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Development of Nanoparticle Integrated Local Drug 

Delivery System for Tissue Regeneration 

 

Abstract 

There is an increasing concern that conventional drug delivery systems have 

disadvantages in the way of protective barriers, first-pass mechanism of human body, 

or characteristics of therapeutic agents. Local drug delivery systems can play an 

important role to overcome the challenges of conventional methods. However, the 

main challenge is the hydrophobic nature of therapeutic agents requires to develop 

novel designs. Nanofibers (NF) and nanoparticles are attractive in the field of drug 

delivery, especially for class IV therapeutic agents.   

In this thesis, a local drug delivery system encompassing  mesoporous silica 

nanoparticles (MSN) and poly ε-caprolactone (PCL) blended with methoxy poly(

ethylene glycol) polyethyleneimine (mPEG: PEI) copolymer nanofibers was 

developed. The thesis aims to optimize PCL and mPEG: PEI blended nanofibers 

features and drug (i.e curcumin) loaded mesoporous silica nanoparticles then, 

determine drug release profile and tissue regeneration potential of curcumin loaded 

nanoparticles integrated nanofibers as a dura membrane. The study represents the 

enabling of nanofibers properties by varied blend composition and the drug release 

profile which is independent of polymer degradation. Designed nanofiber-based drug 

delivery system induces cell proliferation, viability and tissue regeneration with the 

accompanied curcumin loaded MSN and tuned mechanical support.  To the best of our 
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knowledge, this thesis is the first study to suggest the integration of MSN and 

nanofibers by spin coating method as a local drug delivery system. The first step of 

the study is mPEG: PEI blended PCL nanofibers were fabricated by electrospinning 

then, mesoporous silica nanoparticles were synthesized by sol-gel method and 

curcumin was loaded into MSN as a model drug. In the next step, curcumin loaded 

MSN were accumulated onto nanofiber surfaces by spin coated method. 

Physicochemical characterizations were employed to predict the performance of the 

designed local drug delivery system as a dura graft material. Finally, drug release 

profile and cell attachment were determined to understand tissue regeneration 

potential. The obtained results revealed that accumulation of curcumin loaded MSN 

onto nanofibers surface by spin coating methods promoted cell proliferation. 

Moreover, a sustained drug release profile was obtained without polymer degradation 

and cell attachment studies showed that our design is promising as a synthetic graft.  

 

Keywords: Local drug delivery systems, Nanofibers, Mesoporous silica 

nanoparticles, Dura membrane, Curcumin 
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Doku Yenilenmesi için Nanoparçacık Entegre Edilmiş 

Lokal İlaç İletim Sistemi Geliştirilmesi 

 

Öz 

Geleneksel ilaç iletim sistemlerinin; insan vücudundaki koruyucu bariyerler, ilk geçiş 

mekanizması veya terapötik ajanların özellikleri açısından dezavantajlara sahip 

olduğuna dair artan bir endişe vardır. Lokal ilaç iletim sistemleri, geleneksel 

yöntemlerin zorluklarının üstesinden gelmek için önemli bir rol oynayabilir. Buna 

rağmen başlıca sorun olan, terapötik ajanların hidrofobik doğası özgün tasarımların 

geliştirilmesini gerektirmektedir. Nanofiberler ve nanoparçacıklar ilaç iletim sistemi 

alanında özellikle sınıf 4 terapötik ajanlar için ilgi çekmektedir. 

Bu tezde, mezoporöz silika nanoparçacıklar (MSN) ve metoksi polietilen glikol: 

polietilenimin (mPEG:PEI) kopolimeri karıştırılmış polikaprolakton (PCL) 

nanofiberlerini kapsayan bir lokal ilaç iletim sistemi hazırlanmıştır. Tezde, PCL ve 

mPEG:PEI karıştırılmış nanofiberlerin özelliklerinin ve ilaç (örneğin kurkumin) yüklü 

mezoporöz silika nanoparçacıkların optimizasyonlarının yapılması daha sonra ilaç 

salım profilinin ve kurkumin yüklü nanoparçacık entegre edilmiş nanofiberlerin dura 

zarı olarak doku rejenerasyon potansiyelinin  belirlenmesi amaçlanmaktadır. 

