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Abstract 

Coaxial electrospinning is a versatile solution in the field of tissue engineering and 

drug delivery systems. An inherent feature of technology is the availability of commercial 

installations and the production of polymer fibers with varied dimensions and 

compositions. The obtained fibers could be implemented for the production of textile 

composites.  

Polyvinyl alcohol (PVA) has the reproducible fiber ability and intrinsic properties 

such as biocompatibility and non-toxicity of decomposition products under physiological 

conditions. The main issue of PVA fibers is fast hydrolytic degradation that is suggested 

to control with the structure modifications. 

This thesis is dedicated to the investigation of coaxial fiber composite, considering 

the impacts of silicon dioxide nanoparticles, graphene oxide (GO) as modifying additives 

and the polymer blend of PVA and polyethylene glycol (PEG). During the study, the 

working parameters of synthesis were developed to receive the continuous fibers with 

nanoscale dimensions. The produced fibers were characterized with the electron and 

fluorescent confocal microscopy to observe the fiber diameter and core-shell structure.  

The silicon dioxide nanoparticles as codelivery vehicles are uniformly integrated in 

the multicomponent PVA-PEG-SiO2 core fiber by the optimization of the PEG ratio. The 

crosslinking effect of nanoparticles by newly formed bonds were detected with the Fourier-

transform spectroscopy. The effect of silica incorporation results in the reduced fiber 

diameter compared with the PVA-PEG blend. Due to the rapid dissociation of hydrophilic 
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core compound in an aqueous medium a protective shell based on graphene oxide is 

introduced. 

Graphene oxide changes the physical properties of the composite including water 

uptake, resistance to the tensile strength. This component alters the matrix permeability for 

solvent molecules due to the increased swelling capacity and a hydrogel formation. The 

mechanical properties of the polymer matrix are improved by the presence of interactions 

between the oxygen containing groups of graphene oxide and the hydroxyl groups of PVA. 

Notably, the addition of GO facilitates the fiber formation with a smaller dimension 

compared to a base polymer. Hence, the modification with GO crucially contributes the 

features of core-shell fiber composite. 

The effect of modifying additives is accompanied by a study of pharmacokinetics 

for the produced textiles loaded with medical agents. The ability of separate encapsulation 

is proved by the fluorescent labeling of core and shell compounds. In vitro studies 

demonstrate the release behavior of the antibacterial agents, antibiotics and fluorescent 

dyes placed in the core of coaxial fibers. The absorption properties of PVA-GO shell are 

performed by the removal of the fluorescent dye after the full dissolution of the fiber. The 

efficiency of dye absorption allows to broaden a method of targeted delivery with 

subsequent purification of the medium from dyes. 

The GO assisted crosslinking helps to change the dissolution mechanisms of PVA 

originated fiber mat. High water uptake of GO accelerates the transfer from the glassy 

polymer fiber to a hydrogel. This transformation massively affects the nature of drug 

immobilization resulting in the prolonged release time. Higuchi and Korsmeyer ‒ Peppas 
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mathematical models are found to be the optimal to describe the release mechanisms. The 

core-shell fibers show the release of drug governed by the non-Fickian mechanism, 

defining the rate of polymer relaxation relatively to molecule diffusions. While the GO- 

based hydrogel degrades slower to prolong the diffusion of drug in the medium. 

The obtained results provide the deep understanding of the correlations between the 

fabrication parameters and nano additives, which interactions occur in the composition, 

affecting the fiber morphology, degradation and release kinetics of Chlorhexidine, 

Doxorubicin as a model of drug. This work concludes the feasibility of fiber technologies 

in the field of biodegradable drug loading composites. Findings of this research provide 

the information for the further exploration and a sustainable design of the medicated fiber 

fabrication. 
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Chapter 1. Actuality and Problem Statement 

Electrospinning is a robust and versatile method of fiber fabrication with a wide 

range of operational parameters. This method implements an electrostatic force to elongate 

the polymer solutions from the drop into the continuous fiber. The conventional setup 

consists of a high voltage power supply, a syringe pump, a conductive capillary spinneret, 

and a target for fiber collection. The high variability of setup modifications and spinning 

solutions diversifies the method. The operational parameters include a fiber target with 

different topography, a tip-to-target distance and applied voltage of power supply, 

spinneret nozzle, and flow rate of spinning solution [1]. To support stable fiber fabrication, 

the value of electrostatic force must prevail the surface tension of spinning solutions to 

form a Taylor cone. Accordingly, the characteristics of spinning solutions based on the 

chemical composition, molecular weight, concentration, and conductivity diversify the 

synthesis of products. The concentration of spinning solutions affects the viscosity that 

directly relates to the fiber diameter, morphology and spinnability [2]. The fiber properties 

depend on the various polymers, which differ in their biodegradability, hydrophobicity, 

and solubility [3], [4], [5]. The broad functionality of produced fiber composites is reported 

in the biomaterials field. The Chapter 2 explores the features of fiber composites derived 

from polymers and nanomaterials. 

With the development of electrospinning, a coaxial spinneret is discovered owing 

to the encapsulation ability of the specified agents within the polymer core-shell structure 

[6], [7], [8]. The advantage of coaxial approach is to combine the polymers with different 

solubility in organic solvents and water. The availability of solvents broadens the area of 
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applications by loading the drug with poor solubility [9], small molecule drugs [10], 

proteins, and nucleic acids [11]. Along with this, the drug release of system could be 

controlled by the diffusion mechanism of the selected polymer for electrospinning [12]. 

Various aspects of electrospinning technology impede the investigation of 

nonwoven materials that could be considered as a reliable carrier for medical cases such as 

transdermal and oral drug administration. The abundance of polymers and excipients 

directly affects the rate of decomposition of fiber composites with the induced drug release. 

The electrospinning supports the composite engineering from a monolithic fiber to the 

layered coatings with the intricate design. The purpose of this work is to characterize 

electrospun materials in the scope of the fabrication parameters and the product 

characterization; to identify the in vitro pharmacokinetics of a core-shell fiber mat. 

Addressed to the degradability issue, an aim of this work is to define the correlation 

between the fiber parameters such as a diameter, wettability, chemical composition and 

measured dissolution profiles. The findings of this study contribute to the understanding of 

developed composite in terms of the existing demand for new drug delivery systems [13]. 

In this work the coaxial electrospinning was used to build the layered structure of fiber 

composite. Fabrication route includes the stages of design, manufacturing, testing and data 

analysis for several compositions. This thesis implements the different characterization 

methods to observe the electrospun composite as the hierarchically organized material. The 

route of research was organized based on the experimental observations included in the 

Supplementary Materials and reviewing the relevant works. The availability of synthetic 

polymers covers the vast areas of application oriented to the textile and composite 
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technologies. Considering the actual studies, this thesis aimed to investigate the hydrophilic 

fiber composite as a medicated fiber mat with the hydrogel transitions. 

The development of electrospun fiber composites is oriented to renovate the 

approaches of wound treatment. There are several long-healing cases associated with 

problems of bacterial contamination, minimization of surgical interventions that take into 

account approaches to encapsulation of drugs, biodegradation and moisture permeability. 

One of the long-healing cases is a diabetic ulcer that relates with the risks of high 

bacterial infection accompanying the biofilm formation [14]. Diabetic ulcer, burns and 

periprosthetic infections tend to the formation of hard-to-treat biofilm. The hyperglycemic 

environment facilitates the bacteria colonization and damage of the vascular network that 

prevents repair of diabetic wounds.  

 Hence, the wound dressing should perform antibacterial activity to support the 

healing. Biodegradation of coating is aimed to treat the inflammatory stages avoiding the 

change of bandage and keep the optimal conditions for healing. A change of wound 

dressings is an invasive procedure that leads to the scar formation during the tissue 

remodeling. The constant detachment of dressing causes the risk of damage and 

inflammation that facilitates long healing in the presence of metabolic disorders.  

Moisture regulation is an important feature for healing while the exudate is 

produced during the healing. The balanced level of moisture supports the migration and 

growth of epithelial cells in the wound bed rather than in the dried condition [15]. 

Considering this issue, the hydrogel is a promising approach to retain the hydration of 

wound bed. Chen et al. introduced the PEG-based hydrogel preventing the bacterial 
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contamination of wound, where encapsulated angiogenetic drug provided the angiogenesis 

[16]. One of commercial solutions is a nonwoven fiber dressing Exufiber® on the base of 

Carboxymethyl cellulose using the hydrogel technology to prevent the bacterial 

propagation in the wound [17]. 

Abundance of spinnable polymers leverages the development of fiber composites 

for wound dressings. Hydrophilic polymers such as polyvinyl alcohol (PVA), polyethylene 

glycol (PEG) are considered for this application due to the ability to retain the moisture, 

biodegradation and non-toxicity [18]. PVA shows a high potential to promote cell growth 

and travel that is required for wound healing [19]. Among these features, the synthetic 

polymers are reproducible to form the numerous compositions of fiber textiles. 

In the relevant study, Wen et al. suggested a hydrophilic core-shell fiber composite 

with the anti-inflammatory function [20]. In the research by Kataria et al., PVA based 

nanofiber composite with sodium alginate provide the sustainable drug release and in vivo 

studies performed better regeneration compared with the pure PVA fibers [21].  

In this thesis electrospun hydrophilic fiber composite were considered for the 

antibacterial application. The strategy of core-shell fiber supports drug encapsulation and 

the transfer to hydrogel after the contact with the moisture. Fiber-hydrogel composite 

equipped with antibacterial agent is a feasible approach for wound dressing materials. 
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Chapter 2. Literature Review 

2.1 Electrospun polymer materials as a drug carrier system 

Previously mentioned in the introduction, the increasing abundance of fibrous 

biomaterials relates to the wide range of ‘spinnable’ biocompatible polymers that serve as 

a framework for nonwoven composites. The main advantage of using biodegradable 

polymers is to deliver a less invasive therapy to patients by the electrospun drug carrier 

systems, due to their safe decomposition products under the physiological conditions [22–

24]. The biocompatible polymers PVA, PCL, PLA, PVP are considered for the fabrication 

of the fiber films in wound dressing, drug carrier systems and tissue engineering fields. In 

this work the main focus is the polyvinyl alcohol (PVA) derived composites. The examples 

of composites are collected in Supplementary Materials, Table S1, with the main 

operational parameters of spinning included. 

PVA [CH2CHOH]n is known as a base for the nanofiber composites where the 

miscibility and high repetitive spinnability introduced in the following studies [25–27]. 

This linear water-soluble polymer is suitable for building composites with medical 

applications such as rapid drug delivery systems [12], [28], wound dressings [29], and 

scaffolds for tissue engineering [30], [31] and functional coatings. 

Among the vast application area of biomaterials, the surgical wound dressings are 

optimal for the electrospun nonwoven mats due to the requirements to treat large areas of 

injuries and sutures against bacterial adhesion and infections. The fiber mats are considered 

robust wound dressing materials that could be used for medicated antibacterial [24], 

disinfecting [32], and cancer treatments [28]. A variety of drugs including antibiotics, 
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enzymes, growth factors, and anticancer drugs could be loaded into electrospun nanofibers 

for the specified remedies [33], [34], [35]. For instance, the miscibility of PVA-based 

spinning solutions was investigated to build the oral nanocarrier system with poor-soluble 

drugs [33], [34]. As a model of poor water-soluble and pH sensitive drug, valsartan in PVA 

fibers demonstrated pH independent release of drug over the PVP and hydroxypropyl-

methyl-cellulose (HPMC) fiber carriers [36]. Apart from this application, the fiber mat is 

considered as a potential scaffold for tissue engineering to treat the nerve diseases [37], 

cardiac implants [38] that should mimic the morphology and biochemical composition 

close to the genuine extracellular matrix. The fibers on the base of natural polymers such 

as silk and collagen and chitin are investigated in terms of tissue engineering. The diverse 

cases of applications are angiogenic, cardiovascular and bone tissues promoting the growth 

of ventricular cardiomyocytes, human dermal fibroblasts, osteoblasts, human vascular 

smooth muscle and mesenchymal stem cells [39], [40], [41], [42]. The approach of green 

electrospinning received the recognition that focused on the hydrogel forming and water 

uptake capacity of the electrospun fibers made of natural polymer [43].  

Despite the biochemical relevance and demand, the natural polymers have some 

limitations such as low mechanical strength, low temperature of degradation, resulting into 

the drug loading incompatibility. These factors impede the fabrication and functionality of 

composites from natural origin. The synthetic polymer meshes including PVA as a binder 

encompass the bioactive properties of collagen and biodegradable polymer in the collagen-

PVA composite [44]. Some of the commercialized polymeric grafts such as polyvinyl 

caprolactam-polyvinyl acetate-polyethylene glycol (Soluplus®) [45] is considered as a 
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hydrophilic base of oral drug loading system for the hydrophobic anti-inflammatory 

medicine. Pisani et al. noted the influence of polymer concentration on the fiber diameter 

and importance of nanosized fibers for the tableted form of drug loading [46]. To pursue 

the better drug dissolution, the preference was given to the nanoscale fibers due to the 

higher surface area and better contact with the environment. The tablet produced from the 

electrospun fibers with the size of 330 ± 140 nm showed faster immobilization of drug 

compared with the commercial example Mobic® for 2 h in the varied pH conditions (1.0, 

4.5, 6.7, 7.5). Hence, another application of hydrophilic polymer fibers follows to control 

the drug solubility by the select of certain pH conditions [47]. The hydrophilic polymers 

are involved in the numerous studies dedicated to the oral administration [46,47] and ocular 

healing techniques due to the required fast dissolution rate for these lesions of treatment 

[48,49]. 

Another application of the artificial polymers arises as the bone tissue regenerative 

materials [50–52]  heart valve prosthesis [53], [54], tendons [55], vascular grafts [56] and 

drug delivery vehicles [6], [8], [12], [28]. The insightful concept of the layered composite 

suggests the combination of PLGA fiber coating and collagen-hydroxyapatite fiber mat as 

a bone tissue engineering scaffold [52]. Another synthetic polymer blend is recognized as 

a wound healing remedy, where PEG serves an outer shell of the three-layered fiber 

composites (PVP, PCL, PEG) loaded with antibiotic, metronidazole [57]. The wettability 

of PEG shell is well noted as a remedy reducing the contamination of wound and moisture 

regulation by the gel coating. The tissue engineering substrate could be enriched with the 
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drug to induce the cell growth. The enhanced therapeutical functionality is a solution 

applicable for the wound dressings and suture materials [50–57].  

Hydrophilic and hydrophobic polymer combinations of collagen and PCL help to 

provide the sustained drug release of the transdermal patch to treat the wound lesions [58]. 

The swelling capacity of the fibers was observed to trace the effect of medium and 

polymers on the dissolution of drug. The PCL-collagen nanofiber samples with the higher 

ratio of PCL (9:1) showed the decreased swealing ability and weight loss after the 

incubation in PBS for 24 h in room temperature and demonstrated the prolonged drug 

immobilization. 

Considering these studies, the artificial polymers have the potentials as the tunable 

components among a variety of biocompatible composites. The referenced study [55] 

suggests the PCL/cellulose acetate fiber functionalized with the insulin-like growth factor-

1 (IGF-1). This composite is introduced as the tendon engineering scaffold. The scaffold 

seeded with the mesenchymal stem cells (MSC) was used to treat the Achilles tendon of 

rat. The proliferation of mesenchymal stem cells demonstrated good cell attachment to the 

scaffold. The IGF-1 and insulin are known as the growth factors that initiate the tendon 

phenotypic development of MSC within the polymer scaffold [59]. The comprehensive 

assessment of the fiber composite demonstrated the prudent integration of the growth factor 

immobilization in the tissue engineering field. 

The rich fiber morphology and physical properties as a tensile strength are 

important in terms of cell engineering. The cell attachment and processes related with the 

living cells such as proliferation, differentiation correlate with the porosity, fiber dimension 
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and mechanical properties of scaffold. A lot of studies point out the dependance between 

fiber orientation, surface topology for the formation of seeded cells [60–66]. These 

parameters are under the studies in terms of the high applicability of fiber composites. 

The mentioned synthetic polymer composites provide the opportunity to include 

the different drugs dissolved with the corresponding organic solvents such as chloroform, 

dimethylformamide (DMF), or the deionized water for hydrophilic PVA and PEG. PVA-

based fiber blends are conventional hydrophilic composition, that is applicable in the scope 

of the wound-healing, antibacterial, anti-scarring material [8,12,48,67,68]. PVA operates 

as a binder, providing the repetitive electrospinning as productive as for the pure PVA, and 

for the polymer blends. The numerous nonwoven biomaterials could be synthesized from 

the polymer PVA dissolved in the deionized water under heating up to 80 ˚C. The spinning 

solutions of PVA have the high miscibility due to –OH groups that expands the variety of 

composites and encapsulation of drugs. In the next studies the several polymer meshes such 

as PVA-PEG [69], PVA-PCL [70], and PVA-PHB [71] were introduced for the fiber 

formation. In the case when the additional component is the nanomaterial presented in the 

powder of flakes, the blend could be easily prepared with help of a PVA base solution. 

