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ABSTRACT 

Globally chronic wounds are substantial health and economic concerns for patients due to 

the difficulties in wound prolonged healing and increasing cost of wound management. In 

the following research, we designed and characterized multi-functional co-polymer 

material, synthesized from safe, non-toxic, biocompatible, and eco-friendly materials. The 

biodegradable system was effectively synthesized with the help of chitosan, MOF-199, and 

graphene quantum dots, to deliver water insoluble, ant-inflammatory ibuprofen as a model 

drug, without using external chemical reagents. The pre-synthesized graphene quantum 

dots were made from naturally occurring L-glutamic acid, and were imbedded into the 

MOF-199, synergistically increasing the ibuprofen loading efficiency to 58.3% from 

41.8% due to increase in pore surface area and presence of amine functional group of 

graphene quantum dots electrostatically bonding with ibuprofen hydroxyl groups. The 

release of the ibuprofen was conducted in simulated body fluid in PBS buffer solution (pH 

7.4) at 37 oC at different interval for 72 hours, where we achieved a control and steady drug 

release on to the simulated fluid by coating the MOF-199/GQD composite with chitosan 

causing capping effect and increasing the unloading time of the drug delivery system,  total 

50.97% of the drug was released in 72 hours for chitosan@IBU@GQD@MOF-199 

system. The characterization techniques we used in the above research were SEM, XRD, 

FTIR and zeta potential analysis, that proved the successful synthesis of 

chitosan@IBU@GQD@MOF-199, the smooth surface morphology, the interaction 

between ibuprofen, graphene quantum dots, MOF-199, and chitosan functional groups, and 

structural stability of MOF-199 while forming polymer composite with chitosan, graphene 

quantum dots and loading of ibuprofen. By using GQD@MOF-199 composite the drug 

loading amount increased, enhancing the overall dosage of the pain killer for wound 

healing and hence the prepared product could be an important candidate in the field of 

medical care products, especially wound healing application that require large amount of 

dosage for long durations, which can be achieved through control drug release. 

Keywords: Porous structures, Metal Organic Frameworks, MOF-199, Graphene, Quantum 

Dots, Biodegradable Polymer, Chitosan, Drug Loading, Drug unloading, Wound dressings.  
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CHAPTER 1: INTRODUCTION 

1.1  Background 

Wound healing is one of the important tissue regeneration processes that takes place 

on the skin punctured, torn, or cut through external factor or stimuli, causing acute or 

chronic wounds depending upon the damage that has been done. There are several steps 

that are part of the wound healing process for restoring structural integrity of the skin, 

which are as follows: Tissue regeneration, granulation, proliferation, and formation [1], 

[2]. 

There are two types of wounds: chronic and acute wounds. Acute wounds are known 

as body wounds caused due to any trauma resulting in tissue loss or any kind of damage to 

the skin due to external blow that generally heals within three weeks of time frame [3]. 

Chronic wounds take more than three months to heal, and in the meantime, further 

complications may occur, for example, a bacterial infection or difficulty in wound 

healing[4]. There are various types of chronic and acute wounds that can occur due to 

penetration, impact, burns and blows, which causes complications that are for long 

durations, resulting an increase in the chances of death or morbidity.  

Ulcers mainly due to diabetes, stress, or caused in vascular regions are common 

example of chronic wounds[5]. For example, pain in the diabetic patient chronic wound 

usually comes from, chronic inflammation, incomplete angiogenesis, collagen metabolism 

not working properly, and several other factors[6]. All these reasons make healing the 

process of the diabetic wound a difficult process. (In the United States around 4 million 

people are diagnosed of chronic wounds. Specifically, 40-60% of the chronic wounds 

patients in the United States are affected with diabetic foot ulcer, costing almost 1 billion 

dollars, paid by the insurance companies, health care providers and patients[7-9] . Different 

types of medical procedures have been used including, tissue engineering products, 

autografts, and wound dressings, but none of the conventional methods are effective in 

healing chronic wounds[10]. There is a huge gap between the number of chronic wounds 
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infection incidents occurring and limitation of the wound healing procedures available, it 

is the need of the hour to develop novel practices and material systems that would 

overcome unmet medical challenges in wound care management[11], [12]. 

1.2 Wound Healing and Treatment Mechanisms 

The process of wound healing is carried out in several steps, and if any stage is 

affected it can cause a severe dysfunction. If the inflammation lasts for several months or 

years resulting in an increase in healing time would classify the wound as chronic which 

may result in different pathological activities, including wound infection or increased 

protease activity[13]. Normally, the acute wounds can take up to 3 weeks to heal, while for 

chronic wounds the healing period might be greater than 3 months[14]. The chronic wound 

results from the damaging of all the skin layers simultaneously. (The major reason for the 

chronic wound are the complications caused by other diseases, such a foot ulcers caused 

by diabetes, spinal cord injuries causing pressure sore or neurodegenerative diseases[1] 

1.2.1 Homeostasis 

 

 

Figure 1.1: Continuous wound healing stages starting from homeostasis followed by 

inflammation to cell proliferation, and remodeling. 

There are four continuous stages in the process of wound healing (fig.1.1), which 

starts from homeostasis followed by inflammation, to cell proliferation and remodeling. 

All of the mentioned processes is a combination of different interactions between cells, 

factors related to coagulation, connective tissue, factor related to growth, cytokines, and 
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the vascular system [1], [2]. When the skin tissue gets injured, bleeding may occur due to 

which vasoconstriction happens to restrict the blood flow [3]. The coagulation process 

starts as the aggregation occurs in the wound, (forming a fibrin mesh that causes the 

wound to harden. The affected site produces extracellular matrix (ECM) which releases 

procoagulants that facilitates the formation of thrombi [4], [5].  

1.2.2 Inflammation 

The second stage of wound healing process include inflammation, in which 

neutrophils, macrophage and lymphocytes traves to the wound, causing an inflammatory 

response, for almost 3 weeks [6]. Prostaglandin and histamine gets released that results in 

the vasodilation increasing the permeability of the blood vessels in the surroundings, that 

directly supports the inflammatory response. After controlling the blood flow, as the wound 

formation takes the neutrophils are sent to the surrounding blood vessels that are affected, 

in order to kill all the unwanted external organism through phagocytosis [7]. Macrophages 

also helps neutrophils to remove dead or damaged cells, in tissue restoration, and defense 

mechanism [8]. Cytokines and chemokines are released by activating immune cells, such 

as Langerhans, mast, and gamma-delta (c-d) cells. Mastocytes and leukocytes also 

contribute to the further development of wound healing [1].  

1.2.3 Proliferation 

When inflammatory phase finishes, cell proliferation phase begins, resulting in the 

new tissue formation causing, granulation, re-epithelialization, and the restoration of new 

vascular networks [9]. Epidermal barriers are repaired with the help of keratinocytes. In 

parallel, ECM and angiogenesis forms due to endothelial cells and fibroblast, coagulating 

macrophages and generating different growth factors at the wound site such as tumor 

necrosis factor (TNF) and transforming growth factor (TGF)  [10], [11]. Granulation tissue 

that is reddish in color indicates wound healing, and the tissue turns black when any kind 

of infection occurs.  

The epithelial cells in the moist environment during the last stages of 

epithelialization can speed up the wound healing and migration process [12], [13]. 



4 

 

1.2.4 Re-modelling 

Remodeling, the final phase of wound healing, involves the contraction and 

restructuring of the newly created matrix. It lasts for several years and begins in the third 

week following the creation of the wound. Its primary objectives are  restoring healthy 

structural tissue and enhancing tensile strength, including: the remodeling of granulation 

tissue to produce scar tissues[14];the breakdown of type III collagen and the increase of 

type I collagen; wound closure; the reduction of cells and the rise in collagen fiber level 

[1] [12], [15]. 

1.2.5 Conventional Methods 

One of the many biological processes in the human body is the regrowth and 

regeneration of cutaneous tissue. Promising results have been gained from a range of 

techniques that have been examined in order to achieve healthy skin and an effective wound 

healing process. Both modern and traditional therapy can be used to heal wounds. Using 

special natural compounds from plants, honey, propolis, and larvae were among the 

traditional approaches. All across the world, including Asia, Africa, and Latin America, 

uses these natural remedies. Using leech therapy to remove unnecessary skin and tissue to 

aid in wound healing is a very realistic example of an alternate traditional procedure [16]. 

Natural sugars like honey are useful for treating a variety of wounds externally and are 

essential for the re-epithelialization of wounds [17]. Conversely, some plant-derived 

extracts, such those in calendula officinalis and aloe vera, can aid in promoting wound 

healing and skin regeneration when applied topically [18], [19].  Currently, debridement, 

ischemia, infection, medicinal nutrition, etc. are among the fundamental requirements of 

chronic wound care. [20].  

Apart from conventional therapies, there exist other modern approaches for wound 

healing. One of the newest techniques for healing wounds in clinical practice is hyperbaric 

oxygen therapy as shown in fig.1.2, which works to treat difficult or complicated ulcers by 

increasing oxygen flow to the effected regions and preventing amputation [21], [22]. 
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Figure 2.2: Hyperbaric Oxygen Therapy Chamber. 

