylizeyinin sicakligini arttirir.
Doksorubisin (DOX), furan-fonksiyonellestirilmis nanolifler ve maleimid-modifiye ilag
molekiilleri arasinda Diels-Alder (DA) eklenmesini saglamak i¢in bir maleimid fonksiyonel
grubu ile modifiye edildi. ilag molekiiliiniin basaril bir sekilde konjuge edilmesinden sonra,
ilag konjuge nanofiberin NIR 1s1gina maruz birakilmasi, retro Diels-Alder (rDA)

reaksiyonuna yol acar ve hizli 1s1k-1s1 doniisiimii sayesinde ilag salinimi ile sonuglanir.



Vi

TABLE OF CONTENTS

ACKNOWLEDGEMENTS ..ottt sttt ene s iii
ABSTRACT ...ttt E e bt e st ebe et e e e bt et e e e st e b et et reabe et et neans iv
OZET oottt v
TABLE OF CONTENTS ...ttt ettt e e e e e e e e nna e e e nnaeeannae s Vi
LIST OF FIGURES .....coooiiiiec ettt viii
LIST OF ACRONYMS/ABBREVIATIONS ..ottt Xiv
1. INTRODUCGTION ... .ottt et e et e e st e e e snne e e snnneenneeas 1
L1 NANOTIDEIS. ..ot nne s 1

1.2.  Electrospinning TECANIQUE ........coviiiieiecieceee e 2

1.3.  Electrospinning Parameters ..........cccoveiuiiieieeieiie e s se e e sra e 5
1.3.1.  SOIULION PAramMeters.........coviieieeieiiesieesie et 5

1.3.2. AMDIENT PAraMeTErS ....c..eivieieieiecie ettt 10

1.4.  Applications of Electrospun Nanofibers..........cccccccoceviveviiiiiieic e, 11

1.5.  Stimuli-Responsive Nanofibers ... 17

1.6.  Reduced Graphene OXide (Ir-GO) ......cccoriiiiiiiiiinenieee e 21

1.7.  Near-Infrared Laser (NIR) ACLIVALION ..........cccooeiiiirinieieese e 22

1.8.  Click Chemistry as A Tool for Functionalization.............c.ccccceevivieiieieennnnn. 24
1.8.1. Diels-Alder REACLION.........c.ccueieiieiiieie e 24

2. AIM OF THE STUDY ..ottt e tre et e e s e snae e nnnne e 27
3. e L g 1Y N N R 28
3. L1 MALEIIAIS ...t 28

3.1.2. INStrUMENTALION. ....ccvieiieriiie e 28

3.1.3.  Synthesis of Furan Containing Copolymers..........ccccoevvvenereninenenn 29

3.1.4. Preparation of r-GO-PFMA-PMMA ........cccoiiiiiiiieeee s 29

3.1.5. Preparation of r-GO-PMMA ..ot 29

3.1.6. Electrospinning of r-GO-PFMA-PMMA-Copolymer............ccceuvenee. 29

3.1.7. Electrospinning of r-GO-PMMA .........ccooiiiiiiiiiieeee s 30

3.1.8. Fluorescent Dye Conjugation on r-GO-PFMA-PMMA-NFs............... 30



vii

3.1.9. Release of Chemically Bonded F-Mal from r-GO-PFMA-PMMA-NFs .

............................................................................................................. 30

3.1.10. Synthesis of Furan Protected Maleic Anhydride (FUMa) .................... 31

3.1.11. Synthesis of Furan Protected Maleimide Acid (FuMa-Acid) .............. 31

3.1.12. Synthesis of Maleimide Acid (Mal-AcCid) ........cccccvvvvriiniininnieecee 31

3.1.13. Synthesis of Maleimide-NHS (Mal-NHS) ..........cccccccoiviviiiiiice e, 32

3.1.14. Synthesis of Doxorubicin-Maleimide (DOX-Mal) ........c.cccevvevirrinnee. 32

3.1.15. Conjugation of DOX-Mal to r-GO-PFMA-PMMA-NFS..........ccccueeee. 33

3.1.16. Release of DOX-Mal from r-GO-PFMA-PMMA-NFS........ccccevrennne. 33

4, RESULTS and DISCUSSION ......oooiiiiiicie ettt 34
4.1.1. Synthesis and Characterization of PFMA-PMMA Copolymer............ 34

4.1.2. Fabrication and Characterization of PFMA-PMMA-NFs...........cc....... 36

4.1.3. Functionalization of PFMA-PMMA-NFS .......cccooiiiiinirieneee e 38

4.1.4. Drug Modification and Characterization............cc.ccooevereneienenenenn 43

4.15. DOX-Mal Conjugation to  r-GO-PFMA-PMMA-NFs and
CharaCteriZAtiON .......cueiuieeieieie ettt eneas 47

4.1.6. Photothermally Triggered Release of Chemically Bonded DOX-Mal 48

5. CONCLUSION .ttt e et e e et e e et e e s e e e snae e e nnaeeenneeas 50
REFERENGCES ..ottt bttt st ne bt ne st 51

APPENDIX: COPYRIGHT NOTICES.......cciiiiiiiiiii e 63



Figure 1.1.

Figure 1.2.

Figure 1.3.

Figure 1.4.

Figure 1.5.

Figure 1.6.

Figure 1.7.

Figure 1.8.

Figure 1.9.

viii

LIST OF FIGURES

Depicted comparative diameters of a human red blood cell and single

human hair with a diameter of electrospun nanofibers [11]...........c.ccceuvnne. 2
Schematic illustration of Taylor Cone formation [12]..........ccccovevviiiiinennnne 3
Schematic illustration of a traditional electrospinning setup [14] ............... 4

Schematic illustration of different types of electrospinning spinnerets
Y USSR 5

SEM images of polystyrene polymer-based nanofibers upon increasing
concentration since other parameters are constant [17]. ......ccccooevvenirvnnnn. 6

Photography of polymeric nanofibers produced from different molecular
weights where a) 9000-10,000 g/mol, b) 13,000-23,000 g/mol and c)
31,000-50,000 g/mol (solution concentration: 25 wt. %) [18]. ..........cccuc.... 6

SEM images of 20 weight percent of PVAc nanofibers at different
voltages on the left and on the right, the average diameter of electrospun
NANOTIDEN [L9]. ..o e 7

SEM images of PVDF nanofibers with the increase in distance between
collector and the tip of spinneret: a) 18cm, b) 20 cm, c) 22 cm, and
) 24 CM [2L]. oot 8

SEM images of Nylon 6 nanofibers upon increase in flow rate where (a)
0.1mL/hr, (b) 0.5 mL/hr, (c) 1 mL/hr, (d) 1.5 mL/hr [20]. ..ooovvieeeiiiee 9



Figure 1.10.

Figure 1.11.

Figure 1.12.

Figure 1.13.

Figure 1.14.

Figure 1.15.

Figure 1.16.

Figure 1.17.

Figure 1.18.

Figure 1.19.

Different types of collectors used in electrospinning which are a) solid
collector, b) guide wires collector, c) rotating mandrel, d) rotating wire
drum, e) rotating disk f) liquid bath collector [24]........cccccevvviiiiiieirennn, 10
SEM images of cellulose acetate-based polymeric nanofibers under
different atmospheric conditions; temperatures and humidity [26] ........... 11

Different applications of electrospun nanofibers in a variety of fields;

textiles, electrical, sensors, energy storage, filtration, bio-medical [28].... 12

Representative wound healing process via multifunctional Janus

electrospun nanofiber dressing [32]. ......cooereiiriiininieeee e 13

Representative filtration process through electreted PSA/PAN-B-based
electroSpuN MALS [7]. ...ccveeiiieee e 14

Representative summary of biosensing of ZIKV Virus via electrospun
crosslinked nanofiber Mats [4L1]. ....coooveeiiieieie e 15

Schematic synthesis and manufacturing of dendrimer-based, brimonidine
tartrate (BT) polymeric electrospun nanofibers for administering

antiglaucoma [48].......cveieeieie e 16

Depicted scheme for fabrication of a woven electrospun scaffold and

extraction of a-mangostin for cardiac patch applications [50]. ................. 17

Scheme for how cellulose-based nanofibers (CNF-PEI) upon a change in
a narrow pH range for antibacterial response [57]......cccccoceviiiniiinininnnns 18

a) Representative scheme for NIR light initiated drug delivery system
using PVA electrospun nanofibers with photocleavable polymer
prodrug and water-dispersible UCNPs, b) Scheme for the structure of
levofloxacin-conjugated PEG-photocleavable molecule.[60]. .................. 19



Figure 1.20.

Figure 1.21.

Figure 1.22.

Figure 1.23.

Figure 1.24.

Figure 2.1.

Figure 4.1.

Figure 4.2.

Figure 4.3.

Figure 4.4.

Figure 4.5.

Figure 4.6.

General scheme for fabrication and applications of photo-thermally

triggered NaNOfibErs [8].......cccoveiiiie e 20
a) Scheme for the chemical structure of graphene, graphene oxide, and
reduced graphene oxide; b) Schematic route for reduction of graphite to

reduced graphene oxide [69].........cooviiriiiiiii 21

Illustration of the depth to which wavelengths penetrate human skin [74].

Diels-Alder cycloaddition reaction of furan and maleimide and

reversibility of their endo-exo-cycloadducts [81]. .......ccccceveviiinirinnnnnnn 25

Biotin functionalized furan containing nanofibers attained through DA

reaction and their fluorescence microscopy images [87].......ccccevvevvvrreennn. 26

Depicted scheme of the aim of the project..........cccoovvviiieiiienciiienen 27

Schematic representation of the free radical polymerization to synthesize

furan functionalized COPOIYMEN. ........cooiiiiiiii e 34
H-NMR spectrum of PFMA-PMMA COPOIYMET.........ccccvveereereceeieereeeene. 35
13C-NMR spectrum of PEMA-PMMA COPOIYME. ......cevverrerreeiercenane, 35
GPC trace of PFMA-PMMA COPOIYMEr. .....ccocviiiieieiie e 36

On the left; a piece of PFMA-PMMA nanofibrous mat, on the right; SEM
image of the manufactured nanofiber. ...........cccciiiiii 36

SEM images of the fabricated nanofibers at different concentrations;
a) 275, b) 250, and c) 225 pL DMF, histogram results belonging to
d) 275 €) 250 £) 225 UL DMF. w..ovveeeeeeeeeeereeeeevesteeeeeeesessesses s ensen s 37



Figure 4.7.

Figure 4.8.

Figure 4.9.

Figure 4.10.

Figure 4.11.

Figure 4.12.

Figure 4.13.

Figure 4.14.

Figure 4.15.

Figure 4.16.

Figure 4.17.

Xi

a) Schematic presentation of the preparation of r-GO-PFMA-PMMA
polymer solution before applying electrospinning, b) Digital image of r-
GO-PEMA-PMMA-NFS. ..ottt 38

Temperature vs. time graph of the r-GO (1% w/w) containing functional

nanofibrous mat under different beam poOWers...........cccccevveveiieieene s, 39

Schematic scheme for conjugation of F-Mal to r-GO-PFMA-PMMA-
NS, et 40

Fluorescence  microscopy images of  functional  nanofibers
(r-GO-PFMA-PMMA); a) after activation via NIR laser irradiation with
5, 10, 15, 30, and 45 min. pulses; b) after passive release at 37 °C within
the same time interval, c) non-functional nanofibers (r-GO-PMMA-NFs)
UV spectra of F-Mal; d) after exposure to NIR laser, €) at 60 °C. ............ 41

a) Reaction scheme for loading and photothermal release of E-Mal, b)

Release profile of photothermally stimulated E-Mal from r-GO-PFMA-

PMMA-NFs vs. non-triggered r-GO-PFMA-PMMA-NFs. ........cccccoeeveeee. 42
'H-NMR spectrum of FuMa cycloadduct. ............cccevecuerricreieceeiesceene, 43
TH-NMR spectrum of FUMa-ACIH. .......cccceeveveeeeereeeeeeeeee e 44
1H-NMR spectrum of Ma-ACid..........cccceveeevereeeiieeieeee e, 44
TH-NMR spectrum of Mal-NHS lNKEr. .........cccooeeueveeeeeeeeeeeeeeeeeenes 45
!H-NMR spectrum of a) DOXsHCI, b) DOX-Mal.........c.cccovvrrirrrrrrrnnene, 46
Mass spectra 0Of DOX-Mal. .......ccccooiiiiiiiiiiic e 46



Xii

Figure 4.18. SEM images of r-GO-PFMA-PMMA-NFs after and before DOX-Mal

l0ading, reSPECIVEIY. .....ooiiiieceecece s 47

Figure 4.19. Schematic illustration of DOX-Mal loading to r-GO-PMMA-NFs and r-
GO-PFMA-PMMA-NFS, respectively. ..o 48

Figure 4.20. The release profile of DOX-Mal upon on-off irradiation with NIR light. . 49

Figure A1, Copyright for FIQUIE 1.1, ....ooiiiiiiiiiiieee e 63
Figure A.2.  Copyright for FIgUIre 1.2. ....cooveiieieie e 63
Figure A.3.  Copyright for FIQUIE 1.3. ... 63
Figure A4, Copyright for Figure 1.4. ..o 64
Figure A5, Copyright for FIQUIE 1.5, ....ooiiiiiiieee e 64
Figure A.6.  Copyright for Figure 1.6. ......cccoooveiiiii e 65
Figure A.7.  Copyright fOr FIQUIE 1.7, ....cooiiiiiiiiiieeee e 65
Figure A.8.  Copyright for Figure 1.8. ..o 65
Figure A.9.  Copyright for FIQUIE 1.9. .....ccooiiiiiiiiece e 66
Figure A.10. Copyright for FIgure 1.10. ....ccooiiiiiiiie e 66
Figure A.11. Copyright for FIQUIe 1.11. ..o 66

Figure A.12. Copyright Tor FIQUIE 1.12. ...viiiiiiiiiie e 67



Figure A.13.

Figure A.14.

Figure A.15.

Figure A.16.

Figure A.17.

Figure A.18.

Figure A.19.

Figure A.20.

Figure A.21.

Figure A.22.

Figure A.23.

Figure A.24.

Xiii

Copyright for FIQUIE 1.13. .....ooiiiecieiesie e 67
Copyright for FIQUIe 1.14. ......coi i 68
Copyright for FIQUIe 1.15. ..o s 68
Copyright for FIQUIe 1.16. ......cccveieiieiicie e 69
Copyright fOr FIQUIE 1.17. ..ocveieeieeiee e 69
Copyright for Figure 1.18. ......ccccieiieiecie e 70
Copyright for FIQUIe 1.19. ....ccoiiieiieece e 70
Copyright for Figure 1.20. ......cccocveiieieie e 71
Copyright fOr FIQUIE 1.21. ...ceeieeiecieeeie e e 71
Copyright fOr FIQUIE 1.22. ......coveeeieeiece e 71
Copyright fOr FIQUIE 1.23. .....cooeeeciee e 72

Copyright for FIguIe 1.24. ......coooveieeiece e 72



3D

AIBN
Al>O3
CDCl3
CHCI>
DA

DCC
DCU
DIPEA
DMAP
DMF
DOX
DOX<HCI
DOX-Mal
E-Mal
EtOAC
EtOH
F-Mal
FMA
FuMa
FuMa-Acid
GPC

GO
LC-MS
Ma-Acid
Mal-NHS
MeOH
MMA
Na2SO4

LIST OF ACRONYMS/ABBREVIATIONS

3 dimensional
2,2'-Azobis(2-methylpropionitrile)
Aliminum Oxide

Chloroform

Dichloromethane

Diels-Alder
N,N'-Dicyclohexylcarbodiimide
Dicyclohexylurea
N,N-Diisopropylethylamine
4-(Dimethylamino)pyridine
Dimethylformamide

Doxorubicin

Doxorubicin hydrochloride
Maleimide conjugated doxorubicin
N-Ethyl Maleimide

Ethyl acetate

Ethanol
N-(5-Fluoresceinyl)maleimide
Furfuryl methacrylate

Furan protected maleic anhydride
Furan protected maleimide acid
Gel Permeation Chromatography
Graphene oxide

Liquid Chromotography-Mass Spectrescopy
4-Maleimidobutyric acid

4-Maleimidobutyric acid N-hydroxysuccinimide ester

Methanol
Methyl Methacrylate
Sodium sulfate

Xiv



NF
NHS
NMR
NIR
PBS
rDA
r-GO
rpm
rt
SEM
THF
TLC
uv

w/w

Nanofiber
N-Hydroxysuccinimide
Nuclear Magnetic Resonance
Near-Infrared

Phosphate Buffer Saline
retro Diels-Alder

Reduced Graphene Oxide
Revolutions per Minute
Room Temperature
Scanning Electron Microscopy
Tetrahydrofuran

Thin Layer Chromotography
Ultraviolet

Weight per weight

XV



1. INTRODUCTION

1.1. Nanofibers

Nanofibers are a unique class of bulk fibrous nanomaterials where the diameters of
the fibers range from a few nanometers to a micron scale. These materials offer a tremendous
surface-to-volume ratio compared to other bulk materials such as hydrogels, polymeric
films, and microfibers. The high surface area provides a high degree of reactive space to
encapsulate and/or conjugate bioactive molecules such as drugs, proteins, and growth factors
for sensing [1], drug delivery [2], and tissue engineering [3] applications. Additionally, the
choice of polymer utilized in the fabrication of nanofibers brings various other properties
such as stiffness, porosity, and hydrophilicity. This freedom in the design of nanofibers has

attracted considerable attention to these materials in recent years

Researchers have developed several techniques to fabricate nanofibrous mats to meet
the increased demand for such materials, such as template synthesis [4], phase separation
[5], self-assembly [6], drawing [7], and electrospinning [8]. The manufacturing techniques
of ultrafine polymeric nanofibers can be categorized into two major groups: electrospinning
and non-electrospinning methods. In the electrospinning method, the manufacturing of the
polymeric nanofibers is based on electrical forces [9], while non-electrospinning techniques

are based on mechanical forces [10].