Çalışmada, çeşitli karışım kompozisyonları ve polimer bozunmasından bağımsız olan 

ilaç salım profili ile nanoliflerin özelliklerinin etkinleştirilmesi sunulmuştur. 
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Tasarlanmış nanofiber bazlı ilaç iletim sistemi, beraberindeki kurkumin yüklü MSN 

ve ayarlanmış mekanik destek ile hücre çoğalmasını, canlılığını ve doku yenilenmesini 

indüklemektedir. Bilgimiz dahilinde bu tez, lokal ilaç iletim sistemi olarak MSN ve 

nanofiberlerin döndürmeli kaplama metodu ile entegre edilmesini gösteren ilk 

çalışmadır. Çalışmanın ilk adımı olan mPEG: PEI katkılanmış PCL nanofiberler 

elektroeğirme yöntemi ile üretilmiş, daha sonra mezoporöz silika nanoparçacıklar sol-

jel metot ile sentezlenmiş ve model ilaç olarak kurkumin MSN içerisine yüklenmiştir. 

Bir sonraki aşamada kurkumin yüklü mezoporöz silika nanoparçacıklar nanofiber 

yüzeyinde döndürmeli kaplama metoduyla biriktirilmiştir. Tasarlanan lokal ilaç iletim 

sisteminin, dura yama malzemesi olarak performansının öngörülebilmesi için 

fizikokimyasal karakterizasyonları yapılmıştır. Son olarak, ilaç salım profili ve hücre 

tutunması doku rejenerasyon potansiyeli hakkında bilgi sahibi olmak için 

belirlenmiştir. Elde edilen sonuçlar, MSN yüklü kurkuminin, döndürmeli kaplama 

yöntemiyle nanoliflerin yüzeyine birikmesinin hücre çoğalmasını desteklediğini 

ortaya koymuştur. Ayrıca, polimer bozulması olmadan sürekli bir ilaç salım profili 

elde edilmiştir ve hücre tutunma çalışmaları, tasarımımızın sentetik bir yama olarak 

umut verici olduğunu göstermiştir. 

 

Anahtar Kelimeler: Lokal ilaç iletim sistemleri, Nanolifler, Mezoporöz silika 

nanoparçaçıklar, Dura Zarı, Kurkumin   
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Chapter 1 

1.1. Introduction 

Systemic drug administrations that include oral delivery, intravenous, and 

intramuscular injections are employed as the conventional delivery of drugs.  

However, systemic administrations may lead to suboptimal drug concentrations at the 

lesion site and might require repeated or high drug dosage. Through systemic 

administration, drugs can pass various bio-physicochemical environments. Therefore, 

adverse effects could be observed. On the other hand, drugs might be enzymatically 

and hydrolytically degraded or exposed to by the first-pass mechanism by the liver 

before reaching the site of interest for the treatment. Moreover, biological barriers or 

protective layers such as the blood-brain barrier, intestinal barrier, stratum corneum, 

and capillary endothelial barrier reduce the permeability of drugs [1,2]. 

To overcome limitations of systemic administrations local drug delivery systems 

(DDSs) are needed. Local DDSs such as topical, intranasal and ophthalmic 

administrations enable drugs to expose directly at the diseased site. Local DDSs aim 

to have proper drug doses at the lesion site, lessen adverse effects and provide safety, 

increase selectivity, efficiency, and patient’s compliance [1,3]. Moreover, DDSs are 

expected to meet the requirement of controlled delivery and stability under 

physiological environments [4].    

Therefore, commercially local drug delivery products with various materials and 

active agents have been developed (Table 1.1). For instance, Periodontal Plus AB™ is 

a collagen fibril that contains tetracycline hydrochloride to treat periodontitis. It is 

biodegradable and releases tetracycline consistently in the local area. On the contrary, 

Actisite ® another local DDS for treatment of periodontitis is a non-degradable fiber 

that is placed onto the damaged area and needed to remove [5]. 
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Table1.1: Commercially available local drug delivery products for periodontitis [5] 

 
 

