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Introduction 

In the last decade, GO-based nanomaterials have gained major interest in drug delivery, 

due to their loading efficacy, controlled and triggered release of the drugs and therapeutic efficacy. 

Moreover, they have been shown to significantly increase thermal stability, toughness, electrical 

conductivity and solubility of fiber polymer composites. Nowadays, the functionalization of 

electrospun fibers based on polymers with GO, can lead to a new generation of high-performance 

materials, with applications in skin regeneration, wound healing, as absorbent materials, etc. The 

incorporation of natural substances with therapeutic properties into nanofibrous materials has 

gained much attention because of their low cost, potential to reduce adverse effects and protection 

against infections of the wounds. Among all the available techniques for fiber fabrication, 

eletrospinning has the largest diversity of applications, because it can produce uniform, ultrafine, 

and continuous fibers.  

At present, the design of electrospun fibers is considered adequate for the fabrication of 

multifunctional and bioactive scaffolds due to their excellent qualities such as: high surface‐area, 

high porosity, resembles with the natural dermal extracellular matrix (ECM), that has the ability 

to support cell proliferations and adhesion, and capability to deliver divers biological active agents 

(BAA) to local tissues at the wound site [7]. 

 In the present thesis, the main goal was to design novel drug delivery systems (DDS) 

based on GO as nanocarrier, loaded with bioactive natural substances (gallic acid (GA), juglone 

(J) and quercetin (Q)) with anticancer, anti-inflammatory, and antimicrobial properties with 

applications in biomedical field. Moreover, electrospinning technique was used to develop 

innovative poly(lactic) acid (PLA)/GO electrospun scaffolds loaded with Q as a model BAA, in 

order to demonstrare the triggered delivery capacity and the potential of the scaffolds to be used 

as wound dressing materials.  

 This thesis is divided into two main parts: Critical study of the literature data and original 

contributions, where the methods and concepts used in the thesis and also, the list of articles 

published, and general conclusions are pesented.  
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Chapter 1. Graphene oxide nanomaterial (GO) 

In this chapter the literature information of the moment that underlines the importance and 

multifunctional applications of GO, expecialy in biomedical field in developing new drug delivery 

systems are summarized. 

Particularly, GO has a two-dimensional structure with unique characteristics, such as high 

surface area, high functionalization capacity and good hydrophily because of its rich oxygen-

containing functional groups (hydroxyl (-OH), carboxyl (-COOH), epoxy etc.), good 

biocompatibility and low cost, being a promising material for biological and biomedical fields [12-

14]. Figure 1 presents the chemical structure of GO. In the last decade, it was found that GO has 

excellent capacity to attach a high number of agents, including biomolecules, metals, different 

substances, etc. [15].  

 

Figure 1. Chemical structure of GO  

In order to improve biocompatibility, dispersity in aqueous solutions, controlled drug 

release and other characteristics, GO needs to be further functionalized and modified. Lately, great 

interest has been given to GO in drug delivery applications by researchers throughout the world, 

because of its loading efficacy, controlled and triggered release of the drugs and therapeutic 

afficacy [27]. Lately great emphasis has been placed in using natural substances and also in the 

designing of nanomaterials loaded with natural agents, because the adverse effects of synthetic 

agents on the body are well known [38, 39].  

Chapter 2. Development of new DDS  

In this chapter the experimental studies are presented, with direct reference to the 

development of new DDS based on GO with application in tissue regeneration, in particular wound 



8 
 

healing. Also, the development of multifunctional dressings which can provide all the requests for 

an efficient wound recovery are presented. 

 Latterly, various bioactive dressings with improved properties were obtained by using 

modern techniques to help in increasing the healing process of the wounds. The role of these 

dressings is to deliver BAA (natural and/or synthetic) that can act as a stimulus, enhancing the 

healing process. For an effecient functional wound dressing, particular characteristics must be 

accomplished such as: type of the wound, time of wound healing, physico-chemical and 

mechanical properties of the scaffold [54, 57-59]. 

Based on the literature data, electrospun nanofibers have embraced considerable attention 

in wound healing applications, because of their unique architectural features (similar to the 3D 

structure of ECM) that ensure a proper environment for increasing wound healing. Moreover, 

nanofibers have a large surface area, thus, being suitable for delivering various biological active 

agents (BAA) to dermal cells [69]. The capacity of loading BAA into electrospun nanofibers, along 

with the large surface area and 3D porous architecture, offers the potential to minimize the drug 

dosing leading to minimized adverse effects [84, 90, 91]. The mechanical and physical properties 

together with well-controlled degradation rates, biocompatibility and biodegradability, make 

polymeric materials ideal candidates for designing scaffolds for wound dressing applications [92, 

93]. 