Figure 1.1. Depicted comparative diameters of a human red blood cell and single human

hair with a diameter of electrospun nanofibers [11].

1.2.  Electrospinning Technique

It has been known for over a century that electrostatic forces can be used to
manufacture synthetic filaments. Namely, electrospinning is the process of producing of
fibers under electrostatic forces. Electrospinning controls the morphological features of
manufactured nanofibers, such as diameter and pattern. Fundamentally, electrospinning
utilizes a high-voltage electric field to create electrically charged jets from polymer solutions
or melts, which dry into nanofibers as the solvent is evaporated. The first patent related to
the electrospinning process was obtained by Formhals, who reported electrospinning of
cellulose acetate in the existence of acetone and monomethyl ether of ethylene glycol as
solvents. In the late 1960s, Taylor studied jet formation during the electrospinning process
and determined the geometry of the polymer droplet formed at the end of the needle’s tip as
an electric field is applied. Taylor defined the droplet's shape as a cone where the jets are
released from the vertices of the cone. In the following studies, the conical shape has been

called 'Taylor Cone' as the essential feature of the electrospinning process (Figure 1.2).
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Figure 1.2. Schematic illustration of Taylor Cone formation [12].

A basic electrospinning setup involves a high voltage power source that consists of
positively and negatively polarized electrodes (Figure 1.3). The setup also involves a syringe
pump which could be placed either vertically or horizontally to transfer polymeric solutions
through the spinneret onto a metal plate collector. The collector can be designed depending
on the needs, such as a flat and rotating drum [13]. During the electrospinning progress, an
electric field is applied to a polymer solution at the end of the spinneret to inject a charge
that has a polarity. Afterward, the surface of the charged droplet transforms into the shape

of a cone, described as the Taylor Cone.
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Figure 1.3. Schematic illustration of a traditional electrospinning setup [14]

Whenever the electrostatic forces generated via applied high voltages overcome the
surface tension of the polymer solution droplet at the end of the needle's tip, charged jet
begins to elongate and move towards the opposite electrode (metal collector). As a result,
the elongated jet starts depositing on the collector. During the travel of a charged jet between

the oppositely charged electrodes, the solvent evaporates, and nanofibers form.

The polymeric nanofibers can be produced using a solution with milliliter volumes
on laboratory scales. In contrast, most of the industrial mass production of nanofibers can be
supplied by continuous electrospinning of polymer solutions up to several liters. A
conventional electrospinning setup generally has one spinneret to work on the laboratory
scale. However, simply modifying via another spinneret (multi-spinneret) can enhance the
total mass of polymeric nanofiber deposited on the collector. Inserted multi-spinnerets into
an electrospinning setup can be placed in uniaxial or circular geometry [15]. In addition to
increasing overall mass product, the thickness of manufactured nanofibers and deposition
region is also enhanced thanks to utilizing multi-spinnerets. That's why electrospinning can
be applied on two distinct immiscible polymer solutions inside separated spinnerets to attain

composite nanofibers [15].
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Figure 1.4. Schematic illustration of different types of electrospinning spinnerets [15].

1.3. Electrospinning Parameters

Since electrospinning is a versatile method to manufacture polymeric nanofibers on
a lab scale and an industrial scale, the working parameters of the electrospinning process
become crucial. Structural morphology of electrospun nanofibers that are diameter and
arrangement of fibers can be controlled by altering the parameters like solution parameters,

processing parameters, and ambient parameters [16].

1.3.1. Solution Parameters

Appropriate solution concentration of the polymer and molecular weight of the
polymer in the electrospinning can be counted as ones of necessity to firstly be set before
initiating an electrospinning process. Due to low polymer solution concentration, micro or
nano-sized particles would be formed. That's why it is very likely to spectate electrospray
instead of electrospinning at this moment. In addition, beads and nanofibers mixture were
obtained with a slightly higher concentration. Even if the concentration of the solution has
been further increased, almost bead-free or micron-scale nanofibers can be obtained [17].
As a literature example, SEM images of the nanofibers have indicated how the concentration

affects the structural morphology of nanofibers (Figure 1.5).
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Figure 1.5. SEM images of polystyrene polymer-based nanofibers upon increasing

concentration since other parameters are constant [17].

The molecular weight of the polymer also has a direct relationship with the viscosity
of the polymer solution since molecular weight dictates the entanglements of polymer
chains. Mostly, nanofiber formation is easier with the higher molecular weight polymers due
to the high viscosity resistance, whereas the lower molecular weight causes a low polymer
solution concentration. One of the literature examples of how molecular weight affects the
morphological structure of nanofibers is shown by S. Shivkumar and his coworkers [18]. In
this study, they exhibited a decrease in the number of beads and an increase in the diameter

of the nanofibers upon increasing entanglements (Figure 1.6).
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Figure 1.6. Photography of polymeric nanofibers produced from different molecular
weights where a) 9000-10,000 g/mol, b) 13,000-23,000 g/mol and c) 31,000-50,000
g/mol (solution concentration: 25 wt. %) [18].

In addition to solution parameters, four other processing factors are directly related
to the electrospinning process; applied voltage, the distance between the collector and the

end of the needle’s tip, type of collector, and flow rate of the polymer solution.



Supplying enough voltage to the system to generate charges on the polymer solution
is highly important for manufacturing proper nanofibers. Mostly, the diameter of the formed
nanofibers is related to the applied voltage. The structural morphology of electrospun
polyvinyl acetate (PVAc) has been examined with changing various processing parameters
[19]. This study has demonstrated that an increase in the applied voltage has ended up with

an increase in the average diameter of fiber (Figure 1.7).

]

10 12 14 16
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Figure 1.7. SEM images of 20 weight percent of PVAc nanofibers at different voltages on
the left and on the right, the average diameter of electrospun nanofiber [19].

Another crucial processing parameter that directly impacts the morphology and
diameter of the electrospun nanofiber is the distance between the collector and the end of the
needle tip. The distance should be selected carefully to have sufficient flight time for solvent
evaporation before reaching the collector. Fiber fibers with beads or smaller diameters can
most likely be observed whenever the distance becomes greater than the optimum distance.
Thus, providing ideal distance has great significance in terms of morphological perspective,
particularly giving enough time to dryness of the formed nanofiber after leaving the tip of
the spinneret. One of the literature examples has exhibited that the average diameter value

of PVDF nanofibers becomes smaller with an increase in the distance (Figure 1.8) [20].



Figure 1.8. SEM images of PVDF nanofibers with the increase in distance between

collector and the tip of spinneret: a) 18cm, b) 20 cm, ¢) 22 cm, and d) 24 cm [21].

The pump rate (flow rate) of the polymer solution in the syringe is also an essential
processing parameter. In general, feed rate controls the flight time of the polymer solution
between polarized electrodes. That's why the time required for solvent evaporation can be
controlled via flow rate. In other words, the optimum flow rate has to be defined and
provided through the electrospinning system. Higher flow rates lead to the formation of thick
diameter, and if the flow rate becomes larger than the optimum high flow rate, bead
formations can be observed, whereas if the flow rate is set to a low flow rate, thinner
nanofibers can be observed. For example, Shamim Zargham and his coworkers have
demonstrated the effect of flow rate on the structural morphology of Nylon 6 electrospun
nanofibers [20]. SEM analysis clearly showed bead formation upon increasing flow rate, and

also fewer defects on nanofibers were observed (Figure 1.9).



Figure 1.9. SEM images of Nylon 6 nanofibers upon increase in flow rate where (a)
0.1mL/hr, (b) 0.5 mL/hr, (c) 1 mL/hr, (d) 1.5 mL/hr [20].

Since the grounded collectors behave as conductive substrates in the electrospinning,
they are all used for collecting produced nanofibers. In most cases, the collector has covered
with aluminum foil as a conductive surface. It is a fact that handling the collected nanofibers
for various purposes could be challenging. In order to overcome this difficulty, different
types of collectors have been developed by researchers like wire mesh [22], pin [23], rotated
bar, disk or grid, and wire collector. It is critical to emphasize that the properties of the
electric field generated in the have affected nanofibers structural morphology and
distribution. Various receiving devices can be used to get randomly distributed fibers,
patterned fibers, organized fibers, and three-dimensional structure fibers [24] For example;
fibers are usually randomly oriented when employing a grounded solid collector [25]. To
produce aligned nanofibers, a rotating collector (rotating wire drum, rotating mandrel,
rotating disk (Figure 1.10) with adjustable rotation speed is required [24].
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Figure 1.10. Different types of collectors used in electrospinning which are a) solid

collector, b) guide wires collector, c) rotating mandrel, d) rotating wire drum, e) rotating
disk f) liquid bath collector [24].

1.3.2. Ambient Parameters

In addition, morphological control over synthetic polymeric nanofiber can be

affected by changes in environmental conditions such as temperature and humidity. G

Bracewell and coworkers have demonstrated the impacts of controlled ambient parameters

on cellulose acetate (CA) nanofibers [26]. Their study has deduced that the produced fiber's

diameter is directly proportional to the ambient humidity since the evaporation rate of the

solvent has increased under low humidity conditions.

On the other hand, an increase in the

humidity level has caused the wet deposition of nanofibers on the collector. Furthermore,

the findings revealed that when the temperature rises, the diameter of the fibers reduces

(Figure 1.11). They claim this phenomenon is related to the viscosity change due to high

temperature.
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Figure 1.11. SEM images of cellulose acetate-based polymeric nanofibers under different

atmospheric conditions; temperatures and humidity [26]

1.4. Applications of Electrospun Nanofibers

Electrospinning is a valuable and convenient method for producing ultrathin fibers.
This technique has been used in different applications due to its simple fabrication process.
These application areas involve filtration, controlled release, bio-sensing, self-cleaning,
tissue engineering, self-healing, filtration, affinity membrane, protective clothing, solar
cells, immobilization of enzymes, energy storage, and drug delivery, among others (Figure
1.12). As compared with the other applications, electrospun nanofibers are particularly well-
suited to biomedical applications.

Several polymers have been successfully evaluated for electrospinning, including
synthetic and natural polymers. PCL, poly(lactic acid) (PLA), and poly(lactic-co-glycolic
acid) (PLGA) are the most common biocompatible and biodegradable synthetic polymers
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that have been used as the precursor for electrospinning in biomedical purposes. Natural

polymers such as DNA, proteins, nucleic acids, chitosan, collagen, and gelatin, can be

attractive materials in the electrospinning process [27].
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Figure 1.12. Different applications of electrospun nanofibers in a variety of fields; textiles

electrical, sensors, energy storage, filtration, bio-medical [28].

Electrospinning is a comprehensive technique for creating fibrous scaffolds that
mimic biological tissue. Recently, these materials attracted much interest in developing
bioactive dressing materials for treating chronic and acute wounds [29]. Since it is both
economical and easily accessible, dry gauze is now the most often used wound dressing.
However, it has significant drawbacks, including a high absorbent capacity that stimulates
wound dehydration and promotes bacterial development. Additionally, the removal of these
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bandages can be excruciating. At this point, nanofibrous scaffolds made of a wide range of
synthetic and natural polymers offer flexibility in the design for suitable chemical and
physical properties [30,31]. For example, Qi and coworkers have developed an antibacterial
electrospun nanofiber dressing that can drain biofluid [32]. Briefly, they designed an
electrospun nanofiber dressing to restrain methicillin-resistant Staphylococcus aureus
(MRSA) and to drain unnecessary biofluids (Figure 1.13).

hydrophobic

| anti-MRSA activity 1 0 sty pH Indicator
¢ PLA L PAN 1l biofiuid draining
& ..
& P, V¥ PSP = .
W oxa \ / !i

;:s;;‘_\ =S &

e

PSPPAN ranofitber
OXAP, W JPLA nanofiter

€D  vo MRSA cot v’ \/
o i >

dead MRSA cell

Figure 1.13. Representative wound healing process via multifunctional Janus electrospun

nanofiber dressing [32].

As aresult of the globalization of industry and urbanization, air pollution has become
one of the environmental issues. That's why air filtration materials have attracted great
interest recently. However, plenty of air filtration materials present low filtration efficiency
compared to their manufacturing cost and pressure drop. Fundamentally, a filter must
involve an appropriate porous size that allows successful filtration. At this point, electrospun
nanofibrous membranes offer high performance at filtering since they have a high surface
area to volume ratio, adjustable porous size, and easy production process [33,34,35,36]. As
a particular instance of electrospun nanofiber-based filtration, Yuan and coworkers have

developed novel electrospun nanofibers based on electreted
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polysulfonamide/polyacrylonitrile-boehmite (PSA/PAN-B) composite, at the same time,

high-temperature air filtration for dust removal (Figure 1.14) [37].
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Figure 1.14. Representative filtration process through electreted PSA/PAN-B-based
electrospun mats [37].

The polymeric electrospun nanofibers have enabled the investigation of single-
molecule or transport of bulk ions through a sensor surface because electrospun nanofibers
exhibit the promising feature owing to 3D porous morphology. Additionally, producing
nanofibers from biocompatible and biodegradable synthetic or natural polymers, high
surface area, and low production cost may be highlighted the importance of their role
[38,39,40]. One of the literature example [41] has demonstrated that electrospun nanofiber
mats manufactured through electrospinning of biocompatible materials such as alginate and
considerably hygroscopic PVA, have been successfully utilized for capturing Zika Virus
(Figure 1.15). As a crosslinking agent, glutaraldehyde has been used to enhance the water
mat's stability. Functional carboxylic acid groups have been used to tether anti-ZIKV PAbs.
Indeed, the mats were employed as a label-free electrochemical transducer for biosensing

with a large surface area.
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Figure 1.15. Representative summary of biosensing of ZIKV Virus via electrospun

crosslinked nanofiber mats [41].

In the last decades, electrospun nanofiber scaffolds have been highlighted as a
promising therapeutic platform for drug delivery systems due to their characteristic features
such as controllable surface morphology and modification, biocompatibility, and large
surface area [8,42,43,44]. Moreover, electrospun nanofiber mats provide enhanced loading
capacity. Although natural polymers have gained interest for drug delivery due to their
biocompatibility, there are also many examples of nanofiber scaffolds produced from
synthetic polymers [45,46]. The corporation of a therapeutic drug or antibiotic can be
achieved through either an encapsulation via physical interactions or conjugation via
chemical bonding to functionalized polymeric nanofiber [8,47]. For an example of a
physically loaded drug into polymeric electrospun nanofibers, Yang and coworkers have
designed fast-dissolving dendrimer-based nanofibers which provide a large delivery surface

scaffold for anti-glaucoma drug; brimonidine tartrate (Figure 1.16) [48].
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tartrate (BT) polymeric electrospun nanofibers for administering antiglaucoma [48].