Negative pressure therapy, when used to treat postoperative wound issues, involves 

accelerating the healing process by reducing edema, changing capillary perfusion, and 

increasing collagen production and angiogenesis. In therapeutic settings, several wound 

dressings are used to maintain the moisture content of the wound. All of these dressings 

promote wound healing, prevent infection, and protect the wound base. Today's most 

popular materials for wound dressings are collagen, chitosan (CS), silica gel, and 

hyaluronic acid (HA) [10]. Heparin, gelatin, cellulose, alginate (Alg), and other 

biomaterials are also included in the conventional materials [24]. Applying dressings 

composed of polymers that mimic the chemical and physical properties of the tissue speeds 

up the healing process of wounds [29]. 

1.3 Advance Materials for Biomedical Applications. 

The process of wound healing is dynamic and complex, requiring precise 

synchronization between various cell types in the right extracellular matrix. The four 

overlapping phases of the wound healing process involves hemostasis, inflammation, 

proliferation, and maturation, are carefully controlled. All four stages must occur in a 

timely and in a sequential manner for wound healing to be effective. A number of variables 
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may disrupt one or more of these stages of the healing process, leading to incorrect or 

compromised wound healing and chronic wounds that do not heal. The need for the 

creation of fresh and innovative treatment is due to the limitations of traditional wound 

therapies, as well as the difficulties associated with chronic non-healing wounds. Through 

the interaction of nanomaterials during various stages of wound healing, nanotechnology 

offers novel and alternate ways to speed up the healing of chronic wounds. 

1.3.1 Porous Materials 

Made of organic linkers and inorganic metal ions, metal organic frameworks 

(MOFs) are a novel form of crystalline, porous coordination polymer material. Because of 

their important uses in the biomedical sector, metal organic frameworks, a novel type of 

porous material, have drawn a lot of attention from researchers in recent years. Metal 

organic framework is ideal for loading because of its appealing qualities, including ultra-

high porosity, wide surface area, excellent thermal stability, and simple synthesis makes it 

suitable for loading purposes. Because MOFs are easily functionalized, they can be used 

in biomedical applications. Additionally, because of their variable pore size, a wide range 

of medicinal medicines can easily wrap around them [23]. 

1.3.2 Graphene Quantum Dots 

Graphene quantum dots and quantum scale carbon materials, also known as carbon 

quantum dots (CQDs) or carbon dots (CDs), are young members of the carbon 

nanomaterial family [24], [25]. After Xu et al.'s unintentional discovery of these tiny (less 

than 10 nm) carbogenic fluorescent nanoparticles in 2004, a whole new field of 

nanoparticle research with a broad variety of applications was opened  [26]. Generally 

speaking, carbon, oxygen, and hydrogen are abundant in CDs. By using the right 

techniques, several additional elements, as per requirement of the application, such as 

nitrogen, sulphur, boron, etc., can be doped to change the characteristics [27]. Moreover, 

CDs have adjustable fluorescence and strong water solubility. Generally speaking, 

CD's high water solubility is a result of the carboxyl functionality that covers their surface. 

However, it is simple to change the physical characteristics, lessen toxicity, and change the 
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fluorescence behavior of CDs by functionalizing them with different chemical groups and 

passivating their surface [25], [27]. Additionally, CDs are highly biocompatible, have good 

photostability, and are simply and affordably manufactured, all of which enable their 

numerous uses in the fields of drug administration, optoelectronics, bioimaging, 

photocatalysis, and biosensors [24], [28], [29]. 

1.3.3 Chitosan 

In nature, chitin is often found in organisms including mushrooms, insects, and 

crustaceans. As a deacetylated derivative of chitin, chitosan can be chemically synthesized 

with varying degrees of deacetylation. Chitosan is a linear polysaccharide made up of either 

deacetylated or acetylated D-glucosamine linked by β-(1-4)-linkage. It is biocompatible, 

biodegradable, and non-toxic. As a result, it has been used in many different industries, 

including food additives, cosmetics, water purification, agriculture, medication delivery 

systems, and tissue regeneration. Some additional properties of chitosan include 

immunological stimulation, anti-fungal, anti-bacterial, and anti-inflammatory properties. 

Chitosan is a great biomaterial for the creation of novel medications and medical devices 

because of its adaptability and versatility [30], [31], [32]. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Metal Organic Frameworks 

Porous materials are divided into different classes, these classes consist of three main 

categories, the microporous zeolites, mesoporous silica and metal oxides, and macro 

porous polymer structures. According to IUPAC, these classifications are basically done 

on the basis of the pore size, if the pore size is between 0-2 nm than the material is classified 

as mesoporous, if the pore size of a material is less than 50 nm than its classified as 

microporous, and if the pore size is greater than 50 nm than its categorized as macroporous. 

Due to their unique characteristics and small pore size, they are preferred choices in 

different industries including, energy sector, for catalysis, adsorption, ion-exchange and 

host guest assembly. [33].  

Generally, the porous materials were either synthesized from organic or inorganic 

materials. Inorganic porous materials, silica or metal oxides are crystalline in nature, 

because these types of porous materials are fully inorganic, they suffer from structural 

flexibility, functional tailorability and mechanical strength, on the other side porous 

materials made up of polymer are amorphous or partially order in ploy-crystalline forms 

such as diamond or graphite [34].  A new class of materials has been introduced, known as 

organic-inorganic hybrid porous materials, that combines the beneficial properties of both 

the classes and may show exceptional characteristics as compared to the individual 

properties of both the classes [35]  . 

As an emerging microporous, coordinating polymer, inorganic-organic material, 

Metal organic frameworks (MOFs) have recently got attention as a class of organic–

inorganic hybrid materials for variety of applications [36].  

MOFs are both crystalline and porous materials made up of metal ions/ ligands, 

connected through an array of organic linkers as shown in fig. 2.1. A significant 

characteristic of MOFs is that its structure, pore size, and functionality, according to 
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literature, can be finely controlled by the selection of metal and the organic linker as 

building blocks, and how they are connected to each other. [37][21-23]. 

 

Figure 2.1: Formation of MOF structure by formation of chemical bonds between the metal 

ions as nodes and the organic molecule as a linker [54]. 

2.1.1 Synthesis of MOF 

Numerous distinct MOFs have been synthesized thanks to the great diversity of 

inorganic and organic components. Presently, the category of MOF material is comprised 

of around 20,000 distinct structures, as documented in the Cambridge structure database 

and examined during the last two decades [41].  

Typically, solvothermal conditions (i.e., 100 oC < T < 250 oC) or room temperature 

are used to synthesize MOF crystals (figure 2.2). For a typical solvothermal recipe, all 

reactants (metal salts, ligands, and solvents) are added in one step to sealed vessels, and 

then the temperature is heated just below subcritical conditions for a few minutes, hours, 

or days, depending on the type of MOF.  

The temperature is the primary parameter because it sets up the reacting system in 

a way that maximizes thermodynamically favorable coordination contacts and reactant 

diffusion, so enabling the spontaneous self-assembly of ordered structures or lattices. Aside 

from water, the most common solvents include pyridine, alcohols, and dialkyl formamides 

[38]. 
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Figure 2.2: Conventional solvothermal synthesis procedure. 

2.1.2 MOF for Biomedical Applications 

Metal organic frameworks have gained the attention of researchers due to their 

potential applications in many areas, especially for the delivery of bioactive molecules. 

Due to MOFs high porosity, large surface area, and tunability functionality, they have 

drawn a lot of attention for biomedical applications, especially to be used as platform for 

drug delivery [42], [43], [44], [45]. Compared to widely reported porous materials (e.g. 

silica), the synthetic procedure of MOFs is much simpler and more efficient [46], [47]. 

Another advantage is that the pore structure of MOFs can be controlled by changing the 

conditions of reaction or the selection of different metal ions and ligands. Moreover, the 

functions of MOFs can be altered by simply changing the ions to construct the framework. 

Compared with conventional nanocarriers (e.g., inorganic zeolites, silica nanomaterials, 

and organic nanocarriers of lipids/polymers), MOFs possess some unique properties that 

enable them to perform as promising nanoplatforms for drug delivery and bioimaging. 

Firstly, MOFs are compositionally and structurally diverse, allowing the facile synthesis of 

MOFs with different compositions, shapes, sizes, and chemical properties.  

Secondly, for drug/probe delivery, a biodegradable nano formula is needed, as the 

material must transport and release the drug/probe to generate effective results at the 

intended disease site. MOFs are biodegradable due to the presence of relatively labile metal 
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ligand bonds; this feature makes it possible to rapidly degrade the composite material and 

release the loaded drug or probe [44]. 