Various protocols of substance encapsulation are available for the PVA-based drug 

carrier systems manufactured by the coaxial electrospinning [8,72]. The coaxial method 

allows to combine of the different types of polymers and nanomaterials in one fiber. The 

following advantages of coaxial spinning were discussed in the referenced study [48], 

where the separate encapsulation of medicines was delivered in the bilayer fiber with the 
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release of anti-scarring pirfenidone from the PLGA outer shell and an antibiotic 

moxifloxacin HCl from the PVP core. 

A highly effective non-antibiotic, antiseptic chlorhexidine (CHX) is used as a drug 

model in wound dressing studies that could easily be dissolved in the spinning solutions 

and monitored with spectroscopic techniques. It is well adapted to treat the wound lessions 

due to its bactericidal and bacteriostatic properties. Hydrophilic drugs like chlorhexidine 

are effectively encapsulated within polymer fibers including PVA [73], [74]. Despite its 

widespread this drug is still on demand due to its availability and easy to operate. Actual 

referenced studies claim the applicability of CHX to treat burns and healing of human 

gingival tissues [75],[76].  

Doxorubicin is actively used in the cancer therapy and could be dissolved with the 

distilled water  [77]. The challenge of the cancer treatment is to reduce its toxic influence 

on the health lesions. The electrospun materials received the recognition by arranging the 

effect of medicine in the limited locality. Some works conduct the study dedicated to this 

area of application. For instance, there are the PVA, PLGA, PVP derived nonwoven fibers 

considered as robust vehicles for chemotherapy [28], [78], [79]. 

Hydroxyl groups of PVA are responsible for the strong interaction with the 

modifying components such as nanoparticles produced by the inter- and intramolecular 

hydrogen bonding [80], [81]. PVA is easily dissolved with deionized water but it is quite 

stable in organic solvents. To alter the water degradation of PVA materials, the various 

modifying protocols were suggested.  
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The referenced study [25] demonstrated the water absorption and swelling behavior 

of PVA films with the molecular weight of PVA starting from 13,000 – 124,000 g/mol. 

After the crosslinked and non-crosslinked samples were stored in the distilled water for 2 

h, the swelling capacity of films were compared. The crosslinking protocol with citric acid 

efficiently reduced swelling capacity of PVA films in two times. The analgesic complex of 

agents was loaded in the PVA films to monitor the drug kinetics for 4 h. The film of PVA 

with molecular weight 84,000-124,000 g/mol immobilized the 80 % of agent after 4 h in 

the distilled water. Compared with as-received samples, the crosslinked ones showed an 

increased release rate of encapsulated drug due to the reduced number of – OH bonds 

providing the interaction of drug within the polymer matrix. The mentioned study claimed 

that the different molecular weight of PVA films did not affect the drug release, whereas 

the chemical crosslinking promoted the sustained one. 

The chemical and physical crosslinking are aimed not only affect the 

pharmacokinetics but to strengthen the produced fiber by means of strong intramolecular 

or intermolecular interactions within the structure [82]. Crosslinking of polymer could be 

divided in intramolecular and intermolecular types organized by the same molecules and 

opposite ones, respectively. In the case of PVA, the physical crosslinking occurs via 

hydrogen bonds between hydroxyl groups or covalent bonds for chemical crosslinking. 

There are several conventional methods of physical crosslinking known as the thermal 

treatment [77] and methanol vapor treatment and freeze-thawing [82–84]. For the chemical 

crosslinking, the functional groups of the polymer are stabilized in the presence of 

modifying agents. Considering the modifying agents, some polymer blends include the 
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chitosan and glutaraldehyde treatment to improve hydrolytic degradation [49]. Where the 

glutaric aldehyde facilitates the structure stabilization with acetal bonds. Another approach 

of chemical crosslinking demonstrated that, the hydrophilicity of PVA coatings is a 

solution for the wettability modification of the electrospun PVDF fiber membrane. The 

obtained material was subjected to acid-catalyzed crosslinking with glutaraldehyde prior 

to the formation of a polyamide active layer on the PVDF membrane via interfacial 

polymerization [85]. As the modifying agents the various chemicals could be applied: 

glutaric dialdehyde solution [86], [87], citric acid [88]. But their inclusion could reduce the 

biocompatible properties of the composite. 

Methanol assisted crosslinking is simple to implement and suitable to the 

encapsulated fibers compared to the heating physical crosslinking. Miraftab et al. assessed 

the methods of physical crosslinking to improve the structure integrity of PVA-based 

composite in the study [82]. The experiments included the comparison of the methods of 

annealing of polymer up to 180 ºC and methanol vapor treatment. The high impact on the 

mechanical properties was concluded for the heat treatment. However, based on the wound 

healing application the methanol protocol is feasible due to the higher swelling degree and 

low temperature of processing, that allows to operate with biological agents. 

The advantage of physical crosslinking is the process facilitated by the hydrogen 

bonds within the PVA monomers whereas the chemical crosslinkers are formed by the 

covalent bonds between the crosslinkers and hydroxyl groups of PVA. Considering the 

medical applications, the composite should meet the requirements of the accurate dosage 

of chemicals and inorganic substances to preserve the safety for biology of human 
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organism. One of the potential solutions is to include the emerging crosslinkers such as a 

graphene oxide and silica or the biocompatible polymer in the composite. This method of 

strengthening polymer network is considered in this thesis. After the review of numerous 

sources there are a lot of solutions that convey the actuality of the polymer fiber composites 

in scope of the pharmacy and for bioimaging. 

Conclusions and Findings of Chapter 

• PVA provides high electrospinning ability and wettability not only for pristine PVA 

composition, but also for polymer blends. 

• Electrospun fiber mats possess applicable characteristics such as simultaneous 

medicated therapies, and simple and cost-effective encapsulation. The large surface 

area with the loading of lower concentration of drugs decreases the toxicity and 

side effects. These features allow to design the fiber biomaterials, particularly drug 

carrier systems [89]. 

• The coaxial electrospinning supports the administration of poor soluble and pH 

sensitive agents [36]. 

• The diversity of spinning polymers suggests many models of drug release 

controlled by the drug-in-polymer interactions, polymer-in-polymer interactions. 

• The chemically and physically modification of fiber composite could be provided 

by crosslinking agents and precursors of spinning solutions. The different 

molecular weight of PVA does not significantly affect the drug release, when the 

chemical crosslinking of structure by new covalent bonds is a crucial contributing 
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factor to the release profile. But the addition of chemicals is not favorable due to 

the biocompatibility requirements.  

• One of the feasible approaches is considered with help of the nanosized graphene 

oxide and silica. Their comprehensive applicability is considered in the Chapter 2.3 

‒ 2.5.  
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2.2 The dissolution and degradation mechanism support drug release 

Fiber degradation is a key feature of fiber composite in the biomedical field. After 

the contact of the composite with the medium, the solution molecules spread around the 

polymer matrix, causing the mechanisms of degradation of the fiber. Towards the model 

of drug dissolution, the vision of mechanism is simplified to the constant diffusion with the 

concentration gradient of drug. The medium of dissolution is assumed as two layers: the 

stagnant layer that is enclosed to the drug surface; and bulk liquid as the full volume of 

solvent. In case the drug carrier is no swellable and degradative system, the release is 

defined by the flux and initial concentration. Where the drug molecules start distribution 

from high concentration to the less ones ruled by the Fick’s law known as the Case I (1), 

where 𝐽 ‒ ‘flux’ known as an amount of substance passing perpendicularly through a unit 

surface area per time. 𝐷𝑓 is the diffusion coefficient; 
𝑑𝑐

𝑑𝑥
 is the concentration gradient.  

𝐽 = −𝐷𝑓

𝑑𝑐

𝑑𝑥
                                                                            (1) 

For the Case I, the diffusion within the non-swellable polymer matrix is regulated 

by the flux of Fick’s law, but another Case II mechanism exists, where the polymer 

interactions of matrix determine the diffusion of drug molecules by the sorption and 

swelling of mechanisms [90]. 

Table 1 Drug Release Models 

Formula Name Description 

𝑀𝑡

𝑀∞
= 𝐾𝑡          (2) Zero-order 

𝑀𝑡

𝑀∞
 ‒ fraction of drug released at time;  

K ‒ slope of the linear plot of cumulative release 

versus time 
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ln
𝑀𝑡

𝑀∞
= −𝐾𝑡      (3) 

log 𝑀𝑡 = log 𝑀∞ −
𝐾𝑡

2.303
    (4) 

First-order 

𝑀𝑡  ‒ concentration of drug dissolved in time t; 

𝑀∞‒ initial concentration of drug 

−
𝐾

2.303
 ‒ slope of the linear plot of log cumulative 

percentage of drug remaining versus time 

√(1 −
𝑀𝑡

𝑀∞
)

3
= −𝐾𝑡   (5) 

Hixon ‒ Crowell 

(1931) 

𝑀∞ ‒ the initial amount of drug; 

𝑀𝑡 ‒ the remaining amount of drug; 

the dissolution curve is built as a plot of cube root 

of drug percentage remaining in matrix versus 

time 

𝑀t = 𝑀∞ + K√𝑡     (6) Higuchi (1963) 
K ‒ slope of the curve plotted as cumulative 

percentage drug release versus square root of time 

𝑀𝑡

𝑀∞
= 𝐾𝑡𝑛     (7) 

log 
𝑀𝑡

𝑀∞
= log 𝐾 + 𝑛 log t     (8)    

Korsmeyer ‒ Peppas 

(1983) 

𝑀𝑡

𝑀∞
 ‒ fraction of drug released at time; the 

dissolution curve is built as a plot of log 

cumulative percentage drug release versus log 

time, where n value is a slope of the plot 

𝑀𝑡 =
4𝐾𝐴

𝑙
𝑡     (9) 

𝑀𝑡

𝑀∞
=

2𝐾

𝐶0𝑙
𝑡    (10) 

Ritger and Peppas 

(1987) 

𝑀𝑡‒ amount of drug release at time from the thin 

film with: l ‒ thickness; A ‒ surface of film; 

𝐶0 ‒ drug concentration 

Drug release denotes a complex phenomenon merging the drug and polymer 

solubility in medium and induced drug diffusion. Table 1 represents the conventional 

mathematical models of drug kinetics, where the main parameters are the cumulative drug 

release in percentage (Q) or in fraction (
𝑀𝑡

𝑀∞
)  of released drug in the time (t), a release 

constant (K) and a release exponent (n).  

The dissolution profiles of drug are divided into a burst, long-term, biphasic, 

ultrasound and light triggered. Prevailing burst or rapid release profile is characterized by 

the high concentration of immobilized agent and generally interpret the initial stages of 

release profiles. Due to the high dosage of cumulative release, the burst release is not 

feasible and safe for administration of high toxic and targeted medicines.  
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Long-term release with the gradual dosage of agent is mainly one of the most 

demanded pharmacokinetic models, where the profile is characterized by the slow rate of 

release with the gradual dosage.  

Biphasic drug release embraces the combination of two stages with the 

differentiated release behavior: burst release and long-term dissolution mechanisms. 

Triggered release mechanism is induced by the ultrasound, light and mechanical 

stress exposure and other impulse of influence for the sample. These methods provide the 

control of the release processes and maintain the predictable treatment. 

The mentioned factors divide the representation of release profiles into the several 

major types such as Zero-order, First-order and the various mathematical models such as 

Korsmeyer – Peppas [91], [92], Higuchi model [93], [94]. The abundance of the kinetic 

models is explained by the numerous parameters in the drug dissolution experiments 

defined by the cases of administration and dosage forms [95–97]. 

Zero-order kinetics is described when a constant dose of a drug is released per unit 

of time, but the release rate does not depend on the loaded concentration of the drug. Zero-

order release has the potential to overcome the issues of burst and first-order systems by 

releasing the portion of drug with a constant rate to retard the dissolution process within 

the period of therapy. 

First-order kinetics occurs when the drug release rate directly correlates with the 

drug concentration. The hazard of first-order release is the overdosage of drug associated 

with the cumulative concentration.  
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Sustained or long-termed release meets the requirement of the careful drug 

administration due to the slow and gradual release of a medicine over an extended period 

after the initial administration [98]. However, the burst release is on demand for the 

development of oral and ocular forms for drug administration. 

Fitting of the collected data to the mathematical models helps to describe the 

mechanism of drug dissolution. Mathematical models reflect the structural and geometric 

characteristics of the carriers, and the diffusional mechanism defined by a release exponent 

n. The release exponent n value is important to characterize different mechanisms given in 

Table 2 [95]. This indicator defines the dependance of release rate on time, swelling of 

matrix, diffusion rate. If n value is equal to 1, that corresponds to the linear representation 

of the Zero-order release where the time of release is independent from the drug 

concentration.  

Table 2. Release exponent defines the drug release mechanisms 

Release exponent (n) 
Drug diffusion 

mechanism 

Rate as a function of 

time 
Drug release mechanism 

 n<0.45 Quasi-Fickian diffusion tn 
Non swellable matrix 

diffusion 

0.45 Fickian diffusion t-0.45 
Non swellable matrix 

diffusion 

0.45 < n < 1 Non -Fickian diffusion tn-1 
Both diffusion and 

relaxation 

1 Case II transport Time independent Zero order release 

n>1 Super case II transport tn-1 Relaxation/erosion 
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Hixon – Crowell model has the application for the tableted carrier systems where 

the dissolution proportionally occurs in planes with the preserving the geometrical form 

[99]. The surface area to volume ratio of PVA oral dosage form was discovered as the 

crucial factors for the dissolution profiles.  

Peppas models investigate the dependence of release for swellable polymeric films 

and transfer mechanisms [100,101]. Where the Ritger ‒ Peppas model describes the 

immobilization of drug from a thin bulk film with thickness l. 

 The profiles of fiber materials were best fitted to the Korsmeyer – Peppas model 

among the different kinetic models. As the crucial factors there are the drug-in-polymer 

miscibility and interactions within the polymer base. As an example of polymer 

interactions, the decomposition time of PLGA polymer composite is related to the ratio of 

the monomer constituents of PLGA as lactic and glycolic acids, which causes a different 

release time of the encapsulated substance in the referenced study [102]. The measured 

pharmacokinetics of hydrophobic drug encapsulated in the PLGA (85:15) fiber showed 

slower degradation rate with prolonged gradual release compared with PLGA (50:50) over 

28 days. The release profiles of PLGA and PCL samples were best fitted to the Korsmeyer 

– Peppas and Higuchi models. The Korsmeyer– Peppas model considers the processes of 

drug diffusion within the microfiber matrix including the diffusion of medium, polymer 

swelling and cumulative drug release. In opposite, the dissolution model of the PLLA fiber 

composite is well correlated with the Higuchi model. Where the drug diffusivity is assumed 

to be constant; the initial drug concentration is much higher than drug solubility in medium; 

polymer swelling and dissolution are negligible. Higuchi kinetic model performed better 
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correlation in the other study with the antibiotic dissolution from PLA-PCL based fiber 

films [103]. 

Identifying specific combinations of drug carrier matrix, there were different 

release profiles observed for the electrospun composites loaded with a hydrophobic drug 

in the work [102]. The release curves of dexamethasone from the PLGA 50:50, PLGA 

85:15, PCL, and PLLA fibers were significantly different over the 28 days of experiment. 

The PCL fibers exhibited a burst release of 98 % of drug within 24 h, when the cumulative 

release of drug from the semi-crystalline PLLA was gradual throughout the entire time of 

study. The release kinetics of PLGA fibers with the different amount of meshes showed 

the cumulative release of 39 % and 26 % for 50:50 and 85:15, respectively. Comparing the 

release profiles there was the obvious difference in the release rate between the same 

polymer but with the different ratio of monomers of PLGA.  

Addressed to the reference [102], the release rate directly correlated with the 

diameter dimension of fibers, where the higher diameter of fibers provided slower 

cumulative release between 1 and 7 days. The studies of the effect of fiber features 

accumulate the experience to build a drug carrier system with the expected drug kinetics. 

One of the approaches towards the controllable release is to provide the 

multilayered fiber structure with the protective hydrophobic PHB shell [104]. This strategy 

allows to control the release rate of proangiogenic agent by the higher thickness of shell. 

Wang et al. noted that the first stage of dissolution profiles was mainly attributed to the 

burst release for all compound of multilayered fibers. Where the time of release was 

directly affected by the location of encapsulated drug (core/shell) and type of polymer. 
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However, the parameters of shell contributed to the second stage of release, whereas the 

slow rate of release correlated directly with higher thickness of protective shell.  

The review of relevant studies conveys the attention to the structure and 

composition modifications with the formation of intermolecular and intramolecular 

interactions. Chemical crosslinking and physical crosslinking are designed to improve the 

features of materials in the co- and postprocessing stage. According to the results of study 

[77], the effect of physical crosslinking was investigated for PVA/PAA bilayer nanofiber 

composite with incorporated of doxorubicin (DOX) as a model of drug.  After the being 

annealed in the 100 ºC, the electrospun material showed the retarded hydrolytic degradation 

of composite films.  

