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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. 
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ÖZET 

 

 

TERMO-DUYARLI İLAÇ TAŞIMA SİSTEMLERİ İÇİN 

 AZALTILMIŞ GRAFEN OKSİT GÖMÜLÜ                           

POLİMERİK NANOLİFLER 

  

 Son yıllarda nanolifler, geniş yüzey alanı/hacim oranı, gözeneklilik ve kayda değer 

mekanik mukavemet gibi ayırt edici nitelikleri nedeniyle biyomedikal uygulamalarda 

popüler hale gelmiştir. Elektrospinning, basit kurulumu ve uygun maliyetli üretimi nedeniyle 

nanolifleri üretmek için en yaygın kullanılan yöntemdir. Üretilen nanolifler, karakteristik 

özellikler kazandırmak ve uygulamalarını sağlamak için farklı fonksiyonel gruplarla 

modifiye edilebilir. Son yıllarda nanolifleri işlevsel hale getirmek için 'klik' kimya 

dönüşümleri tercih edilmiştir. 

 

 Bu tezde, elektrospinning yardımıyla furan fonksiyonelleştirilmiş polimerik 

nanolifler üretmek için tıklanabilir kopolimerler sentezlendi. Üretilen nanoliflerin 

morfolojik özellikleri SEM ile karakterize edilmiştir. İndirgenmiş grafen oksit (r-GO), 

elyaflı malzemeye fototermal bir özellik sağlamak için elektro-eğirme sırasında nano elyafın 

içine gömüldü. r-GO içeren malzemelerin yakın kızılötesi (NIR) ışıkla ışınlanması, ışığın 

ısıya dönüştürülmesiyle sonuçlanır ve lifli substratın yüzeyinin sıcaklığını arttırır. 

Doksorubisin (DOX), furan-fonksiyonelleştirilmiş nanolifler ve maleimid-modifiye ilaç 

molekülleri arasında Diels-Alder (DA) eklenmesini sağlamak için bir maleimid fonksiyonel 

grubu ile modifiye edildi. İlaç molekülünün başarılı bir şekilde konjuge edilmesinden sonra, 

ilaç konjuge nanofiberin NIR ışığına maruz bırakılması, retro Diels-Alder (rDA) 

reaksiyonuna yol açar ve hızlı ışık-ısı dönüşümü sayesinde ilaç salınımı ile sonuçlanır. 
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1 

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].  
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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). 

 

 

 

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.  
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 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). 

 

 

 

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].  
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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, c) 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). 
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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  



 

 

12 

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]. 

 

 

 

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). 

 

 

 

Figure 1.13. Representative wound healing process via multifunctional Janus electrospun 

nanofiber dressing [32]. 

 

 As a result 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]. 

 

 

 

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].  

 



 

 

16 

 

 

Figure 1.16. Schematic synthesis and manufacturing of dendrimer-based, brimonidine 

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 α-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. 

 

 

 

Figure 1.18. Scheme for how cellulose-based nanofibers (CNF-PEI) upon a change in a 

narrow pH range for antibacterial response [57]. 



 

 

19 

 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 PVA nanofibers where UCNPs have been 

embedded as NIR-UV transducers for wound dressing. To improve colloidal stability and 

dispersibility in the PVA fiber matrix, LiYbF4:Tm3+/LiYF4 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. 

 

 

 

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). 

 

 

 

Figure 1.20. General scheme for fabrication and applications of photo-thermally triggered 

nanofibers [8] 
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1.6. Reduced Graphene Oxide (r-GO) 

 

 Graphene is a monatomic thin layer of sp2 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]. 

 

 

 

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) (pRGO@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 pRGO@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. 

 

 

 

Figure 1.22. Illustration of the depth to which wavelengths penetrate human skin [74]. 
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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 σ-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 π system and 'exo' adduct where the dienophile's substituent is localized away 

from diene π 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. 

 

 

 

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). 

 

 

 

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.  

 

 

 

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 CH2Cl2, THF, and toluene was obtained from ScimatCo Purification System. 