Once the diseases that could have high benefit from the DDS could be counted as 

antibacterial and anticancer therapies. For instance, the current treatment of bone 

infection has required the removal of infected tissue and later on antibiotic 

administration intravenously. However, in the recent investigation of Padrão et al., 

they developed heparinized nanohydroxyapatite-collagen granules and loaded 

vancomycin to prevent biofilm formation. It has been shown that vancomycin could 

provide sustained release for 19 days which provided the prevention of Methicillin-

resistant S. aureus growth. Also, granule structures were found proper for enhancing 

bone regeneration in terms of interconnected macroporosity. The study indicated a 

design of a promising local drug delivery system for antibiotics while assisting new 

bone formation at the infected area [6]. The cancer treatments have got benefits from 

local drug delivery systems. In the literature studies, intravenous administration of 

anticancer drug cisplatin has been presented as an inefficient accumulation of drugs at 

the tumor site to kill cancer cells in vitro. Because of possible adverse effects such as 

kidney damage, nausea, bone marrow suppression development of DDS to reduce side 

effects is direly needed to reach an adequate dose. For this purpose polyethylene 

glycol-based implants were designed to reduce the accumulation of cisplatin on 

healthy tissues and enhancement of anticancer effect for tumor growth [7]. 

Central nervous system (CNS) disorders are challenging in terms of drug delivery due 

to the presence of protective barriers[4]. The blood-brain barrier (BBB) regulates the 

homeostasis of the CNS and protects it by restricting the transportation of molecules, 
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toxins or pathogens between capillaries and CNS. BBB able to restrict molecules 

because of the tight junction between endothelial capillary cells as in figure 1.1, 

various receptors, enzymes, and alternate transport system. It is indicated that almost 

all large molecules and 98% of small molecules are not able to cross the BBB including 

drugs with molecular weight more than 400-500 dalton [8–10]. Due to the 

impermeability of BBB conventional drug administration commonly need continuous 

or repeated injection with high doses to reach the therapeutic dosage [8,10]. Therefore, 

drugs can directly administer to CNS via cerebrospinal fluids (CSF), novel drug 

delivery systems or by manipulating BBB [4]. 

 

 

Figure 1.1: Comparison of capillaries in general and brain [11]  

 

Biomaterials including hydrogels, particles and fibers are attractive for local drug 

delivery with therapeutic agents to treat CNS disorders. These forms of biomaterials 

are advantageous to provide multifunctional design options, tuning of mechanical 

properties promotion of cell proliferation and tissue regeneration. Most importantly, 

materials and their residuals should be biocompatible and not cause any adverse 

effects. Drug release should be adjustable to achieve demanded profit. Biomaterials 

may extend drugs’ half-life and provide sustained release instead of burst release. Drug 

release can be adjusted by both degradations of biomaterial and diffusion of the 

therapeutic agent  [10,12]. 
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N, N0-bis[2-chloroethyl]-N-nitrosourea (BCNU; carmustine) has been used as a 

therapeutic agent for the treatment of glioma. Although carmustine can cross BBB, 

clinical use of carmustine is limited due to high systemic toxicity and short half-life 

which causes decreased bioavailability for tumors. To overcome challenges, 

carmustine is delivered to the lesion site in the form of a biodegradable wafer [13]. 

Brem et al. showed that carmustine delivery with wafer comprising poly[bis(p-

carboxyphenoxy)propane]anhydride: sebacic acid and further radiation therapy was 

safe in primate brain [14]. In 1995, 222 patient with recurrent glioblastoma received 

randomly carmustine immersed wafer. The median survival of wafer implanted 

patients was 31 weeks while placebo patients’ survival was 23 weeks. Also, 6-month 

mortality was found decreased to 44% with carmustine wafer from 64% among 

patients who have glioblastoma. Significant adverse effect was not observed 

associated with the wafer [15]. The commercially available form of wafer Gliadel® is 

an approved polymer mediated local delivery system as an adjunct to standard 

treatment of newly diagnosed high grade malignant glioma and recurrent glioblastoma 

multiforme (GBM). Biodegradable wafer composes of 1,3-bis-(p-

carboxyphenoxy)propane and sebacic acid (20:80) at the molar ratio which contains 

3.85% carmustine [16,17]. Studies showed that degradation of wafer was able to vary 

due to different chemical behaviours of polymers furthermore hydrophobic profile of 

copolymer prevented the rapid hydrolysis of carmustine. Therapeutic agent could be 

delivered at high doses within millimetres of implant area although more distant areas 

reached low concentration. This result was considered as favoured according to 

neurotoxicity. The release of carmustine was occurred through diffusion from wafer at 

first ten hours then while wafer was degrading,  increased porosity of wafer eased the 

release [17]. 32 patients who had high grade gliomas (Grade III and IV) were studied 

to find out effectiveness of Gliadel wafers. Treatment was furthered by a standard 

radiotherapy for each patients and it is resulted that gliadel implanted patients had 

18.2% longer median survival group than non-implanted group patient [18]. 