The goal of this work is to study a drug carrier system made of medicated fibers. 

Considering this application, the destruction of the polymer matrix is an important feature 

to reveal the drug dissolution [105]. All mentioned factors make impact on the drug release 

kinetics throughout the entire release period characterized by the rate of polymer 

degradation. In conclusion of this section, there are following highlights for the 

interpretation of release profiles for fiber materials. 

• The drug-polymer interactions make the crucial input to the rate of fiber dissolution 

with the consequent change of dissolution profiles.  

• The hydrophobicity, swelling, the monomeric composition, and dimension and 

morphology of fibers and the place of encapsulation (core/shell) contribute to the 

release rate of incorporated drug. 
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• Enormous types of release models could be implemented, where the prolonged and 

gradual release rate is mostly preferred and called as a sustained model of release.  

 

 

2.3 Modifying agents of fiber mats 

To regulate the fabrication route, there are following parameters of produced 

materials that are pursued. The composition of spinning solutions should be considered to 

design the continuous fibers. The inherent factors are given in the list and directly affect 

the product of electrospinning:  

• Composition of fibers (polymer, nanomaterials); 

• Molecular weight of polymer base; 

• Distribution of nanoparticles; 

• Hydrophilic and hydrophobic properties of components; 

• Solubility of drug and dispersion of assisted additives; 

• Coaxial structure of the fiber; 

• Crosslinking with chemical agents and physical crosslinking; 

Polymer interactions of spinning solutions define the fiber fabrication including the 

morphology and defects such as beads and spin-like fibers [106]. Two major factors are 

polymer-in-polymer molecular bridges such as electrospinning of interacting polymer 

blends, and polymer-small molecule/nanoparticles interactions including agents or 

particles in the polymer compound. Towards the elaboration of chemical crosslinking, 

Nishiyabu et al. modified the PVA with including a boronic acid-appended fluoroalkane 
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[107]. The new compound showed the enhanced water repellency of surface with the 

contact angle of 85º. The mechanism of this crosslinking procedure is based on the boronate 

etherification occurred between the boronic acid precursors and the hydroxyl groups of 

PVA [107], [108]. The nanosized crosslinkers facilitate the stability of polymer chains and 

viscosity of solutions. Inclusion of nanoparticles and small molecule crosslinkers facilitates 

the strong intramolecular interactions. This increases the capability of electrospinning for 

solutions with the low concentration and low molecular weight of pristine polymer. 

Crosslinking protocol is an important stage of processing to impart mechanical strength 

and chemical and physical stability to the nonwoven mats. Among the mentioned functions, 

the nanomaterials such as silica and graphene oxide are considered as the medicine vehicles 

in the scope of drug delivery. 

 

2.4 Crosslinking with Nanoflakes of GO  

Nanomaterials such as graphene oxide and nano-silica are prospective modifying 

compounds of the composites. The potential of the composite consisting of the polymer 

network with embedded nanomaterials is the enhancement of the fiber structure and 

functionality. Graphene oxide (GO) can be used to improve the mechanical properties and 

sorption ability of non-woven electrospun fiber mats as membranes for battery and water 

cleansing fields [109]. The reinforcement of PVA-based composites with graphene oxide 

has already been proposed in the following biomedical realms [110–112]. The high surface 

area and structure contribute to a high level of interaction of GO in aqueous solution, 

miscibility and absorbent functions of GO composites [113]. The hydrophilicity of GO is 
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suitable for water-soluble polymers such as PVA and PEG to form strong hydrogen bonds 

within the composite, providing mechanical stability to the core-shell fiber. Chemical 

structure of GO has the oxygen-containing chemical groups included hydroxyl, epoxide 

and carboxyl ones. This feature supports the incorporation of hydrophilic as well as 

hydrophobic agents, revealing the amphiphilic nature of GO.  There are studies dedicated 

the feature of GO oxidized chemical groups to build the attachment of the biological 

molecules like proteins, DNA, and RNA [114], [115].  In general, high swellable or 

degradable GO-derived fiber composite could be used to modify the drug release, 

biosensors and innovative textile solutions [116], [117]. 

Additionally, the GO and GO-derived nanomaterials have adjustable fluorescence 

properties that are applicable for bioimaging of tumors and other biomedical therapies with 

the encapsulation of drug molecules [118], [119]. 

The large specific surface area of GO is assumed the ability to attach drugs via 

surface adsorption [120]. Due to the various functional groups, such as phenol, hydroxyl, 

epoxide and carboxyl groups, the structure of GO provides strong molecular interactions 

using hydrogen bonds with ketoprofen as a model of drug [121] with polymer mesh 

composite [122], [123]. 

The results of GO toxicity remain controversial, and still, the working concentration 

is under investigation. The feasible wound dressing application is confirmed in the study 

of GO and PVA derived composite [124]. Where the electrospun fiber composite showed 

high antibacterial efficiency and good results for 3T3 fibroblast cell proliferation. In some 

studies, the lowest concentration reaches 1.56 µg/mL for the viable cell response of 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/epoxide
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/epoxide
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epithelial lung cells [125]. According to the study [126], the upper limit of GO 

concentration, 25 µg/mL in distilled water, caused a 50 % decrease in the cell viability of 

human skin fibroblasts in the assay after 24 h. Hence, the operational concentration should 

be carefully considered to create biocompatible core-shell fibers. 

The filter application of GO containing membranes is widely considered to purify 

the waste water from heavy metals and dyes. But the next study [127] suggested the PVC 

based composition with GO as the membrane to reduce the organic compounds such as 

Ibuprofen. It is an ongoing task in the pharmaceutical application to control the drug 

concentration in the aqueous medium minimizing the toxicity. 

In conclusion of literature review, graphene oxide is a welcoming agent to the 

composite studies, due to the listed features and potentials. The effect of this component in 

the nanofiber composition was studied in this work. 

 

2.5 Crosslinking with Nanosized Silica 

Nanoparticles are introduced as an additional crosslinking mechanism to the 

polymer structure. Multivalent ions can be used to form ionically crosslinked chains as an 

approach to maintain spinning stability [106]. The crosslinking ability of silica NPs has 

been used to tailor the viscosity of spinning solutions and polymer concentration [128]. 

This effect of nano additives results in the morphology of fibers and electrospinning 

stability that expands the potential polymer compositions. 

In regards to the targeted drug delivery, a polymer matrix could serve as a carrier 

that localized the drug distribution reducing the side effects for the health tissues. This type 
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of therapy has potentials for malignant tumors, but the drug-in-polymer solubility should 

be considered carefully. In case the drug dissolves poorly in the polymer, then some 

auxiliary agent is required. One of the supportive components, the nano silica is considered 

as a co-delivery container for drug loading due to its high surface area and biocompatibility 

[129]. There is an opportunity to place the agents selectively, for instance, the water-soluble 

(Rhodamine B) and hydrophobic dyes (Fluorescein) could be loaded in silica and the 

polymer matrix separately [130], [35]. Nanomaterials has the broad application in spite of 

their drawbacks such as a tendency to agglomeration. Thus, the stabilization of 

nanoparticles is important to provide. The hydrophilic polyethylene glycol (PEG) is 

suggested as a stabilizing agent that controls the aggregation of nanoparticles from the 

referenced studies [131]. The study reports that the interaction of silica-PVA leads to the 

crosslinking mechanism through newly formed chemical bonds Si−O−C [128]. This 

modification affects the integrity of the composite and expands a variety of nonwoven 

materials by alternating the rheology of spinning solutions. This effect of including silica 

should be explored for the case of PVA derived fiber composite. 

In this work, the following concept of coaxial electrospinning was used to fabricate 

the nonwoven fiber mats consisting of core-shell fibers PVA-PEG-SiO2@PVA-GO. The 

dual modification with silica nanoparticles and graphene oxide is expected to provide the 

crosslinking of the core-shell fiber structure. PVA-GO is a shell of fiber, where graphene 

oxide improves the mechanical properties and extends the elasticity of composite. PVA-

PEG-SiO2 composite is a core of the fiber, where silica nanoparticles can enhance the 

structure of the polymer matrix and be involved into the codelivery of drug molecules. The 
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core-shell fiber mat with the pattern topography is aimed to expand the functional and 

adhesive properties in the scope of medical applications.  
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Chapter 3. Experimental section 

3.1 Materials 

PVA powder with the molecular weight (MW) 72000 g/mol, the degree of 

hydrolysis 85–89 % and PEG 8000 BioChemica with MW 7000–9000 g/mol were supplied 

from AppliChem GmbH (Darmstadt, Germany). Polyhydroxybutyrate (PHB) with MW 

550000 g/mol, phosphate buffered saline (PBS), doxorubicin (DOX), fluorescent agents: 

5(6)-Carboxyfluorescein (FAM), and Rhodamine B (Rh B) were purchased from Sigma-

Aldrich (St. Louis, MO, USA). Indocyanine green (ICG) was supplied from MP 

Biomedicals (USA). Methylene blue (MB) and chlorhexidine gluconate (CHX) were 

received from Rushim (Russia). Methanol (≥99.5%) and dimethylformamide (≥99.9%) 

were supplied from Chimmed, Moscow, Russia. Chloroform (≥98.5%) was supplied from 

Ekos-1 (Moscow, Russia). 

The ready-to-use suspensions of silicon oxide nanoparticles (NPs) with a 

concentration of 0.8 g/L and graphene oxide with a concentration of 30 g/L were courtesy 

of Dr. S. Evlashin with the fabrication method mentioned in the referenced papers 

[132,133]. 

 

3.2 Instruments and Fabrication Techniques of Core-Shell Fibers 

The laboratory setup of electrospinning was constructed by the FabLab and 

Machine Shop Shared Facility (FabLab) of Skoltech, Moscow, Russia [134].  

The laboratory apparatus consists of a syringe pump and a 22 kV high-voltage 

direct-current power supply with the positive electrode connected to the syringe needle 



48 

  

(Figure 1). The electrospinning setup has two types of fiber collectors: a rotating mandrel 

and the holder for the flat aluminum target. The rotating mandrel was placed at the tunable 

distance between the syringe pump. The electric field was applied to the connected 

electrodes between the syringe needle and mandrel. The polymeric solution was loaded 

into the syringe and was ejected at the defined flow rate by the syringe pump. The flow 

rate of the pump was 1 mL/h, and the tip-to-collector distance was varied in a range of 14, 

17, 21 cm. 

 

Figure 1. The representation of laboratory setup of electrospinning 

 

 

 



49 

  

3.3 Spinning solution preparation loaded with the drug 

The following lists of the spinning solutions were prepared (Table 3). The mixture 

of PVA and PEG powders with the mass ratio 70:30 was dissolved in the MilliQ water, 

where the polymer part was 12 wt. % of the core spinning solution homogenized at 70 ˚C, 

600 rpm in the magnetic stirrer Hei-Standard (d = 145 mm, Heidolph Instruments GmbH 

& Co. KG, Schwabach, Germany) for 2 h. The obtained solution was cooled down to room 

temperature. The silica suspension was sonicated for 5 min and added to the solution where 

the fraction of silica suspension was 7.5 wt. %. The core solution with the fraction of 

nanoparticles of silica was 0.005 wt. % was sonicated in the ultrasound bath for 10 min and 

stirred for 12 h. The solutions were degassed and cooled down to room temperature. The 

final concentration of NPs of silica was 0.049 mg/mL in the whole PVA-PEG-SiO2 

solution. 

For the shell solution, the graphene oxide was mixed with the base polymer solution 

of the PVA 10 wt. % prepared at 80 °C with a stirring rate of 250 rpm for 2 h. As-received 

graphene oxide solution was sonicated in the ultrasonic bath Elmasonic S10H (Elma 

Schmidbauer GmbH, Singen, Germany) for 10 min and added to the PVA solution with 

the loading of 5 and 10 wt. %. The concentration of GO was 0.5 mg/mL and 1 mg/mL for 

PVA-GO 5% and PVA-GO 10%, respectively. The final concentration of GO in PVA-GO 

solutions was calculated from the absorbance spectra in Chapter 4.12. 

Table 3 The list of spinning solutions 

Name 
Mass Ratio 

Liquid Part, wt.% PVA, wt.% PEG, wt.% SiO2, wt.% 

PVA 10% 90.0 10.0 -  
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 Core composite 

PVA-PEG 88.0 8.4 3.6  

PVA-PEG-SiO2 87.995 8.4 3.6 0.005 

 Shell composite 

 Water, wt.% PVA, wt.% GO, mg/mL 

PVA-GO 10% 90.0 10.0 1.0 

PVA-GO 5% 90.0 10.0 0.5 

 

 

3.4 Electrospinning of the solutions 

The series of fiber composites were prepared from the spinning solutions which 

properties were studied in the Chapter 4.  Chlorhexidine (CHX) as a model of drug was 

placed in the core solutions PVA-PEG and PVA-PEG-SiO2 with the concentration 10 

mg/mL. The obtained core solutions were used to synthesize the medicated core-shell fiber 

mats PVA-PEG-SiO2@PVA-GO-1x CHX and PVA-PEG@PVA-GO-1x CHX. 

• Core solution facilitated the fibers: (PVA-PEG, PVA-PEG-SiO2); 

• Shell solution originated the fibers: (PVA-GO 5%, PVA-GO 10%); 

• Core-shell fibers: (PVA-PEG@PVA-GO, PVA-PEG-SiO2@PVA-GO with PVA-

GO 10% used); 

• Chlorhexidine-encapsulated core-shell fibers: (PVA-PEG@PVA-GO-1x CHX, 

PVA-PEG-SiO2@PVA-GO-1x CHX) 

The prepared core and shell solutions were placed in the syringes equipped with a 

coaxial nozzle. The tip-to-target distance was varied from 14, 17 and 21 cm to assess the 

effect of tip-to-target distance on the fiber morphology of PVA, PVA-PEG-SiO2 and PVA-

PEG-SiO2@PVA-GO fibers. Section 4.3 Fiber mat characterization reveals the 
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dependence of tip-to-target distance versus mean diameter of produced PVA-based fibers. 

The fiber collector was a flat alumina plate that was placed at a distance of 14 cm from the 

tip of syringe needle. This distance was set based on the observation of electrospinning 

performance included in the Section 4.3. and Supplementary Materials (Figure S1-S3).  

The core and shell solutions were delivered through the coaxial needle with the 

flow rate of 1 mL/h. After the synthesis for 3 h, the fiber mats were detached from the 

target and exposed to the emission of ultraviolet germicidal lamp with the wavelength of 

253.7 nm for 1 h. 

Electrospinning efficiency was calculated using the formula: 

𝐸𝑙𝑒𝑐𝑡𝑟𝑜𝑠𝑝𝑖𝑛𝑛𝑖𝑛𝑔 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝑀𝑓𝑖𝑏𝑒𝑟 𝑚𝑎𝑡

𝑀𝑝𝑜𝑙𝑦𝑚𝑒𝑟
× 100 %                            (11) 

where 𝑀𝑓𝑖𝑏𝑒𝑟 𝑚𝑎𝑡 is a mass of fiber mat; 𝑀𝑝𝑜𝑙𝑦𝑚𝑒𝑟 is a mass of polymer 

concentration in the core and shell compositions. 

 

3.5 Patternation of fiber mat 

Two different fiber targets with the applied patterns were used.  Lithography etched 

Si wafer as a pattern mold was generously obtained from Dr. E. A. Gosteva (NUST MISIS, 

Moscow) [135]. Another target was received from the laboratory of Prof. G. B. Sukhorukov 

[136,137], where the pits were laser engraved in the aluminum plate with the following 

parameters: laser wavelength 532 nm and 20 pulses per pit, where each pulse is 50 μJ, 1.9 

ns. The aluminum plate was polished at the electrolytic polishing machine LectroPol-5 

(Struers, Ballerup, Denmark) for 35 s at the applied voltage of 48 V and temperature of 22 

˚C. 
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3.6 Crosslinking of fiber mats with methanol 

The core-shell fiber mats were collected from the target and crosslinked by soaking 

in methanol for 12 h. Afterward, the immersed fiber mats were collected in the Petri dish 

and dried at ambient temperature in the hood for 24 h. 

 

3.7 Dip-coating of films 

The PHB granules were dissolved in the mixture of chloroform and 

dimethylformamide with a mass ratio of 9:1. The concentration of polymer was 4 wt. % of 

the whole solution. The PHB pellets were rapidly heated to 120°C within 5 min to melt the 

pellets and homogenized with the organic solvents at 70 ± 5 ˚C under the stirring of 400 

rpm for 5 h. 

PVA-PEG-SiO2@PVA-GO core-shell fibers were immersed in PHB solution for 1 

sec and lifted to exclude the rest of solution. After the immersion the samples were left on 

the glass slides to dry in the room temperature. 

 

3.8 Spinning solution characterization 

Viscosity measurements of spinning solutions were conducted at room temperature 

using EMS-1000 (Kyoto electronics, Japan). The aluminum sphere (d = 2 mm) was rotated 

by the induced electromagnetic field with the rate of 1000 rpm during 5 s for the PVA-GO 

5 % and with 500 rpm during 5 s for PVA 10 %, 500 rpm during 10 s for PVA-GO 10 %, 

500 rpm during 5 s at PVA-PEG, 500 rpm for 30 s at PVA-PEG-SiO2. The electrical 
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conductivity of the spinning solutions was measured with the portable conductometer 

ST10C-B (Ohaus, Switzerland) for the 10 ml of sample volume. 