Smart materials have physico-chemical properties that can be tuned using external stimuli 

such as light, pH, ultrasound, temperature, electric or magnetic field, etc. Thus, they have showed 

many advantages compared to common materials that cannot adapt to changing therapeutic needs 

[104, 105]. In modern medicine, novel, controlled, on-demand stimuli-responsive DDS are 

necessary to be obtained in order to permit increased efficacy and controllability and to prevent 

undesirable effects in various ilness. In this regard, electrospinning represents a great technique to 

design smart DDS that can release agents to the target sites [107]. In present day medicine, stimuli-

responsive polymers (smart polymers) have started to be used to obtain targeted DDS in order to 

overcome the limitations associated with conventional DDS. These target-specific polymeric 

systems are very suitable as stimuli-sensitive scaffolds for different types of wounds [109]. By 

combining stimuli responsive systems with electrospinning technology, the delivery of the BAA 

from nanofibrous scaffolds can be controlled both in vitro and in vivo conditions [110]. 
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Chapter 3. Poly(lactic acid) (PLA) 

This chapter presents the importance of PLA electrospun fibers in wound dressing 

applications. Also, as more and more interest are given to the development of novel scaffolds with 

remarkable properties with applications in tissue regeneration and/or wound healing, the design 

and applications of PLA-GO biomedical scaffolds based on electrospinning method, is discussed 

in this chapter. In recent years, polymers have started to be investigated specifically for the 

fabrication of stimuli-responsive polymeric nanocarriers because of their specific reaction to the 

external or internal stimuli acting as “triggers” and delivering the drugs into targeted sites [107]. 

Smart or "stimuli-responsive" polymers can react to minor changes in environmental parameters, 

making them intelligent polymers [130, 131]. 

Despite the fact that there are already many wound dressings on the market (sponges, gels, 

sprays, etc), the majority of them are based on chitosan or on few other polymers and have the 

property to stop moderate or severe bleeding of the wounds. Until now, there are no wound 

dressings based on PLA neither in clinical trial nor on the market [65].  

Researchers developed various wound dressing materials that can be incorporated with 

different natural active agents, such as phenolic substances and/or extracts from plants and 

investigated the release behaviour and antibacterial, and anti-inflammatory activities in order to 

enhance the healing process of the wounds [38, 54, 140].  
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Chapter 4. Materials and Methods 

This chapter presents the materials, solvents, equipment and characterization techniques of 

synthesized materials used to carry out the experimental part of this thesis. The natural substances 

used in obtaining these complexes were gallic acid, juglone and quercetin. 

Chapter 5. Goals of the thesis and originality 

In the past few years, the major interest has been directed towards developing innovative 

localized/targeted drug delivery systems (LDDS) that facilitate the transport of therapeutic 

substances to specific site of interest into the body. In modern biomedical research, there is an 

urgent demand for designing proper biocompatible drug carries that have the ability to improve 

the therapeutic profile of hydrophobic substances. Carbon nanomaterials have demonstrated 

excellent potential in LDDS applications, due to their unique physico-chemical properties. In 

particular, GO demonstrated high bioactivity and biocompatibility, tunable surface 

functionalization and water dispersability and are suitable for use in biomedical applications. The 

use of pure polyphenolic compounds as active ingredients has attracted particular interest, because 

these compounds show potent antimicrobial and antitumor properties. 

The novelty of this study consists in the development of new DDS obtained by loading 

natural substances, such as GA, Q and J in GO and functionalized GO for controlled and triggered 

release of active agents in the desired situs.  

Therefore, in the current thesis, two general objectives were taken into account: 

1. Developing of effective and novel DDS composed of GO as nanocarriers, loaded with 

natural substances such as gallic acid, quercetin and juglone, with improved solubility and 

efficacy and lesser side effects. This study focusses on the role of GO-based materials in 

various disease therapies, showing the promising future of nanomedicine.  

2. Moreover, electrospinning technique was used to develop novel PLA/GO fibrous scaffolds 

containing Q as a biological active agent (a model drug) with triggered delivery capacity, 

in order to prove the potential of the scaffolds as wound dressing materials.  

 To the best of our knowledge, this is the first time when antimicrobial and cell viability 

of PLA/GO/Q electrospun scaffolds and the electrically triggering delivery of Q was 

investigated. Also, there are few publications that reported a study regarding the application 

of Q and J functionalized, in wound healing. Despite the evidence that electrically triggered 

materials can improve various bio-properties, studies about PLA/GO fibrous scaffolds for 
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electrical stimulus have not been reported. Althow, several polymer-based wound dressings 

are found on the marker, there are no improved wound scaffolds that meet all the criteria to 

be applied at the various stages of wound healing and that can fasten the healing process of 

the wound. 