One strategy to further enhance MOFs features is their combination with supportive 

matrices (e.g. metal nanoparticles, polymers, and carbon nanotubes) to engineer MOF-

composites that will maintain the multifunctional properties of MOFs while mitigating the 

shortcomings of both components [26–30]. Consequently, the composites resulting from 

the blend of MOF and other auxiliary components make them suitable for a large range of 

applications, including controlled drug release via cutaneous administration. The delayed 

or improper healing of wounds is today a global health issue that affects millions of people 

suffering from cancer and ulcerating diabetic lesions. It has an enormous negative impact 

not only on the patient’s quality of life but also on the world economy, where, in 2006, 30% 

of the total costs in dermatology were linked to the treatment of wounds. In the United 

Kingdom alone, an estimated expenditure of £3 billion was registered in 2001, jumping to 

£5 billion in 2015 [31, 32]. Therefore, the design of novel multifunctional nanocomposites 

combining wound protection and active disease treatment has higher market value and 

application prospects in the field of wound care. In this context, there is scope to investigate 

the application of MOF-composites, and especially the MOF/Polymer composites, to 

engineer bioactive wound dressings; that is to say, systems capable of effectively aiding 

the healing process, by the slow release of drugs and active agents to the wound site, while 

forming a barrier to stop the penetration of bacteria to the wound environment [33, 34]. In 

fact, MOFs have recently been investigated for their antimicrobial activities, generally 

attributed to their metallic ions (e.g. Cu, Fe, Zn, and Ag) [35].) 

Li-Li tan et al’s Research was conducted on a new theranostic nanoplatform for 

advanced biomedical applications, which included the construction of carboxylatopillar 

arene-based supramolecular switches as gating entities and monodisperse zirconium metal-

organic frameworks (MOFs) as drug carriers. This allowed for controlled drug release of 

Fu (fluorouracil) (fig.2.3), which was triggered by bio-friendly Zn 2+ ions (found in 

synaptic vesicles) and auxiliary thermal stimulus. Large pore diameters for drug 

encapsulation, outstanding biodegradability and biocompatibility, incredibly low 

cytotoxicity and premature drug release, and superior dual-stimuli responsiveness were all 
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displayed by this on-command drug delivery system. An attractive strategy for the 

treatment of brain diseases was suggested by Zn 2+  and thermally driven medication release 

with incredibly minimal premature release. [46]. 

 

Figure 2.3: Release profile les of the Fu-loaded, CP5-capped UiO-66-NH-Q operated by 

(a) competitive binding with Zn 2+ and (b) thermal activation [60]. 

2.2 MOF-199 

Since it was one of the first porous MOFs to be found, the Cu-based MOF-199 

[Cu3(BTC)2] has served as a reference for research on a number of general MOF 

properties. The three typical microporous sites (5, 11, and 13.5 Å in diameter) [48], [49], 

that make up the MOF-199 3D framework structure are copper paddle-wheel construction 

units coupled by organic linkers made of trimesic acid (fig.2.4). There has also been 
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investigation into this framework as a potential host for the development of bio-oriented 

guest@MOF composite systems [50], [51], [52] . When MOF-199 is activated at low 

pressure and moderate heating (100 °C), it creates an exposed Cu2+ site structure that is 

chemically activated. Interestingly, the CUS in MOF-199's pores are very accessible and 

exhibit robust guest molecule binding sites [53]. Due to its efficient antibacterial and 

antifungal activity, increased wound healing characteristics (attributed to the Cu ions), and 

regulated release of several chemotherapeutic drug cargos, MOF-199 has been regarded as 

a leading platform for biomedical applications [52], [54]. 

 

Figure 2.4: Schematic representation of MOF-199 structure. 

Xiao j at el’s carried out research on folic acid functionalized MOF-199, to study 

the cytotoxicity and drug delivery rate for efficient wound healing systems. Cu2+ is reported 

to have good angiogenesis stimulation, collagen formation and re-epithelialization 

properties, but due to their cytotoxicity concerns it can not be used directly. The 

incorporation of folic acid into MOF-199 enabled the slow release of copper ions, which 

reduced cytotoxicity and enhanced cell migration in vitro. In vivo, F-MOF-199 induced 

angiogenesis, promoted collagen deposition and re-epithelialization, and increased wound 

closure rates. These results demonstrate that folic acid incorporation into MOF-199 NPs is 

a simple, safe, and promising approach to control Cu2+ release, thus enabling the direct 

application of Cu-MOF NPs to wounds [52]. 
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Chiericatti at el, They used MOF-199 for a novel application of anti-fungal 

activity in their subsequent study (fig.2.5). It was effective to use the MOF-199 metal-

organic framework (MOF) as a biocidal material against mold and representative yeast. 

When it came to Saccharomy cescerevisiae, the growth was entirely suppressed by the 

synthesized MOF, whereas Geotrichum candidum's growth was lowered from 6.16 to 1.29 

CFU mL-1).  

The material's crystalline structure gradually broke down, due to the surface extra-

framework Cu(I), which led to the release of copper ions into the culture medium and the 

antifungal effect. This work demonstrates the possibility of releasing biologically active 

copper ions under control using metal–organic frameworks based on copper [54]. 

 

Figure 2.5: Viable colony counting at different times with and without the addition of 

MOF-199 for: (a) S. cerevisiae; (b) G. candidum [68] . 
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2.3 MOF Composites 

Strong coordination between the metal ions and linkers, which are tunable to support 

the sensible design and change of the structure, determines the MOF structure itself.  

If the MOF pore structure contains CUS sites, then this robust coordination bonding 

can be extended to the guest molecules. In order to create composite@MOF assemblies, 

functional "guest" molecules, such as drug molecules, are added to the "host" MOF 

nanoporous cavities. This process is known as functionalization of the MOF.  

2.3.1 Synthesis 

The incorporation of guest molecules into the porous MOF structure has been 

approached from many perspectives. The most popular methods for creating 

composite@MOF drug-loaded systems are covered in the sections that follow.  

These methods may be able to lower some of the current obstacles to using MOFs 

as drug delivery platforms.  

2.3.1.1 Twostep ex-situ encapsulation 

Activated MOF particles are submerged in a solution containing the guest molecule to 

be encapsulated in order to accomplish the ex-situ confinement of foreign molecules in 

MOF pores (fig.2.6a).  

Due to its simplicity, versatility in handling a wide range of medicines and functional 

compounds, and ability to produce a vast array of MOF composite systems, it is 

undoubtedly the most widely utilized technique [55].  

The process includes synthesizing the host metal-organic framework (MOF), activating 

it to remove coordinating solvent, immersing it in the guest solution to encapsulate it, and 

then washing and drying it. The parameters on which this process mainly depends on: 

• Immersion time 



16 

 

• Solvent dependency 

• Choice of appropriate solvent 

• Chemical affinity of the molecules used. 

 

 

Figure 2.6: Schematic representation of techniques commonly used for guest 

confinement into the host MOFs. (a) ex situ, (b) in situ encapsulation. 

2.3.1.2 One step ex-situ encapsulation 

By enabling guest confinement to occur simultaneously with MOF production, the 

in situ technique eliminates the composite formation caused by post synthetic stages 

(fig.2.6b). Consequently, the drug loading depends only on the guest/pore dimensions and 

is no longer dependent on the size of the accessible pore aperture. Nonetheless, the guest 

must stay stable in order for the MOF synthesis to occur, which may restrict the amount of 

guest MOF combinations that work with this approach. The production of 

composite@MOF systems can greatly benefit from the one-step encapsulation process, 

both in terms of the environment and the economy. 
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Concerning the confinement of guest molecules, the in situ and ex situ 

encapsulation techniques offer inherent differences in terms of performance, advantages, 

and disadvantages. To determine the best approach for a given set of targeted applications, 

these two divergent paths must be thoroughly and methodically examined.  

2.3.2 Biomedical Applications 

Pooresmai M at el, for the first time in research synthesized in-situ graphene 

quantum dots embedded bio copper MOF structure loaded with NAP through ex-situ 

method and coated with carboxymethyl and chitosan for colon specific drug delivery. They 

were successful in increasing the encapsulation efficiency of bio copper  

 

Figure 2.7: Comparison of the in vitro NAP release pattern from NAP@GQDs@Bio-

MOF(Cu) and CMS@CS/ (NAP@GQDs@Bio-MOF(Cu)) at simulated GIT. 

MOF by incorporating GQDs into the structure to 53.1%. In their research, drug 

release was studied at pH of 1.2, 6.8, and 7.4 (simulated GIT conditions), the GQD@Bio-
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MOF showed fast release of the drug (fig.2.7), in order to overcome this limitation the 

GQD@Bio-MOF was coated with carboxymethyl and chitosan resulting in a slow and pH 

dependent drug release, making it one of the feasible oral drug delivery system for colon-

specific drug delivery [56].   

Zhang M at el, in their research combined the properties of silver MOF with 

chitosan nano particle by successfully incorporating chitosan nanoparticle into silver MOF 

synergistically increasing the anti-microbial activity of the system for enhanced wound 

healing applications. In order to improve the biocompatibility and reduce the cytoxicity, 

the MOF composite was covered with upper and lower layer of polyvinyl/sodium 

alignate/chitosan, avoiding direct contact of the silver MOF composite with the skin. Good 

example of increasing MOF efficiency by making its composite [57]. 

 

Figure 2.8: Drug release behavior of Cu-MOF/IBU and Cu-MOF/IBU@GM in 

conditions that simulates the gastrointestinal tract passage [73]. 

Hassanpouraghdam Y at el, In their research for the first time they synthesized 

complex polymer composite system for enhanced drug delivery. The system consisted of 
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bio cadmium MOF in which graphene quantum dots were incorporated and coated with 

biopolymer. The team was successful in increasing the overall encapsulation efficiency to 

42.04% and controlling the drug release upto 62.03% in 92 hours incubation period. Hence, 

improving the overall capacity and release rate through combining the characteristics of 

bio-MOF, quantum’s dots, and biopolymers [58].  