 

3.1.2. Instrumentation 

 

The synthesized copolymer was characterized using 1H-NMR and 12C-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 × 300 mm, 10 µm 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 CH2Cl2 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. 1H-NMR (400 MHz, 

CDCl3, δ, ppm): 7.35 (s, 1H furan), 6.32 (s, 1H furan), 6.27 (s, 1H furan), 4.85 (br s, 2H, –

OCH2–furan), 3.49 (s, 3H, OCH3). 

 

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 L 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% w/w) in a mixture of 600 L 

DMF and 600 L 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-1. 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-1 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 1×PBS. 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.H2O 

and an excess amount of CH2Cl2. Then, the organic phase was collected and dried over 

Na2SO4 to remove residual water in the organic phase. Lastly, filtration was done to separate 

the salt from the organic phase, and CH2Cl2 was evaporated. The attained residue after 

evaporation was dried under a high vacuum. 1H-NMR (400 MHz, CDCl3, δ, ppm): 6.54 (m, 

2H, -HC=CH-furan), 5.30 (br s, 2H, –OCH–furan), 3.59 (m, 3H, -CH3), 2.87 (m, 2H, -HC-

CH-C=O-maleimide), 2.38 (m, 3H, -CH3), 1.94 (m, 2H, -CH2).  

 

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. 

1H-NMR (400 MHz, DMSO, δ, ppm): 12.10 (br s, 1H, HO-C=O), 7.01 (s, 2H, -HC=CH- 

maleimide), 3.43 (m, 3H, -CH3), 2.21 (m, 3H, -CH3), 1.71 (m, 2H, -CH2). 
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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 CH2Cl2 and dissolving 

DCC (170 mg, 0.82 mmol) in 1.5 mL dry CH2Cl2. 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. 1H-NMR (400 MHz, DMSO, δ, ppm): 

7.06 (s, 2H, -HC=CH- maleimide), 3.55 (m, 3H, -CH3), 2.87 (s, -N-C=O-CH2), 2.78 (m, 3H, 

-CH3), 1.90 (m, 2H, -CH2). 

 

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

 

  DOX-Mal was synthesized according to the literature [88]. Briefly, Doxorubicin 

HCl salt (DOX•HCl) (87 mg, 0.15 mmol) was dissolved in 9.22 mL DMF. Then, wholly 

dissolved doxorubicin salt was treated with diisopropylethylamine (DIPEA) (130 μL, 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 CH2Cl2 

via sonication to eliminate all unreacted DOX since it is insoluble in CH2Cl2. 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 CH2Cl2. 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 1xPBS. 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 Al2O3 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 1H-NMR spectroscopy (Figure 4.2), 13C-NMR 

spectroscopy (Figure 4.3), and gel permeation chromatography (GPC) (Figure 4.4). 

 

 

 

 

Figure 4.1. Schematic representation of the free radical polymerization to synthesize furan 

functionalized copolymer. 
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Figure 4.2. 1H-NMR spectrum of PFMA-PMMA copolymer 

 

 

 

Figure 4.3. 13C-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 μL/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. 
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 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 μL DMF. As 

the concentration of the polymer was increased (225 μL 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 μL 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. 

 

 

 

Figure 4.6.  SEM images of the fabricated nanofibers at different concentrations; a) 275, b) 

250, and c) 225 μL DMF, histogram results belonging to d) 275 e) 250 f) 225 μL 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). 

 

 

 

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.  

 

 

 

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, c) non-functional nanofibers 

(r-GO-PMMA-NFs), UV spectra of F-Mal; d) after exposure to NIR laser, e) 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). 

 

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 (-NH2) 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 1H-NMR spectroscopy (Figure 4.12). 

 

 

 

Figure 4.12. 1H-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 1H-NMR spectroscopy (Figure 4.13). 
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Figure 4.13. 1H-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 1H-NMR spectroscopy (Figure 4.14). 

 

 

 

Figure 4.14. 1H-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 1H-NMR spectroscopy 

(Figure 4.15).  

 

 

 

Figure 4.15. 1H-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 1H-

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 1H-NMR spectroscopies of DOX•HCl and DOX-Mal were compared 

(Figure 4.16). In addition to 1H-NMR spectroscopy, the synthesized drug can be identified 

by using LCMS. Ion 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). 

 

 

 

Figure 4.16. 1H-NMR spectrum of a) DOX•HCl, b) DOX-Mal. 

 

 

 

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. 
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