In recent years, scaffolds based on electrospun nanofibers have been widely
employed in tissue engineering due to their promising features as their tunable nature and
superb nanoscale 3D construction while providing outstanding structural rigidity and
porosity. Cellular matrixes as a substrate for the delivery of drugs to targeted tissues can be
generated through synthetic and natural materials to repair damaged tissues [49]. Such that,
in one of the recent studies in cardiac showed that the fabricated woven nanofibrous scaffolds
via an ideal network have enhanced angiogenesis and increased tissue compatibility in vivo
(Figure 1.17) [50].
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Figure 1.17. Depicted scheme for fabrication of a woven electrospun scaffold and

extraction of a-mangostin for cardiac patch applications [50].

1.5. Stimuli-Responsive Nanofibers

Electrospun nanofibers have been empowered with "smart" qualities to make various
applications throughout the last decade. Since electrospun nanofibrous materials have been
produced using natural or synthetic polymers, stimuli-responsive polymers experience
chemical or structural (conformational) alternation upon an external stimulus [27]. Such
responsive nanofibers can be triggered in various ways; pH [51,52], temperature [53], light
[54], electric field [55]. As the outstanding properties of electrospun nanofibers like having
a great surface area to volume ratio, involving high porous structure, and cost-effectiveness
in manufacturing have been combined with the stimuli-responsive systems, their
applications have been mainly explored in controlled drug release, bio-sensing, self-cleaning

and self-healing.

Stimuli-responsive nanofibers have emerged to succeed in drug release at a constant
rate over a sustained time interval. In other words, stimuli-responsive nanofibers have been
used as characteristic controlled delivery systems that release entrapped contents through
different extra- and intracellular biological stimuli [56]. For drug delivery systems, it is
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significant to design appropriate variables; size, surface characteristics, chemistry, chemical
components, and degradability. That’s why various smart responsive materials for drug
delivery are designed in response to a stimulus that causes a reversible change in the features
of the material structure. Since most of the designed materials are synthetic and non-
biodegradable, bio-based (natural) polymer composites have been utilized for manufacturing
smart responsive systems. For example, Zhu and his coworkers have designed intelligent
cellulose-based nanofibers in order to enable sustained antibacterial and drug release with a
pH-responsive mechanism [57]. In this study, they have manufactured pH-sensitive cellulose
nanofibers (CNF-PEI), where polyethylenimine (PEI) has been grafted onto TEMPO-
oxidized cellulose nanofibers through three different carboxyl groups on the cellulose to
enhance biocompatibility (Figure 1.18). Fundamentally, conformational change in the side
chains in a restricted pH range has been observed upon protonation and deprotonation of
amino groups and also intermolecular physical interactions such as hydrogen bonding.
That’s why CNF-PEI-based nanofibers have responded to changes in pH by converting
wettability properties. Such CNF-PEI nanofibers present hydrophilic and superoleophobic
properties under acidic conditions, while hydrophobic and superoleophilic behavior has been

observed under alkaline conditions.

no O’ . K0

@ + .‘ \Mﬁ % -

OHOH 0 H]n/
DACF NF-

ml— PEI

il == i

R
/ﬁ CNF-PE] ww/} \cﬁ"ﬁ‘ﬁ‘/%‘\

Attach Detach %
R @0 Bacteria / ) \
\/ Q Water \/

\/ 0 Ol[\oo/

Figure 1.18. Scheme for how cellulose-based nanofibers (CNF-PEI) upon a change in a
narrow pH range for antibacterial response [57].
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In addition to the pH-responsivity of nanofibers, light is also one of the external
stimuli because of its noninvasive nature, controlled localization, and irradiation dose.
Ultraviolet (UV) light can be commonly used as an external light stimulus [58]. However,
the fact is that exposing human tissues and cells to UV irradiation can damage [59]. When
designing a safe wound dressing material, near-infrared (NIR) light can be preferred as
stimuli since it shows no damage on human skin, whereas it is not enough to cleave any
chemical bond since NIR light has lower energy than UV light. Therefore, Vetrone and his
coworkers have utilized lanthanide-doped upconverting nanoparticles (UCNPS) to convert
NIR to UV light in order to decrease the impact of UV light on tissues [60]. In their study, a
sophisticated platform to manufacture electrospun PVVA nanofibers where UCNPSs have been
embedded as NIR-UV transducers for wound dressing. To improve colloidal stability and
dispersibility in the PVA fiber matrix, LiYbF4:Tm®*/LiYFs UCNPs were coated with
hydrophilic crosslinked polymer. Levofloxacin conjugates as the model drug have
chemically conjugated through o-nitrobenzyl (ONB) linkages to poly(ethylene glycol)
(PEG) (Figure 1.19). Finally, levofloxacin was released once the ONB linkages in the drug
conjugates were broken down by either direct UV irradiation or that caused by the UCNPs

after NIR excitation.
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Figure 1.19. a) Representative scheme for NIR light initiated drug delivery system using
PVA electrospun nanofibers with photocleavable polymer prodrug and water-dispersible
UCNPs, b) Scheme for the structure of levofloxacin-conjugated PEG-photocleavable

molecule.[60]
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Alteration of temperature among the other modulations of stimuli has unique
advancement like behaving and affecting as either internal stimuli for some infections that
can be eliminated at high temperatures or external stimuli for generating heat through
nanostructures. Thus, certain photothermal active nanofibers can be generated from the
participation of gold nanorods [61], carbon nanotubes [62], and carbon nanoparticles [63].
More recently, many articles about the photothermal properties of graphene oxide (GO)
embedded nanofibers have been published [64,65,66]. However, few studies exist regarding
controlled drug release from reduced graphene oxide (r-GO) containing stimuli-responsive
electrospun nanofibers. Specifically, a recent study by Szunerits, Sanyal, and coworkers
reported photo-thermally triggered and r-GO embedded polymeric fibrous mats for on-
demand release of antibiotics by exposing the mats to near-infrared light (NIR)[8]. In the
study, physically loaded or entrapped antibiotic drugs were successfully controlled-released
after exposing nanofibrous mat to NIR light thanks to an increase in temperature, ending up
enhancing in average kinetic energy of molecules since r-GO converts the absorbed light
into heat (Figure 1.20).
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1.6. Reduced Graphene Oxide (r-GO)

Graphene is a monatomic thin layer of sp? hybridized carbon atoms organized in the
form of a hexagonal lattice structure. Graphene provides intended features such as physical
durability, electrical conductivity, and photothermal property. However, its low solubility
and complex synthetic patterns cause limitations in the application area. That's why the
derivatives of graphene, such as graphene oxide (GO) and reduced graphene oxide (r-GO),
are most commonly used in polymer-based nanomaterials design. Fundamentally, GO is a
water-dispersible derivative of a multilayered structure of oxidized graphene bearing
different functional groups like carboxy, hydroxyl, alkoxy, and carboxylic acid groups, while
the reduction of GO [67] attains r-GO. Oxidizing graphene provides improved dispersity in
water, whereas it ruins electrical conjugation enabling the heating property (Figure 1.21). To
overcome this challenge, GO is reduced to r-GO containing fewer functional groups and
having better electrical conjugation with ideal water dispersity. Besides, characteristic
features of reduced graphene oxide can be used for various applications in different ways
[67,68].

Graphene oxide Reduced graphene oxide

a Graphene (rGO)
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Graphite

Figure 1.21. a) Scheme for the chemical structure of graphene, graphene oxide, and
reduced graphene oxide; b) Schematic route for reduction of graphite to reduced graphene
oxide [69].
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The number of studies related to r-GO in recent years has remarkably increased in
several areas like sensors [70], biomedical applications [71], and absorbers [72]. Selective
and proper functionalization of r-GO is vital for biomedical applications. Such that Yan Wu
and his coworkers have developed a mesoporous silica (MS) coated polydopamine
functionalized reduced graphene oxide (pRGO). Particles were further modified with
hyaluronic acid (HA) (pPRGO@MS-HA) for synergistic targeted chemo-photothermal
therapy against cancer [73]. In this study, simultaneous reduction and noncovalent
modification have provided advanced biocompatibility and photothermal effect. Targeting
property and enhanced doxorubicin (DOX) loading has been provided by respectively HA
modification and MS coating. In vitro studies has affirmed that pPRGO@MS(DOX)-HA
demonstrates good dispersibility, great photothermal property, spectacular killing efficiency
of tumor cell, and specificity in targeting tumor cells. Moreover, in vivo antitumor
experiments of this nanoplatform showed remarkable synergistic antitumor efficiency
compared to any monotherapy method.

In addition to the characteristic conjugation property of graphene/GO/r-GO, the
photothermal feature of graphene and its derivatives have been concerned in biomedical
applications. For example, Amitav Sanyal and his coworkers have designed a
photothermally activated platform relying on physically caged r-GO into polymeric
nanofiber mats to achieve on-demand antibiotic release by irradiation via near-infrared
(NIR) laser [8]. In detail, crosslinked polymeric nanofibers were manufactured by using
hydrophilic poly(acrylic acid) (PAA) and r-GO in the electrospinning method. Then,
antibiotics were loaded into nanofiber mats by immersing them in antibiotic solutions. Since
the passive release of the entrapped antibiotics from nanofiber mats was dramatically low,
triggering the platform with irradiation of NIR has caused a significant increase in the rate
of the released drug. Besides, they proved control over the active release rates of antibiotics

through alternating laser power density.

1.7. Near-Infrared (NIR) Activation

Numerous studies about photo-triggered on-demand drug-release systems have

appeared to enhance therapeutic efficiency and control over drug administration [66]. It is
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challenging to administer chemotherapeutic medications and other treatments to tumor
locations in a controlled and targeted delivery. That’s why external light sources such as UV
light, NIR, and even visible light are utilized to trigger on-demand releases. Before
processing photo-triggered drug release, impacts of the utilized light source must be
considered. The skin's response to light irradiation is strongly dependent on wavelength
(Figure 1.22). Moreover, providing enough optical energy to the target is frequently
challenging due to the skin's absorption properties [74]. For example, NIR light can reach
subcutaneous fat, located approximately 6 mm beneath the skin's surface, whereas UV light
barely penetrates the skin. However, light in the UV (10-400 nm) and visible (390-700 nm)
areas cannot feasibly be employed for deep-tissue triggering due to their
considerable absorption through the skin and other tissues. Considering that penetration
depth is not a concern in such circumstances, near-surface tissues like the skin, the ear, the
back of the eye, and delivery approaches such as transdermal administration are possible

options for light-triggering devices.
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As an example of NIR-triggered drug release, Lim and coworkers designed NIR-
responsive interface crosslinked micelles using Diels-Alder (DA) click reaction between
poly(D,L-lactide)-b-poly(furfurylmethacrylate)-b-poly(N-acryloylmorpholine) ~ (PLA-b-
PFMA-b-PNAM) triblock copolymers where furan containing monomer has used as the
short mid-blocks and cross-linker bis(maleimidoethyl) 3,3'-diselanediyldipropionoate
(BMEDSeDP) [75]. Then, this synthesized copolymer was self-assembled into micelles in
aqueous media. Subsequently, furfuryl groups undergo a DA click reaction with the
maleimide groups at the end of the diselenide cross-linker to form ICL micelles. Doxorubicin
(DOX) and indocyanine green (ICG) have been loaded into ICL micelles, which have caused
an increase in micellar size. Reactive oxygen species (ROS) were created by NIR irradiation,
which then caused the disassembly of ICL and considerably increased the quantity of drug
release by cleaving the diselenide link. Moreover, they have performed the cytotoxicity and

cellular internalization of DOX-loaded ICL micelles.

1.8. Click Chemistry as a Tool for Functionalization

In synthetic chemistry, rapid reactions involving the three primary characteristics of
an ideal synthesis: efficiency, adaptability, and selectivity, have received much attention in
the previous decade. The ‘click' chemistry is essentially built on the properties of the
reactions. In other words, click reactions occur in a one-pot with a high yield in mild
conditions without forming offensive byproducts. These click reactions are classified into
four groups [76]; cycloaddition reactions (Huisgen 1,3-dipolar cycloaddition, Diels-Alder
reactions, nucleophilic ring-opening reactions of strained heterocyclic electrophiles) [77],
non-aldol carbonyl chemistry [78], and carbon-carbon double/triple bonds reactions (thiol-

ene chemistry, Michael addition reaction) [79].

1.8.1. Diels-Alder Reaction

The 'Diels-Alder" (DA) reaction is based on [4 + 2] cycloaddition between an
electron-rich diene and an electron-poor dienophile, which Otto Diels and Kirk Alder
discovered the DA reaction in 1928 [80]. The occurrent electrocyclic reaction yields a six-

membered ring by generating new stable s-bonds. Over the years, the DA reaction has been
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extensively utilized in developing diverse polymeric structures owing to its reagent-free
reaction mechanism, high yield, and thermo-reversibility. Mainly, the DA reactions produce
two diastereoisomers: ‘endo’ adduct, where the dienophile's substituent is oriented according
to the diene m system and 'exo’ adduct where the dienophile's substituent is localized away
from diene & system. In the transition state of the cycloaddition reaction, the endo product is
controlled as a kinetic product, while the exo product is a more stable thermodynamic
product (Figure 1.24). In other words, the reaction generates the endo-adduct at low
temperatures, whereas the exo-adduct becomes the dominant transition product at high
temperatures. Even though the endo product is the sterically hindered product, it has adapted

as a preferred transition state, which has been named as Alder endo rule.
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Figure 1.23. Diels-Alder cycloaddition reaction of furan and maleimide and reversibility of

their endo-exo-cycloadducts [81].

Since the structural nature of substituents affects the reactivity of the cycloaddition
and isomeric ratio [82], choosing appropriate dienes and dienophiles according to the desired
design is essential. The typical dienes are allene, isoprene, butadiene, norbornadiene,
cyclopentadiene, and furan. On the other hand, maleimide has been most commonly used as
a dienophile because of its high reactivity. Furan has generally been employed to
manufacture thermoresponsive materials in conjunction with the maleimide group. The
furan-based exo-cycloadducts are thermoreversible around 110 °C, whereas other

cycloadducts require a temperature above 200 °C for thermal reversibility [83].
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DA chemistry has been used in polymeric materials such as hydrogels [84], micelles
[85], surface coating [86], and nanofibers [87] for conjugating biomolecules, dyes, and

drugs.

Furan groups on the polymeric material's side chains can also be generated by either
incorporating furan with small molecules or using furan-containing monomers. Specifically,
a commercially available monomer, furfuryl methacrylate (FMA), has been excessively used
to fabricate polymer chains. This furan-containing monomer is ready for functionalization
with a dienophile using the DA reaction. For example, Sanyal and coworkers have designed
furan-based hydrophilic polymeric electrospun nanofibers for functionalization with
different maleimide-containing molecules and ligands to mediate the immobilization of
protein streptavidin [87]. In their study, they demonstrated the effective functionalization of
furan-based nanofibers in a manner of reagent-free conditions in aqueous media (Figure
1.24).
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Figure 1.24. Biotin functionalized furan containing nanofibers attained through DA

reaction and their fluorescence microscopy images [87].
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2. AIM OF THE STUDY

The primary goal of this study is to design a stimuli-responsive drug delivery for the
release of a chemically conjugated drug through irradiation of photothermally activable
polymeric nanofibers. The thermoresponsive system needed to accomplish such a delivery
system is based on the combination of the Diels-Alder/retro-Diels Alder reaction between
furan and maleimide. To design a photothermal nanofiber-based drug delivery system, furan-
functionalized copolymers were synthesized using free radical polymerization of furfuryl
methacrylate and methyl methacrylate. The electrospinning technique was utilized for the
production of nanofibers. Reduced graphene oxide was loaded into the furan-bearing
nanofibers to provide photothermally responsive property. For heating, a near-infrared laser
was utilized to irradiate the furan-functionalized reduced graphene oxide embedded
nanofibers. After modifying the parent drug molecule, doxorubicin-maleimide was
conjugated onto the nanofibers using the Diels-Alder ‘click’ chemistry between the
maleimide group on the drug and the furan group on the fibers. This reaction provides a
thermosensitive conjugation on nanofibrous mats where drug release can be triggered upon
heating induced by irradiation with a NIR laser. Retro Diels-Alder reaction will occur upon

increasing temperature, and the conjugated drug will be released.
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Figure 2.1. Depicted scheme of the aim of the project
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3. EXPERIMENTAL

3.1.1. Materials

Dimethylformamide (DMF), tetrahydrofuran (THF), dichloromethane (DCM), and
ethyl acetate (EtOAc) and also methyl methacrylate and maleic anhydride were purchased
from Merck. Furfuryl methacrylate, 2,2'-azobis(2-methylpropionitrile) (AIBN) and N-(5-
fluoresceinyl)-maleimide (F-Mal) were obtained from Sigma-Aldrich. Methyl methacrylate,
4-aminobutyric acid, furan, N-ethylmaleimide, N-hydroxysuccinimide (NHS) and N,N-
dicyclohexylcarbodiimide (DCC) were purchased from Alfa Aesar. Anhydrous solvents
such as CH2Clz, THF, and toluene was obtained from ScimatCo Purification System.