Javanbakht at el successfully synthesized copper MOF nano hybrid systems 

coated with gelatin for oral delivery of ibuprofen. In this research they mainly focused on 

controlling the drug release rate by coating ibuprofen loaded copper MOF composite with 

gelatin that will work as a capping agent, for oral drug delivery. They were successful in 

achieving the results and the release percentage got decreased to 75% in 8 hours, through 

GIS fluid (fig.2.8) [59]. 

Lin C at el, in the research developed a novel composition of Iron metal organic 

framework (MIL-100) with carbon quantum dots coated with O-carboxymethyl chitosan. 

They main focus of the research was to synthesize such oral drug delivery system that can 

be used for diagnostic as well as therapeutic simultaneously. They were successful in 

developing a biocompatible theranostic system by using magnetic and fluorescence 

properties of MIL-100 and carbon quantum dots respectively. 50% was the drug 

encapsulation efficiency they achieved with the help of this novel composition by 

synergistically combining the physiological characteristics of MIL-100, carbon quantum 

dots, and OCMC bio polymer. Due to the coating of OCMC the drug releasing capability 

of the system was also pH dependent and controlled [60]. 

2.4 Ibuprofen for Wound Healing Applications 

IBP is a well-known NSAID that has anti-inflammatory, antipyretic, and pain-

relieving qualities. It is also safe, effective, and well-tolerated. IBP functions by inhibiting 

the two isoforms of cyclooxygenase,  COX-1 and COX-2, which are the enzymes in charge 

of prostaglandin manufacturing. Through oral treatment, the anti-inflammatory properties 

of IBU have been specifically investigated in osteoarticular, venous leg ulcers, and muscle 

recovery [61].  
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Pavaloiu et al, reported in their research the creation of PVA/CS complex composite 

films that were covered in many layers of bacterial cellulose to maintain the release of IBU. 

After twenty-five hours, the composite films allowed for the maximal release of IBU. 

Solvent casting, a labor-intensive process involving the use of organic solvents and extra 

purification stages, was used to create polymer films [62]. 

2.5 Research Gap 

Wound healing systems based on advanced nano materials have become the need of 

the hour in order to fill the gap between the wound effected cases and efficient healing 

systems. For this purpose, polymer complex composite system consisting of MOF-199 

filled with graphene quantum dots and coated with chitosan have been selected. All the 

materials mentioned have vast applications in the field of biomedical engineering due to 

their unique characteristics mentioned earlier. Such combinations have never been used for 

drug delivery, or very little data is available, especially in case of wound healing 

applications. The effect of Ibuprofen loaded onto this material is also being investigated 

for the first time in this research. 

2.6 Research Objective 

This research majorly focuses on the synthesis of N-doped graphene quantum dots 

imbedded in MOF-199 for wound healing applications. The large number of pores, tunable 

morphology, and functionalized surface area of MOF-199, when combined with 

biocompatible, non-toxic, and large surface area graphene quantum dots will 

synergistically enhance the drug carrying capability of the system. The GQD@MOF-199 

polymer composite can increase the drug encapsulation efficiency due to the availability 

of large number of pores increasing the overall surface area, and due to the presence of 

amine and hydroxyl functional groups, it will electrostatically attach to large number of 

ibuprofen molecules, resulting in a controlled release. 

To further control drug release, enhance biocompatibility, and for better attachments 

to the wound, the GQD@MOF-199 system will be coated with biodegradable polymer 

layer, chitosan. Chitosan is naturally occurring nontoxic anti-inflammatory, and anti-
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bacterial polymer, that act as a capping agent and plays an important role in the control 

release of the drug.  

In this research, the embedding of graphene quantum dots onto MOF-199 will be 

studied, coated with chitosan polymer. This research will mainly focus on the drug carrying 

and unloading capability of the system. 

2.6.1 Objectives 

The following objectives of this thesis are:  

•  Synthesis and characterization of MOF-199 and GQD@MOF-199 via in-situ 

hydrothermal route.  

• Synthesis and characterization of chitosan@GQD@MOF-199 via beaker 

chemistry.  

• Evaluation of drug loading and drug release behavior of MOF-199, 

GQD@MOF-199 and chitosan@GQD@MOF-199. 
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CHAPTER 3: MATERIALS AND METHODS 

3.1 Material Utilized 

L-glutamic acid, Copper nitrate trihydrate (Cu (NO3)2), Benzene Tricarboxylic 

Acid (BTC), Di-Methyl Formamide (DMF), Chitosan (CS), Phosphate Buffer Solution 

(PBS), Ethanol, Acetic acid, Ibuprofen (IBP), and DI water. All chemicals used were 

analytical grade without further purification. 

3.2 Fabrication of Drug Delivery System 

3.2.1 Synthesis of MOF-199 

MOF-199 was synthesized according to the previously reported method with slight 

[63] change in the parameters. 2.76 gram of copper nitrate trihydrate (Cu(NO3)2) was added 

to 20 ml of DI water and stirred for 15 minutes. 1.33 gram of benzene trichloride (BTC) 

was added to 40 ml of absolute ethanol and DMF solution (1:1), stirred for 15 minutes. 

Both the solutions were combined, transferred to Teflon vessel, and placed in an autoclave 

for hydrothermal reaction at 120 oC for 24 hours. After the reaction was completed MOF-

199 was separated through vacuum filtration and washed with ethanol followed by DI 

water. The obtained sample was dried overnight in vacuum furnace at 60 oC. Dried sample 

was collected and stored. 

3.2.2 Graphene Quantum Dots 

Graphene quantum dots were synthesized according to the previously reported 

method [64]. Typically, GQDs were synthesized by one-step pyrolysis of L-glutamic acid, 

A naturally occurring biocompatible amino acid making it suitable for biomedical 

applications. Briefly, 5.0 g of L-glutamic acid was added into a glass bottle and heated to 

210 °C with a heating mantle. After 30 minutes the solid L-glutamic acid changed to liquid, 

the boiling colorless liquid turned brown, which indicated the formation of GQDs. Then, 

30 mL water was added into the solution followed by stirring for 30 min to obtain brown 
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GQDs solution. The obtained solution of the GQDs was centrifuged at an rpm of 13000 for 

15 minutes, and the supernatant was collected and stored for further use. 

The concentration of the above solution was obtained via UV visible spectroscopy, which 

was equal to approximately 1M or 1mg/ml. 

3.2.3 Synthesis of GQD@MOF-199 

Three different compositions of GQD@MOF-199 were synthesized in which the 

concentration of the GQDs was varied. For preparing the composites of GQD@MOF-199, 

previously reported method was use with slight modification [65]. 3 solutions were 

prepared of 2.76 gram of copper nitrate trihydrate (Cu(NO3)2  added to 20 ml of DI water, 

and stirred for 15 minutes. 6, 10, 25 ml of the GQDs (1mg/ml) solutions in DI water were 

added individually to copper solutions prepared above and stirred for 15 minutes. The 

prepared solutions were added separately to 20 ml absolute ethanol and 20 ml dimethyl 

formamide (DMF) consisting of 1.33 grams of benzene tricarboxylic acid (BTC), stirred 

for 15 minutes. After stirring all of the above solutions were transferred to Teflon vessel, 

placed in autoclave for hydrothermal synthesis at 120 oC for 24 hours. Similar protocol was 

repeated as mentioned previously for the separation, purification, and storage as it was for 

MOF-199. 

3.2.4 Drug Loading 

Anti-inflammatory ibuprofen drug was taken as a model drug to estimate the load 

and release performance of GQDs@MOF-199 and MOF-199. Initially, the 10 mg of 

ibuprofen was added to ethanol (10 mL) and then stirred for 2 h to dissolve. Afterward, 

about 100 mg of GQD@MOF-199 of all the three compositions prepared, were added to 

the drug solution individually. The dispersion was stirred for 48 hours at room temperature. 

The ibuprofen loaded GQD@MOF-199 composites were separated from the free drug 

solution using a centrifuge at an rpm of 4500 for 15 minutes and rinsed with ethanol to 

remove the un-loaded drug. The supernatant was analyzed by UV–vis spectrophotometer 

at λmax of ibuprofen which was 264 nm. Then, the un-loaded ibuprofen content in the 

loading medium was calculated by an established ibuprofen calibration curve. In the end, 
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the Ibuprofen loading percentage was calculated by the below-described equation number 

3.1. The same procedure was repeated for loading ibuprofen onto MOF-199 for 

comparison, and to the all of the composition of GQD@MOF-199 that were synthesized 

in the previous topic. [56], [66]. 