 

3.9 Wettability and Water Uptake measurements 

Pristine PVA, PVA-GO 10% as a shell and PVA-PEG-SiO2@PVA-GO core-shell 

fiber mats were studied to reveal the effect of GO on the fiber composite. Fiber mats 

collected on a glass slide for 1 h of electrospinning were used for the wettability 

measurements. Five measurements per sample were conducted to determine the contact 

angle with the Krüss MBL2000 microscope (KRÜSS Optronic GmbH, Hamburg, 

Germany) and analyzed with the integrated software. 

Effect of water uptake for PVA and PVA-GO 5%, PVA-GO 10% was analyzed 

with SEM to assess the morphology after the methanol assisted crosslinking and immersion 

of samples in MilliQ water for 2 h.  

Water uptake of PVA-GO 10% as a shell and PVA-PEG-SiO2@PVA-GO core-

shell fiber was calculated for 3 samples for each sample using formula (12), where 𝑚0 is 

an initial weight, 𝑚𝑛 is the weight of sample after the water immersion as a function of 

time n. 

𝑊𝑎𝑡𝑒𝑟 𝑈𝑝𝑡𝑎𝑘𝑒 =
(𝑚𝑛−𝑚0)×100 %

𝑚0
                                        (12) 

The samples were stored in MilliQ water and weighted daily throughput the 9 days of 

experiment.  

 

3.10 Morphology 
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The morphology of the obtained fibrous mat was studied with the optical 

microscope Altami MET 6T (Altami Ltd., St. Petersburg, Russia), scanning electron 

microscope (SEM) Tescan Vega3 (TESCAN ORSAY HOLDING, Brno, Czech Republic), 

and FEI Helios G4 Plasma FIB Uxe (Thermo Fisher Scientific, Landsmeer, Netherlands). 

The samples were preliminary gold-sputtered for 10 s with 25 mA at the Quorum Q150R 

ES coater (East Sussex, UK) to reduce the charging. At least 100 measurements per sample 

were collected with ImageJ open-source software (National Institutes of Health, Bethesda, 

MD, USA) to build the size distribution histograms and calculate the mean diameter.  

For transmission electron microscopy (TEM) observations, the PVA-PEG-SiO2 

core fibers were collected for 5 min on top of the 300 Mesh Copper TEM support grid with 

lacey carbon films Agar Scientific Ltd. (Stansted, UK). Bright-field (BF) TEM and high-

angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) 

images, energy-dispersive X-ray (EDX) spectra, and compositional maps were taken on an 

aberration-corrected Titan Themis Z transmission electron microscope (Thermo Fisher 

Scientific, Landsmeer, Netherlands) equipped with a Super-X detection system and 

operated at 120 kV. 

The core-shell structure was monitored with the fluorescence confocal laser 

scanning microscope LSM 800 with Airyscan (Carl Zeiss Microscopy GmbH, Jena, 

Germany) to claim the presence of a bilayer structure. The fluorescent dyes 6-FAM and 

Rhodamine B were added to the core and shell solutions with a 0.01 mg/mL concentration, 

respectively. The samples of fibers were synthesized on top of the glass slide for 3 min to 

obtain the discrete fiber network. 
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3.11 Spectroscopic characterization 

Raman spectroscopy 

The samples of the as-received electrospun mats and their components were studied 

to monitor the peaks attributed to the components and specific ‘fingerprints’ with DXR3xi 

Raman imaging microscope (Thermo Fisher Scientific, Waltham, MA, USA). Raman 

spectroscopy was conducted with the laser source 532 nm, where GO and PVA-GO 

samples were studied at the laser power of 3 mW and 5 mW, respectively. PVA-PEG-SiO2 

and freeze-dried NPs of SiO2 solution were studied at 6 mW and 4.2 mW of laser power, 

respectively. Raman spectra of samples were captured in the range of 200–3200 cm–1. 

Fourier-transferred infrared spectroscopy 

Fourier-transferred infrared spectra of fiber mats were measured using a Bruker 

ALPHA II spectrometer (Ettlingen, Germany) with the attenuated total reflectance mode 

placed inside a nitrogen-filled glovebox.  

 

3.12 XRD 

X-ray diffraction data of SiO2, GO were collected at the Bruker D8 Advance 

(BRUKER AXS GmbH, Karlsruhe, Germany) by using radiation λ CuKα1=1.54051 Å at 

40 kV, 40 mA.  

X-ray diffraction data of fibers mats and polymers were collected at the X-ray 

Powder Diffractometer Huber G670 (Huber Diffraktionstechnik GmbH & Co. KG, 
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Rimsting, Germany) by using radiation λ CoKα1=1.78892 Å at 40 kV, 30 mA with a time 

of scanning 2000 s.   

The spectra were collected at a wide range of 2θ from 4 to 100 º. The background 

was preliminary subtracted from the data to finalize the peak fitting.  

 

 

3.13 ToF-SIMS 

ToF-SIMS of fiber mats was performed using the instruments: FIB-SEM Tescan 

S9000: Solaris Ga-FIB (Tescan Orsay Holding, Czech Republic) adopted with ToF-SIMS 

detector (TOFWERK AG, Switzerland). The following parameters of regime were used 

for FIB: high voltage of 20 kV, current of 4 nA, 50 µm field of view, ToF-SIMS: 512 x 

512 pixels resolution, negative and positive modes, binning 4x4, dwell time 20 µs. ToF-

SIMS data was analyzed using the software TOFWERK Explorer, Switzerland. 

 

3.14 Differential Scanning Calorimetry (DSC) 

Thermal behavior of core-shell, shell and core nanofiber mats was studied by a 

differential scanning calorimeter NETZSCH DSC 204F1 Phoenix (NETZSCH-Gerätebau 

GmbH, Selb, Germany). DSC thermograms of samples were received from 26°C to 240°C 

at a heating rate of 10°C/min.  

DSC thermograms provide information about the melting temperature, the heat of 

melting (∆Hm), and the degree of crystallinity. Melting (Tm) temperature was calculated 

from the DSC curves.  The degree of crystallinity (χc) was calculated by the formula 
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𝜒𝑐 =
ΔΗ𝑚×100%

∆Η𝑐
                                                  (13) 

where ∆Hm is the heat of melting calculated from the area under the melting peak; ∆Hc is 

the heat required for melting 100 % crystalline PVA (138.6 J/g) used from the reference 

[82], [138]. 

 

3.15 Micromechanical test 

The prepared specimens were tested by Deben Microtest 200 N Tensile Stage 

(Deben UK Ltd., Woolpit, UK) in tension mode with a permanent speed of 1.0 mm/min 

inside the chamber of Tescan Vega3 SEM (TESCAN ORSAY HOLDING, Brno, Czech 

Republic). In the experiment, a test sample with a double edge notch geometry was used, 

where the perimeter of the sample was 25 mm × 14 mm with 2 mm per incision. The 

thickness of fiber mats was measured with micrometer. The tension was parallelly 

synchronized with SEM images acquisition with the following settings: Back-scattered 

Electron (BSE) detector, resolution 1024 × 1024 pixels, 8-bit, scan speed 3.2 μm per pixel, 

and field of view 1 mm x 1 mm. Then, images were processed by the robust Digital Image 

Correlation (DIC) method to obtain true material deformations. The DIC technique was 

realized by open-source Matlab-based software Ncorr v.1.2 (GitHub, Inc., San Francisco, 

CA, USA) [139]. Two characteristics were determined, namely, elastic modulus and 

ultimate strength. The tested samples were weighed using the Ohaus analytical balances 

(Parsippany, USA), and the density of the samples was calculated based on the received 

mass and area. 
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3.16 UV-Vis Spectral Analysis of Fiber Mats  

Fluorescence of GO-based fibers 

PVA-GO 5 %, PVA-GO 10 %, core-shell PVA-PEG-SiO2@PVA-GO, methanol 

crosslinked core-shell PVA-PEG-SiO2@PVA-GO were incubated in 0.01 M of PBS with 

pH 7.4, at 37 °C for 24 h in the orbital mixer. After 24 h, the supernatants of solutions were 

placed in a 96-well plate (Corning 96-well Clear Flat Bottom UV-Transparent Microplate), 

and fluorescence spectra were recorded with an Infinite M Nano+ (Tecan Trading AG, 

Männedorf, Switzerland) dual-mode microplate reader. The fluorescent spectra were 

collected to study the effect of excitation wavelength on the fluorescent properties of GO-

based fiber mats. The fluorescence from the samples was excited at 295 nm and 330 nm, 

415 nm, and their emission was observed in the ranges 330 – 550 nm and 350 − 650 nm, 

440 − 650 nm, respectively.  

Loading and Encapsulation Efficiency 

The loading and encapsulation efficiency of CHX was assessed for PVA-

PEG@PVA-GO-CHX and PVA-PEG-SiO2@PVA-GO-CHX fibers with ten samples for 

each type. Loading efficiency was calculated by the formula (14), where m𝑑 ‒ total mass 

of released drug divided by the total weight of fiber mat m𝑓. 

𝐿𝑜𝑎𝑑𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
m𝑑×100%

m𝑓
                                                  (14) 

Encapsulation efficiency was calculated by the formula (15), where m𝑑 ‒ total mass 

of released drug divided by m𝑑0 ‒ total mass of drug added in the spinning solution.   

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
m𝑑×100%

m𝑑0
                                                  (15) 
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The medicated core-shell fiber mats PVA-PEG-SiO2@PVA-GO-1x CHX and 

PVA-PEG@PVA-GO-1x CHX were cut in the sections 10 × 20 mm2.  Specimens were 

incubated in 1 ml of PBS medium (pH 7.4, 37 °C) in the thermo-shaker TS-100 (BioSan, 

Riga, Latvia) at 350 rpm for 24 h. After the incubation, the supernatant was centrifugated 

to remove GO flakes in MiniSpin® (Eppendorf AG, Hamburg, Germany) at 10 rpm for 4 

min. 200 μL of supernatants were placed in the UV-transparent microplate; the optic 

density of samples was collected at 230 – 400 nm intervals with the step of scan 2 nm and 

a number of flashes 5 in Infinite M Nano+ microplate reader (Tecan Trading AG, 

Männedorf, Switzerland). To calculate the concentration, the calibration curves were built 

from the series of UV absorbance spectra for CHX dissolved in PBS with the 

concentrations (0.004 ‒ 0.063 mg/mL).  

 

Kinetic Drug release 

The release of CHX) was monitored for ten samples of each core-shell fiber 

composite PVA-PEG@PVA-GO-1x CHX and PVA-PEG-SiO2@PVA-GO-1x CHX (total 

20 samples).  Each sample corresponding to ~ 3 mg with 10 × 20 mm2 was attached to the 

adhesive tape of Kapton, fitted into a test tube with 1 mL of 0.01 M PBS and stored in an 

incubation shaker TS-100 (BioSan, Riga, Latvia) at 37 °C and 100 rpm. These conditions 

were aimed to mimic the wound dressing in the skin conditions. Aliquot parts of 200 μL 

were withdrawn from the test tubes and measured in the UV-transparent microplate at 230 

– 1000 nm intervals for the absorbance spectra with the step of scan 2 nm and a number of 

flashes 15 in Infinite M Nano+ (Tecan Trading AG, Männedorf, Switzerland). Then, the 
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supernatant was returned to the dissolution medium in a tube for each release measurement 

for at least 24 h of experiment. 

 

 

3.17 Antibacterial test 

The antibacterial activity of the CHX-loaded core-shell fiber mats was assessed 

with Staphylococcus Aureus cultivated on a solid medium agar plate. CHX loaded core-

shell fiber mats (PVA-PEG@PVA-GO-CHX and PVA-PEG-SiO2@PVA-GO-CHX) and 

as-prepared PVA-PEG-SiO2@PVA-GO fibers were formed at the disks with diameter of 6 

mm. The fiber samples and a cellulose control with the Doxycycline were placed in the 

agar medium with the seeded colony of Staphylococcus Aureus. After static incubation at 

37 °C for 1 day, the inhibition zones around the sample were photographed and measured 

to assess the bacterial sensitivity/resistivity parameter. 

 

 

3.18 Cell Viability Assay 

Dulbecco’s Modified Eagle Medium (DMEM; catalog no. 12491-015), fetal bovine 

serum (FBS; catalog no. 16000-044), antibiotic-antimycotic (catalog no. 15240-062), and 

0.25 % trypsin/EDTA (catalog no. 25200-114) were obtained from Gibco, Thermo Fisher 

Scientific, USA. L-glutamine (catalog no. F032) and Versen (catalog no. F080) were 

received from Paneco, Russia. CellTiter-Glo 2.0 (catalog no. G7572) was supplied from 

Promega, USA. 



61 

  

Primary human fibroblasts passaged 3 times, were cultured in DMEM containing 2 

mM L-glutamine and an antimycotic antibiotic solution (1x), with the addition of 10% (v/v) 

fetal bovine serum (Gibco, Thermo Fisher Scientific, USA) at 37 °C and 5% CO2. To 

transfer cells from the substrate, a Versen solution and a 0.25% trypsin/EDTA solution 

were used. 

The cells were incubated at 37°C for 24 h using the extracts of dissolved core-shell 

fiber composites (PVA-PEG-SiO2@PVA-GO, methanol crosslinked PVA-PEG-

SiO2@PVA-GO) in MilliQ water to prepare the culture medium. Cytotoxicity of core-shell 

fibers was assessed with CellTiter-Glo 2.0 system according to the protocol of biological 

evaluation of medical devices (GOST ISO-10993).  Cells were seeded in 96-well culture 

plate at a concentration of 1 × 104 cells per well. Each well contained 100 μl of cell 

suspension. The plate was incubated for 24 hours at 37°C in a humidified atmosphere with 

5% CO2 to obtain a monolayer cell culture. After 24 h, 200 μl of extracts was added to each 

experimental well and 200 μl of fresh culture medium was added to the control wells. Plates 

were incubated for 24 h and 72 h at 37°C in a humidified atmosphere with 5% CO2. After 

24 h and 72 h, 250 μl of supernatant was withdrawn from each well with adding of 50 μl 

of CellTilter 2.0 and incubated for 15 min. Obtained solutions were placed in 96-well white 

opaque culture plate and luminescence was recorded with the Varioskan LUX Plate Reader 

(Thermo Fisher Scientific, USA).  Wells containing a pure culture medium without cells 

were used to evaluate the background signal. Absolute luminescence values were 

normalized as follows: the luminescence signal of cells in control wells (in culture medium) 

was taken as 100% viability. Cell viability in the presence of extracts from PVA-PEG-
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SiO2@PVA-GO as-received and methanol treated fibers was calculated as a percentage of 

their luminescence signals received from the experimental and control wells. 

 

 

3.19 Statistics 

CHX release was measured from at least 10 samples separately for each core-shell 

composite. Antibacterial activity was carried out independently three times using two 

parallel groups of PVA-PEG-SiO2@PVA-GO and PVA-PEG@PVA-GO group. The data 

are presented as the mean ± standard deviation. 
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Chapter 4. Results 

4.1 Viscosity and conductivity 

The measurements were carried out at the room temperature as the electrospinning 

(Table 4). The impact of the dual polymer mixture was considered. The viscosity of PVA 

10 wt. % base solution shows 1058.9 mPa∙s at a shear rate of 3.1224 s–1. The smaller 

contribution of PVA (8.4 wt. %) for PVA-PEG against the 10 wt. % of the base shows the 

diminishing viscosity for PVA-PEG solution to 339.8 mPa⋅s. Notably, PEG with the ratio 

of 3.6 wt. % did not dramatically change the viscosity behavior of the compositions. 

Possibly, the increase of addition of silica suspension and PEG will affect dramatically on 

the viscosity, however even this negligible addition of silica (0.005 wt. %) were correlated 

with different morphology of produced fibers and drug release behavior discussed in 

Chapter 4.3 and 4.12, respectfully. 

Table 4 The characterization of solutions 

Name 
Mass Ratio of PVA, 

wt. % 
Viscosity, mPa∙s Shear Rate, s–1 

Electrical Conductivity, 

μS∙cm–1 

PVA 10% 10 1058.9 3.1224 672 

PVA-PEG 8.4 339.8 2.9594 538 

PVA-PEG-SiO2 8.4 239.3 4.1350 1332 

PVA-GO 10% 9 452.2 2.2462 653 

 

4.2 Confocal Laser Fluorescence Microscopy 

The core-shell structures were labeled with FAM for the core and Rh B for the shell, 

respectively. Figure 2 shows the bilayer structure including the core and shell colored green 

and red, respectively. The mean values for shell wall thickness and core were calculated 

66 ± 18 nm and 173 ± 25 nm, respectively. 
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Figure 2. Representative fluorescence microscopy images collected from (a) core-shell 

PVA-PEG-SiO2@PVA-GO fibers with the labeled core-shell structure; (b) green core 

labeled with FAM; (c) red shell labeled with Rh B 

 

4.3 SEM 

SEM Study of the As-Received Fibers 

Pristine PVA Fibers 

As the preliminary parameter, the distance was varied from 14, 17, 21 cm, that 

produced the nanofibers with mean diameters 386 ± 81, 284 ± 44 nm, nm, 268 ± 63 nm 

(Supplementary Materials, Figure S1). It should be noted that all results were collected 

with fixed tip-to-target distance. Based on our observations of experimental data and 

referenced studies the tip-to-target distance was set 14 cm in this study as the optimal to 

build bead-free and homogeneous fiber coating. 