The main objectives were realized by means of several specific objectives, as follows: 

- Synthesis and morphological and structural characterization of GO nanomaterial, used as 

nanocarrier for loading natural substances; 

- Surface modification of GO and development of DDS based on GO and active agents; 

- Morphological and structural characterization of GO-based materials; 

- Antimicrobial, biocompatibility and drug release studies for the obtained GO-based 

materials; 

- Development and characterization of PLA/GO fibrous scaffolds; 

- Loading of active substances into PLA/GO fibrous scaffolds and characterization; 

- Development of triggering mechanisms for the control of drug release; 

- Antimicrobial, biocompatibility and drug release studies for the obtained PLA/GO/Q 

scaffolds. 

Some of the obtained results from the research activity were published and some of them 

will be submitted to peer-reviewed journals.  

For the realization of this thesis, six articles were published, in which the PhD student was 

the first author (two of them were review papers and the rest of them were research articles). The 

articles present the designing of novel drug delivery system (DDS) based on graphene oxide (GO) 

as nanocarrier, loaded with natural substance (GA, Q and Ju) at different concentrations as 

bioactive agents. The chemical structure and morphology of the synthesized GO-based materials 

was evaluated. The antibacterial activity was determined against Staphylococcus aureus ATCC 

6538, Escherichia coli ATCC 8739, and Candida albicans ATCC 10231 and the Biocompatibility 

tests were also performed on GO-based materials using both L929 fibroblast cell line and BT474 

breast cancer cells. 

In the Summary of the thesis, the most representative and recent article will be presented.  
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Chapter 6. General conclusions  

Nanomedicine has recently focused on developing innovative DDS for encapsulation of 

natural substances, with minimal adverse effects on the human body, in order to solve the 

restriction in the bioavailability of these natural products and to increase the efficacy of these 

natural agents to allow the introduction of new therapies. The higher generation of DDS based on 

nanostructured materials and nanocomposites have been proved to have extraordinary benefits in 

the manner of solubility, stability, bioavailability, physical and chemical degradation, toxicity, 

pharmacological activity and targeted delivery. 

In this thesis, novel DDS based on GO as nanocarrier, loaded with three natural substance 

Q, J and GA at different concentrations were succesfuly designed and realised. The release profile, 

antimicrobial activity and biocompatibility of nanostructured platforms containing GO as 

nanocarrier loaded with BAA was investigated. Moreover, this study focusses on the role of GO-

based materials in multiple disease therapies, showing the promising future of nanomedicine. 

Modified Hummers method was used to synthesize GO using graphite powder. The resulting GO 

is water dispersible; a slight increase in precipitation was observed after 1 day (~1 g/L). Zeta 

potential showed that the suspension had a good stability (−37.36 mV). The ratio I2D/IG from 

Raman spectroscopy is under 2, showing that GO nanomaterial is found in the shape of multiple 

layers. Moreover, each GO sheet had a width under 20 μm, thickness of ~4.2 nm, and between 10 

and 20 layers. Using the Boehm method, the overall number of functional groups was found to be 

1.17 meq/g, having a higher number of the phenolic groups, because they play a significant role in 

the architecture of GO.  

In order to obtain GO loaded with Q, J and GA, different Q, J and GA solutions were 

prepared using ethanol as solvent. In each solution was added GO and the suspensions were mixed 

at room temperature until the solvent evaporated. The characterization results showed that the 

complexes were successfully obtained. The obtained nanocomposites (GO/GA, GO/Q, GO/J) 

demonstrated excellent antimicrobial efficacy on both S. aureus and E. coli bacteria with reduction 

rates above 90 %, and fungistatic action reducing the Candida populations. The release behavior 

results demonstrated sustained release for GA, Q and J from nanocomposites, thus increasing the 

viability of drugs showing better therapeutic efficacy and demonstrating potential for the designed 

platforms to be used as a DDS. GO-based DDS showed a biocompatible behavior for both L929 

and BT474 cells at lower concentrations. Moreover, GOJ and GOQ with higher concentrations of 

active substances showed a biocompatible behavior for L929 and BT474 cells, compared to the 
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nano formulation with lower concentrations of substances. The MALDI analysis confirmed the 

identity of GA, Q and J and demonstrated an efficient transfer of the bioactive compound on the 

nanofilm surface. Also, specific properties of GO, made it a versatile matrix for the MALDI 

analysis.  