𝑫𝒓𝒖𝒈 𝒆𝒏𝒄𝒂𝒑𝒔𝒖𝒍𝒂𝒕𝒊𝒐𝒏 𝒆𝒇𝒇𝒆𝒄𝒊𝒂𝒏𝒄𝒚 (𝒘%) =
𝑴𝒂𝒔𝒔 𝒐𝒇 𝑰𝒃𝒖𝒑𝒓𝒐𝒇𝒆𝒏 𝒊𝒏 𝒄𝒂𝒓𝒓𝒊𝒆𝒓

𝑴𝒂𝒔𝒔 𝒐𝒇 𝑰𝒃𝒖𝒑𝒓𝒐𝒇𝒆𝒏 𝒇𝒆𝒅 𝒊𝒏𝒕𝒊𝒂𝒍𝒍𝒚
 x100 (3.1) 

3.2.5 Chitosan coating of IBU@GQD@MOF-199 

Method for coating chitosan was used as previously reported with slight 

modification. 100 mg of chitosan was added to 25 ml of acetic acid (2%v/v), stirred for 24 

hours at room temperature to uniformly distribute chitosan in the solution. After that 100 

mg of IBU@(10mg)GQD@MOF-199 was added to 25 ml ethanol and stirred for 15 

minutes. Both the solutions were mixed and stirred for 4 hours. The resulting chitosan 

coated GQD@MOF-199 were collected through centrifugation at 5000 rpm for 10 minutes 

and washed with acetic acid, DI water, and ethanol. Same was repeated for MOF-199 

coating with chitosan process, but instead of using (10mg)GQD@MOF-199 composite, 

MOF-199 was used [67]. 

3.3 Release study of Ibuprofen 

For the investigation of topical release profile of Ibuprofen from 

chitosan@IBU@(10mg) GQD@MOF-199, chitosan@IBU@MOF-199, 

IBU@GQD@MOF-199, and IBU@MOF-199, 4 glass beakers were taken containing 30 

ml Phosphate buffer solution (PBS)(pH=7.4) at 37oC to mimic body fluid [68]. 100 mg of 

each material mentioned above were suspended in the beakers containing phosphate buffer 

solution and were stirred at 37oC bodily temperature in an incubator at an rpm of 80, 3 ml 

of the medium in which drug released occurred, was collected from each beaker after 

specific time interval of 3, 6, 24,48, and 72 hours, replaced with same volume of fresh 

buffer solution, to keep the volume of the solution constant [60]. The collected samples 

were examined by UV-visible analysis at 264 nm wavelength, a standard absorption 



25 

 

wavelength for ibuprofen [66].  Concentration of the UV analyzed solution were found 

with the help of standard IBU concentration curve. 
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CHAPTER 4: CHARACTERIZATION TECHNIQUES  

4.1 XRD 

A nondestructive method that can be used to identify residual stresses, elastic 

characteristics, and the identity of unknown materials in the lattice spacing of crystalline 

solids. Lattice spacing is calculated when x-rays with a known wavelength and angle enter 

a material, travel through atomic planes, and then refracted through to a diffractometer to 

measure intensity. In order to properly identify the planes present, X-rays are directed 

toward the sample at various angles to activate the planes at those distinct angles. It is 

common practice to identify the atomic spacing and Miller indices (hkl) of a powder 

sample by subjecting it to X-ray radiation. The measured intensities correlate to particular 

elements or phases. The sample exhibits several intensity peaks, indicating the presence of 

multiple constituents or phases.  

A heated filament's electrons hit a copper target material, displacing the electrons 

in its inner shell and causing X-rays to be released. The resulting X-rays are collimated and 

focused onto the sample, where they deflect back to satisfy Brag's law (fig.4.1). A 

diffractometer then records the X-ray signals, turning them into counts (peaks) that are 

displayed on a computer screen.  

The orientation of the various crystalline phases that are present can be determined 

using X-ray diffraction. It is also utilized for measuring the thickness of thin films and 

multilayer materials, as well as for determining structural factors such as strain, atomic 

arrangement, lattice parameters, and phase composition.  

An XRD machine with an angle of 2θ is used to test a tiny sample of finely grind 

nano powder, which is then scanned from 0 to 75 degrees in order to evaluate the 

nanoparticles for structure and phase identification. 
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Figure 4.1: X-ray diffraction (XRD) working mechanism. 

4.2 Scanning Electron Microscope (SEM) 

This method uses high energy electron beams to generate range of signals. The 

material's crystalline structure, chemical makeup, orientation, and surface morphology are 

among the details analyzed by electron sample contact. Typically, a two-dimensional 

picture is produced that displays the sample surfaces' characteristics. A scanning electron 

microscope with a resolution of 50–100 nm and a magnification range of 20X–30000X can 

image an area as small as 5 microns. Energy dispersive X-ray (EDX) can be used for 

selective analysis, which is a method of determining chemical composition by scanning 

electron microscopy. 

The interaction of accelerated electrons with the sample produces a range of signals. 

These signals include visible light, heat, photons (used for elemental analysis), 

backscattered electrons (used to indicate contrast in the composition), secondary electrons 

(used to determine morphology and topography), and photons. The SEM technique is 

regarded as "non-destructive" since it does not result in volume loss when producing 

distinct signals, allowing for repeated testing of the same sample. 
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Figure 4.2: Experimental setup for scanning electron microscopy (a) Different rays 

reflected from the sample (b). 

For the characterization of nano particles, the powder samples were taken and dried 

overnight in vacuum at 60 degrees centigrade. After drying the samples were finely grind 

in order to get accurate results. Then the samples were placed on a stub to gold plate it in 

order to make it conductive, placed in a vacuum chamber where the sample was plated 

with gold through sputtering. Images were taken at different magnification and resolution 

using a 20 kV voltage. 

4.3 Zeta analysis 

Electrokinetic potential in colloidal dispersions (fig.4.3) is scientifically known as 

zeta potential. It is commonly represented as ζ-potential in the colloidal chemistry 

literature, using the Greek letter zeta (ζ). The most widely used units are millivolts (mV) 

or volts (V). The electric potential in the interfacial double layer (DL) at the site of the 

sliding plane in relation to a point in the bulk fluid away from the interface is known as the 
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zeta potential from a theoretical perspective. Zeta potential, then, is the potential difference 

between the stationary fluid layer associated to the dispersed particle and the dispersion 

medium. 

Zeta potential can now be measured with several novel instrumentation techniques. 

Powder, fibers, and solid materials can all be measured with the Zeta Potential Analyzer. 

The electrolyte solution flows through the sample in an oscillating pattern thanks to the 

instrument's motor. The equipment has multiple sensors that track additional variables, 

allowing the software that is attached to calculate the zeta potential. For this reason, the 

instrument measures temperature, pH, conductivity, pressure, and streaming potential. 

 

Figure 4.3: Inside of the cell (measurement container). 

4.4 Spectrometry 

4.4.1 Fourier Transform Infrared Spectroscopy (FTIR) 

The idea behind FTIR (fig.4.4) is that materials absorb infrared radiation. The 

various wavelengths of infrared light that a material can absorb and utilize to calculate its 

molecular makeup and structure.  

Using infrared rays from a spectrometer, the FTIR technique is used to identify the 

various functional groups that are present on the surface of the sample. This is done in the 

4000cm-1 to 400cm-1 range.  
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Typically, samples are made by combining nanoparticles with potassium bromide 

(KBr) and then crushing the mixture into a pellet using a uniaxial press. This pellet is then 

utilized for characterization. 

 

Figure 4.4: FTIR setup. 

4.4.2 UV-Visible Spectroscopy 

This method operates on the basis of comparing the sample's absorption of visible 

or ultraviolet light to that of a reference or blank sample, which yields information about 

the sample's composition (because different materials absorb light at different 

wavelengths) and concentration.  

UV light is typically employed to characterize samples since it emits more energy 

(frequency) due to its shorter wavelength than visible light. A sample's greatest absorbance 

value at a particular wavelength can be used to determine the material's composition. 

High intensity light sources, such as Xenon lamps (fig.4.5), are used to produce 

light that is filtered using a monochromator to a desired wavelength and to increase the 

signal to noise ratio. The filtered light is then passed through a reference sample and from 

the sample that will be examined. Samples are held in quarter cuvettes.  
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Initially, the same medium used to fill the sample is utilized to fill the cuvettes 

holding the main sample and the reference. Following a single run, a cuvette holding a 

blank is swapped out for a solution containing the sample and the same solvent that was 

previously used for characterization. A detector picks up the signals, which are then shown 

on a monitor as a graph with absorbance (Y-axis) and wavelength (X-axis). 

 

Figure 4.5: Path the UV takes. 

The light intensity (Io) prior to the sample passing through divided by the intensity 

after the sample passing through (I) is the identified absorbance value. The transmission 

values are obtained from the inverse relationship between these two quantities.  

When data for path length, absorbance, and molar absorptivity are known, Beer-

Lambert's law as shown in equation 4.1 can be used to calculate the sample's concentration 

in mol L-1. 
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(4.1) 

All of the samples were diluted in deionized water with a solute to solvent ratio of 

1 mg per milliliter in order to characterize the nanoparticles. The material was poured into 

quartz cuvettes, which were utilized to characterize the sample in the 200–500 nm range. 

4.4.3 Photoluminescence (PL) Spectroscopy 

The phenomenon known as photoluminescence (PL) occurs when a material 

absorbs photons, or electromagnetic radiation and subsequently emits photons again. The 

instrumentation used for PL (fig.4.6) is same as compare to the of UV spectrometry except 

that instead of analyzing absorbance it detects the emission spectra of a particular material 

at a specific wavelength. 