3.1.2. Instrumentation

The synthesized copolymer was characterized using *H-NMR and '?C-NMR
spectroscopy (Varian 400 MHz). The molecular weight of the synthesized copolymer was
identified with gel permeation chromatography (GPC) using Shimadzu PSSSDV (length/ID
8 x 300 mm, 10 um particle size) mixed-C column. Micromorphology of produced
nanofibers was characterized with JEOL NeoScope JCM-5000 scanning electron
microscopy (SEM) that involves an accelerating voltage of 10 kV. Fluorescence images of
the modified polymeric nanofibers were taken on a Zeiss Observer Z1 fluorescence
microscope linked to a Zeiss Observer Z1 fluorescence microscope connected to Axiocam
MRc5 using a Zeiss Filter set 38 (Excitation BP 470/40, Emission BP 525/50) for screening
the functionalized nanofibrous mats. r-GO-PFMA-PMMA-NFs were irradiated with the
usage of a 980 nm-continuous wave laser. Characterization of F-Mal upon irradiation with
NIR light was provided via Varian Cary-100 UV-Vis Spectrophotometer. The concentration
of released N-ethylmaleimide and DOX-Mal from r-GO-PFMA-PMMA-NFs was
determined by an HPLC system (Shimadzu, Tokyo, Japan).
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3.1.3. Synthesis of Furan Containing Copolymers

Commercially purchased furfuryl methacrylate (FMA) and methyl methacrylate
(MMA) monomers were passed through the basic aluminum oxide to remove residual
inhibitors. FMA (500.0 mg, 3.01 mmol), MMA (162.2 mg, 1.62 mmol), and AIBN (2.30
mg, 0.014 mmol) as an initiator of the polymerization were dissolved in DMF (1.4 mL) in a
25 mL round-bottom flask. Reaction media was purged with nitrogen gas for half an hour
before starting the reaction. Afterward, the round bottom flask was left in an oil bath set to
80 °C and stirred for 24h to complete polymerization. After the reaction was completed, the
solvent was evaporated under a vacuum. Lastly, thus obtained residue was dissolved in a
small amount of CH.Cl, and then added to cold ethanol (EtOH) solution drop by drop to
obtain a precipitate, which was dried under a high vacuum for 24 hours. *H-NMR (400 MHz,
CDCls, o, ppm): 7.35 (s, 1H furan), 6.32 (s, 1H furan), 6.27 (s, 1H furan), 4.85 (br s, 2H, —
OCH,—furan), 3.49 (s, 3H, OCHy3).

3.1.4. Preparation of r-GO-PFMA-PMMA

r-GO containing nanofibers were obtained by adding 1 mg r-GO (1% w/w) into the
100 mg furan-functionalized copolymer solution in 250 uL. DMF. To enhance the solubility
of r-GO content in the polymeric solution, 30 minutes of sonication was applied to the

mixture. After the sonication, the mixture was stirred for 24 hours at room temperature.

3.1.5. Preparation of r-GO-PMMA

Non-functionalized r-GO containing nanofibers as control were produced by simply
stirring and solving 100 mg MMA containing 1 mg r-GO (1% wi/w) in a mixture of 600 puL
DMF and 600 uL THF for 24 hours.

3.1.6. Electrospinning of r-GO-PFMA-PMMA Copolymer

r-GO-PFMA-PMMA polymer solution was electrospun by utilizing a 1 mL syringe

fitted with a 14-gauge blunt needle using a flow rate of 0,008 mL.min. During the
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electrospinning process, the applied voltage was set up to 15 kW, while the distance between

the tip of the needle and the aluminum foil-coated metal plate collector was 20 cm.

3.1.7. Electrospinning of r-GO-PMMA

Electrospinning was applied to the polymeric solution of r-GO-PMMA to generate
nanofibers. For this purpose, the polymeric solution was taken into a 1 mL syringe fitted
with a 14-gauge blunt needle via a flow rate of 0.01 mL.min"t while the applied voltage was

15 kV, and the distance between the electrodes was 15 cm.

3.1.8. Fluorescent Dye Conjugation to r-GO-PFMA-PMMA-NFs

To proceed with the conjugation, initially, N-(5-Fluoresceinyl)maleimide (1 mg/mL)
solution was prepared in 1 mL of 1xPBS. Loading of F-Mal dye into r-GO-PFMA-PMMA-
NFs was achieved by dropping the dye solution onto electrospun nanofibers that were
formerly collected on the glass slide and after shaking (150 rpm) at 37 °C for 24 h. Control
experiments of the conjugation of the dye were performed by dropping of the same
concentration of F-Mal solution onto merely r-GO-PMMA-NFs and shaking the glass slide
with environmentally same conditions of r-GO-PFMA-PMMA-NFs. After the loading
period, nanofibers on the glass slides were rinsed with an excess amount of 1xPBS to get rid
of either physically caged or loaded fluorescent dye. Nanofibers chemically conjugated with

F-Mal were examined and characterized under fluorescence microscopy.

3.1.9. Release of Chemically Bonded F-Mal from r-GO-PFMA-PMMA-NFs

To achieve rDA reaction by the help of photothermal responsivity of r-GO, r-GO-
PFMA-PMMA-NFs were heated to 60 °C with a NIR laser (1.5 W, 3 cm, 980 nm) for 15-
minute intervals five times. Then, the nanofibers were washed with excess 1xPBS for three
times to remove the released F-Mal. Lastly, characterization and monitoring of these

nanofibers were performed and recorded by fluorescence microscopy.
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3.1.10. Synthesis of Furan Protected Maleic Anhydride (FuMa)

This product was prepared according to previous reports. Firstly, maleic anhydride
(10.4 g, 0.153 mol) was dissolved entirely in the presence of toluene at 80°C. Subsequently,
furan (10 g, 0.102 mol) was cautiously added to the reaction media since it was volatile.
Under reflux media, the mixture was kept for 6 hours. As the reaction completed, the reaction
flask was left in a -20 °C fridge for overnight to yield the product. The formed white-yellow
residue was washed with 20 ml of hexane to eliminate possible impurities. Before the
characterization of the product, the obtained residue was dried under a high vacuum for 24

hours.

3.1.11. Synthesis of Furan Protected Maleimide Acid (FuMa-Acid)

This product was prepared according to previous reports. To synthesize FuMa-Acid,
FuMa (1.5 g, 0.009 mol) was dissolved in 11.25 mL tetrahydrofuran (THF) and 11.25 mL
methanol (MeOH) in a round bottom flask. After complete dissolving with the help of
sonication, 4-aminobutyric acid (2.78 g, 0.027 mol) was added to the reaction flask. Then,
the reaction was refluxed for 12 hours at 50 °C. To purify the product, solvent was
evaporated, followed by extraction by dissolving the product with a small amount of d.H20
and an excess amount of CH2Cl>. Then, the organic phase was collected and dried over
Na>SO4 to remove residual water in the organic phase. Lastly, filtration was done to separate
the salt from the organic phase, and CH2Cl. was evaporated. The attained residue after
evaporation was dried under a high vacuum. *H-NMR (400 MHz, CDCls, §, ppm): 6.54 (m,
2H, -HC=CH-furan), 5.30 (br s, 2H, -OCH-furan), 3.59 (m, 3H, -CHz), 2.87 (m, 2H, -HC-
CH-C=0-maleimide), 2.38 (m, 3H, -CH3), 1.94 (m, 2H, -CH>).

3.1.12. Synthesis of Maleimide Acid (Mal-Acid)

Unprotected Mal-Acid was synthesized by following rDA reaction. FuMa-Acid (200
mg, 0.843 mmol) and 250 mL dry toluene were mixed under reflux at 110 °C for 6 hours.
'H-NMR (400 MHz, DMSO, 8, ppm): 12.10 (br s, 1H, HO-C=0), 7.01 (s, 2H, -HC=CH-
maleimide), 3.43 (m, 3H, -CHj3), 2.21 (m, 3H, -CH3), 1.71 (m, 2H, -CH>).
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3.1.13. Synthesis of Maleimide-NHS (Mal-NHS)

Mal-NHS was prepared by separately dissolving Mal-Acid (150 mg, 0.82 mmol) and
N-hydroxysuccinimide (NHS) (94.3 mg, 0.82 mmol) in 1.5 mL dry CH2Cl> and dissolving
DCC (170 mg, 0.82 mmol) in 1.5 mL dry CH.Cl,. After complete dissolution of Mal-NHS,
the temperature of the reaction flask was lowered to 0 °C while stirring. DCC solution was
added drop by drop into the flask. The reaction flask was carried to room temperature after
10 minutes at 0 °C and subsequently left for 20 hours. *H-NMR (400 MHz, DMSO, &, ppm):
7.06 (s, 2H, -HC=CH- maleimide), 3.55 (m, 3H, -CH3), 2.87 (s, -N-C=0-CH>), 2.78 (m, 3H,
-CHs3), 1.90 (m, 2H, -CHy).

3.1.14. Synthesis of Doxorubicin-Maleimide (DOX-Mal)

DOX-Mal was synthesized according to the literature [88]. Briefly, Doxorubicin
HCI salt (DOX<HCI) (87 mg, 0.15 mmol) was dissolved in 9.22 mL DMF. Then, wholly
dissolved doxorubicin salt was treated with diisopropylethylamine (DIPEA) (130 uL, 0.75
mmol), and the reaction flask was covered with aluminum foil. The mixture was stirred and
purged with nitrogen at 25 °C to attain a dark red and transparent solution. Mal-NHS was
dissolved in 2.24 mL DMF and subsequently added to reaction media drop by drop. The
reaction flask was left at 25 °C for stirring for 24 hours. After the completed reaction, to get
all DOX-Mal content in the solution, firstly solvent was evaporated with the help of the route
at 37-38 °C. The obtained reddish residue was mixed with anhydrous ether (50 mL) to attain
an unclear solution. This suspension was sonicated for 15 minutes and was collected by
using suction filtration. It was then washed with cold ether. The resulting product was
purified by following the procedure three times; the acquired solid was dissolved in CH2Cl»
via sonication to eliminate all unreacted DOX since it is insoluble in CH2Cl>. Suction
filtration was applied to this solution to remove solid DOX. Then, the reddish solution was
concentrated to one-tenth of its original volume by evaporating CH2Cl.. Anhydrous ether
was drop by drop added to yield the product as a precipitate. Lastly, the solid was collected

and dried with a high vacuum.
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3.1.15. Conjugation of DOX-Mal to r-GO-PFMA-PMMA-NFs

A solution of DOX-Mal (1 mg/mL) was prepared in 1XxPBS. Then, a 20 mg piece of
a fibrous mat of r-GO-PFMA-PMMA-NFs was dipped into 1 mL of the Doc-containing
solution and stirred in dark for 24 hours at 25 °C. After loading of DOX-Mal chemically, the
mat was rinsed nine times with 1 mL portions of EtOH to get rid of both physically
encapsulated and interacted DOX-Mal into the nanofibers. To ensure there was no physically
entrapped DOX-Mal before exposing the nanofibers to NIR Laser, the process was followed
with liquid chromatography-mass spectrometry (LC-MS). As a control experiment, a mat of
r-GO-PMMA-NFs was stirred within 1 mL of DOX-Mal (1 mg/mL) solution. After 24 hours,
r-GO-PMMA-NFs were rinsed nine times with 1 mL of EtOH. Again, all of the collected

solutions from the rinsing process were analyzed with LC-MS.

3.1.16. Release of DOX-Mal from r-GO-PFMA-PMMA-NFs

DOX-Mal loaded r-GO-PFMA-PMMA-NFs over the surface of 1 mL 1xPBS
solution were irradiated with NIR laser (980 nm, 1.5 W) for 15 min. pulses. A photothermal
camera was utilized to monitor the temperature of the irradiated area. At the end of 15
minutes of irradiation above 60 °C, the release solution was refreshed with another 1 mL
portion of 1xPBS. Then, the passive release was done for 30 minutes without irradiation
with NIR light at 37 °C. Following NIR light on-off release system for DOX-Mal from r-
GO-PFMA-PMMA-NFs was operated four consecutive times. Attained release solutions
were examined and characterized with liquid chromatography-mass spectrometry-mass
spectrometry (LC-MS/MS).
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4. RESULTS AND DISCUSSION

4.1.1. Synthesis and Characterization of PFMA-PMMA Copolymer

Furan-functionalized, MMA-containing copolymers were synthesized through a free
radical polymerization. In the polymer chain, furan groups were used as diene (electron-rich)
reactive groups for further functionalization. At the same time, the MMA group was used to
enhance hydrophobicity and also fiber-making tendency. Before polymerization, FMA and
MMA monomers were passed through basic Al>O3 to remove inhibitors. Polymerization was
completed under a nitrogen atmosphere in DMF at 80°C using AIBN as the initiator (Figure
4.1). Purification of the obtained copolymers was provided with precipitation in cold EtOH.
At the end of purification, the yield of the free radical polymerization was 89 %. The ratio
of FMA and MMA units in the copolymer was calculated as 1:1. Characterization of the
synthesized polymer was done by using H-NMR spectroscopy (Figure 4.2), *C-NMR
spectroscopy (Figure 4.3), and gel permeation chromatography (GPC) (Figure 4.4).
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Figure 4.1. Schematic representation of the free radical polymerization to synthesize furan

functionalized copolymer.
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Figure 4.3. 3C-NMR spectrum of PFMA-PMMA copolymer.
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Figure 4.4. GPC trace of PFMA-PMMA copolymer.

4.1.2. Fabrication and Characterization of PFMA-PMMA-NFs

After successfully synthesizing the PFMA-PMMA copolymer, furan-functionalized
nanofiber was generated by using electrospinning of the polymer solution in DMF (Figure
4.5). Optimum electrospinning conditions to produce a nanofiber with minimum bead and
appropriate diameter were obtained as the applied voltage was 15 kV, the distance between
the end of the needle’s tip and collector was 20 cm, and the pump rate was set to 8 pL/min.
The fabricated functional polymeric nanofibers were characterized using SEM.

Figure 4.5. On the left; a piece of PFMA-PMMA nanofibrous mat, on the right; SEM
image of the manufactured nanofiber.