The morphology of synthesized fiber mats was observed by SEM. The diameter of 

fibers from each fiber mat was calculated to monitor the effect of additives and methanol 

crosslinking. The as-received PVA fiber mat has a mean fiber diameter of 386 ± 81 nm in 

Figure 3a.  
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Core composition PVA-PEG-SiO2 

The design of core composition was based on the observations of the effect of 

PVA:PEG ratios on the size of fibers (Supplementary materials, Figure S2). The 

composition of PVA: PEG mesh (70:30) produces the fibers with mean diameter of 417 ± 

76 nm, where the concentration of PVA was 8.4 wt.% of whole solution. In opposite, the 

composition with the highest fraction of PVA has the mean fiber diameter of 971 ± 164 

nm, where the concentration of PVA reaches 10.8 wt.% in the solution. The higher 

concentration of PVA led to the increased dimension of core fibers in the same presence 

of silica and PEG. The fibers were collected from the same operational parameters such as 

voltage, distance, time of collection.  

TEM claimed the polymer composition of core (70:30) supports the reduced 

agglomeration of nano silica. The results are provided and discussed in the Supplementary 

Materials, Figure S5 and in Figure 8, Section 4.4. The established composition with ratios 

of PVA to PEG (70:30) was used in the further studies as the rational core solution for 

coaxial spinning. 

Core-shell composition PVA-PEG-SiO2@PVA-GO 

The dependance of tip-to-target versus fiber morphology was preliminarily 

screened to produce continuous fibers with nanoscale dimensions without bead and spin 

defects. The results showed the optimal distance of 14 cm to produce the robust coating 

with fiber size of 329 ± 71 nm (Supplementary material, Figure S3). That operational 

parameter was used to build the electrospun core-shell fibers for the following studies. 

Despite the distance of 17 cm showed rather uniform distribution, it was difficult to collect 
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the fiber mats due to the drops of non electrospun solutions after the 1 h of synthesis, in 

case of tip-to-target distance at 14 cm. Hence, we observed the ability to collect the 

synthesized fibers from target and to operate easily with them for further applications. Tip-

to-target distance at 14 cm seems the golden mean in this regard. 

 

Core Fibers 

In Figure 3b, PVA-PEG presents the bigger fiber size distribution with a mean fiber 

size of 685 ± 145 nm. With the addition of SiO2, the mean size of core fiber was slightly 

decreased to 381 ± 131 nm (Figure 3c). The presence of nanoparticles could reduce the 

movement of polymer chains by the emerging covalent bonds between silica and the 

polymer matrix that results in the formation of the diminished fiber size under the electric 

field. In Section 4.6-4.7 the effect of the silica nanoparticles was traced in the core PVA-

PEG-SiO2 fiber with help of Raman and FTIR spectroscopy. 

Figure 3d illustrates the effect of GO content on the PVA-based fiber. PVA-GO 

demonstrates a decreased fiber diameter to 174 ± 31 nm compared to the pristine PVA 10% 

fibers. The loading of GO results in the narrowing of fiber diameters for stable 

electrospinning of mats with the same operational parameters. 

There is a tendency of fiber decreasing observed for the core-shell fibers PVA-

PEG@PVA-GO and PVA-PEG-SiO2@PVA-GO given in Figure 3e and Figure 3f, 

respectively. At the same time, the mean diameters of the core-shell fibers of PVA-

PEG@PVA-GO and PVA-PEG-SiO2@PVA-GO are 535 ± 112 nm and 261 ± 51 nm, 

respectively. The decreased fiber diameter could relate to the physical properties of 
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spinning solutions, such as viscosity and conductivity, mentioned in Table 4 The 

measurements of solutions. 
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Figure 3. SEM imaging of fibers: (a) pristine PVA; (b) PVA-PEG core; (c) PVA-PEG-

SiO2 core; (d) shell PVA-GO 10%; (e) core-shell PVA-PEG@PVA-GO); and (f) core-

shell PVA-PEG-SiO2@PVA-GO 
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SEM Study of the Crosslinked Fibers 

To increase the structural integrity of the PVA-based composite, the procedure of 

crosslinking with methanol was suggested. Considering the simplicity of the method 

mentioned in the study [82], crosslinking with methanol was chosen. Methanol evaporates 

in room conditions and is suitable for the robust fabrication of fiber mats. A crosslinked 

PVA fiber mat performs a mean diameter of 415 ± 88 nm in Figure 4a. 

Figures 5b–c demonstrates the morphology of crosslinked samples starting from 

the core compositions: PVA-PEG, PVA-PEG-SiO2. The crosslinked fibers of PVA-PEG 

retain the fibrous structure with a wide range of sizes starting from 400 nm to 1200 nm, 

shown in Figure 4b. The mean diameter of crosslinked PVA-PEG fibers is 927 ± 188 nm. 

Figure 4c demonstrates the effect of silica added in core composition. The core solution 

PVA-PEG-SiO2 provides the smaller size distribution of fibers with diameter 711 ± 132 

nm. 
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Figure 4. SEM imaging of crosslinked fibers with methanol: (a) pristine PVA; (b) PVA-

PEG core; (c) PVA-PEG-SiO2 core; (d) shell PVA-GO; (e) core-shell PVA-PEG@PVA-

GO); and (f) core-shell PVA-PEG-SiO2@PVA-GO 
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The PVA-GO-based composite as the shell is presented in Figure 4d. The mean size 

of fibers changes to 344 ± 114 nm after crosslinking treatment. Despite the GO’s solubility 

in methanol, the presence of GO was claimed in the polymer matrix with the Raman 

spectroscopy in Section 4.6. 

Figure 4e and Figure 4f demonstrate the same trend of the diameter diminishing for 

the crosslinked core-shell PVA-PEG@PVA-GO against PVA-PEG-SiO2@PVA-GO, with 

the mean diameter 897 ± 181 nm and 503 ± 137 nm, respectively. The methanol vapor 

treatment facilitates the crosslinking of polymer chains to maintain fiber morphology. 

Methanol plays the main role in stabilizing the polymer network due to the hydrogen bonds 

formed between pendant hydroxyl (–OH) groups in PVA chains. 

The following SEM images were collected from the samples of fibers loaded with 

the CHX. Figure 5a demonstrates the produced core fibers with a mean diameter of 666 ± 

256 nm. Figure 6b shows that the core-shell fibers with CHX present the same trend as 

noticed for the core-shell fibers without any drug loading. The mean diameter of core-shell 

fibers 283 ± 51 nm was close to the 261 ± 51 nm of the pristine core-shell fibers. The effect 

of coaxial spinning was noticed to decrease the mean diameter of the core-shell fiber, 

indicating the same trend for PVA-PEG-SiO2@PVA-GO and PVA-PEG-SiO2@PVA-GO 

loaded with CHX. 
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Figure 5. SEM images of (a) core fiber PVA-PEG-SiO2-CHX; (b) core-shell PVA-PEG-

SiO2@PVA-GO-CHX fibers; and after dip-coating with PHB: (c),(d) methanol 

crosslinked core-shell CHX fibers 

The morphology of crosslinked core-shell fibers was studied with SEM after the 

dip-coating protocol. In Figure 5c and Figure 5d the dip-coated fibers were presented. The 

morphology of fiber mats was altered by the thin coating of PHB polymer, this strategy 

was aimed to retain the fiber mat in the aqueous medium. 

The topography of fiber mats is a crucial factor in case of the cell adhesion. The 

patterned targets produced with the lithography and laser ablation convey the different 

geometry to the nonwoven mats. SEM images of the targets and the processed fiber mats 

were included in this work to illuminate the potentials of fibers as coatings. Supplementary 
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Materials, Figure S4 shows that the patterned fiber coatings replicate the produced 

topography preserving the separate fibers. 

 

The Effect of Water Uptake on Fiber Diameter 

To analyze the impact of GO on the water uptake, the following experiment was 

carried out for PVA, PVA-GO 5%, PVA-GO 10 % with the use of SEM analysis of the 

fiber diameter. The samples were stored in distilled water for 2 h during the experiment to 

watch the fiber nearest degradation stage via SEM imaging. The short period of incubation 

relates with the light weight of sample to exclude the early disruption of thin films. PVA 

fiber mat was used as a control sample. Some samples of PVA fibers suffered depletion 

and full dissolution after 240 min because of the prolonged contact with the deionized 

water. The assessment of fiber size was difficult to handle for the experiments. Hence, to 

achieve the same evaluation time for all the films, the fibers were incubated for 240 min. 
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Figure 6. SEM imaging of as-received, crosslinked and soaked fiber mats after the 

incubated in water medium for 2 h 

Figure 6 demonstrates that GO loading of 5 wt.% slightly increases the average 

fiber diameter after crosslinking. The bigger loading of GO 10 wt.% fabricated the 

decreased diameter of as-received fibers, but after crosslinking the fibers increased at two 

times. However, the addition of graphene oxide changed the fiber morphology at least two 

times after being kept in water for each PVA-GO composite. The results show that the 

addition of GO causes the bigger swelling of the PVA-GO fibers after the water immersion. 

The fiber mats were transformed into the hydrogel, when pure PVA film was completely 

dissolved after 2 h. 
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4.4 STEM and EDX 

Bright-field (BF) TEM and high-angle annular dark-field scanning transmission 

electron microscopy (HAADF-STEM) imaging were performed to monitor the distribution 

of silica nanoparticles in the fiber core. The histogram of silica nanoparticle size 

distribution is shown as an inset of Figure 7a. The average particle size distribution of silica 

was calculated from STEM images, where the size distribution ranges from 20 to 120 nm, 

and the mean diameter of silica d equals 54 ± 17 nm.  Blue arrowheads indicate the location 

of individual silica particles on the fiber. The individually separated nanoparticles within 

the fiber are observed in the PVA-PEG-SiO2 (70:30) in Figure 7b, c, while they are mostly 

segregated in the sample with PVA-PEG mixed in a ratio of 90:10 in Figure 7a. EDX 

compositional maps were registered for O, Si, and C elements to detect the distribution of 

silica spheres in the core fiber PVA-PEG-SiO2 (90:10) in Figure 7d.  
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Figure 7. HAADF-STEM images of (a) PVA-PEG-SiO2 with PVA:PEG (90:10); (b,c) 

PVA-PEG-SiO2 with PVA:PEG (70:30); (d) EDX analysis of PVA-PEG-SiO2 with 

PVA:PEG (90:10) with compositional mapping of O, Si, and C elements 

During this study three different compositions were studied with TEM to find the 

optimal ratio of PVA and PEG for building of core fiber. The studied core fibers contain 

the different polymer graft of PVA and PEG in the 90:10 and 70:30 that were investigated 

with TEM (Supplementary Materials, Figure S5). The mixture of PVA and PEG with the 
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ratio of 70:30 was selected as a working composition of core for PVA-PEG-SiO2@PVA-

GO core-shell fiber. The composite with ratios of polymers PVA: PEG (90:10) 

demonstrates agglomerates of silica that claim the feasibility of graft PVA:PEG (70:30), 

where PEG functions as a good dispergator. The increased PEG content prevents the 

greater distribution of silica nanoparticles in the core fiber. 

 

4.5 Contact angle and Fiber Diameter after Methanol Treatment 

The wettability of shell fiber and core-shell samples were assessed to trace the 

impact of GO and NPs of silica on the fiber composites (Table 5). The mean contact angle 

was calculated after the drop stabilized for 10 s before the drop was fully absorbed by the 

thin sample. The mean contact angle for PVA-GO 5% and PVA-GO 10% changes from 48 

± 7° to 39 ± 5° with the higher loading of GO fraction. The high hydrophilicity of graphene 

oxide results in the rapid absorption of fibers during the contact angle measurements. Being 

rearranged inside the fibers, GO nanoflakes form a high hydrophilic structured surface of 

PVA-GO composite due to their high hydrophilicity related to oxygen-containing 

functional groups of GO. The incorporation of GO showed the increased contact angle for 

PVA-GO 10% in comparison with the pure PVA fiber. The contact angle for PVA-GO 

fiber mats with the GO loading of 10 wt. % is reduced due to the higher surface area 

characterized by the diminished diameter of fibers 174 ± 31 nm (Table 5).  

Figure 8a and Figure 8b demonstrate the lightly increased contact angle for the PVA 

10% and core-shell PVA-PEG-SiO2@PVA-GO, where the shell made of PVA-GO. The 
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negligible increase of the contact angle is noticed for pure PVA 10 wt.% and PVA-PEG-

SiO2@PVA-GO core-shell fibers with the shell made of PVA-GO. 

Table 5. The contact angle of PVA-GO 5%, PVA-GO 10%, and PVA-PEG-SiO2@PVA-

GO before and after crosslinking 

Name of Sample Average Diameter, nm Contact Angle, ° 

As-received 

PVA 10% 386 ± 81 28 ± 3 

PVA-GO 10% 174 ± 31 40 ± 3 

PVA-PEG-SiO2@PVA-GO 261 ± 51 26 ± 3 

Crosslinked  

PVA 10% 415 ± 88 37 ± 4 

PVA-GO 10% 344 ± 114 39 ± 2 

PVA-PEG-SiO2@PVA-GO 503 ± 137 34 ± 1 

Water uptake of PVA-GO 10% was assessed after incubation of samples in the 

distilled water for 9 days. In Figure 8c the results show the massively increased mass of 

samples due to the high absorption of GO. The value of water uptake is near 288 % after 1 

day of incubation. Notably, the PVA-GO composite was stable in water after the swelling 

and preserved the integrity after 9 days. 
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Figure 8. The contact angle of (a) as-received fibers and (b) methanol crosslinked fiber 

mats; (c) water uptake of shell PVA-GO 10% and core-shell fibers; (d) electrospinning 

efficiency 

The methanol crosslinking alters the morphology of fibers containing GO. The 

morphology of as-received and crosslinked fibers was compared. The diameter growth by 

over 90% demonstrates the swelling behavior of the GO-based shell and core-shell fibers. 

The referenced work supposed the dependance of fiber diameter and wettability in case of 

thermally crosslinked PVA based composite [77]. Despite the increased diameter of fiber, 

the crosslinked fibers show the same contact angle relatively to as-received ones, that is 

expected to prolong the fiber degradation time. The control of the fiber diameter and 

wettability is aimed to alter the time of fiber mat dissolution that is important in terms of 

the drug release. 
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The electrospinning efficiency of core and core-shell fiber mats reveals the 

difference in performance with uniaxial and coaxial spinning. The productive efficiency of 

core composition is about 65.3 % that is much higher in comparison with the 32.7 % for 

core-shell fibers synthesized for 1 h (Figure 8d).  

 

 

4.6 Raman Spectroscopy 

The sample of as-received graphene oxide was monitored with Raman 

spectroscopy. The spectra of PVA-GO composites and GO were observed to find out the 

characteristic D and G bands of graphene oxide, where the D band is in charge of the 

defects and vacancies of sp2 carbon hybridization, and the G band indicates the stretching 

C–C bonds. D (ca. 1346 cm–1) and G (ca. 1588 cm–1) bands indicated sp2 hybridization of 

the carbon atoms while the following ratio of ID/IG mainly defines the graphene oxide, 

[120], [140], [141]. Figure 9 shows the spectrum of GO in range of 500–3200 cm–1, where 

the broad bands of doublets are located at ca. 2904 cm–1 and ca. 2692 cm–1 in the so-called 

2D band. The shift of 2D bands defines the quality of stacking GO layers. The found peak 

position corresponds to the referenced studies [141], where the centers of D and G bands 

are located at 1347.8 and 1583.07 cm–1 with the ratio of ID/IG (1.02). In Figure 10, the 2D 

band of the GO is located at ca. 2692 cm–1 defining the GO layered organization. Due to 

the referenced data, the monolayered GO has a 2D band that occurs at 2679 cm–1; the 

shifted 2D band seems to indicate a multilayered structure of GO.  
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Figure 9. Raman spectra of PVA-based and GO-derived fiber mats in the range of 200 –

3400 cm–1 

 

In Figure 9, the spectra of PVA-GO present the most prominent peak of PVA 

occurring at ca. 2911 cm–1 due to the –CH2 bond vibrations. For the pure PVA spectrum, 

the peak of –CH stretching vibrations was monitored at 1435 cm–1[142]. The broad band 
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at the regions of 1140 cm−1 is related to the stretching C–O and C–C stretching bonds 

within the structure of PVA.  