According to quantum mechanics, this is equivalent to being excited to a higher 

energy state, returning to a lower energy state, and being accompanied by the discharge of 

a photon.  

An electron can be raised from the valence band up to the conduction band across 

the forbidden energy gap by absorption of a photon of light with energy greater than the 

band gap energy. The electron typically has surplus energy throughout this photoexcitation 

process, which it loses before coming to rest at the lowest energy in the conduction band. 

The electron energy eventually returns to the valence band at this point.  

this occurs, the energy that the substance loses is transformed back into a luminous 

photon that is released. Hence, the band gap energy can be directly determined from the 

energy of the released photon, for example. Photoluminescence is the process of excitation 

of photons followed by their emission. 
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Figure 4.6: Instrumentation of PL spectrometry. 

GQDs as prepared 1 mg/ml solution was characterized through PL spectrometry. The 

solution was excited at a wavelength of 365 nm and the value of emission was recorded 

from 400 nm to 600 nm. 
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CHAPTER 5: RESULTS AND DISCUSSION 

5.1 Fluorescence properties of GQDs 

The UV absorbance spectra as shown in the below fig.5.1a Clearly indicates two 

distinct peaks ranging from 231nm-248nm and a third peak at 290 nm, which clearly 

matches with absorbance spectra of the GQDs published. The two absorbance peaks 

ranging from 231 to 248 nm can be assigned to the transition of electrons between π-π* and 

n-π* between C=C and oxygen/nitrogen groups, the presence of sp3 clusters resulted in the 

peak at 290nm [69], [70].  The maximum absorption of UV light was obtained at the 

wavelength of 232 nm equal to 5.31. The molecular absorption coefficient for GQDs is 

5.5ml mg-1cm-1  [64]. The concentration of the final GQDs solution was obtained with the 

help of equation 2. The final concentration of the GQDs solution obtained was 1 mg/ml. 

The graphene quantum dots showed a strong fluorescence peak as shown in fig.5.1b 

at around blue region (440nm-500nm), when excited by violet radiation (365 nm) Which 

confirms the successful formation of graphene quantum dots as the data matches the results 

already published in previous research papers [71].  Confirming successful formation of 

GQDs.    

 

Figure5.1: UV absorbance spectra for GQDs (a), Emission spectra of GQDs at excitation 

wavelength of 365 nm (b)(c). 
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5.2 Fourier Transform Infrared Spectroscopy (FTIR) 

 

Figure5.2: FTIR spectra for MOF-199, GQDs, (6mg)GQD@MOF-199, 

(10mg)GQD@MOF-199, (25mg)GQD@MOF-199. 

5.2.1 MOF-199 

The FTIR spectrum MOF-199 fig.5.2 showed a characteristic peak at ≈ 730 cm-1 

corresponding to the C-H bending vibrations. Additionally, the characteristics band at ≈ 

1112 cm-1 represent C-OH stretching vibration [72]. While the low intensity peak at ≈758 

cm-1 was assigned to C-C ring out of plane bending modes. The stretching bands that 
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confirm the formation of Cu-MOF structure are ≈1650, ≈1450, and ≈1370 cm-1 which 

correspond to bridging bidentate formation of Cu-BTC in the composite [73].  

5.2.2 Graphene Quantum Dots 

The FTIR spectrum of graphene quantum dots in fig.5.2 displayed a broad peak at 

≈3700-3000 cm-1 due to the stretching formation of amides between amines and carboxyl 

groups merge with the stretching vibration of N-H groups, =CH of aromatic compounds, 

and with the stretching vibration of O-H group [68], [71].  

The presence of peak at 1800-1600 cm-1 indicated asymmetric stretching vibration 

of C=C which confirms the formation of graphene quantum dots [56], [65], [71]. Stretching 

vibration of C-OH originated peak at ≈1122 cm-1, and C=O stretching vibration peak was 

observed at ≈1393 cm-1, Indicating presence of carboxyl groups. The C-N stretching 

vibration peak was observed at 1023 cm-1 showing the presence of amide linkage in the 

synthesized graphene quantum dots. 

5.2.3 GQD@MOF-199 

Fig.5.2 shows the FTIR spectra of GQD@MOF-199 for three different 

compositions consisting of 6, 10, and 25 mg of GQD added into MOF-199 during in-situ 

synthesis. The broad peak from the range 3700-3000 cm-1 indicates the presence of -NH2 

and O-H stretch. The presence of peak at 2950 cm-1 is due to the C-H bonding of the 

aromatic carbon.  

The peaks at 1660, 1455, and 1373 cm-1 appeared because of the formation of 

copper bidentate formation with oxygen of BTC, merge with the bending vibration of N-

H. The peak at 1122 cm-1 and 1023 cm-1 appeared because of the stretching vibration of C-

OH and C-NH. All of the major peaks present in the FTIR spectra of MOF-199 (figure 23) 

and GQD (figure 24) were present in the spectra of the GQD@MOF-199 for all the 

compositions synthesized with a slight shift towards the higher wave number pointing 

towards the fact that Cu-MOF have anchored to the GQDs by forming coordinate covalent 

bond [56], [71], [72].    
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5.2.4 Ibuprofen Loaded MOF-199 and GQD@MOF-199 

 

Figure5.3: FTIR spectra for IBU, IBU@MOF-199, IBU@(6mg)GQD@MOF-199, 

IBU@(10mg)GQD@MOF-199, IBU@(25mg)GQD@MOF-199. 

The FTIR peaks for ibuprofen in fig.5.3 clearly indicates the presence of O-H, 

symmetric and asymmetric C-H vibration stretch, ranging from 3400-2500 cm-1. Similarly, 

the presence of peak at 1717 cm-1 shows the presence of -COOH bond. The peak at 1393 

cm-1 corresponds to C=O bond confirming the presence of carboxylic group, the peak 

observed at 1428 cm-1 was for C-C stretching vibration in the aromatic rings [66], [68].  

The FTIR spectrum of IBU@MOF-199 is a combination of both the individual spectrums. 

The increase in the O-H peak wavenumber from 2800 cm-1 to 3400 cm-1 with respect to 

the IBU FTIR curve and decrease in the characteristics peaks wavenumber of copper 
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coordination bonding with the oxygen of the carboxyl group from 1660 cm-1 to 1634 cm-1, 

1450 cm-1  to 1440 cm-1 , and 1370 cm-1  to 1360 cm-1 in ibuprofen loaded MOF-199 was 

observed in with respect to MOF-199 FTIR curve, reveals the formation of hydrogen bonds 

between the carboxylic and hydroxy group of ibuprofens and MOF-199. The increase in 

the intensity of the aromatic C-H bonding at 2924 cm-1 as compared to both previous graphs 

can be due to the presence of ibuprofen in MOF-199.  Similar shift in the wavenumber of 

the copper coordination bond with oxygen of the hydroxyl group towards the lower values 

can be observed in all the composition of the ibuprofen loaded GQD@MOF-199, justifying 

the fact that ibuprofen was successfully loaded onto the MOF-199 and GQD@MOF-199. 

5.2.5 Chitosan Coated IBU@GQD@MOF-199 and IBU@MOF-199 

 

Figure5.4: FTIR spectra for chitosan, chitosan@IBU@MOF-199, 

chitosan@IBU@(10mg)GQD@MOF-199. 
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Characteristic peaks of chitosan in fig.5.4 were observed at ≈2921 cm-1 indicating 

presence of vibrational C-H stretch, peak located at ≈1621 cm-1 represented N-H bending 

stretch. Peak located at ≈3424 cm-1, ≈1372 cm-1, are attributed to O-H, C=O stretching 

vibrations [57], [67].  

The peak 1061 cm-1 appeared because of the C-N Stretch. The composite of 

Chitosan@IBU@MOF-199 exhibits all the characteristics peaks for both Chitosan and 

IBU@MOF-199.  

The stretching peak at ≈1630 cm-1 , 1440 cm-1 , 1360 cm-1  in the composite clearly 

demonstrates the presence copper bidentate formation with the carboxyl group of the 

linker, indicating the presence of IBU@MOF-199, the peak at 1050 cm-1  is due to the C-

N stretch, confirming the formation of Chitosan@IBU@MOF-199. 

The synthesized chitosan@IBU@(10mg) GQD@MOF-199 clearly exhibits all the 

characteristics peaks of the individual components present in the complex polymolecular 

structure. 

Moreover, the band related to C-H and C-N stretch got more intense, it can be due 

to the CH2 and C-N peaks of chitosan and GQDs, the FTIR peak at ≈3438 cm-1 for the O-

H groups of GQD@MOF-199 shifted towards the lower frequency of ≈3390 cm-1 

Indicating the formation of hydrogen bonds.  

Considering the above data, it clearly indicates the successful formation of 

chitosan@IBU@MOF-199 and chitosan@IBU@(10mg) GQD@MOF-199. 