37

In order to optimize the physical morphology of fabricated nanofibers, r-GO-PFMA-
PMMA copolymer solutions were prepared at different concentrations when other
parameters were constant. Such that the most promising nanofibers that had the minimum
number of beads and proper diameter were obtained with the solvent of 250 uL. DMF. As
the concentration of the polymer was increased (225 pL. DMF), less bead formation was
observed, whereas thicker fibers were obtained. Thicker nanofibers were not preferable since
they had less surface area for further conjugation. In the contrary, whenever the
electrospinning was applied to diluted polymer solution (275 uL DMF), there existed an
absolute increase in the number and the size of beads and also thinner nanofibers were
observed (Figure 4.6). As a numeric characterization for nanofibers diameter, histogram
results also presented the increase in average diameter of 347.44+90.40 nm, 475.87+94.28
nm, 1157.62+155.19 nm from the most diluted to the most concentrated environment
respectively.

d)

Figure 4.6. SEM images of the fabricated nanofibers at different concentrations; a) 275, b)
250, and c) 225 uLL DMF, histogram results belonging to d) 275 e) 250 f) 225 uLL DMF.
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4.1.3. Functionalization of PFMA-PMMA-NFs

Functionalization of furan-containing nanofibers has been achieved in various ways
in this project. First, a corporation of 1 mg r-GO (1% w/w) was done by mixing it with
PFMA-PMMA polymer solution in DMF to give PFMA-PMMA-NFs a heatable property
since r-GO converts the absorbed light energy into heat. Electrospinning was applied on r-
GO-PFMA-PMMA (black colored solution in Figure 4.7) to fabricate photothermal
nanofibers. To identify r-GO-PFMA-PMMA-NF, an excellent digital picture was taken.
(Figure 4.7).

b)

Figure 4.7. a) Schematic presentation of the preparation of r-GO-PFMA-PMMA polymer
solution before applying electrospinning, b) Digital image of r-GO-PFMA-PMMA-NFs.

It is crucial to control over temperature on the surface of the nanofibers since rDA of
furan-maleimide adduct requires at least 60 °C. Besides, optimum distance and power
density are required to prevent skin damage over the applied region during irradiation. That’s
why the characterization of the heating property of the nanofibrous material has been
achieved under different beam powers as other radiation parameters like distance between
laser source and the surface of the r-GO-PFMA-PMMA-NFs (3 cm) and wavelength of the
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light (980 nm) are held constant. (Figure 4.8). The attained results indicate that as the
distance between the surface of the nanofiber and the end of the laser column becomes
shorter, reached maximum temperature increases. When the power density of the applied

laser increases, acquired temperature increases as well.
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Figure 4.8. Temperature vs. time graph of the r-GO (1% w/w) containing functional

nanofibrous mat under different beam powers.

To gain an insight into nanofiber functionalization, r-GO-PFMA-PMMA-NFs was
modified with F-Mal, a furan reactive fluorescent dye. Fluorescent labeling of maleimide
enables imaging of r-GO-PFMA-PMMA-NFs after and before loading (Figure 4.9).
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Figure 4.9. Schematic scheme for conjugation of F-Mal to r-GO-PFMA-PMMA-NFs.

The DA reaction occurred between furan groups on polymer side chains and the
maleimide group on the molecule. Subsequently, physically bonded or encapsulated
molecules were removed by simply washing the material with portions of 1XPBS solution
five times in a row. UV spectroscopy was used to ensure there was no left unbonded or
physically entrapped F-Mal inside the nanofibers. After successfully conjugating the
fluorescent dye on the surface of the nanofiber, the rDA reaction was performed by exposing
dye-conjugated nanofibers to NIR laser with 980 nm wavelength and 1.2 W power density.
The required energy to achieve rDA was supplied with embedded r-GO content inside
nanofibers since it converts the irradiation energy of NIR to heat. In addition, the passive
release was carried out at 37 °C within identical time pulses. As a control experiment, r-GO-
PMMA-NFs were used, but the non-functional nanofibers did not undergo conjugation with
F-Mal. Monitoring the process of loading and release of F-Mal was done with fluorescence
microscopy. The results show that the fluorescence intensity of F-Mal decreased in each
pulse while remaining constant in a passive release. In the case of non-functional nanofibers
(r-GO-PMMA-NFs), images indicated no F-Mal loading (Figure 4.10). In addition, UV
spectroscopy was utilized to confirm the photostability of dye that no quenching or
degradation is owing to either reaching high temperatures like 60 °C or irradiating with a
NIR laser (Figure 4.10).
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Figure 4.10. Fluorescence microscopy images of functional nanofibers (r-GO-PFMA-
PMMA); a) after activation via NIR laser irradiation with 5, 10, 15, 30, and 45 min. pulses;
b) after passive release at 37 °C within the same time interval, ¢) non-functional nanofibers

(r-GO-PMMA-NFs), UV spectra of F-Mal; d) after exposure to NIR laser, €) at 60 °C.

Another functionalization of r-GO-PFMA-PMMA-NFs was done with N-
ethylmaleimide (E-Mal) as another model molecule. The loading capacity for r-GO-PFMA-
PMMA-NFs was calculated from the amount of E-Mal content in the solution before and
after loading with LS-MS. The loading was achieved by simply immersing the nanofibers
into the solution of 2 mg/mL of E-Mal in 1XPBS for 1 day at 37 °C shaker. As 2 mg/mL E-
Mal loading solution was utilized, 1.482+0.153 mg/mL (79.23%) of E-Mal was loaded onto
the surface of the nanofibers. In another expression, 0.272+0.006 mg E-Mal were loaded per
1 mg of r-GO-PFMA-PMM-NFs. As a control experiment, r-GO-PMMA-NFs were loaded
with E-Mal, whereas LS-MS results after rinsing studied r-GO-PMMA-NFs indicated a trace
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amount of E-Mal was determined as loaded. The fundamental reason is that there is no

functional group on r-GO-PMMA-NFs that E-Mal can conjugate.

To release the conjugated E-Mal, rDA was performed through irradiation with a NIR
laser. When E-Mal-loaded r-GO-PMMA-PFMA-NFs were exposed to NIR laser, the
temperature on the surface of the nanofibers increased over 60 °C, which caused
cycloreversion to reform the initial diene (r-GO-PMMA-PFMA) and dienophile (E-Mal).

Collected released solutions were analyzed with LCMS. Results indicated that the amount

of passively released E-Mal from nanofibers was negligible compared with the amount of

active release. A dramatic increase in the concentration of released E-Mal was observed. The
difference is based on the temperature over the surface of r-GO-PFMA-PMMA-NFs that

rDA reaction does not occur at 37 °C. It is also important to mention that half of the released

E-Mal proceeded from the first 15 minutes (Figure 4.11).
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Figure 4.11. a) Reaction scheme for loading and photothermal release of E-Mal,

b) Release profile of photothermally stimulated E-Mal
from r-GO-PFMA-PMMA-NFs vs. non-triggered r-GO-PFMA-PMMA-NFs.
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4.1.4. Drug Modification and Characterization

Doxorubicin (DOX) was preferred as the model drug molecule of choice in this
project. However, it needed to be modified to perform DA click chemistry between the drug
and fabricated nanofibers. Hence, DOX was modified through amine group (-NHz) with an

activated ester containing maleimide linker (Mal-NHS).

The reaction of maleimide with the furan group is one of the well-known DA
reactions to deactivate the maleimide group. In order to synthesize furan protected maleic
anhydride, maleic anhydride and furan was refluxed with toluene under 80 °C for 6h. It is
important to note that furan was added to reaction media as the temperature reached 80 °C
since furan has a low evaporation point. As a purification process, the completed reaction
media was left at 0 °C for one day to precipitate the product to take out the exo-product. The
obtained product was characterized with *H-NMR spectroscopy (Figure 4.12).

0

Figure 4.12. *H-NMR spectrum of FuMa cycloadduct.

After the successful synthesis of FuMa adduct, 4-aminobutyric acid was added to
previously dissolved FuMa in THF and CH3OH under reflux at 65 °C for 12 hours.
Identification of the obtained product, furan-protected maleimide acid (FuMa-Acid), was

achieved with *H-NMR spectroscopy (Figure 4.13).
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Figure 4.13. H-NMR spectrum of FuMa-Acid.

As the next step, the rDA reaction of synthesized FuMa-Acid was undertaken. The
temperature of the reaction media was set to 110 °C under reflux since rDA reactions become
more convenient at high temperatures. Ma-Acid's retro product characterization was

undertaken using *H-NMR spectroscopy (Figure 4.14).

H:0
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Figure 4.14. *H-NMR spectrum of Ma-Acid.

Synthesized Ma-Acid involves functionlizable groups such as a maleimide group

that shows electron-poor (dienophile) characteristics for DA reactions and an acid group that
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can undergo a reaction with the NHS group to generate an activated ester. Since we were
planning to modify our parent drug, DOX, through an amine group on its structure, attaining
an activated ester was required. That’s why NHS group as an activating reagent was
preferred. DCC was used as a coupling reagent to generate an excellent leaving group from
acid to provide more reactive and activated reaction media DMAP was used as a catalytic
base due to its good basicity for esterification. During the esterification of Ma-Acid via
DCC/NHS coupling, DCC was converted into DCU, which is hard to eliminate even the last
traces since almost insoluble in any organic solvent and aqueous media. Hence filtration was
done to eliminate insoluble precipitate DCC and to isolate Mal-NHS. Then, the filtered
product was concentrated with the evaporation of the solvent. The remaining solution was
added to cold ethyl acetate (EtOAc) dropwise to purify further and obtain the product as a
residue. The attained precipitate was collected with the help of a centrifuge and dried under
a high vacuum. Obtained Mal-NHS product was characterized with *H-NMR spectroscopy
(Figure 4.15).
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Figure 4.15. *H-NMR spectrum of Mal-NHS linker.

The formation of amine-reactive NHS-activated ester favors further nucleophilic
attack of any amine group in order to generate an amide. In this case, amine groups on DOX
were utilized to form maleimide-functionalized doxorubicin (DOX-Mal) through an amide
bond. The reaction was conducted simply by mixing DOX and Mal-NHS in the DMF at

room temperature, while media was covered with aluminum foil since DOX is sensitive to
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light. After following purification processes[88], DOX-Mal was characterized with 'H-
NMR spectroscopy. Characteristic peaks indicating the successful synthesis for DOX-Mal
appeared at 6.98 ppm and 3.19 ppm belonging to maleimide and alkyl groups between
maleimide and amide, respectively. To identify characteristic peaks belonging to DOX-Mal
from the spectra, both *H-NMR spectroscopies of DOX+HCI and DOX-Mal were compared
(Figure 4.16). In addition to *H-NMR spectroscopy, the synthesized drug can be identified
by using LCMS. lon fragments for the corresponding peak to DOX-Mal were recorded as
731 m/z, indicating DOX-Mal's coupling with Na* (23 m) ions. The peak that appeared at
295 m/z belongs to the most dominant ion fragment, which is the base peak for the mass
spectra (Figure 4.17).
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Figure 4.17. Mass spectra of DOX-Mal.
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4.1.5. DOX-Mal Conjugation to r-GO-PFMA-PMMA-NFs and Characterization

DOX-Mal was covalently linked to r-GO-PFMA-PMMA-NFs through incubation at
room temperature for 24 hours. LC-MS results of rinsing solutions indicated no trace of
unbonded or physically entrapped DOX-Mal content. Loading capacity of DOX-Mal was
determined from the amount of DOX-Mal in solution after and before loading onto r-GO-
PFMA-PMMA-NFs using LS-MS. The loading amount of DOX-Mal was calculated as
0.124+0.017 mg for 1 mg r-GO-PFMA-PMMA-NFs. Imaging of DOX-Mal loaded
nanofibers was accomplished using SEM (Figure 4.18). Results showed no evidence of
deformation or disruption in the physical morphology of r-GO-PFMA-PMMA-NFs.

Figure 4.18. SEM images of r-GO-PFMA-PMMA-NFs after and before DOX-Mal loading,

respectively.

As a control experiment, 0.01 mg/mL DOX-Mal was loaded into r-GO-PMMA-NFs
and r-GO-PFMA-PMMA-NFs simultaneously and incubated at 25 °C for one day. After
sufficiently rinsing both nanofibrous mats, r-GO-PMMA-NFs remained white while r-GO-
PFMA-PMMA-NFs exhibited reddish-orange color (Figure 4.19). The main reason for the
coloration is that r-GO-PFMA-PMMA-NFs involve the furan group in its structure, enabling
DA reaction with maleimide on the modified drug. On the other hand, r-GO-PMMA
nanofibers have no functional group to be conjugated with DOX-Mal.
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Figure 4.19. Figure 4.19. Schematic illustration of DOX-Mal loading to r-GO-PMMA-NFs
and r-GO-PFMA-PMMA-NFs, respectively.

4.1.6. Photothermally Triggered Release of Chemically Conjugated DOX-Mal

The fibrous mat was irradiated with NIR laser (980 nm, 1.5 W) for 15 min. Irradiation
was done with a 2 cm distance between the light source and the surface of the fibrous.
Control experiments were done on the same mat in a cabin at 37 °C before photothermal
activation. Quantitative analysis of the released drug was carried out with LC-MS/MS.
Attained results were quite promising that r-GO-PFMA-PMMA-NFs demonstrate no
significant amount of release was determined as NIR light was off and DOX-Mal release
passively. On the other hand, a considerable amount of released DOX-Mal was obtained as
r-GO-PFMA-PMMA-NFs actived upon irradiation with NIR light (Figure 4.20).
Numerically, 0.055+0.064 ng of DOX-Mal was released per mg of r-GO-PFMA-PMMA-
NFs in passive release within the determined time interval, whereas 0.376+0.384 ng was
released from 1 mg of r-GO-PFMA-PMMA-NFs upon irradiation. The chemistry behind
this is based on DA ‘click chemistry’ since DA adducts have a thermosensitive bond. As
exposing r-GO-PFMA-PMMA-NFs to NIR light, the temperature on the surface of the
nanofiber increases, and rDA reaction takes place to release DOX-Mal content.
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Figure 4.20. The release profile of DOX-Mal upon on-off irradiation with NIR light.
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5. CONCLUSION

In this thesis, photothermally activated functional nanofibers were designed for
obtaining a drug delivery system based on the Diels-Alder/retro Diels-Alder chemistry.
Furan-containing copolymers embedded with r-GO were synthesized via free radical
polymerization to generate photothermally responsive electrospun nanofibers, which heat up
upon irradiation with NIR light. Then, r-GO-PFMA-PMMA-NFs were conjugated with F-
Mal fluorescent dye and E-Mal molecule as models for upcoming reactions. Fluorescence
imaging enabled to monitor DA ‘click’ chemistry between r-GO-PFMA-PMMA-NFs and
F-Mal. Besides, ethyl-maleimide was conjugated to r-GO-PFMA-PMMA-NFs as a model
cargo to demonstrate photothermally activated release. Nanofibers functionalized with the
fluorescent dye and ethylmaleimide were irradiated with NIR light to raise the local
temperature, and achieve their release through the retro Diels-Alder reaction. Subsequently,
conjugation of DOX-Mal to r-GO-PFMA-PMMA-NFs was undertaken, and photothermal
drug release was demonstrated. While passive drug release was minimal, active drug release
occurred in a reproducible and repetitive controlled manner. In summary, photothermally
activable nanofibers that could undergo conjugation and release of bioactive therapeutic
molecules were achieved. One can envision that the modular system obtained here can act

as a viable drug delivery device for various diseases.



o1

REFERENCES

Sarhan, W.A., H.M.E. Azzazy, and |.M. El-Sherbiny, “Honey/Chitosan Nanofiber
Wound Dressing Enriched with Allium Sativum and Cleome Droserifolia: Enhanced
Antimicrobial and Wound Healing Activity”, ACS Applied Materials and Interfaces,
Vol. 8, No. 10, pp. 6379-6390, 2016.

Nouri, A., B. Faraji Dizaji, N. Kianinejad, A. Jafari Rad, S. Rahimi, M. Irani, and F.
Sharifian Jazi, “Simultaneous Linear Release of Folic Acid and Doxorubicin from Ethyl
Cellulose/Chitosan/G-C3N4/MoS2 Core-Shell Nanofibers and Its Anticancer
Properties”, Journal of Biomedical Materials Research - Part A, Vol. 109, No. 6, pp.
903-914, 2021.

Yoshimoto, H., Y.M. Shin, H. Terai, and J.P. Vacanti, “A Biodegradable Nanofiber
Scaffold by Electrospinning and Its Potential for Bone Tissue Engineering”,
Biomaterials, Vol. 24, No. 12, pp. 2077-2082, 2003.

Yan, J., H. Yuhui, X. Shuhui, W. Xiao, Y. Zhang, Y. Jianyong, D. Bin, J. Yan, Y. Han,
S. Xia, Y.Y. Zhang, J. Yu, B. Ding, and X. Wang, “Polymer Template Synthesis Of
Flexible BaTiO 3 Crystal Nanofibers”, Advanced Functional Materials, Vol. 29, No.
51, p. 1907919, 20109.