In modern biomedical research, there is an urgent request for designing proper 

biocompatible drug carries that have the ability to enhance the therapeutic profile of water-

insoluble substances. In this regard, novel PLA/GO/Q electrospun scaffolds were designed via 

electrospinning technique using three Q concentrations. The swelling profile revealed an enhanced 

wettability with the increase of GO concentration in the scaffolds. With the addition of GO, the 

permeability of the membranes improved with ~8% in contrast to neat PLA film. The antimicrobial 

assay shows a reduction rate ranging from 0.30 to 0.62 log for S. aureus, from 0.28 to 0.43 log for 

E. coli and from 0.23 to 0.53 for C. albicans. The coexistence of 10%PLA/0.5 and 1%GO and Q 

led to good biocompatibility at 1, 3 and 7 days (viability>80%) being much higher than the 

biocompatibility of the 10%PLA/0.5%GO scaffold which prove the beneficial effect of Q, 

especially at higher time interval – 7 days. The incorporation of Q into the PLA/GO support 

promoted the production of IL-6 at 24h, which could be associated to an acute inflammatory 

response in the exposed fibroblast cells, as a possible outcome of wound healing. Electrical 

stimulation can be applied to the PLA/GO/Q scaffolds in order to increase the process of drug 

delivery from the scaffolds. According to the obtained data, the complete release happened in just 

1-2 minutes when electric field of 10 or 50Hz is used while hundreds of minutes are necessary for 

similar release without any electric field. When an electric field of 10 Hz is applied, ~90% and 

~100% of the drug was released, which is ~6000 times (10%PLA/0.5%GO/Q) and over 8000 times 

more rapid (10%PLA/1%GO/Q) compared to conventional drug-release method in the absence of 

any stimulation. ~90% and ~100% of Q was released at 50 Hz, 750 times (10%PLA/0.5%GO/Q) 

and 864 times more rapid (10%PLA/0.1%GO/Q) compared to conventional drug-delivery 

methods. Based on these results, it is evident that the addition of GO can induce electric triggering 

capacity and can represent the premises of personalized therapy. The dosage flexibility and release 

behavior given by using an external electric field makes the fibrous scaffold a promising candidate 

for on-demand drug delivery with applications in personalize medicine, such as wound healing.  

Hence, it seems that utilization of targeting Q loaded in PLA/GO platforms can be a 

powerful therapeutic agent, in the treatment of skin wounds. Moreover, the obtained results 

demonstrated that PLA/GO/Q is a primising candidate in tissue engineering, personalize and 

regenerative medicine. 
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For the realization of this thesis, six articles were published, in which the PhD student was 

the first author (two of them were review papers and the rest of them were articles). The obtained 

results were partially published, and the unpublished results that sums up two more articles are 

about to be sent for submission in specialized and impactful journals. I also participated at two 

National Conferences in 2019 and 2020 with one of my published articles, and I plan to further 

participate on future National and International Conferences. 

6.1 Perspectives 

Although, encouraging results have been obtained to support the novel design of 

electrospun materials, there are still couple of challenges to be resolved until electrospun materials 

can be used into practical healthcare applications. Significant factors must be optimized in order 

to improve the physico-chemical properties of BAA loaded nanofibers. Also, solvent‐free methods 

need to be enhanced or using of “green” solvents is important to minimize the electrospun mats 

adverse effects on the body. We concluded that even though most of the in vitro studies are 

demonstrating encouraging results, in vivo studies need to have special attention, because the 

realization of clinical trials is of high significance to evaluate nanofiber technology in healthcare 

and to improve the quality of life on patients. Recently, by using electrospinning along with 3D 

printing, skin tissue constructs are used for enhancement of wound healing.   

Because the technology is in continuous progress, new studies are to be expected, showing 

the efficiency of improved electrospun dressings for wound healing applications. Also, economic 

and regulatory issues need to be taken in consideration for the use of responsive and adaptive 

dressings in clinical trials. 

Therefore, the designed platforms demonstrated good potential for GO-based materials as 

DDS with antimicrobial and antitumor activity. These results have encouraged this research 

towards the next level by carrying in vivo studies to prove the safe use of these platforms as 

antimicrobial agents for different various disease therapies showing the promising future of 

nanomedicine.  

The electrically triggering delivery of Q from PLA/GO scaffolds may unlock the novel 

approaches in regeneration but also in the treatment of various diseases in a personalized way, the 

release profile being adapted according to the needs of the patient. PLA/GO can be considered as 

a cost-effective solution for treatment of both acute wounds and severe chronic wounds, such as 

diabetic ulcers. Moreover, novel GO incorporated PLA fibers should contribute to industrial 

developments and promote innovative research.  
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