The PVA-GO shell composite shows the peaks of D and G occurred at ca. 1348 

cm–1 and 1595 cm–1, respectively. The obtained peaks relate to the reported studies of GO 

[143]. The presence of these three peaks in the Raman spectra of PVA-GO composites 

indicates the distribution of the GO flakes in the PVA-GO fibers. Additionally, a slight 

shift of 2D bands attributed to the GO is observed at ca. 2700 cm–1 for PVA-GO.  

Defining GO, ID/IG = 1.03 indicates that the defects of structure for GO with the 

high reduction degree. Reduced Graphene oxide (rGO) differs in higher conductivity and 

sp2 clusters organization that is important to consider for electrospinning process [122], 

[123]. The ratios of ID/IG =1.07 for PVA-GO and ID/IG =1.14 for core-shell fibers were 

compared with ID/IG = 1.03 for GO, where the higher presence of covalent bonds formed 

in the electrospun fibers cause the gradual increase of ID/IG [144].  

Table 6. Raman bands assignments of GO, PVA, PEG, CHX, SiO2 

 Raman Shift, cm–1 Band Ref. 

GO 

1348 D band 
[120], [140], 

[141], [143] 

1583 G band [143] 

2692, 2904 2D band [143] 

  

PVA 

1140  C–O and C–C stretching  [135],  

[144] 
1435 CH stretching 

2911 CH2 stretching bond 

  

SiO2 

416 Si‒O‒Si stretching R band [145] 

799 Si‒O‒ Si symmetric stretching ω3 [146] 

976 Si‒OH symmetric stretching groups [146], 

[147] 
1087 Si‒O‒Si bending ω4 
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PEG 

842 CH2 rocking [148],  

[149] 
1130  C-O, C-C stretching 

1289 CH twisting 

2890 CH stretching 

  

CHX 1600 NH bending [143], [150] 

Figure 10 demonstrates the spectra of PVA-PEG-SiO2 fiber and contained additives 

in the range of 200 – 3400 cm–1. The spectrum of nanosilica contains the main features 

such as the broad band centered at 416 cm–1 and peak at 799 cm–1, 976 cm–1, 1087 cm–1. 

The band is located at the range 313 – 480 cm–1 and named R-band, indicating the Si–O–

Si stretching vibration bonds. The width of this band is related to the dispersion of the Si–

O–Si bond angle [145]. The asymmetric peak of 799 cm–1 is considered as ω3 attributed to 

the random network of Si–O bonds and the following peak at 976 cm–1 is attributed to the 

symmetric stretching vibrations of silanols in SiO2 (≡Si–OH groups) [146], [147]. The peak 

ω4 located in the frequency of 1087 cm–1 corresponds to the Si-O-Si bridging bond angle 

changes. Hence, the found frequencies of freeze-dried silica solution correlate with the 

referenced studies of nanosilica. However, its presence in the core fiber was not detected 

clearly, that is a reason to monitor the silica-based composition with help of FTIR method 

provided in Chapter 4.7. 

Figure 10 claims the fingerprints of PEG corresponded to the core composite from 

the characteristic peak 842, 1289 cm–1 found in the references [148], [149]. The high-

intensive peak of the PEG spectrum located at 2887 cm–1 relates to the vibrations of 
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symmetric –CH stretching bonds. In conclusion, the presence of NPs of silica could be 

monitored in the spectrum of the PVA-PEG-SiO2 fibers by the R-band. 

 

Figure 10. Raman spectroscopy of the synthesized core fiber PVA-PEG-SiO2 and the 

constituents of spinning solutions in the range of 200–3400 cm–1 

 

The spectrum of core fiber loaded with CHX showed the presence of a strong peak 

at 1600 cm−1 [150], [151]. This peak is assigned to the presence of CHX locally within the 
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core, however, it is challenging to observe it in the spectrum of core-shell fiber previously 

given in Figure 9. The G band of GO based material prevents monitoring the encapsulated 

CHX in the core-shell. Thus, the additional characterization method of encapsulated core-

shell fiber is required that should eliminate the input of components. 

 

4.7 FTIR spectroscopy 

FTIR spectra of samples were collected in Figure 11. According to the studies, PVA 

is characterized by the presence of peaks located at 3331 cm–1, 1735 cm–1, and 842 cm–1 

for –OH, C=O, and C–H rocking bonds, respectively [152]. Additionally, the peak located 

at ca. 1090 cm–1 is attributed to the C–O stretching bonds, and the peak of C–C stretching 

bonds at 1145 cm–1 indicates the degree of crystallinity of PVA [128], [153], [154]. 

In Figure 11, the spectrum of GO has two strong absorption peaks at 3417 cm–1 and 

1735 cm–1 assigned to the stretching vibrations of GO as –OH and C=O bonds attributed 

to the carboxyl groups of GO [120], [155]. 

The spectrum of PVA-GO shows the diminished massively peak at 1735 cm–1 and 

the obvious shift of peak to 1087 cm–1 corresponding to the C–O stretching bonds. This 

shift reports the crosslinking effect of GO by the hydrogen bonds of the GO to the –OH 

groups of PVA. That claims the successful intercalations of GO flakes within the polymer 

framework. 

After the silica addition to the PVA fiber composite, there is a visible shift of peak 

centered at 1103 cm−1 in the region of 1100 – 1090 cm−1 in Figure 11e. The FTIR spectrum 

of the PVA-PEG-SiO2 shows the characteristic peak of asymmetric stretching bonds Si–O 

https://www.sciencedirect.com/topics/chemistry/stretching-vibration
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at 1103 cm–1, which is mentioned in the references as the presence of Si–O–Si bonds [133]. 

Following the referenced studies about the silica, the characteristic peaks of silica 

nanospheres occurred at 1020 – 1110 cm–1 define the asymmetric stretching vibration of 

Si–O–Si bonds, when the peak of PVA-PEG-SiO2 fiber mat at 962 cm–1 proves the 

formation of asymmetric bending and stretching vibration of silanol groups Si–OH [156].  

 

Figure 11. FTIR spectra of the fiber mats: (a) PVA 10 wt.% fiber; (b) shell PVA-GO; (c) 

core PVA-PEG-SiO2; (d) core-shell PVA-PEG-SiO2@PVA-GO; (e) PVA-PEG-

SiO2@PVA-GO-1x CHX  

The spectrum of core PVA-PEG-SiO2 fiber was given in Figure 11. The increased 

shoulder (ca. 1145 cm−1) defines the silica-polymer interaction in composite, where the 

Si−O−C bond formed [128]. This bridge effect of silica particles is considered in the 



87 

  

references as the crosslinking approach to establish Si–O –C bonds between the surface of 

nanosilica and the terminal hydroxyl groups of PVA. 

As a result, the FTIR measurements indicate the formation of Si−O−C bonds in the 

core fiber that affects the mechanical properties of synthesized fibers. FTIR spectra of core-

shell fiber PVA-PEG-SiO2@PVA-GO and PVA-PEG-SiO2@PVA-GO loaded with CHX 

were compared to find out the crystalline peaks attributed to the CHX. No differences 

between loaded and pristine fibers were observed that claim that the drug was evenly 

distributed in the specific core fiber.  

Table 7 FTIR bands attributed to the silica, graphene oxide and PVA 

 
Wavenumber, 

cm−1 
Band 

Ref. 

SiO2 

1108 Si–O asymmetric vibration bonds [133] 

962 
 Si–OH asymmetric bending and stretching 

vibration 

[156] 

815 Si–O symmetric vibration  [133] 

460 Si–O rocking motions [133] 

GO 

3404 OH stretching [120],  

2915 CH stretching  [157] 

1733 C=O stretching of carbonyl groups [157] 

1585-1622 
C=C stretching vibration of an aromatic sp2 

carbon bond 

[157], 

[158], [159] 

1622 O-H bending vibration from absorbed water [123] 

1352 CH deformation of CH2 and CH3 groups [160] 

1225 COH bending deformation of COOH [157] 

1075 C‒O‒C stretching of epoxy groups [157] 

975 
CH out-of-plane bending vibrations in the epoxy 

ring deformation 

[157] 

PVA 

3331 –OH stretching  [152] 

2940  CH asymmetric stretching [153] 

2910 CH symmetric stretching [161] 

1415 CH2 bending [161] 

1320 CH wagging [161] 

1145  C=C stretching bond [128] 
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1090  C=O stretching  [153], [154] 

921 CH2 rocking [152] 

842 CC stretching [152], [162] 

 

 

4.8 ToF-SIMS of Fiber Loaded with Drug 

Time of flight (ToF)–secondary-ion mass spectrometry (SIMS) has many potential 

applications and was used to find out the chemical composition of drug-loaded fibers. Due 

to the multicomponent composition and dual layered structure, this technique was aimed 

to trace the CHX encapsulated in the core-shell fiber PVA-PEG-SiO2@PVA-GO.  The 
C22H30Cl2N10 (CHX) is characterized by the several fingerprint peaks occurred at the m/z 

of 35, 37, 151, 505 [163].  

 

Figure 12. ToF-SIMS spectra obtained in the negative ion mode of core-shell PVA-PEG-

SiO2@PVA-GO (a); core fibers PVA-PEG-SiO2-1x CHX loaded with CHX (b); core-

shell PVA-PEG-SiO2@PVA-GO-1x CHX (c); SEM image of ion beam-milled PVA-

PEG-SiO2@PVA-GO sample(d) 
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The ion of C7H4N2Cl (m/z=151) and the chlorhexidine molecular ion (m/z=505) 

are considered as the most distinctive peaks of CHX [164]. However, the mode of scanning 

prevents to collect the enough data for a high m/z ratio (505). In Figure 12 we observe that 

the chlorine ion intensity (m/z = 35) for the CHX-loaded core fiber was higher in 10.7 times 

than the ‘empty’ core-shell sample. Comparing with the PVA-PEG-SiO2-1x CHX core 

fiber (Figure 12b), the signal (m/z = 35) of core-shell fiber with encapsulated CHX 

performed slight decrease of intensity in 1,6 times.  

 

 

4.9 XRD 

Figure 13 demonstrates the components of the fiber composite. The X-ray 

diffraction pattern of PVA powder exhibits a sharp peak of crystalline phase located at 2θ 

22.71, 26.44 and 47.82° attributed to (101), (200), (102) diffraction planes, respectively 

[123], [165], [166]. The crystalline regions of PVA-derived fiber mats are defined by the 

intramolecular and intermolecular hydrogen bonds formed between the hydroxyl groups of 

PVA and the incorporated components of composite [152], [167]. The main peak of GO is 

centered at 9.51° corresponding to the (001) plane that reports the intercalation of oxide 

containing groups such as epoxy, hydroxyl, carbonyl, and carboxyl ones during the 

chemical oxidation reaction of graphite [123], [141], [168]. Figure 13b shows that the as-

received SiO2 exists in an amorphous phase due to the broad peak (100) centered at 2θ = 

25.19 ° as mentioned in the references [169], [170], [171]. 

The XRD spectrum of PVA-GO indicates the existence of the reduced GO by the 

obvious shift of peak to 2θ = 24.91° and peak at 20.68° indicating PVA [123], [168]. The 
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massively diminished GO band at 9.51° demonstrates the great distribution of GO within 

the PVA-GO composite claiming the inference of FTIR results. That band is assigned to 

the increased interplanar spacings of GO flakes caused by the PVA intercalation in GO 

structure [172,173].  

The core composition shows the characteristic peaks of PEG located at 22.25 and 

27.16° that are correspondent to (120) and (032), respectively [174]. Silica presents in the 

spectrum with the shift to 24.84 ° for core PVA-PEG-SiO2 fiber. 

 

Figure 13. XRD spectra of the components of (a) PVA powder; (b) PVA fiber; (c) core 

PVA-PEG-SiO2 fiber; (d) shell PVA-GO fiber; (e) GO; (f) PEG powder; (g) Silica 

 

In Figure 13 there was observed the amorphous nature of produced fiber 

composites. The sharpness of PVA crystalline peak decreases after the addition of 



91 

  

nanomaterials. The peak parameters with addition of nanomaterials are included in Table 

8. In the next Chapter, the DSC measurements were conducted to define the crystallinity 

of composites. 

Table 8. Diffraction peaks of fibers and components 

Name 2θ, º FWHM, Rad 

PVA fiber 22.38 0.0353 

PVA-GO fiber 20.67 0.0135 

PVA-PEG-SiO2 fiber 20.71 0.0118 

PVA powder 22.84 0.0275 

GO 9.42 0.0094 

Silica 25.07 0.0852 

 

 

 

 

4.10 Differential Scanning Calorimetry (DSC) 

Due to the availability of the DSC method to trace the phase transformation 

temperatures and the quantification of transformation enthalpies, DSC curves provide 

information about the phase transition temperature of samples given in Figure 14. 

DSC measurements of PVA-based fiber mats indicated the glass transition and 

melting point peaks occurred at ca. 57 °C and ca. 230 °C, respectively [82], [175], [176]. 

PVA-GO fiber mat demonstrated two endothermic peaks located at 57.3 °C and 227.4 °C. 

DSC curve of PVA-PEG-SiO2 showed the highest peak at 57 °C and low intensive peak at 

201.7 °C. The core-shell fiber mat consisting of the core PVA-PEG-SiO2 and shell PVA-

GO demonstrates a narrowed peak at 57.4 °C and a broad peak at 201.7 °C. The melting 

temperature for core and core-shell composition seems to be reduced from 227.4 °C to ca. 

202 °C due to the amorphous silica and PEG presence. 
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Figure 14. DSC curves of samples with the following compositions: shell PVA-GO fiber 

mat; core PVA-PEG-SiO2 fiber mat; core-shell PVA-PEG-SiO2@PVA-GO fiber mat 

The calculated results of the degree of crystallinity for samples and melting 

temperature are demonstrated in Table 9. 

Table 9. Degree of crystallinity and melting temperature of fiber mats 

Name Tm, °C Tg, °C 
Heat of melting 

(∆Hm), J/g 

Degree of 

crystallinity, % 

Shell PVA-GO 227.4 57.3 83.02 59.90 

Core PVA-PEG-SiO2 201.7 57.0 24.49 17.67 

Core-shell PVA-PEG-

SiO2@PVA-GO 
201.7 57.4 48.18 33.32 

During the thermal characterization of shell, core and core-shell fiber mats, the 

growth of melting temperature is noted for the PVA-GO composite. The melting 

temperature is associated with the coordinated movement of several polymeric molecules 

defining the state of structure flexibility [25]. After adding of crosslinking agent such as 
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GO, the movement of molecules becomes limited that requires the higher energy input to 

promote the spatial movement of the monomer chains. That demonstrates the impact of 

GO to the increase of crystallinity degree of polymer composite. In the relevant study, the 

PCL-GO based composite showed the higher degree of crystallinity compared to the 

pristine PCL which confirmed the efficient function of GO as the modifying agent towards 

the higher mechanical resistance [177]. Our results show the chemical structure 

modification with GO results in the increased degree of crystallinity and melting 

temperature. In the following Chapter the mechanical properties of GO derived composites 

were studied with the micro tensile tests. 

 

4.11 Mechanical Tests 

The stress-strain curves of tested samples are shown in Figure 15. The results of 

tensile measurements and elastic modulus of the core, shell, and core-shell fiber mats are 

included in Table 10. The double-notched samples were cut from the composites: PVA-

GO 10% as a shell, PVA-PEG-SiO2 as a core, and PVA-PEG-SiO2@PVA-GO core-shell 

fiber mat. The tensile test of core (PVA-PEG-SiO2) fibers demonstrates the reduced value 

of elongation at break in comparison with the PVA-GO shell. The presence of silica 

nanoparticles exerts the discontinuity in composite to cause faster failure at 1.49 ± 0.25 % 

of strain.  

Table 10. The tensile properties of PVA-PEG-SiO2@PVA-GO, PVA-PEG-SiO2 (core), 

and PVA-GO (shell) fibers 
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Name of Sample 
Thickness, 

μm 

Average Diameter, 

nm 

Density, 

mg∙cm–3 

Elastic Modulus, 

MPa 

Strength, 

MPa 

Elongation at 

Break, % 

shell PVA-GO 10% 50 174 ± 31 114 ± 20 19.91 ± 1.67 0.62 ± 0.10 7.07 ± 2.29 

core PVA-PEG-SiO2 55 381 ± 131 147 ± 22 263.17 ± 96.24 3.65 ± 1.75 1.49 ± 0.25  

core-shell PVA-PEG-

SiO2@PVA-GO 
32 261 ± 51 119 ± 7 35.89 ± 9.70 0.77 ± 0.29 3.97 ± 1.37 

However, the PVA-GO fiber mat shows an extended period of tensile deformation, 

where the fracture occurred at 7.07 ± 2.29 % of elongation. The core-shell fiber mat 

demonstrates the damage of samples starting at 3.97 ± 1.37 % of strain. 