Ding, F., H. Deng, Y. Du, X. Shi, and Q. Wang, “Emerging Chitin and Chitosan
Nanofibrous Materials for Biomedical Applications”, Nanoscale, Vol. 6, No.16, pp.
9477-9493, 2014.

Zhang, C., X. Xue, Q. Luo, Y. Li, K. Yang, X. Zhuang, Y. Jiang, J. Zhang, J. Liu, G.
Zou, and X.-J. Liang, “Self-Assembled Peptide Nanofibers Designed as Biological
Enzymes for Catalyzing Ester Hydrolysis”, ACS Nano, Vol. 8, No. 11, pp. 11715~
11723, 2014.



10.

11.

12.

13.

14.

52

Xing, X., Y. Wang, and B. Li, “Nanofibers Drawing and Nanodevices Assembly in
Poly(Trimethylene Terephthalate)”, Optics Express, Vol. 16, No. 14, p. 16815, 2008.

Altinbasak, 1., R. Jijie, A. Barras, B. Golba, R. Sanyal, J. Bouckaert, D. Drider, R.
Bilyy, T. Dumych, S. Paryzhak, V. Vovk, R. Boukherroub, A. Sanyal, and S. Szunerits,
“Reduced Graphene-Oxide-Embedded Polymeric Nanofiber Mats: An ‘On-Demand’
Photothermally Triggered Antibiotic Release Platform”, ACS Applied Materials &
Interfaces, VVol. 10, No. 48, pp. 41098-41106, 2018.

Nayak, R., R. Padhye, I.L. Kyratzis, Y.B. Truong, and L. Arnold, “Recent Advances in
Nanofibre Fabrication Techniques”, Textile Research Journal, Vol. 82, No. 2, pp. 129-
147, 2012.

Beachley, V., and X. Wen, “Polymer Nanofibrous Structures: Fabrication,
Biofunctionalization, and Cell Interactions”, Progress in Polymer Science, Vol. 35, No.
7, pp. 868-892, 2010.

Mishra R., and L. Sravanthi, “Modern Chemistry & Applications Fabrication
Techniques of Micro/Nano Fibres Based Nonwoven Composites: A Review”, Modern
Chemistry & Applications, Vol. 5, No. 2, p. 1, 2017.

Nauman, S., G. Lubineau, and H.F. Alharbi, “Post Processing Strategies for The
Enhancement of Mechanical Properties of Enms (Electrospun Nanofibrous
Membranes): A Review”, Membranes, Vol. 11, No. 1, pp. 1-38, 2021.

Subbiah, T., G.S. Bhat, R.W. Tock, S. Parameswaran, and S.S. Ramkumar,
“Electrospinning Of Nanofibers”, Journal of Applied Polymer Science, Vol. 96, No. 2,
pp. 557-569, 2005.

Aliheidari, N., N. Aliahmad, M. Agarwal, and H. Dalir, “Electrospun Nanofibers for
Label-Free Sensor Applications”, Sensors, Vol. 19, No. 16, p. 3587, 2019.



15.

16.

17.

18.

19.

20.

21.

22.

53

Persano, L., A. Camposeo, C. Tekmen, and D. Pisignano, “Industrial Upscaling of
Electrospinning and Applications of Polymer Nanofibers: A Review”, Macromolecular
Materials and Engineering, Vol. 298, No. 5, pp. 504-520, 2013.

Li, Z, and C. Wang, “Effects of Working Parameters on Electrospinning”,
SpringerBriefs in Materials, pp. 15-28, 2013.

T. M., S., A. Bin Arshad, P.T. Lin, J. Widakdo, H. K. Makari, H.F.M. Austria, C.C.
Hu, J.Y. Lai, and W.S. Hung, “A Review of Recent Progress in Polymeric Electrospun
Nanofiber Membranes in Addressing Safe Water Global Issues”, RSC Advances, Vol.
11, No. 16, pp. 9638-9663, 2021.

Koski, A., K. Yim, and S. Shivkumar, “Effect of Molecular Weight on Fibrous PVA
Produced by Electrospinning”, Materials Letters, VVol. 58, No. 3-4, pp. 493-497, 2004.

Park, J.Y., L.LH. Lee, and G.N. Bea, “Optimization of The Electrospinning Conditions
for Preparation of Nanofibers from Polyvinylacetate (PVACc) in Ethanol Solvent”,
Journal of Industrial and Engineering Chemistry, Vol. 14, No. 6, pp. 707-713, 2008.

Zargham, S., S. Bazgir, A. Tavakoli, A.S. Rashidi, and R. Damerchely, “The Effect of
Flow Rate on Morphology and Deposition Area of Electrospun Nylon 6 Nanofiber”,
Journal of Engineered Fibers and Fabrics, Vol. 7, No. 4, pp. 42-49, 2012.

Motamedi, A.S., H. Mirzadeh, F. Hajiesmaeilbaigi, S. Bagheri-Khoulenjani, and M.A.
Shokrgozar, “Effect of Electrospinning Parameters on Morphological Properties of
PVDF Nanofibrous Scaffolds”, Progress in Biomaterials, Vol. 6, pp. 113-123, 2017.

Wang, X., I.C. Um, D. Fang, A. Okamoto, B.S. Hsiao, and B. Chu, “Formation of
Water-Resistant Hyaluronic Acid Nanofibers by Blowing-Assisted Electro-Spinning
and Non-Toxic Post Treatments”, Polymer, Vol. 46, No. 13, pp. 4853-4867, 2005.



23.

24.

25.

26.

217.

28.

29.

30.

54

Sundaray, B., V. Subramanian, T.S. Natarajan, R.Z. Xiang, C.C. Chang, and W.S. Fann,
“Electrospinning of Continuous Aligned Polymer Fibers”, Applied Physics Letters,
Vol. 84, No. 7, pp. 1222-1224, 2004.

Sun, Y., S. Cheng, W. Lu, Y. Wang, P. Zhang, and Q. Yao, “Electrospun Fibers and
Their Application in Drug Controlled Release, Biological Dressings, Tissue Repair, and
Enzyme Immobilization”, RSC Advances, Vol. 9, No. 44, pp. 25712-25729, 2019.

Zhang, P., X. Jiao, and D. Chen, “Fabrication of Electrospun Al203 Fibers with CaO—
SiO2 Additive”, Materials Letters, Vol. 91, pp. 23-26, 2013.

Hardick, O., B. Stevens, and D.G. Bracewell, “Nanofibre Fabrication in A Temperature
and Humidity Controlled Environment for Improved Fibre Consistency”, Journal of
Materials Science, Vol. 46, No. 11, pp. 3890-3898, 2011.

Xue, J., T. Wu, Y. Dai, and Y. Xia, “Electrospinning and Electrospun Nanofibers:
Methods, Materials, and Applications”, Chemical Reviews, Vol. 119, No. 8, pp. 5298-
5415, 2019.

Liu, Y., M. Hao, Z. Chen, L. Liu, Y. Liu, W. Yang, and S. Ramakrishna, “A Review
on Recent Advances in Application of Electrospun Nanofiber Materials as Biosensors”,
Current Opinion in Biomedical Engineering, Vol. 13, pp. 174-189, 2020.

Memic, A., T. Abudula, H.S. Mohammed, K. Joshi Navare, T. Colombani, and S.A.
Bencherif, “Latest Progress in Electrospun Nanofibers for Wound Healing
Applications”, ACS Applied Bio Materials, Vol. 2, No. 3, pp. 952-969, 2019.

Greiner, A., and J.H. Wendorff, “Electrospinning: A Fascinating Method for The
Preparation of Ultrathin Fibers”, Angewandte Chemie - International Edition, Vol. 46,
No. 30, pp. 5670-5703, 2007.



31.

32.

33.

34.

35.

36.

37.

55

Boateng, J.S., K.H. Matthews, H.N.E. Stevens, and G.M. Eccleston, “Wound Healing
Dressings and Drug Delivery Systems: A Review”, Journal of Pharmaceutical
Sciences, Vol. 97, No. 8, pp. 2892-2923, 2008.

Zhang, X., R. Lv, L. Chen, R. Sun, Y. Zhang, R. Sheng, T. Du, Y. Li, and Y. Qi, “A
Multifunctional Janus Electrospun Nanofiber Dressing with Biofluid Draining,
Monitoring, and Antibacterial Properties for Wound Healing”, ACS Applied Materials
and Interfaces, Vol. 14, No. 11, pp. 12984-13000, 2022.

Lee, S., A.R. Cho, D. Park, J.K. Kim, K.S. Han, I.J. Yoon, M.H. Lee, and J. Nah,
“Reusable Polybenzimidazole Nanofiber Membrane Filter for Highly Breathable PM
2.5 Dust Proof Mask”, ACS Applied Materials and Interfaces, Vol. 11, No. 3, pp. 2750—
2757, 2019.

Roche, R., and F. Yalcinkaya, “Electrospun Polyacrylonitrile Nanofibrous Membranes
for Point-of-Use Water and Air Cleaning”, ChemistryOpen, Vol. 8, No. 1, pp. 97-103,
2019.

Jiang, Z., H. Zhang, M. Zhu, D. Lv, J. Yao, R. Xiong, and C. Huang, “Electrospun Soy-
Protein-Based Nanofibrous Membranes for Effective Antimicrobial Air Filtration”,
Journal of Applied Polymer Science, Vol. 135, No. 8, p. 45766, 2018.

Chen, S., S. Jiang, and H. Jiang, “A Review On Conversion of Crayfish-Shell
Derivatives to Functional Materials and Their Environmental Applications”, Journal of
Bioresources and Bioproducts, Vol. 5, No. 4, pp. 238-247, 2020.

Yang, X., Y. Pu, S. Li, X. Liu, Z. Wang, D. Yuan, and X. Ning, “Electrospun Polymer
Composite Membrane with Superior Thermal Stability and Excellent Chemical
Resistance for High-Efficiency PM2.5 Capture”, ACS Applied Materials and
Interfaces, VVol. 11, No. 46, pp. 43188-43199, 2019.



38.

39.

40.

41.

42.

43.

44,

45.

56

Seong, D.Y., M.S. Choi, and Y.J. Kim, “Fluorescent Chemosensor for The Detection
of Histamine Based On Dendritic Porphyrin-Incorporated Nanofibers”, European
Polymer Journal, Vol. 48, No. 12, pp. 1988-1996, 2012.

Wang, H., W. Tang, H. Wel, Y. Zhao, S. Hu, Y. Guan, W. Pan, B. Xia, N. Li, and F.
Liu, “Integrating Dye-Intercalated DNA Dendrimers with Electrospun Nanofibers: A
New Fluorescent Sensing Platform for Nucleic Acids, Proteins, and Cells”, Journal of
Materials Chemistry B, Vol. 3, No. 17, pp. 3541-3547, 2015.

Zhou, C., Y. Shi, X. Ding, M. Li, J. Luo, Z. Lu, and D. Xiao, “Development of A Fast
and Sensitive Glucose Biosensor Using Iridium Complex-Doped Electrospun Optical
Fibrous Membrane”, Analytical Chemistry, Vol. 85, No. 2, pp. 1171-1176, 2013.

Frias, I.LA.M., L.H. Vega Gonzales Gil, M.T. Cordeiro, M.D.L. Oliveira, and C.A.S.
Andrade, “Self-Enriching Electrospun Biosensors for Impedimetric Sensing of Zika
Virus”, ACS Applied Materials and Interfaces, Vol. 14, No. 1, pp. 41-48, 2022.

Huang, C., S.J. Soenen, J. Rejman, B. Lucas, K. Braeckmans, J. Demeester, and S.C.
De Smedt, “Stimuli-Responsive Electrospun Fibers and Their Applications”, Chemical
Society Reviews, Vol. 40, No. 5. pp. 2417-2434, 2011.

Chan, Z., Z. Chen, A. Zhang, J. Hu, X. Wang, and Z. Yang, “Electrospun Nanofibers
for Cancer Diagnosis and Therapy”, Biomaterials Science, Vol. 4, No. 6, pp. 922-932,
2016.

Sharma, A., A. Gupta, G. Rath, A. Goyal, R.B. Mathur, and S.R. Dhakate, “Electrospun
Composite Nanofiber-Based Transmucosal Patch for Anti-Diabetic Drug Delivery”,
Journal of Materials Chemistry B, Vol. 1, No. 27, pp. 3410-3418, 2013.

Celebioglu, A., and T. Uyar, “Hydrocortisone/Cyclodextrin Complex Electrospun
Nanofibers for A Fast-Dissolving Oral Drug Delivery System”, RSC Medicinal
Chemistry, Vol. 11, No. 2, pp. 245-258, 2020.



46.

47.

48.

49.

50.

51.

52.

57

Li, L., and Y. Lo Hsieh, “Ultra-Fine Polyelectrolyte Fibers from Electrospinning of
Poly(Acrylic Acid)”, Polymer, Vol. 46, No. 14, pp. 5133-5139, 2005.

Li, W.,, T. Luo, Y. Yang, X. Tan, and L. Liu, “Formation of Controllable
Hydrophilic/Hydrophobic Drug Delivery Systems by Electrospinning of Vesicles”,
Langmuir, Vol. 31, No. 18, pp. 5141-5146, 2015.

Lancina, M.G., S. Singh, U.B. Kompella, S. Husain, and H. Yang, “Fast Dissolving
Dendrimer Nanofiber Mats as Alternative to Eye Drops for More Efficient
Antiglaucoma Drug Delivery”, ACS Biomaterials Science and Engineering, VVol. 3, No.
8, pp. 1861-1868, 2017.

Breitbach, M., T. Bostani, W. Roell, Y. Xia, O. Dewald, J.M. Nygren, J.W.U. Fries, K.
Tiemann, H. Bohlen, J. Hescheler, A. Welz, W. Bloch, S.E.W. Jacobsen, and B.K.

Fleischmann, “Potential Risks of Bone Marrow Cell Transplantation into Infarcted

Hearts”, Blood, Vol. 110, No. 4, pp. 1362-1369, 2007.

Sunil Richard, A., and R.S. Verma, “Antioxidant a-Mangostin Coated Woven
Polycaprolactone Nanofibrous Yarn Scaffold for Cardiac Tissue Repair”, ACS Applied
Nano Materials, Vol. 5, No. 4, pp. 5075-5086, 2022.

Son, Y.J., Y. Kim, W.J. Kim, S.Y. Jeong, and H.S. Yoo, “Antibacterial Nanofibrous
Mats Composed Of Eudragit For PH-Dependent Dissolution.”, Journal of
Pharmaceutical Sciences, Vol. 104, No. 8, pp. 2611-2618, 2015.

Demirci, S., A. Celebioglu, Z. Aytac, and T. Uyar, “PH-Responsive Nanofibers With
Controlled Drug Release Properties.”, Polym. Chem., Vol. 5, No. 6, pp. 20502056,
2014,



53.

54.

55.

56.

57.

58.

59.

58

Abdalkarim, S.Y.H., H. Yu, C. Wang, Y. Chen, Z. Zou, L. Han, J. Yao, and K.C. Tam,
“Thermo And Light-Responsive Phase Change Nanofibers With High Energy Storage
Efficiency for Energy Storage And Thermally Regulated On-Off Drug Release
Devices”, Chemical Engineering Journal, Vol. 375, pp. 121979, 20109.

Lin, S., X. Huang, R. Guo, S. Chen, J. Lan, and P. Theato, “UV-triggered CO 2 -
responsive Behavior of Nanofibers And Their Controlled Drug Release Properties”,
Journal of Polymer Science Part A: Polymer Chemistry, Vol. 57, No. 14, pp. 1580-
1586, 2019.

Yun, J., J.S. Im, Y.S. Lee, and H. Il Kim, “Electro-Responsive Transdermal Drug
Delivery Behavior of PVA/IPAA/MWCNT Nanofibers”, European Polymer Journal,
Vol. 47, No. 10, pp. 1893-1902, 2011.

Chen, M., Y.-F. Li, and F. Besenbacher, “Electrospun Nanofibers-Mediated On-
Demand Drug Release”, Advanced Healthcare Materials, Vol. 3, No. 11, pp. 1721-
1732, 2014.