5.3 XRD 

5.3.1 MOF-199 and GQDs 

As shown in fig.5.5, the diffraction peaks of the prepared MOF-199 were located 

at  2θ = 5.79° (111), 6.69° (200), 9.5° (220), 11.66° (222), 13.46° (400), 14.3° (331), 16.48° 

(422), 17.48° (511), 19.06° (440) all the peaks matched well with the peaks of MOF-199 

in the literature and in the International Centre for Diffraction Database (PDF no. 00-065-
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1028), having a face centered crystal structure  [73], [74], [75],[76]. The XRD peak for the 

Graphene quantum dot figure 28(b) was located at 2 θ =22.5o corresponding to (002) plane 

(JCPDS Card No:75–0444) indicating the presence of graphitic carbon and similar to the 

result obtained previously in the literature [77][56], [78]. The presence of a single peak 

points out that only one phase is present in the structure. So according to the literature we 

can conclude from the XRD result, the successful formation of GQDs.  

 

Figure5.5: XRD spectra for GQDs, MOF-199, (6mg)GQD@MOF-199, 

(10mg)@GQD@MOF-199, (25mg)GQD@MOF-199. 
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5.3.2 GQD@MOF-199 

The XRD pattern obtained in fig.5.5 for all the composition of the GQD@MOF-

199 shows similar XRD pattern obtained for MOF-199 which is 2θ = 5.79° (111), 6.69° 

(200), 9.5° (220), 11.66° (222), 13.46° (400), 14.3° (331), 16.48° (422), 17.48° (511), 

19.06° (440), and it  proves that the structural integrity of MOF-199 was still intact after 

the in-situ formation of GQD@MOF-199. However, there are no obvious peaks for GQDs, 

it can be mainly due to the dispersion of small quantity of GQDs in the MOF-199. Due to 

the addition of GQDs into MOF-199 the peaks got more sharper indicating formation of 

large grain size which can be resulted from carboxyl and amine functional groups present 

in GQDs anchoring with copper and oxygen clusters of MOF-199[56], [78], [79]. 

5.3.3 Chitosan Coated IBU@MOF-199 and IBU@GQD@MOF-199 

The XRD pattern of chitosan@IBU@MOF-199 and 

chitosan@IBU@GQD@MOF-199 in fig.5.5 clearly shows the characteristic low intensity 

peaks of amorphous material, from 2 θ =18o-25o which can be due to the crosslinking points 

in the structure, the disappearance of all the MOF-199 and GQDs peaks can be the result 

of chitosan covering all the surface of the MOF-199 and its composite, clearly indicating 

successful coating of chitosan onto the Cu-MOF, and Cu-MOF@GQD composite [56]. 

5.4 Scanning Electron Microscopy 

5.4.1 MOF-199 

The above fig.5.6 shows the MOF-199 that was synthesized through hydrothermal 

method and was dried at 60oC in order to evaporate moisture so that clear SEM images can 

be obtained. After drying the powder sample was placed on a conductive stub, coated with 

gold through sputtering to complete the conductive path which is necessary for the SEM 

analysis. The clear crystal octahedral bi-pyramidal structure of the MOF-199 can be clearly 

seen in the images, size ranging from 10-15 μm, which indicates successful formation of 

the MOF-199 as mentioned in the previous literature[74], [78], [79]. The high porosity can 
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be observed on the surface of MOF-199 resulting in high surface area, making it a suitable 

candidate for the application of a drug carrier. 

 

Figure5.6: SEM images of MOF-199 at different magnification. 

5.4.2 GQD@MOF-199 

5.4.2.1 (6mg)GQD@MOF-199 

The (6mg)GQD@MOF-199 particle synthesized from in-situ hydrothermal 

technique can be observed in the above fig5.7. If we compare the images of the neat MOF-

199 with the images of the (6mg)GQD@MOF-199 it clearly shows that MOF-199 have 

partially retained its crystal structure.  

More investigation of the SEM images shows that incorporation of the GQDs into 

the MOF-199 have altered the external morphology of the MOF-199 as the composite is 

formed.  
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The texture of the morphology has gotten a little bit rough, and the particles are 

irregular in shape as compared to the pure MOF-199 [58]. 

 

Figure5.7: SEM images at different magnification for (6mg)GQD@MOF-199. 

5.4.2.2 (10mg)GQD@MOF-199 

 

Figure5.8: SEM analysis of (10mg)GQD@MOF-199 at different magnification. 

As we increase the amount of GQDs to 10 mg in the composite 

(10mg)@GQD@MOF-199 the crystallinity of the structure is partially intact as shown in 

fig.5.8.  

But as the concentration increased the surface morphology changed as compared to 

the neat MOF-199. With an increase in the concentration of the GQDs, surface of the MOF-

199 got rougher. 
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5.4.2.3 (25mg)GQD@MOF-199 

 

Figure5.9: SEM analysis of (10mg)GQD@MOF-199 at different magnification. 

As the amount of the GQDs in the MOF-199 is increased to 25 mg the surface of 

the composite loses its majority of the crystallinity in fig.5.9 and the roughness increases 

as compared to the previous two concentration and neat MOF-199, due to the increase in 

the GQDs in-situ incorporation into the MOF-199 structure. 

5.4.3 Chitosan coated IBU@MOF-199 and IBU@GQD@MOF-199 

5.4.3.1 Chitosan coated IBU@MOF-199 

 

Figure5.10: SEM analysis of Chitosan@IBU@MOF-199. 
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In the above fig.5.10 at different magnification chitosan coated IBU@MOF-199 

shows binary structure of chitosan and IBU@MOF-199 wrapped around together forming 

agglomerated clusters of chitosan@MOF-199[56] Hence proving the successful coating of 

chitosan onto the IBU@MOF-199. 

5.4.3.2 Chitosan Coated IBU@GQD@MOF-199 

 

Figure5.11: SEM images at different magnification for chitosan coated 

IBU@GQD@MOF-199. 

The above fig.5.11 shows the bead formation for the successful coating of chitosan on 

the ternary structure of IBU@GQD@MOF-199. Rough fibrous structure with 

agglomeration forming large clusters and totally covering the partially crystalline porous 

structure of the IBU@GQD@MOF-199, which was previously proved by the FTIR 

analysis. 

5.5 Zeta Analysis 

For the zeta analysis all the samples were prepared in DI water. The liquid samples 

were transferred to glass cuvette one by one for analysis. Fig.5.12 shows the zeta potential 

in mV of the GQDs, MOF-199, (6mg) GQD@MOF-199, (10mg)GQD@MOF-199, 

(25mg)GQD@MOF-199, chitosan@IBU@MOF-199, and chitosan@IBU@GQD@MOF-

199. The charge obtained on synthesized graphene quantum dots was -31mV due to the 

presence of amine, hydroxyl and carboxyl groups [80]. According to the literature, 
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graphene quantum dots show more stability if the zeta value is more than -30mV, zeta 

potential greater than -30mV is required for more stable colloidal graphene quantum dots 

solution [81].  

 

Figure5.12: Zeta Analysis of GQDs, MOF-199,(6mg)GQD@MOF-199, 

(10mg)GQD@MOG-199, (25mg)GQD@MOF-199, chitosan@IBU@MOF-199, 

chitosan@IBU@GQD@MOF-199. 

The MOF-199 shows a negative charge of 22mV due to the presence of Carboxyl 

groups, but as compared to the N-doped GQDs the charge is less negative due to absence 

of amine groups [82]. The charge value of the polymer complex composites that were 

formed increased to a less negative value in case of (6mg)GQD@MOF-199, 

(10mg)GQD@MOF-199, (25mg)GQD@MOF-19. As the quantity of the GQDs increased 

in the composite the charge decreased and became less negative, this result indicate the 

protonation of the carboxyl groups by the amine groups present in GQDs, and as the 

concentration of the GQDs increase the number of amine group increased, resulting in 

more negative value. Chitosan@IBU@MOF-199 in spite the presence of positive chitosan 

group, because the positive effect of chitosan was cancelled out by ibuprofen loading which 
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also consist of negative hydroxyl groups. Positive value in case of 

chitosan@IBU@GQD@MOF-199, the reason behind an increase in overall charge value 

could be the protonation of the oxygen containing functional groups of MOF-199 in the 

presence of amine groups of GQDs and chitosan, justifying the in-situ presence of GQDs 

and chitosan coating onto MOF-199. The zeta results establish that the overall charge 

decrease was due to the successful formation of complex polymer composite [83]. 

5.6 Drug Loading 

MOF-199 particles and GQD@MOF-199 particle consisting of 6, 10, and 25 

milligrams of GQDs were loaded with ibuprofen. For preparing the samples 10 mg of 

ibuprofen was loaded onto 10 ml of ethanol making 10 mg/ml solution. In this solution all 

of the above mentioned particles were added separately at room temperature and stirred for 

48 hours, then centrifuged. The supernatant was collected and was analyzed through UV-

spectrometry for ibuprofen content in the solution with respect to the standard ibuprofen 

absorbance wavelength at 264 nm. 

5.6.1 Beer Lambart Curve for Ibuprofen 

Table 5.1: Absorbance value of ibuprofen at different concentrations 

 

Plotting the graph between absorbance and concentration allowed for the 

determination of the Ibuprofen standard beer lambert curve (fig.5.13). using several 

dilutions.  
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Solutions containing 0.2 mg/ml, 0.4 mg/ml, 0.6 mg/ml, and 0.8 mg/ml and 1 

mg/ml were produced in ethanol in order to determine the Ibuprofen standard curve. To 

determine the amount of medication at various dilutions, absorbance was measured at 264 

nanometers (table 5.1). 