The mechanical performance of core-shell fibers is complex, thus attributed to the 

input of core and shell parts. Tensile strength of PVA-GO fibers was the highest among 

the tested sample. Notably, the mean diameter of tested PVA-GO fibers is 174 ± 31 nm 

that correlates with the references reporting that nanofibers with smaller dimension have a 

greater tensile strength [178], [179]. The increased resistance of tensile stress performs the 

synergetic impact of GO in the shell of core-shell composite with the inner core diameter 

173 ± 25 nm (Section 4.2 Confocal Laser Fluorescence Microscopy Characterization). The 

result of core-shell fiber presents that the nanomaterials create the well-bonded system 

which evenly exerted the applied load along the composite. 

The dimension and density of PVA-PEG-SiO2 mat should be noted, where the 

bulkiest sample with the highest fiber dimension performs the brittle glassy behavior with 

the elastic modulus of 263.17 ± 96.24 MPa with the break at 1.49 ± 0.25 % of strain. When 

the core-shell PVA-PEG-SiO2@PVA-GO fibers with the associated GO crosslinkers 

showed the elastic modulus of 35.89 ± 9.70 MPa with the break of sample prolonged at 

3.97 ± 1.37 % of strain.  
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Figure 15. Core-shell fiber mat mounted in Deben device (a); stress-strain curves with the 

cross-sectional areas of fiber mats: PVA-GO shell (b); PVA-PEG-SiO2 core (c), PVA-

PEG-SiO2@PVA-GO core-shell (d) 

The PVA-GO composite serves as a protective shield for the core fiber and 

demonstrates higher resistance to the tensile stress. Incorporation of GO based shell in the 

core-shell structure with its potential drug loading capacity is speculated as a direction to 

the functionality of coaxial electrospinning [180], [181]. Considering the wound healing 

application, among the requirements to the chemical composition, there are certain 

requirements to mechanical properties of fiber matrix. Since the cell affinity and 

attachment are sensitive to the morphology and have tendency to proliferate in the areas 
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with a higher stiffness [65], [66]. On the way to the selection of suitable scaffold materials, 

the fiber mats need to present the certain stiffness and dimension.   

 

 

4.12 UV-Vis Spectral Analysis of Fiber Mats 

Analysis of Fluorescence Spectra 

The obtained shell, core and core-shell PVA-PEG-SiO2@PVA-GO fiber mats were 

studied to trace their degradation in a medium close to the body conditions. There are the 

spectra of samples dissolved in PBS medium in Figure 16. GO is pH-sensitive 

photoluminescent material that could be monitored with UV spectroscopy. The spectrum 

of the GO is characterized by the prominent peaks occurring at the blue band (ca. 440 nm) 

and long-wavelength band (ca. 700 nm) in the solution pH 2.5. It is reported that, the higher 

pH of medium facilitates the increase of peak intensity in the blue band [182]. The blue 

band is merely observed for the GO contained fibers in the PBS buffer solution (pH 7.4). 

Due to the higher pH 7.4 used in our experiments, the presence of GO after the crosslinking 

with methanol was claimed by the blue band emission at ca. 400 ‒ 415 nm, 425 nm, 480 

nm excited with 295 nm, 330 nm, 415 nm, respectively. After the excitation with the laser 

wavelength 330 nm, there are strong blue bands centered at 425 nm and clearly observed 

for all GO-based samples. When in case of 295 nm there was a shift of spectra in the region 

with the low accessible region of observations. In case of 415 nm, there was a strong shift 

of blue band emission to the 480 nm. Hence, the direct dependence of the spectra intensity 

from the laser source excitation was traced. 



97 

  

In Figure 16c, the secondary emission at 580 nm is observed for the as-received 

core-shell PVA-PEG-SiO2@PVA-GO fibers. The peak (580 nm) of the non-crosslinked 

core-shell sample can be attributed to the oxidized debris potentially formed after the fiber 

degradation [183]. The dissolution of PVA and PEG increased the number of oxidized 

chemical bonds such as –COOH on the GO surface affecting the size of GO sheets. 

According to the mentioned above reference, the optical properties of oxidized debris in 

core-shell fibers are close to GO-originated quantum dots. That fluorescence effect 

develops another application as bioimaging and photocatalysts [118].  

 

Figure 16. Fluorescence spectra excited with the different sources for the shell PVA-GO 

5 % fibers (a); shell PVA-GO 10 % (b); core-shell PVA-PEG-SiO2@PVA-GO (c); 

crosslinked core-shell PVA-PEG-SiO2@PVA-GO (d) 
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The fluorescent emission of GO is sensitive to the pH of medium and the excitation 

wavelength. The consideration of these parameters is crucial to study the degradation 

behavior of GO-based composite. 

 

Analysis of Absorbance Spectra 

The in vitro release of medicated fiber mats was studied. The absorption spectra 

were used to calculate the drug release. The magnitude of absorption is governed by the 

Lambert ‒ Beer law, where ε is an extinction coefficient depending on sample, 𝑐 is the 

molar concentration of solution, 𝑙 is a path that light passes through. 

𝐴 = 𝜀𝑐𝑙                                                           (16) 

The concentration of released agents (𝐶𝑡) was calculated from the given equation, 

where the optic density (O.D.) was gained from the absorbance spectra of fiber mats 

incubated in the test tubes within the time. 𝐶𝑡 is the calculated concentration of drug 

(mg/mL) released for the time. 

𝐶𝑡 =
𝑂.𝐷.−𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡

𝑠𝑙𝑜𝑝𝑒
                                                (17) 

 

The calibration curves were built using the absorbance spectra to calculate the slope 

and intercept. A linear regression for each loading agent was obtained in the calibration 

curves (Supplementary materials, Figure S6-S10). UV-Vis spectrophotometer confirmed 

the absorption peak of chlorhexidine at 255 nm as mentioned in the studies [184], the 

absorption peak of GO at 295 nm [185], ICG at 790 nm [186], DOX at 482 nm [187], MB 

at 608 nm [188]. The absorption spectra of GO composites have a strong intensive band at 

230 nm and shoulder at 295 nm attributed to the π-π* and n-π* interactions, respectively 
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[189]. In the GO release calculations, the optic density at 295 nm was used due to the 

operational parameters of spectrophotometer. 

The optic density of the characterization bands was used to calculate the 

concentration of the loaded agents and GO release as a parameter of fiber degradation. 

The drug release profiles were obtained by plotting the cumulative release versus 

time: 

𝑄𝑡 =
𝑀𝑡

𝑀∞
                                                    (18) 

Qt   is the cumulative fraction, Mt is the amount of released drug at time t, and M∞ is the total 

amount of loaded drug. 

 

Figure 18. Absorbance spectra of core, core-shell, methanol crosslinked core-shell fiber 

loaded with CHX 

The loading and encapsulation efficiency was calculated from the concentration of 

loaded agent found from optic density of absorbance spectra in Figure 19.  



100 

  

Figure 19a gives the linear dependance of the CHX loaded in core and the released 

drug concentration from PVA-PEG-SiO2@PVA-GO fiber mats. Where the initial drug 

concentration is known in the core solution, and the pristine concentration of CHX is 

calculated from the full dissolved the core-shell fibers. 

Silica based of PVA-PEG-SiO2@PVA-GO-1x CHX core-shell showed higher 

encapsulation efficiency of 1.02 ± 0.27 %, where silica nanoparticles capture chlorhexidine 

more efficiently supporting higher codelivery function. When core-shell with no silica 

PVA-PEG@PVA-GO-1x CHX presents the encapsulation efficiency with 0.16 ± 0.05 % 

in Figure 19b. 

 

Figure 19. Loading efficiency of PVA-PEG-SiO2@PVA-GO core-shell with the initial 

loading of CHX in the core (a); Encapsulation efficiency of PVA-PEG-SiO2@PVA-GO-

1x CHX against PVA-PEG@PVA-GO-1x CHX core-shell fibers  

The release rate of core and PVA-PEG-SiO2@PVA-GO-0.1x CHX core-shell with 

the loading of CHX 1 mg/mL was compared in Figure S11, Supplementary Materials. The 

data showed the good fitting to the Korsmeyer ‒ Peppas model. The n values were 0.61 

and 0.54 for core and core-shell, respectively.  
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The release profiles of CHX loaded fibers were studied by fitting to Zero-order, 

First-order, Higuchi, and Korsmeyer – Peppas kinetic models. Figure 20 and Figure 21 

demonstrated the CHX release from PVA-PEG-SiO2@PVA-GO-1x CHX core-shell fibers 

and PVA-PEG@PVA-GO-1x CHX coated samples with initial loading of 10 mg/mL in the 

core. Core-shell fibers provided the 100 % cumulative release after 5 h.  

 

Figure 20.CHX release of PVA-PEG-SiO2@PVA-GO-1x CHX fitted to (a) Zero Order; 

(b) First Order; (c) Higuchi model; (d) Korsmeyer ‒ Peppas model 

 

Table 11 Release mechanisms of medicated nanofibers 

 Release 

exponent n 
Diffusion Mechanism 

Substance 

Released 

Concentration, 

mg/mL 

core-shell PVA-PEG-

SiO2@PVA-GO-1x CHX 
0.49 Non -Fickian CHX 10 

core-shell PVA-PEG @PVA-

GO-1x CHX 
1.43 Erosion/Relaxation CHX 10 
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Figure 21.CHX release of PVA-PEG @PVA-GO-1x CHX core-shell fibers fitted to (a) 

Zero Order; (b) First Order; (c) Higuchi model; (d) Korsmeyer ‒ Peppas model 

 

In the relevant study, Cui et al. investigated the drug kinetics of PVA based films 

that was fitted to Korsmeyer – Peppas equation and exponential factor n demonstrated a 

Fickian mechanism [190].  Thus, the drug release mechanism of pure PVA films was ruled 

by the Fickian diffusion, while the produced PVA-PEG-SiO2@PVA-GO core-shell fiber 

mats demonstrated non-Fickian mechanism of release with n = 0.49 (Table 11).  

It should be mentioned that the release of water-soluble drugs loaded in the non-

swellable matrix mostly performs the First Order model [191]. In Figure 20 and Figure 21, 

the release profiles of produced fiber samples were better correlated with the Korsmeyer – 

Peppas and Higuchi models as in the relevant studies [12], [192]. Good correlation to the 
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Higuchi model indicates the case where drug release is provided by the diffusion within 

the pore heterogeneous matrix. The release exponent value of PVA-PEG@PVA-GO 

(n=1.43) indicates the high rate of erosion of polymer matrix in Figure 21. 

Non-Fickian diffusion of silica containing hydrogel depicts the case where the rate 

of the polymer chain relaxations is significantly slower than the rate of the molecule 

diffusion within the polymer hydrogel [193]. That provides the sustainable drug release of 

PVA-PEG-SiO2@PVA-GO compared with the non-silica core-shell composite. 

The mechanism of fiber degradation was assessed by the released GO 

concentration, where the data of PVA-PEG-SiO2@PVA-GO core-shell fibers were 

compared in Table S2. The R2 value of GO release profiles shows good correlation with 

Higuchi and best fitted to the Korsmeyer ‒ Peppas models (Supplementary Materials, 

Figure S12). The release exponent (n) demonstrates that the fiber degradation is mostly 

controlled by the non-Fickian mechanism. Considering this, the presence of GO results in 

the swelling of core-shell fiber mat and facilitates the hydrogel formation in PBS medium. 

The GO based hydrogel with water uptake capacity alters the drug release mechanism. 

Summarizing the findings, we could conclude that the nanosized silica and graphene oxide 

make significant contribution to sustainable drug release. 
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4.13 Antibacterial Test 

Disk diffusion method 

All CHX encapsulated core-shell fiber mats showed antibacterial activity with the 

obviously traced inhibition halo in Figure 22. CHX loaded PVA-PEG@PVA-GO-CHX (P) 

performed the 71.92 ± 2.48 % of inhibition zone when the control C+ was assumed as 100 

%. Samples with silica PVA-PEG-SiO2@PVA-GO-CHX from separate groups (S1, S2) 

performed less inhibition zone. For S1 sample, the inhibition zone reached 58.99 ± 2.03 %, 

when S2 with increased time of synthesis provided a bigger inhibition zone with 65.32 ± 

1.66 %. 

 

Figure 22. Disc diffusion assay of core-shell fibers PVA-PEG-SiO2@PVA-GO (C-); 

PVA-PEG-SiO2@PVA-GO-1x CHX (S1, S2); PVA-PEG@PVA-GO-1x CHX (P); 

cellulose disk (C0); cellulose control with doxycycline (C+) against S. aureus 

The bacterial response was received, where the effective concentration of CHX 

(0.1x, 1x) was demonstrated using the optical density determination of bacterial cultures at 

OD = 600 nm (Supplementary Materials, S13). 

According to the results of cultivation in PVA-PEG-SiO2@PVA-GO as a control 

C+, the adaptive lag phase lasted up to 2 h of the experiment. Based on the background of 

the formation and preparation of enzymatic complexes of bacterial cells, the exponential 
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transition phase was observed from 2 to 8 h, divided in the stages: P1 – a period of 

acceleration (2 ‒ 4 h), P2 – a period of intensive logarithmic cell growth (4 ‒ 6 h), P3 – a 

period of decaying growth (6 ‒ 8 h). 

By the sixth hour of the experiment, a key indicator of optical density (α) was 

achieved, characterizing the maximum value of colony-forming units in this period OD600 

nm = 3.25. The period of decaying growth (6 ‒ 8) was marked by a decrease in the speed of 

generative processes. The second key point was reached with an optical density that 

corresponded to the M-concentration for microorganisms OD600 nm = 3.78 at 8 h. At the 

interval of 8‒14 hours, the phase of the stationary position of the cells was observed, 

without significant fluctuations with the mean OD600 nm = 3.88 in this β segment (8‒14 h). 

After 16 h, there was a phase of gradual death of bacterial cells. 

Compared with the control C+, the studied sample PVA-PEG-SiO2@PVA-GO-0.1 

CHX showed the increase of α and β indicators by 13 % and 5.3 %, relatively without 

relapsed lag phase. The cultivation results of the sample PVA-PEG-SiO2@PVA-GO-1x 

CHX showed an extension of lag phase up to 30 h, followed by acceleration of bacterial 

growth relatively to control values with the indicators: the α – increase by 30%, the β – 

increase by 16%. 

Agar disc diffusion assay accompanied with the spectrophotometric method claims 

the antibacterial activity of core-shell samples encapsulated with the CHX against the 

Gram-positive bacteria S. aureus. Where PVA-PEG-SiO2@PVA-GO-1x CHX sample 

performed interesting results of extension of adaptive lag phase compared with PVA-PEG-

SiO2@PVA-GO-0.1 CHX with the decreased concentration of CHX loading in 10 times.  
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4.14 Cell Viability Assay 

The cell viability of core-shell and core-shell fibers crosslinked with methanol was 

studied to assess biocompatibility of composites. The effect of GO-based biomaterials on 

viability of the primary human fibroblast cells was evaluated.  

 

Figure 23. Cell viability assay of PVA-PEG-SiO2@PVA-GO core-shell fibers (CHF) and 

methanol crosslinked core-shell fiber mats (MCHF) 

As-prepared and methanol processed core-shell fibers do not perform acute toxicity 

after 24 hours, but affect cell survival or proliferation after 72 hours. Considering the 

biocompatibility, we could conclude that the electrospun core-shell fiber mats could be 

potentially applied to develop the wound dressings. 
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Chapter 5. Future Prospects 

Patterned core-shell fiber mats 

To summarize the outcomes of study, we found out the dimension, core-shell 

structure of fibers is a defining parameter for the drug release.  Considering wound dressing 

application, a micropatterned electrospun mat could be introduced to increase the 

concentration of drugs as suggested in the relevant studies by Prof. G. Sukhorukov’s group 

[136,137]. Besides, patternation along with the alignment of fibers is an interesting 

direction toward the increased bulkiness of the synthesized material and topography to 

solve the tasks of cell affinity [65] and microfluidics [194].   

Encapsulation with antibiotic DOX and fluorescent dyes 

The design concept of PVA-PEG-SiO2@PVA-GO core-shell is aimed to utilize 

fiber composite for varied drug encapsulation. To prove the concept, the medical agents 

were placed in the core solution PVA-PEG-SiO2 such as antibiotic DOX, fluorescent labels 

MB, ICG with the concentration of 16 mg/mL, 0.1 mg/mL, 0.2 mg/mL, respectively. The 

obtained core solutions were used to synthesize the medicated core-shell fiber mats. The 

calibration curves were built from the UV absorbance spectra with the concentrations of 

DOX (0.10000 ‒ 0.00625 mg/mL) and MB (0.0031 ‒ 0.00020 mg/mL), ICG (10-6 mg/ml 

‒ 10-2 mg/ml) in 0.01 M of PBS medium, respectively. 

Figure S14 demonstrates the absorbent efficiency of GO after the loading of 

fluorescent dyes ICG and MB in the core of layered fibers. The initial concentration of 

agents is vividly observed after ultrasound (US) sonication aimed to fully dissolve the 

fibers. The characteristic peaks of ICG and MB is seen at 790 and 609 nm of wavelength. 
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During the time of release, the complete disappear of dyes is noticed. Figure S14a claims 

that core-shell fiber with the initial concentration of ICG 0.2 mg/mL shows no presence of 

ICG peak instantly after 15 min during 240 min of test. When the spectrum of US treated 

fiber showed the presence of ICG with the calculated concentration 0.005 mg/mL. 