He, H., M. Cheng, Y. Liang, H. Zhu, Y. Sun, D. Dong, and S. Wang, “Intelligent
Cellulose Nanofibers with Excellent Biocompatibility Enable Sustained Antibacterial
and Drug Release via A PH-Responsive Mechanism”, Journal of Agricultural and
Food Chemistry, Vol. 68, No. 11, pp. 3518-3527, 2020.

Pang, Q., X. Zheng, Y. Luo, L. Ma, and C. Gao, “A Photo-Cleavable Polyprodrug-
Loaded Wound Dressing with UV-Responsive Antibacterial Property”, Journal of
Materials Chemistry B, Vol. 5, No. 45, pp. 8975-8982, 2017.

Hockberger, P.E., “A History Of Ultraviolet Photobiology For Humans, Animals And
Microorganisms.”, Photochemistry and photobiology, Vol. 76, No. 6, pp. 561-579,
2002.



60.

61.

62.

63.

64.

65.

66.

59

Huang, H.Y., A. Skripka, L. Zaroubi, B.L. Findlay, F. Vetrone, C. Skinner, J.K. Oh,
and L.A. Cuccia, “Electrospun Upconverting Nanofibrous Hybrids with Smart NIR-
Light-Controlled Drug Release for Wound Dressing”, ACS Applied Bio Materials, Vol.
3, No. 10, pp. 7219-7227, 2020.

Cheng, M., H. Wang, Z. Zhang, N. Li, X. Fang, and S. Xu, “Gold Nanorod-Embedded
Electrospun Fibrous Membrane as A Photothermal Therapy Platform”, ACS Applied
Materials & Interfaces, Vol. 6, No. 3, pp. 1569-1575, 2014.

Zhang, Z., S. Liu, H. Xiong, X. Jing, Z. Xie, X. Chen, and Y. Huang, “Electrospun
PLA/MWCNTs Composite Nanofibers for Combined Chemo- and Photothermal
Therapy”, Acta Biomaterialia, Vol. 26, No. 23, pp. 115-123, 2015.

Li, Y., Y.Fu, Z. Ren, X. Li, C. Mao, and G. Han, “Enhanced Cell Uptake of Fluorescent
Drug-Loaded Nanoparticles via An Implantable Photothermal Fibrous Patch for More
Effective Cancer Cell Killing”, Journal of Materials Chemistry B, Vol. 5, No. 36, pp.
7504-7511, 2017.

Qi, K., J. He, H. Wang, Y. Zhou, X. You, N. Nan, W. Shao, L. Wang, B. Ding, and S.
Cui, “A Highly Stretchable Nanofiber-Based Electronic Skin With Pressure-, Strain-,
And Flexion-Sensitive Properties for Health and Motion Monitoring”, ACS Applied
Materials & Interfaces, Vol. 9, No. 49, pp. 42951-42960, 2017.

Luo, Y., H. Shen, Y. Fang, Y. Cao, J. Huang, M. Zhang, J. Dai, X. Shi, and Z. Zhang,
“Enhanced Proliferation and Osteogenic Differentiation of Mesenchymal Stem Cells
On Graphene Oxide-Incorporated Electrospun Poly(Lactic- Co -Glycolic Acid)
Nanofibrous Mats”, ACS Applied Materials & Interfaces, Vol. 7, No. 11, pp. 6331-
6339, 2015.

Wang, S.-D., Q. Ma, K. Wang, and H.-W. Chen, “Improving Antibacterial Activity and
Biocompatibility of Bioinspired Electrospinning Silk Fibroin Nanofibers Modified by
Graphene Oxide”, ACS Omega, Vol. 3, No. 1, pp. 406-413, 2018.



67.

68.

69.

70.

71.

72.

73.

60

Smith, A.T., A.M. LaChance, S. Zeng, B. Liu, and L. Sun, “Synthesis, Properties, and
Applications of Graphene Oxide/Reduced Graphene Oxide and Their
Nanocomposites”, Nano Materials Science, Vol. 1, No. 1, pp. 31-47, 2019.

Tarcan, R., O. Todor-Boer, I. Petrovai, C. Leordean, S. Astilean, and I. Botiz, “Reduced
Graphene Oxide Today”, Journal of Materials Chemistry C, Vol. 8, No. 4, pp. 1198—
1224, 2020.

Amieva, E.J., J. Lopez-Barroso, A.L. Martinez-Hernandez, and C. Velasco-Santos,
“Graphene-Based Materials Functionalization with Natural Polymeric Biomolecules”,
Recent Advances in Graphene Research, Vol. 12, p. 308, 2016.

Saha, B., S. Baek, and J. Lee, “Highly Sensitive Bendable and Foldable Paper Sensors
Based On Reduced Graphene Oxide”, ACS Applied Materials and Interfaces, Vol. 9,
No. 5, pp. 4658-4666, 2017.

Choudhary, P., T. Parandhaman, B. Ramalingam, N. Duraipandy, M. Syamala Kiran,
and S.K. Das, “Fabrication of Nontoxic Reduced Graphene Oxide Protein
Nanoframework as Sustained Antimicrobial Coating for Biomedical Application”, Vol.
9, No. 44, pp. 38255-38269, 2017.

Liu, Y., Z. Chen, Y. Zhang, R. Feng, X. Chen, C. Xiong, and L. Dong, “Broadband and
Lightweight Microwave Absorber Constructed by In Situ Growth of Hierarchical
CoFe204/Reduced Graphene Oxide Porous Nanocomposites”, ACS Applied Materials
and Interfaces, Vol. 10, No. 16, pp. 13860-13868, 2018.

Shao, L., R. Zhang, J. Lu, C. Zhao, X. Deng, and Y. Wu, “Mesoporous Silica Coated
Polydopamine Functionalized Reduced Graphene Oxide for Synergistic Targeted
Chemo-Photothermal Therapy”, ACS Applied Materials and Interfaces, Vol. 9, No. 2,
pp. 1226-1236, 2017.



74.

75.

76.

77.

78.

79.

80.

81.

61

Clement, M., G. Daniel, and M. Trelles, “Optimising The Design Of A Broad-band
Light Source for The Treatment of Skin”, Journal of Cosmetic and Laser Therapy, Vol.
7, No. 3-4, pp. 177-189, 2009.

Ramesh, K., S. Yadav, A.K. Mishra, S.H. Jo, S.H. Park, C.W. Oh, and K.T. Lim,
“Interface-Cross-Linked Micelles of Poly(D,L-Lactide)-B-Poly(Furfuryl
Methacrylate)-B-Poly(N-Acryloylmorpholine) for Near-Infrared-Triggered Drug
Delivery Application”, Polymers for Advanced Technologies, Vol. 33, No. 7, pp. 2137—
2148, 2022.

Tasdelen, M.A., “Diels-Alder ‘Click’ Reactions: Recent Applications in Polymer and
Material Science”, Polymer Chemistry, Vol. 2, No. 10, pp. 2133-2145, 2011.

Bao, W., Y. Liu, X. Lv, and W. Qian, “Cu 2 O-Catalyzed Tandem Ring-Opening /
Coupling Cyclization Process for The 2 , 3-Dihydro-1 , 4-Benzodioxins”, Organic
Letters, Vol. 10, No. 17, pp. 3899-3902, 2008.

Heredia, K.L., Z.P. Tolstyka, and H.D. Maynard, “Aminooxy End-Functionalized
Polymers Synthesized by ATRP for Chemoselective Conjugation to Proteins”,
Macromolecules, Vol. 40, No. 14, pp. 4772-4779, 2007.

Cengiz, N., T.N. Gevrek, R. Sanyal, and A. Sanyal, “Orthogonal Thiol-Ene ‘click’
Reactions: A Powerful Combination for Fabrication and Functionalization of Patterned
Hydrogels”, Chemical Communications, Vol. 53, No. 63, pp. 8894-8897, 2017.

Diels, O., and K. Alder, “Synthesen In Der Hydroaromatischen Reihe.”, Justus Liebigs
Annalen der Chemie, Vol. 460, No. 1, pp. 98-122, 1928.

Gevrek, T.N., and A. Sanyal, “Furan-Containing Polymeric Materials: Harnessing The
Diels-Alder Chemistry for Biomedical Applications”, European Polymer Journal, Vol.
153, p. 110514, 2021.



82.

83

84.

85.

86.

87.

88.

62

Froidevaux, V., M. Borne, E. Laborbe, R. Auvergne, A. Gandini, and B. Boutevin,
“Study of The Diels-Alder and Retro-Diels-Alder Reaction Between Furan Derivatives
and Maleimide for The Creation of New Materials”, RSC Advances, Vol. 5, No. 47, pp.
37742-37754, 2015.

. Gevrek, T.N., R.N. Ozdeslik, G.S. Sahin, G. Yesilbag, S. Mutlu, and A. Sanyal,

“Functionalization of Reactive Polymeric Coatings via Diels-Alder Reaction Using
Microcontact Printing”, Macromolecular Chemistry and Physics, Vol. 213, No. 2, pp.
166-172, 2012,

Arrizabalaga, J.H., M. Smallcomb, M. Abu-Laban, Y. Liu, T.J. Yeingst, A. Dhawan,
J.C. Simon, and D.J. Hayes, “Ultrasound-Responsive Hydrogels for On-Demand
Protein Release”, ACS Applied Bio Materials, Vol. 5, No. 7, pp. 3212-3218, 2022.

Pramanik, N.B., and N.K. Singha, “Amphiphilic Functional Block Copolymers Bearing
A Reactive Furfuryl Group via RAFT Polymerization; Reversible Core Cross-Linked
Micelles via A Diels—Alder ‘Click Reaction’”, RSC Advances, Vol. 6, No. 3, pp. 2455—
2463, 2015.

Turkenburg, D.H., Y. Durant, and H.R. Fischer, “Bio-Based Self-Healing Coatings
Based On Thermo-Reversible Diels-Alder Reaction”, Progress in Organic Coatings,
Vol. 111, pp. 38-46, 2017.

Kalaoglu-Altan, O.I., R. Sanyal, and A. Sanyal, “‘Clickable’ Polymeric Nanofibers
Through Hydrophilic-Hydrophobic Balance: Fabrication of Robust Biomolecular
Immobilization Platforms”, Biomacromolecules, Vol. 16, No. 5, pp. 1590-1597, 2015.

Ling, Y., Y. Gao, C. Shu, Y. Zhou, W. Zhong, and B. Xu, “Using A Peptide Segment
to Covalently Conjugate Doxorubicin and Taxol for The Study of Drug Combination
Effect”, RSC Advances, Vol. 5, No. 123, pp. 101475-101479, 2015.



63

APPENDIX: COPYRIGHT NOTICES

Copyrights notices for the figures used are provided in this section.

Citation: Raghvendra KM, Srav

Copyright 2017 Raghvendra KM il This 1 20 open acce e fetriboted un ¢ terms of the Creative Commwons A

prrmits wnresseicted use, distribation, and reprodwction in any medium., provided the original author and yource are credited

Figure A.1. Copyright for Figure 1.1.

Permissions

No special permission is required to reuse all or part of article published by MDPI, including figures and tables. For articles
published under an open access Creative Common CC BY license, any part of the article may be reused without permission
provided that the original article is clearly cited. Reuse of an article does not imply endorsement by the authors or MDPI.

Figure A.2. Copyright for Figure 1.2.

Permissions

Mo special permission is required to reuse all or part of article published by MDPI, including figures and tables. For articles
published under an open access Creative Common CC BY license, any part of the article may be reused without permission
provided that the original article is clearly cited. Reuse of an article does not imply endorsement by the authors or MDPI.

Figure A.3. Copyright for Figure 1.3.



sdusmtral Upscalng of Bectrospinning and Appications of Polymer Nanotibery: A Review

Figure A.4. Copyright for Figure 1.4.

A review of recent progress in polymeric electrospun
nanofiber membranes in addressing safe water global
issues

S.T.M., A. B. Arshad, P. T. Lin, J. Widakdo, M. H. K., H. F. M. Austria, C. Hu, J. Lai
and W. Hung, RSC Adv., 2021, 11,9638 DOI: 10.1039/D1RA00060H

This article is licensed under a Creative Commaons Attribution-

NonCommercial 3.0 Unported Licence. You can use material from this

article in other publications, without requesting further permission from
the RSC, provided that the correct acknowledgement is given and it is not
used for commercial purposes.

Figure A.5. Copyright for Figure 1.5.

64



Effoct of slectrosplnning parametars on morphological properties of PYDF nanofibvous scaftolds

n filireus PYA grodeced by eincirsspinsing

Figure A.6. Copyright for Figure 1.6.

Figure A.7. Copyright for Figure 1.7.

Pusiication: Progeess » Sorelsius

Pl ul meleculee wetght o
"
N
-—
'
BOm TItC w sleciro
e
Y
Author: Aava Sa
SPRINGER NATURE

Creatve Commons

) LpOn A0t anioe

s wor

Pl bt Srregs

Dwe: Sags 71

Figure A.8. Copyright for Figure 1.8.

65



66

The Effect of Flow Rate on Morphology and Deposition Area of Electrospun Nylon 6 Nanofiber

Authoe: Shamin Zagham, Saee B
Publication: Journal T
Pubiishver. SAGE Mbicatians

Publishing  oase 120012012

Tavibol, ot 3

3r, Ak

and Fabocy

Grotis Reuse

mission s granted at na cost far use of content n a M } Lo Sinigle ecerpE Of LR 2o

ugh pont or wetrsite putdicarior

=3
Figure A.9. Copyright for Figure 1.9.

Per
(]
e

Electrospun fibers and their application in drug
controlled release, biological dressings, tissue repair,
and enzyme immobilization

Y. Sun, S. Cheng, W. Lu, Y. Wang, P. Zhang and Q. Yao, RSC Ad\v., 2019, 9, 25712
DOI: 10.1039/C9RA05012D

This article is licensed under a Creative Commons Attribution-

NonCommercial 3.0 Unported Licence. You can use material from this

article in other publications, without requesting further permission from
the RSC, provided that the correct acknowledgement is given and it is not
used for commercial purposes.

Figure A.10. Copyright for Figure 1.10.

Nanofibre fabrication in & temperature and humidity controlied environment for improved fibre consistency
Author: Cliver Haroick o1

Publication: Jourral of Materlals Science

SPRINGER NATURE

Pubdisher: Springer Natire

Date: Feb 3, 2001

Creative Commons

e
Figure A.11. Copyright for Figure 1.11.



67

A revitn On recent sdvances in appacation of electiespun nanofiber materials as bicsensors
ANtSer Partw Us Shag i (e orging w0e 01 Ud it Rarg Sem s s niag

Wassicationy Luamant Lomam 0 borsad ol Srgrwernnyg

Pibrbet: M

Sase M Uy
PISEVIER

R Rk A )

Order Completos

Tht jou b3 i s

THA A Lt B 1) VA Tl TALE i [ W] SSEE T e 408 B0 -3 umanae R AR AL

Ying sordrrate srved st sevias puar s reaviat fn Gty rebreras

Lamm naTaer L ol @ e e
re—— M s
B Lissrimdd Cartornt B Crder Detats
Linerswe Lammant Mtbeve - Trow o e ]
Lt amare WShara A L) o Beraldcl g g Pesan 194 e tatien Ty $h R
— é " .4 e e
Lann Caetird T & P AT BN W & b ad (ot o ot s M b BT R
Tt ey 1 ey Aovet o
e En dste St L ling LT Cladaigag i Lahase LT T T .
S e L . Wt yve bo mard e
A b (aterd law e \ Uw
Lrvvwer Casverd Whees n
Lrarme Caerere e -
LESTe (3erire Pages "

Figure A.12. Copyright for Figure 1.12.

A Multifunctional Janus Electrospun Nanofiber Dressing with Biofluid Draining, Monitoring, and Antibacterial
Properties for Wound Healing
Auhor: Xirmmrg Zharg, fiuijuan Ly, Liia Cheo, ot w
s ACSPublications  publication: Appiied Materisks
Mt Pate Mo e St bt
Publisher: American Chermvcal Soclety
Oatie: Mar 1, 2022

Coppry'e © 2008 Avsoocas Chernwa Soouty

PERMISSION/LICENSE 1S GRANTED FOR YOUR ORDER AT NO CHARGE
THS type of permassion/license, wistesd of the standied Terms and Conmborms. 15 Serd 10 you becsuse o fee i berg Guarged for your order. Mlease note (he ofowmrg

Py vnseon o granted far your recuuest in Both prnt ang eXCroned fommats, anad ranssanons

If Figures anvar tabiles were reguested, they miry be sdapted or uied in part.