 

Figure5.13: Beer Lambart curve for IBU. 

5.6.2 Ibuprofen Loading onto MOF-199 and GQD@MOF-199 

𝑫𝒓𝒖𝒈 𝒆𝒏𝒄𝒂𝒑𝒔𝒖𝒍𝒂𝒕𝒊𝒐𝒏 𝒆𝒇𝒇𝒆𝒄𝒊𝒂𝒏𝒄𝒚 (𝒘%) =
𝑴𝒂𝒔𝒔 𝒐𝒇 𝑰𝒃𝒖𝒑𝒓𝒐𝒇𝒆𝒏 𝒊𝒏 𝒄𝒂𝒓𝒓𝒊𝒆𝒓

𝑴𝒂𝒔𝒔 𝒐𝒇 𝑰𝒃𝒖𝒑𝒓𝒐𝒇𝒆𝒏 𝒇𝒆𝒅 𝒊𝒏𝒕𝒊𝒂𝒍𝒍𝒚
 x100 (5.1) 

The remaining amount of the drug was calculated with the help of the absorbance 

value at 264 nm determined with the help of UV-Analysis. The calculated value of the 

absorbance was compared with beer lambert curve of ibuprofen to find the final 

concentration of the solution and by using above equation 5.1 the encapsulation efficiency 

was found. Encapsulation efficiency values calculated in the figure below. 
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Figure5.14: Ibuprofen encapsulation efficiency bar chart for MOF-199 and 

(6mg)GQD@MOF-199, (10mg)GQD@MOF-199, (25mg)GQD@MOF-199 composites. 

Table 5.2: Ibuprofen encapsulation efficiency table for MOF-199 and GQD@MOF-199 

composites. 

 

Drug loading efficiency is one of the important parameters in determining whether 

the newly introduced material is suitable for carrying a specific drug or not [56]. In this 

research the model drug selected was ibuprofen, an anti-inflammatory drug for wound 

healing application, that was loaded onto the MOF-199 and different compositions of 
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GQD@MOF-199, by dispersing both materials in the 1mg/ml ibuprofen solution. As 

shown in (table 5.2) the drug loading and encapsulation efficiency obtained were 41.82% 

for MOF-199, 53.37% for (6mg)GQD@MOF-199, 58.26% for (10mg)GQD@MOF-199, 

and 24.54% for (25mg)GQD@MOF-199.  

There can be few possible explanations of Ibuprofen entrapment in MOF-199 and 

an increase in the encapsulation efficiency of GQD@MOF-199 at different compositions 

(fig.5.14). The entrapment in the MOF-199 can be mainly due to the highly porous 

structure of MOF-199, while the increase encapsulation in (6mg)@GQD@MOF-199, 

(10mg)@GQD@MOF-199, and can be caused by the π-π interaction present in the benzene 

ring and the amine functionalized group present in GQD with the hydroxyl groups of 

Ibuprofen,  synergistically working with the porous site of the MOF-199. Due to the 

increase in the concentration of GQDs in the MOF-199 the overall surface area and more 

functional sites are available for ibuprofen to electrostatically bond with. But as the 

concentration of the GQDs increases in (25mg)@GQD@MOF-199, it  possibly blocks the 

inner pores of the MOF-199 during in-situ formation, disturbing the equilibrium, and 

resulting in the decrease encapsulation efficiency of the system. However, due to the 

presence of electrostatic interactions and hydrogen bonds between the polar groups present 

in Ibuprofen and (10mg)GQD@MOF-199 composites, the overall entrapment of the drug 

increases, making it a suitable composition to be used as a drug carrier for biomedical 

applications. 

5.7 Drug Release Analysis 

Table 5.3: Cumulative and percentage drug release data of loaded particles. 
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Figure5.15: Cumulative drug release percentage graph of IBU@MOF-199, 

IBU@(10mg)GQD@MOF-199, chitosan@IBU@MOF-199, 

chitosan@IBU@(10mg)GQD@MOF-199. 

In the following, in-vitro drug release of ibuprofen was conducted in the body 

simulated fluid by using PBS buffer solution (pH=7.4) at 370C at an rpm of 80 in an 

incubation chamber, for IBU@MOF-199, IBU@(10mg)@GQD@MOF-199, 

chitosan@IBU@MOF-199,chitosan@IBU@(10mg)GQD@MOF-199.  

IBU@(10mg)GQD@MOF-199 was selected for the release study due to its highest 

encapsulation efficiency as compared to the other composites. As it can be seen from the 

result, IBU@MOF-199 showed a burst of drug release and within three hours 100% of the 

drug was released into the simulated fluid, and according to the literature slow and 

controlled drug release is preferred.  

To resolve the limitation of IBP@MOF-199, GQDs were inserted into the MOF-

199, that increased the overall encapsulation efficiency of the polymer composite and 
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played its role to obtain a control drug release of 68.12% in 72 hours. To further improve 

the drug release and biocompatibility of the drug delivery system, chitosan a green 

biodegradable polymer was used to coat IBU@MOF-199, and IBP@(10mg)GQD@MOF-

199. From the result obtained drug release was controlled up to 58.67 % and 50.96% 

respectively in the 72 hours period. These findings approve the suitability of 

Chitosan@IBU@GQD@MOF-199 for wound healing applications. The above fig.5.15 

compares the drug release pattern and approves an improved and controlled drug release 

of ibuprofen, which can be related to the special characteristics of in-situ GQDs and 

chitosan coating. The initial and abrupt release of ibuprofen can be due to the high 

concentration, but as the time passes a uniform curve is achieved. In case of GQD 

composite and chitosan coating the over all drug release was controlled and prolonged. 

This phenomenon can occur due to the hydrogen bond formation between amine and 

hydroxyl groups present in GQD and ibuprofen, the presence of chitosan acts as a capping 

agent that further increases the control release, and biocompatibility of the system, making 

it suitable for prolonged wound healing applications and drug delivery systems [56], [66], 

[84]. 
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CHAPTER 6: CONCLUSIONS AND FUTURE RECOMMENDATION 

6.1 Conclusion  

To conclude, in this research, the chitosan@IBP@GQD@MOF-199 system was 

developed with an increase encapsulation efficiency and controlled drug delivery for 

enhanced wound healing application system. The MOF-199 structure was made through 

hydrolysis in the presence of pre synthesized GQDs prepared through single step pyrolysis 

method followed by simple stirring at room temperature for chitosan coating. The loading 

of ibuprofen was confirmed through UV analysis with the help of analyzing the supernatant 

solution through standard beer lambert curve for ibuprofen at 264 nm absorbance 

wavelength. The FTIR results confirms the formation of MOF-199 by showing the standard 

peaks for Cu-O coordinate covalent bonding, the presence of the amine peak in 

GQD@MOF-199 composites successfully confirmed polymer composite formation, 

increase in the intensity of CH2 peaks and shifting of O-H towards lower frequency 

confirmed the coating of chitosan onto the GQD@MOF-199. The XRD results clearly 

demonstrated the presence of characteristics planes for MOF-199 and shows no change in 

the observed peaks for GQD@MOF-199 composites, indicating structure of MOF-199 is 

still intact while composite formation, as the amorphous peaks in XRD from 18o-26o 

pointed towards the coating of chitosan onto MOF-199 and GQD@MOF-199.  

The SEM images showed changes in the morphological structure of the composites 

GQD@MOF-199, the roughness at the surface of the composite increased in the presence 

of GQDs stating successful incorporation of GQDs onto the MOF-199 and resulting in an 

increase surface area which resulted in an enhanced encapsulation efficiency as compared 

to the MOF-199 structure. The zeta analysis showed a decrease in the overall negative 

charge of the system developed due to the protonation of carboxylic groups in the presence 

of amine functional groups as the complex polymer matrix was being synthesized.  

During the release, ibuprofen at first, burst into the solution due to the high 

concentration but as the time passes the release rate become steady and uniform, releasing 

up to 43.11% of the drug in 72 hours in case of chitosan@IBP@GQD@MOF-199 due to 



54 

 

the formation of hydrogen bonds between amine and functional groups of GQDs and 

ibuprofen, and capping capability of the chitosan, making it suitable for a prolonged drug 

delivery system with increased encapsulation efficiency for wound healing application.  

However, these tests focus on in vitro drug release, in vivo studies are necessary in the 

future to confirm its performance with full confidence.  

Overall, the research conducted establishes the fact that the synthesized 

chitosan@IBP@GQD@MOF-199 system can be used as drug carrier due to its high 

encapsulation efficiency and for controlled uniform drug delivery and prolong release of 

ibuprofen for wound healing applications. 

6.2 Future Recommendations  

However, these tests focus on in vitro drug release, in vivo studies are necessary in 

the future to confirm its performance, cytotoxicity, and biocompatibility with full 

confidence. Overall, the research conducted establishes the fact that the synthesized 

chitosan@IBP@GQD@MOF-199 system can be used for controlled and uniform drug 

delivery and prolong release of ibuprofen for wound healing applications. 
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