Nanofibers in the form of scaffold, matrix or substrate support cells mechanically. 

Besides that, nanofibers have a high surface area and porous structure also controllable 

surface properties which may be utilized for increased cell attachment or drug release 

etc. They can provide adjustable biodegradation and excellent biocompatibility 

according to used polymers[19,20]. 
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Electrospinning a prominent technique for nanofiber fabrication in the interest of time 

and cost efficiency, ease of use and versatility (Figure 1.2).  Electrostatic field between 

syringe and collector leads to the formation of Taylor cone and, a single fiber occurs 

when electrostatic forces overcome the surface tension of polymer drop which is 

followed by an immediate solvent evaporation and fiber deposition onto collector [21]. 

Distance between syringe tip and collector, concentration, conductivity, feeding rate 

and type of polymer solvents allow to tune diameter of nanofibers. Also, the 

electrospinning process can be affected by applied voltage amount, nozzle tip, flow 

rate, collector type, temperature or humidity [22,23]. 

 

 

Figure 1.2: Basic electrospinning setup 

 

Collagen, chitosan, cellulose, gelatin, polyvinyl alcohol (PVA), poly ε-caprolactone 

(PCL), poly (lactic-co-glycolic acid (PLGA) are some examples mostly used natural 

and synthetic polymers for electrospinning.  

The high diversity for materials in electrospinning and Active Pharmaceuticals 

Ingredients (APIs) makes the electrospinning attractive for the development of drug 

delivery system by providing fibers with large surface area, ease of use, and 

controllable drug release by tuning degradation of fibers also, extensive drug loading 

capability. Specifically, challenges of delivering poorly water-soluble and bioavailable 

substances can be overcome with nanofibers[24]. Taking advantage of blend polymers 
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is getting attention to enhance the feasibility of electrospun fibers for also tuning the 

biocompatibility of fibers and drug release profiles from nanofibers.  Kim. et al. 

prepared electrospun nanofibers by blending PCL and polyethyleneimine (PEI) at 

several concentrations and ratios. It was found that PCL/PEI electrospun nanofibers 

have a positive effect on cell viability compared to pristine PCL, however, increasing 

PEI ratio causes lower cell viability.  Therefore, cell viability on PCL/PEI (20:1) at 20 

wt. % concentration compared to pristine PCL by fluorescent staining and higher cell 

viability was observed on blend nanofiber.  Moreover, the hydrophilicity of PCL was 

increased by blending with PEI to enhance cell adherence and proliferation with a 

proper porous structure. As a result of blending, PEI is a promising approach to 

overcome the limitations of PCL nanofibers and improve cell viability [25]. Although 

drugs can be loaded to nanofibers with several strategies as presented in figure 1.3, 

adequate drug amount and exposure time at the desired area are critical. 

 

 

Figure 1.3: Several approaches for drug loading [24] 

 

Biodegradable polymers such as PCL, PVA, and chitosan are widely used for drug 

loading to prevent post-surgery and high immune response [24]. Drugs can release by 

desorption from the surface, degradation of electrospun fibers and diffusion from 
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pores[26]. Composition and diameter of fibers, drug loading method, and surface 

modifications affect the release profile of drugs from nanofiber which is immediate, 

modified or delayed [20,23]. Directly entrapping drugs generally release immediately 

from biodegradable nanofibers and have a poorly controlled release profile [20]. Fibers 

composed of small diameter have faster release due to higher dissolution rate and 

surface area. Also, randomized nanofibers tend to water absorption more and exhibit 

faster release. However, low porous thin nanofibers have slower release than high 

porous thick nanofibers[26]. Conversely, sustained release can be achieved by using 

hydrophobic polymers or incorporation of drug loaded nanocarriers such as 

nanoparticles, liposomes into nanofiber matrix. An initial burst release followed by a 

sustained release is expected from nanofibers with these strategies [23]. This approach 

is useful when the highest drug dose is needed immediately followed by a sustained 

release to extend therapeutic effect or minimize further repeat.  For instance, an 

immediate release might cause inhibition of tumor growth while sustained-release 

provides long-term therapy such as tumor recurrence[27]. 