Flease print tha page for your records and send a copy of ¢ to your publmhergradoate school

Appropelans credn foc ihe requestod material should Be given as follows: "Reprintod (adapmed) with penmission from {COMPLETE REFERENCE CITATION). Copyright (YEAR)
Amencon Chermical Society * Inert appropriate- information in place of the capitalized words.

One-nme parressaon s granted ooy for the use spacified in your Tighest ik requess. Mo ackithonal utes are granted (iuch as donvarive woeks or other adinanst Far any qses,
Eease SR @ new Ivauest

I ot 55 ghvan 10 SNotheT S0UrCe or e material woul recasestod froen SghsUink, permission must De chtained from i source

[ cosevmoon
Figure A.13. Copyright for Figure 1.13.



68

Electrospun Polymer Composite Membrane with Superior Thermal Stability and Excellent Chemical Resistance
for High-Efficiency PMLS"&pture
Author: Kue Yang, ¥iu Shada UL et d
o ACSPublications  pusiication: Appked Msteriats
Putilisher. Amaencan Themical Sackey
Date: Nov |, 2019

Copprint D 079 Anerdign Chermuind Soved

PERMISSION/LICENSE 1S GRANTED FOR YOUR ORDER AT NQ CTHARGE
THis type of perriessionMoense. (natead of the sandarnd Terms and Conditinns, is sent 10 you Decsuse 1o fee is Deing charged fof your order. Megse note the Tollgwing

- Per1Trssion 13 grarted Tor your reguest in Lo Pt and secronic formats, and ransiatons

o figures ardion (ables were requestec]. they may be sdepted ar used in part.
- Bease print this page for your recards and send a copy of it to your putilshergraduate school
- ApRropriate ragit for the regsested matenal shoctd be gromn as follows: “Ropeintid (o) with permission from [COMPLETE REFENENCE CTATION), Coppright (YEAR)
American Chemical Sodety.” Insert appropriate indarmation in place of the capitalved worde

Qne.tme permission ks granced anly for the wsa specified In your RghtsLink roquess, o additional uses are granted [Such a5 deryative Wworss o other edbonsh For any uses,
Paace SUDMIT & New Nquest

I Cradit & @0 £0 AN0TNer 3OUTCe Tor The manerial You requesiod Tom MENTLNK, permission must e cotalned from tat soune.

Figure A.14. Copyright for Figure 1.14.

Self-Enriching Electrospun Biosensors for Impedimetric Sensing of Zika Virus
Author Isaac A M Frias, Laota Hwlina Vegs Gongates G, Mart T. Corddera, wt al
2. ACSPublications Pubtlication: Appiied Materias
ol Nt Mrined i st Pyhlisher American UThermical So0ety
Cate: jan ¥, 2022

Cogyright © 2022 Averican Chamuas! Sooety

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE
This type of perrsessionMoerde. (nslead Of the starddand Terms and ConaRiond is sent 10 you Betause o fee s boig thargod for your order. Pleasé note the Tolowtrg

Petrrinsion 1 gy anted for your reguest in both prnt and electronic lonmats, sod translanon,

If Fgures ancVor tables were d, they may be adapted or Lsed in part.
- PAoase print this page for your records and send i copy Of it1o your pubsisher/gracuam scnoel,
- ADDTaRe e Credit for the recuestad miter i should be gomn a5 Tollows "Reprinted (sdaptedd) wah permisson fram dCOMPLITE REFERENCE CITATION). Cooypright (YEAR}
Armencan Chermecal Society ™ frsiet appropriate informagion in place of the capalzed words.
< One-litrwe permssion 5 grartid anly far the use specifiod o your RighisLirk fequest. No scdditinngl uses are granted (et & derwrting works or oher editions) For any dses,
please submit 8 new reques

If credht 15 grven to anathes saurce for the material you reguested from RightsUrk, permussion must be obtained froem that source.

=3 |_cuosewmoow |
Figure A.15. Copyright for Figure 1.15.



Fast Dissolving Dendrimer Nanofiber Mats as Alternative to Eye Drops for More Efficient Antiglaucoma Drug
Delivery
Author Micnags! G Lanana |1 Sucha Singh. Uday B Kompedla. et 3
‘ ACSPublications  auiication: ACS Bomacerish Scence & Sngnesnng
Wed ) s M bt boe
Fublisher American Dremical Socety
Oate: Aug 1. 2017

Lot 000017 Anveracaw (hemwa Socsey

PERMISSION/LICENSE 15 GRANTED FOR YOUR ORDER AT NO CHARGE
Ths Dy OF peeterdsSboryScornse, LgTma of B stanelardd Terms and Conditions, is 50 1 yOu Tercass 1o Ty 18 by Cranged foe your orter, Please note e tolowng

Fenmissco = graned 0 your reguest i bath pere and electroni foomats, and translanens

IF Ngures snctice Eabibens were topaesintl (hery rrny D sclapted ar usedd in part

Messe e :l:‘rq;n Sov your reCOonts Wnd send & copy o7/ 10 yaur puliisher Rraduste shoci.

Appropeiate coed € for the requesoest mateal shouid be gven as ollows Repnnted (ndapted) with perressan from COMPLETE REFERENCE CTATION]. Copyyight [VEAR)
Aneecan Cremcal Sooety”™ Insart appropnzes mfocmaonn in ploce of the captatzed woras.

Crigtine permmssgion o granted crdy for the use spacifind in poor Retmalink requent N0 ackS00nN s arm riwned Duch on dermilive wurks oc afver edicons) Far soy lses,
plesie sl 3 new reguest

# e 5 pven (0 anoetrer sourTe (o the matena you reguested Som AETESLITK, PETmISSon mgst be-obtaned from that soores

[ ciomwmoon
Figure A.16. Copyright for Figure 1.16.

Antioxidant a-Mangostin Coated Woven Polycaprolactone Nanofibrous Yarn Scaffold for Cardiac Tissue Repair

Authar: Arthi Sunil Richard, Mama § Vermt
& ACSPublications PubBcation: ACS Applied Nana Maneris
M St Wt sk s it Putisher: Arnerican Chemical Society
Dater Apr 1. 2022

Copprght © NUZ Ao om Chamw w Soviesy

PERMISSION/LICENSE 15 GRANTED FOR YOUR ORDER AT NO CHARGE
Tres rype of pormascrvicense, INpead of e standars Tevms and Condzana, |5 s 1o you becuse 1o fee s beng charged for your order. Pinase nare the folloawing:

Sermmsson s granted for your recpuest m Hoth prvit and dectrors formats, andg transishons.

¥ figures arcdior 1ables were regquested, they may be sdapted of used n part.

Please pont this par for your records ant send a copy of it to your pobinhergraduste sstimal.
« Appropriate oedit for the reguested matenal shoukd be gven 2= foljows: “Regnrted (sdaptec) with permission from (COMPLETE SEFERENCE CITATION): Copyright [YEAR)
A Onenicld Socikety " Insert appeopriate Infoemanion in giaoe of (e Capitalded woeoh

Qne-Titre perrisaion is granted oody Jor the une spaclfied in your Rghtslink regquest. No aaditionad (5es are granted (s ich &3 derivative works or cther edithonsl Foe sy spses,
please tubmt o New reGuest.

If crecit is pwen to accchiy Zouton for the materisl you requested from gl ink, permmession et be antained froom that source

BACK

Figure A.17. Copyright for Figure 1.17.

69




Intelligent Cellulose Nanoﬁbers with Excellent Biocompatibility Enable Sustained Antibacterial and Drug Release
via a pH-Responsive Mechanis
Author: Hu He, Melsian Cheng, Yarry Lrg o1 &
6 Publications  muscation: jourmal of sgriodtr wd Faod Chembsry
St Wt | S W) Pt
Putsabver: Acierican Chemaal Sockety
Date: \ur 1, 2020

Coppright © 2001 Avarean Chwrreval Svery

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE
This type of permmsmlicerse, instead of the standard Terms and Condmnes, & sent 1o you because no fee & being charged for your order. PFease note the folloseng:

Permssion = granted for your reguest in both pnnt and eleccronic formats. and transiations,

I ligures andror totves weye reg they may be adk f or used in part,

Plesas peint this page for your recordy sod send & Copy of it 10 your ot her gy sluate school

ADPropniaTe edR for (he tequisiad matendl should Be Gvn a6 ToHows “Reprrtid [achipod with perosson fromm [COMPLETE REFERENCE CITATION). Copyright (YEAR)
Arner ko’ Chemcal Society.” et approgeiste sdiemvatioh in place of e coptalieed words

Ora-1ime permsson & graned ooy for the Lae speofied in pous REesLink recusst. Mo addoral ses 3 e @raoned (i teivatie works or afher scTinngg For any ues
cleese SUbINE 3 N rogues

I et U5 ghven b aninher sourte for (he raterial you reguesied from Rignastink, pormission must be obaned dom that saurce

[

Figure A.18. Copyright for Figure 1.18.

Electrospun Upconverting Nanofibrous Hybrids with Smart NIR-Light-Controlled Drug Release for Wound
Dressing
Author: Ho Ying Huang, Artiom Sirgia. Liane Zarouts, o< al
6 52“2:‘2129: Putificatien: ACS Appdind 50 Materiihy
Publsher: American Chermical Society
Dates Oct Y, 220

Coyprighy © 22T Acverant Ownaal fomemne

PERMISSION/LICENSE 15 GRANTED FOR YOUR ORDER AT NO CHARGE
Tty of permiassanTcensy. insToead of e sTandard Terms and Conginons, i Sem 10 you DOCause no Tie 15 barg changed 1or your codkr, Pleass noce e following

Permission s graresd far your cegquest m Doth peet and etectronic formats, and trarsations

If figgures amtior tables were regquested, they may be adapted or wsed in part.

Please print this page for your records and send a cogry of & 10 your publwherizraduate schocl.

Appropriate creckt for the regquested matenal snoukd be geen as follows: “Reprted {adapeed) with permission fram {COMPLETE REFERENCE CITATION). Capyright {YEAN)
Amesican Chamical Socety. " iomert appropeiate Information i plage of the capvtaized wordh

Ona2ime permission & granted anly for the use spacfied n your RIEMSLION reguest. No additiend uses ane granted [5och 46 Geciativg wirks o other aditions) For any ysel
PReasE SulIMIT A Dew Tt

# oredit 13 given to another snurce for the muterisl you requesied from Rghtstnk peemmsion must be abtamed from that source

[ ciowmaon |

Figure A.19. Copyright for Figure 1.19.

70



71

Reduced Graphene-Oxide-Embedded Polymeric Nanofiber Mats: An "On-Demand” Photothermally Triggered
Antibiotic Release Platform

Aughor: srmadl Altinhasak. Foxera Jpe, Alesandre Barras, 2 al
w ACSPublications  publication Apphed Macerisis
-

— bt ot
Pubilisher: Arrsccan Chmnkal Ledmy
Date. Dec 1, 2010

Lagyropte £ ATIE. Arvereay Chweral Sociey

PERMISSION/LICENSE 15 GRANTED FOR YOUR ORDER AT NO CHARGE
Thes typar of permaon i s eatead b the stanterd Tarms arel Coneitinngs, & sent 10 yuo bk 1o B b Deirg chargmed B your anet Piedase note the follovany

Parmrission i granted Int your requarst in Doth point and slecttore Tornets, ard (rarmiations

et (Rraciaie sl

"Repnuied fadapued) with permussion Bom (COMPLETE REFERENTE GTATIIN|. Coppeght [YEAR)
Armrcan [ 1he Captalowyd wards

ONR-TImE permsson 15 graetind snly 109 e use SPRonied 1 your Bghislek mguest, No additional uses ane Zriniid (ch 36 dedvdii winde or ot editions] For sy s
Please SUtinE 3 s reguest

11 Cr@dht 15 hown B Anothwr source 100 e ieatenal yoo recpustact fromm Bghist ok, e on et B alitaiosd from that sautce

Figure A.20. Copyright for Figure 1.20.

TERMS

All Works published on the IntechOpen platform and in print are licensed under a
Creative Commons Attribution 3.0 Unported and Creative Commons 4.0 International

License, a license which allows for the broadest possible reuse of published material.

Copyright on the individual Works belongs to the specific Author, subject to an agreement
with IntechOpen. The Creative Common license is granted to all others to:

= Share — copy and redistribute the material in any medium or format

= Adapt — remix, transform, and build upon the material

Figure A.21. Copyright for Figure 1.21.

Optimising the design of a broad band light source for the treatment of skin

Author: Macc Clernenl, |, Gwenassde Daviit, 91 ol

.
lnforma Pubiication) journal of Cosmetic and Lases Thatagy

Publsher: Taykr & Frances
healthcare Date: jon 1, 20045

Bty srarvged by Taylor A franciy

Thesis/Dissertation Reuse Request

Tantar & Erancis is plessad 10 offsr rewses of €3 pontent for = thesix or dissertaton free of charge COMINEANT on resUbmisson of perrnission requess @ work is putihsned.

=3 [ ao= |
Figure A.22. Copyright for Figure 1.22.



72

Furan-containing polymeric Materiads: Harnessing the Dieis.Alder chemistry for biomedical appications

Althur: Tigs W Grarsd Artrlie Tans
Funboatian Eurooesn Pommier oo e

Dates 15 e 200

Order Completed

Tath pa Ihe et -

)AL g et

Tes Ayveewse e Setwees b Ty Seemai vma ) en Dliewen (Slimen | SITTIEN oF paad (Emiee etk snd Sue Deres ared saitoew srmeeiend 5 e st e Dnmptghe Deease Jene

VO CORTNMAITON DT WIS COUPLISY YOUC 108 NaniDe 1ie TLRLre setereoe

L ERINE AT
[

B Licensed Coment

Liatmed Coniant ®bbadie
LERIwed Orrtant Bebbiaton

Lbrwnd Camest Tivw

RIEMNCG be

Mot i o Hp s rsog e Uil

B Order Outaits

Tywe of e
Pertun
Poaarbonr o Mg es Yokt en s atanns

N o D

Ty
e Tatows $a ittt mant
'

ot apptimTTs Porrret ~——
Lxcamawd Commtent Aktiv e dow prm e st of Sem Cnrwer arten) -
Licarwed Comtert Dete WH o b ot ating! e

| nrmed Camant Unhare
Liarand Cotent bsum va
| Enrund Costant Rages \

Figure A.23. Copyright for Figure 1.23.

“Clickable” Polymeric Nanofibers through Hydrophilic-Hydrophabic Balance: Fabrication of Robust Biomelecular
Immobilization Platforms
Author: Ozlem | Kalaughu ARan, fana Saryal, Aty Sanyst
o ACSPUBbliCAlions  pybiication: Diomecomoleddes
Mt bt e Wt e
Publisher: Amwerican Chesmicil Socxty

Do May 1, X015

Sopurgte & 2008 dmercan Chamial Souy

PERMISSION/LICENSE IS GRANTED FOR YOUR ORDER AT NO CHARGE
This type of permssiondbomnse, #ntead of the standard Termm and Conditines, (s semt o you becawse no fee = beng charged for your arder. Flease note the fullosng

Permmsion s grarted for your request in both print and electronic forrmats, and transistians

I tiguees andior tables were requestod, They may be adaptad or used in parnt

Predse peing this pagse for your records a0d send 3 <ogy of (110 your pkiksherpractiale schoel

Appropriate credit far the raquested material shotld be gren ax follows: *Reponted (xdapted) with perression from (COMPLETE REFERENCE OTATION). Copyright {YEAR)
Amarvan Chenmcal Sooety " insert appropeate infarmanion in place of te <apitalized woros.

One.time permimuicn is granted ooy for the e specified in your Rightalink request. No additional yses are gramted {such as deraative warks or cther edeions) For arry uses,
please subumit 3 new reguest

If crexit & giver to anothor source tor e matecia Yoo requested from Rghtalnk, penmisson must be nbtaned from thar source.

Figure A.24. Copyright for Figure 1.24.