Figure S14b shows the absorption spectra of core-shell fiber with a core loaded 

with MB released from time and a spectrum of the core with MB. The initial MB 

concentration is 0.1 mg/mL in the core fiber. The spectra of core-shell fibers with the same 

loading of MB demonstrate that there is no trace of MB peak from 17 min till 1144 min of 

experiment. 

The release of antibiotic Doxorubicin (DOX) encapsulated in the core of PVA-

PEG-SiO2@PVA-GO was studied. The regression coefficients (R2) of mathematical 

models and the release exponent n of the Korsmeyer – Peppas model were calculated from 

the experimental release data (Figure S15, Supplementary Materials). The release exponent 

n = 0.86 indicated the non-Fickian diffusion of DOX as for CHX loading. The release 

profiles of DOX medicated fibers are characterized as the burst release of 90% at the first 

6 h of release in Figure S16. The release profile of water swelling chitosan composite also 

demonstrates the same trend separated in two release stages [195]. Summarizing this, the 

swelling PVA-PEG-SiO2@PVA-GO fiber composite supports the encapsulation with 

antibiotics and fluorescent dyes, that broadens the application areas. 

Hydrophobic dip-coating to prolong the drug release 

One of interesting approaches is to prove the concept of dip-coating with 

hydrophobic polymer, aimed to relapse the drug release (Supplementary materials Figure 
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S17). The release of PHB dip-coated core-shell fibers was prolonged up to 50 h. Due to the 

hydrophobic coating, the diffusion rate was slowed down, that retarded the swelling and 

depletion of sample with the subsequent release.  
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Chapter 6. Conclusion 

In this work the morphology, chemical structure and physical properties of 

synthesized fibers were carefully investigated. The full characterization included the study 

of the composition and parameters of spinning solutions (e.g., such as viscosity and 

temperature) and their effects on the produced fibers. The results were summarized to 

assess the contribution of components such as SiO2 and GO made to the coaxial 

electrospinning technology. This analysis allowed establishing the optimal operational 

window for the continuous electrospinning of coaxial fibers. The core and shell 

compositions were studied in terms of their utilization for the fiber production. The 

produced coaxial fiber consisted of the core PVA-PEG-SiO2 as a drug carrier and 

protective shell PVA-GO compositions. 

The electrospinning set up developed in the current project resulted in the single 

material (core) fibers being collected with the efficiency up to 66 %, whilst the core-shell 

fibers were collected with the efficiency up to 33 % (evaluated based on 1 h synthesis). 

Despite this apparent decrease for core-shell coaxial fibers compared to the monoaxial fiber 

formation, this decrease was considered to be a minor disadvantage in view of the major 

improvements in the resulting mechanical and functional properties of the fiber mats. The 

efficiency of the electrospinning process depends on the laboratory set up and affords the 

further improvements. 

Based upon the spectroscopic measurements, the mechanism of interface reactions 

was proposed as schematically illustrated in Figure 24. The analysis of Raman and FTIR 

spectra contributed to elucidating the interactions within the fiber, where the crosslinking 
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effects were detected following the addition of silica and graphene oxide (GO). Nano silica 

and graphene oxide were found to affect the fiber dimensions by forming new bonds within 

the polymer matrix affecting the fiber formation. Silanol groups at the surface of silica 

support the polymer-nanoparticle interactions via bonding with the hydroxyl groups of 

PVA. Colloidal silica nanoparticles are characterized by the high surface to volume ratio 

that promote the release of ionized groups from the drugs.  

Carbonyl and hydroxyl groups of GO facilitate the crosslinking of PVA molecules. 

The bridging effect of GO-containing composite was confirmed through the observed 

effects on the fiber morphology and the water uptake. Graphene oxide extended the 

characteristic degradation period of fiber mats by the mechanism of massive swelling and 

hydrogel formation after being stored in deionized water for 9 days. The increase in the 

nanofiber mat crystallinity by the addition of GO was confirmed by the DSC data.   

The fabricated fiber diameters were affected by the increased internal interactions 

within composite. Shell composition with GO resulted in the reduction of fiber diameter to 

174 ± 31 nm while the PVA-PEG-SiO2 core composition produced the fiber with diameter 

of 381 ± 131 nm. While the diameter of pristine PVA was 386 ± 81 nm, the modification 

with silica has a mild effect on fiber diameter.  

The melting temperature measurements confirmed the impact of GO addition on 

the fiber crystallinity. The increased melting temperature was caused by the restriction of 

the molecular movement due to the GO addition. The effect of silica was negligible 

compared with GO in terms of altering the physical properties, but the addition of silica 

affected the viscosity of the electrospinning solution and resulted in the reduction of the 
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fiber diameter from 685 ± 145 nm of PVA-PEG composition to 381 ± 131 nm of PVA-

PEG-SiO2. Hence it was demonstrated that fiber modification by nanomaterial addition 

allows excellent control over both fiber dimensions as well as their mechanical and 

physical properties.  

Pharmacokinetic analysis of core-shell fibers presents the importance of silica 

incorporation in the core PVA-PEG-SiO2 that provides higher drug loading capacity 

compared with PVA-PEG core.  

 

Figure 24. Interaction mechanisms within electrospun fibers. 

Synthesized fiber mats were extensively studied within the scope of their 

application for drug loading and delivery. The antibacterial (CHX) was encapsulated within 

the core of fiber. The drug release behavior of fiber mats was found to depend on the drug 

dispersed, as well as the nanofiber morphology and diameter. The spinnable polymers used 

for nanofiber fabrication often have sufficient miscibility with hydrophilic or lipophilic 

drugs. Complex of characterization techniques (FTIR, Absorbance spectroscopy, ToF-

SIMS) showed the presence of CHX placed within the core of core-shell fiber. Notably, 
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confocal microscopy were used to demonstrate efficient drug encapsulation solely within 

the core, without mixing with the shell material. 

In the swelling-controlled drug delivery systems, the drug is dispersed in the 

hydrophilic polymer fiber. The fabricated PVA-based fibers create a semicrystalline 

polymer matrix. In an aqueous solution, molecules of water penetrate in the water-soluble 

matrix causing it to swell and undergo gelation with the relaxation of polymer chains. This 

transformation from semicrystalline polymer to hydrogel results in the drug release 

mechanism.  

In this work, the drug release from the core-shell fiber composite showed the best 

correlation with the Higuchi and Korsmeyer – Peppas models. The exponential value (n) 

found from Korsmeyer – Peppas model indicated non-Fickian transfer where the 

dissolution of fiber was found to be slower than the molecular diffusion from a medium 

into the matrix. It points out the importance of crosslinking modifications to control the 

drug release by fine tuning the fiber structure. The polymer-nanomaterials interactions 

allow obtaining prolonged drug release by the transformation mechanism from 

semicrystalline fiber mat to a hydrogel. 

Along with the inner fiber modification, the coating with the hydrophobic polymer 

(PHB) was found to be capable of extending the diffusion time for the PVA-based material. 

Hydrophobic coating is an interesting approach that allows protecting the sample from 

water that results in prolonging the release process to 50 h (Supplementary Materials S17). 

The choice of polymer and the nature of drugs dictate the physicochemical 

properties and drug-in-polymer interactions. A representative set of in vitro release 
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experiments was conducted for encapsulation of the fluorescence dyes, antibiotics and an 

antibacterial drug. The UV-Vis spectroscopy demonstrated the absorption properties of 

GO-based shell whereby the fluorescent dyes were completely removed after the fiber 

dissolution. In complex, this demonstrates the potential of medicated core-shell fiber 

composite for medical practice. 

The medicated textile made from the water-swelling polymer composite will find 

application in the pharmaceutical context as a part of anti-cancer and antibacterial therapy, 

as well as for purifying photocatalysts to remove dyes. The results of pharmacokinetics 

studies open the pathway to the use of medicated fibers for therapeutical application. The 

findings of this study provide the platform for designing and building transdermal patches 

for the treatment of localized lesions [196]. 

In summary, the following principal outcomes were obtained.  

• The fabrication route of fiber mat with medicated functions was developed. The 

detailed analysis of fiber morphology, physical properties of composite, and drug 

delivery was provided.  

• The tensile strength was inversely correlated with the size of fibers, with the smaller 

fiber dimension being associated with higher tensile strength.  

• Drug encapsulation of core-shell fibers were changed significantly for the 

modification of core composition with negligible amount of silica (0.005 wt. %), 

where the encapsulation efficiency of silica loading core-shell performed higher 

encapsulation efficiency 1.02 ± 0.27 % against 0.16 ± 0.05 % for PVA-PEG-

SiO2@PVA-GO and PVA-PEG@PVA-GO, respectfully. 
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• Crosslinked with silica PVA-PEG-SiO2@PVA-GO core-shell fibers loaded with 

CHX performed non-Fickian model of drug diffusion as more a sustainable model 

of release. When the PVA-PEG @PVA-GO performed drug release kinetics based 

on the depletion of polymer matrix. 

• The techniques as dip-coating with hydrophobic polymers and additive 

technologies supported by patternation proposed allow extending the drug release 

significantly beyond the initial burst release stage.  
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Supplementary Materials 

Table S1. The reference table of PVA-derived compositions of fibers 

Polymer Solvent 
MW, 

kg/mol 

Polymer 

Ratio, 

wt.% 

Viscosity, 

Pa∙s 

Condu

ctivity, 

μS/cm 

Distance, 

cm 

Voltage, 

kV 

Flow 

rate, 

mL/h 

d, nm Ref. 

PVA 

H20 : 

EtOH 

(9:1) 

146–

186 
8 0.01 470 15 13 0.3 

469±

77 
[12] 

PVA 

H20 : 

EtOH 

(9:1) 

146–

186 
8.5 0.06 442 15 13 1.3 

489±

78 
[12] 

PVA 

H20 : 

EtOH 

(9:1) 

89–98 16 w/v % - - 12 12 0.54 
283±

188 
[197] 

Gelatin 

EtOH: 

PBS 

(1:1) 

 15 w/v % - - 12 12 1.8 
229±

94 
[197] 

PVA: 

Gelatin 

H20 : 

EtOH 

(9:1) 

89–98 1:1 - - 12 15–19 0.42 
256±

99 
[198] 

PVA: 

Gelatin 

H20 : 

EtOH 

(9:1) 

89–98 1:3 - - 15 15–20 
0.18-

0.54 

182±

81 
[198] 

PVA: 

Chitosan 
H20 80 10 0.25 2400 15 15 0.5 287 [190] 

PVA: 

cellulose 
(8:2) 

H20 145 10 - 420 15 65–70  225 [199] 
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PVA H20 145 10 - 380 12 65–70  505 [199] 

PVA: 

Hydroxya

patite 
(1:2) 

H20 205 10 - - 10 18 0.47 508 [200] 

PVA: 

Hydroxya

patite 

(1:4) 

H20 205 10 - - 10 18 0.47 484 [200] 

PVA: 

Hydroxya

patite 

(1:9) 

H20 205 10 - - 10 18 0.47 514 [200] 

PVA- 

Collagen- 

Hydroxya

patite 
HA: PVA 

(1:2) 

H20 205 10 - - 10 18 0.47 552 [200] 

PANI/PV

A 
H20 1.799 14.3 - - 16 23 0.36 

117±

3 
[201] 

PANI/PV

A/RGO 
H20 44 14.3 - - 16 23 0.36 

163±

4 
[201] 

PVA 
DMSO: 

H20 
89–98 10 - - 16 23 0.36 

163±

5 
[202] 

PVA-GO 
DMSO: 

H20 
89–98 10 - - 16 23 0.36 

163±

6 
[202] 

PVA-

dopamine-

GO 

DMSO: 

H20 
89–98 10 - - 16 23 0.36 

163±

7 
[202] 



118 

  

rGO-

coated 

PVA/dGO

5 

DMSO: 

H20 
89–98 10 - - 16 23 0.36 

163±

8 
[202] 

PVA-

PVP-

PEG-

Diatomite 

H20 67 15 - - 12 16.6 1 
200-

400 
[203] 

Chitosan/

Polyethyle

ne Oxide 

(PEO) 

Acetic 

Acid: 

H20 

2000 25 - - 10 27 0.1 
294±

64 
[204] 

PVA-SiO2 H20 125 5 - - 12 30 1 
100-

500 
[205] 

PCL 

DCM: 

DMF 

(4:1) 

80 12 1.36 537 ± 4 

15 17 

2 

3160 

± 

1050 

[57] 

PVP + 

PVP-I 

1:1 w/w 

EtOH 360 10 0.08 
12100 

± 050 
4 

PEG DCM 35 25 1.61 290 ± 2 7 

Coaxial 

PVA 

H20: 

EtOH 

(9:1) 

146–

186 
8 0.01 470 15 13 0.3 

469 ± 

77 
[72] 

Monoaxial 

PVA 

H20: 

EtOH 

(9:1) 

146–

186 
8 0.06 442 15 13 0.4 

489 ± 

78 
[72] 

PVA 
H20 

(7:3) 
- 15 - - 14 15 0.8 

500 ± 

100 
[36] 

PVA-

Poly(acryl

ic acid) 

(PAA) 

H20: 

EtOH 

(5:5) 

196 5 - - 13.5 8 - 
341 ± 

220 
[77] 
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Figure S1. Dependance of the tip-to-target distance and mean diameter of PVA fibers 

 

Figure S2. Dependance of PVA-PEG-SiO2 core composition and mean diameter of fiber 
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Figure S3. Dependence of tip-to-target distance and mean diameter of the PVA-PEG-

SiO2@PVA-GO core-shell fiber  

 

 

 

Figure S4. SEM imaging of patterned fiber mat core-shell fibers: (a), (b) etched pattern 

on Si wafer; (c) patterned fiber mat; (d) laser ablated aluminum plate; (e) patterned fiber 

basket mat 
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Figure S5. HAADF-STEM images of PVA-PEG-SiO2 with PVA to PEG (90:10) ratios 

 

  

Figure S6. Calibration curve of CHX in the medium of 0.01 M PBS (pH 7.4) 
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Figure S7. Calibration curve of GO in the medium of 0.01 M PBS (pH 7.4) 

 

 

  

Figure S8. Calibration curve of DOX in the medium of 0.01 M PBS (pH 7.4) 

 

 

 

 

Figure S9. Calibration curve of MB in the medium of 0.01 M PBS (pH 7.4) 
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Figure S10. Calibration curve of ICG in the medium of 0.01 M PBS (pH 7.4) 

 

 

Figure S11. CHX release of PVA-PEG-SiO2-0.1x CHX core fiber and PVA-PEG-

SiO2@PVA-GO-0.1x CHX core-shell fiber in the medium of 0.01 M PBS (pH 7.4): (a) 

Zero Order; (b) First Order; (c) Higuchi; (d) Korsmeyer ‒ Peppas models 
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Figure S12. GO release of PVA-PEG-SiO2@PVA-GO core-shell fibers fitted to: (a) Zero 

Order; (b) First Order; (c) Higuchi model; (d) Korsmeyer ‒ Peppas model 
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Figure S13 Antibacterial activity of CHX loaded core-shell PVA-PEG-SiO2@PVA-GO 

with concentration (0.1x, 1x)  

 

 

Figure S14. Absorbent property of GO observed in the core-shell fibers loaded with ICG 

(a); fluorescent label MB (b) 
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Figure S15.   DOX release of core-shell DOX fiber mats during 22 h 
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Figure S16. DOX release of core-shell fibers fitted to the models: (a) Zero Order; (b) 

First Order; (c) Higuchi model; (d) Korsmeyer ‒ Peppas model 
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Figure S17. CHX release of dip-coated crosslinked core-shell fibers fitted to the models: 

(a) Zero Order; (b) First Order; (c) Higuchi model; (d) Korsmeyer ‒ Peppas model 

 

 

Table S2 Release mechanisms of medicated nanofibers 

  Zero 

Order 

First 

Order 
Higuchi 

Korsmeyer-

Peppas 
n 

Diffusion 

Mechanism 

Substance 

Released 

Concentration, 

mg/mL 

core CHX R² 0,9830 0,8701 0,9966 0,9993 0,61 
Non -

Fickian 
CHX 1 

core-shell CHX R² 0,9801 0,8844 0,9866 0,9938 0,54 
Non -

Fickian 
CHX 1 

crosslinked core-shell 

CHX-PHB  

(dip-coated sample) 

R² -   - 0,9407 0,9884 0,64 
Non -

Fickian 
CHX 10 

core-shell DOX R² - - 0.9873 0.9215 0.86 
Non -

Fickian 
DOX 16 
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core-shell R² - - 0.9184 0.9484 0.40 
Quasi-

Fickian 
GO - 

core-shell DOX R² - - 0.9840 0.9218 0.81 
Non -

Fickian 
GO - 

core-shell CHX R² - - 0.9727 0.9844 0.47 
Non -

Fickian 
GO - 
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