Incorporation of poorly water-soluble drugs into nanoparticles aids for solubility 

improvement and protection of the drug molecule hence the bioavailability [28,29].  

Most of the available nano-drug formulations are liposome-based formulations, such 

as Doxil [30]. However, the intrinsic instability and low drug-loading capacity of 

organic nano-drug formulations restrict their further clinical translations and leave 

them in the preclinical stage [31]. 

As a special architecture mesoporous silica nanoparticles (MSN) are emerging 

nanocarriers for therapeutic drug delivery to treat various problems including cancer, 

bone, and inflammation[32]. In recent years, MSN are notable materials due to their 

unique mesoporous structures and tunable pore size to control drug loading and release 

profile. Their large surface and pore volume allows for a high amount of drug loading 

and adsorption [33]. The fundamental characteristics of silicon dioxide (silica)-based 

nanoparticles, such as size, optical properties, high surface area, low density, 

adsorption capacity, capacity for encapsulation, biocompatibility, and low toxicity, 

make them an especially attractive inert solid in diverse biomedical applications [34].  

Silanol groups on silica are commonly employed to be functionalized with a variety of 

chemical entities to control the interaction at biological interfaces [35]. For instance 
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amino, carboxyl, phenyl groups can be used for surface modifications. Surface 

functionalization is achieved through the outer particle surface and interior pore 

surface[36]. A sustained release can be achieved via surface modification which 

increases drug diffusion resistance due to the presence of functional groups or 

polymers [33]. Bare MSN with negative charge would interact with serum and clear 

rapidly into the bloodstream. Thus, surface modification is commonly needed to tune 

the surface reactivity, alter the cytotoxic effect and enhance biocompatibility, 

circulation time of MSN, efficiency, and loading of various kinds of drugs such as 

hydrophilic or hydrophobic [32,33,37].  

Nanoparticles can be integrated with nanofibers via different strategies, such as 

blending [38,39],core-shell [40] or surface adhesion [41]  to tune the drug release 

profiles Employing nanoparticles with nanofibers alters the release kinetics and allows 

the dual or multiple drug molecule loading. Therefore, Xie et al. designed a scaffold 

for promoting cell proliferation and angiogenesis at different phases of healing with 

the relayed release of vascular endothelial growth factor (VEGF) and platelet-derived 

growth factor-BB (PDGF-BB). For this reason, VEGF was loaded into nanofibers by 

blending to receive a faster release while PDGF was encapsulated into PLGA 

nanoparticles which were embedded in nanofibers for sustained release. In vitro 

studies showed that designed nanofiber meshes were capable to enhance cell growth 

and accelerate the healing significantly in vivo [42]. Integration of drug-loaded 

nanoparticles to nanofibers is also emerging for cancer treatments to take advantage 

of local delivery and controllable release profile. As an example, doxorubicin 

containing silica nanoparticles were blended into chitosan/PLGA to fabricate 

nanofibrous mats. Results have shown that these nanofibrous mats provide sustained 

release of doxorubicin and inhibition of HeLa cells growth. Thus, it was expected 

nanofibrous mats might display long-term antitumor efficiency.   Also, the damage 

was observed with transmission electron microscopy on silica nanoparticles to affirm 

the degradation of silica nanoparticles. Therefore, mats are great candidates as 

implantable drug delivery systems especially for cancer reoccurrence [43]. Spin 

coating is one of the fastest and affordable techniques to integrate nanoparticles and 

nanofibers [44]. To enhance solubility and bioavailability especially for hydrophobic 

drugs, a solid dispersion approach can be received by spin coating technique in the 

crystalline or amorphous state [45]. Spin speed, surface wettability, and colloidal 
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concentration are critical parameters to control film formation [46]. Also, samples 

might need to treat before spin coating to alter their surface wettability such as by 

immersing into a solution for hydroxylation [46]. 

In this study, it is aimed to develop a nanoparticle-integrated nanofiber based local 

drug delivery system and to evaluate its performances to be employed as a synthetic 

dura graft. Dura is a membrane that encloses nerve tissues in the brain and spine to 

provide a barrier against CSF leakage and mechanical damage. However, most brain 

and spine surgeries cause discontinuity of the dura membrane therefore, autograft, 

allograft, xenograft or synthetic grafts are used to provide integrity [47–50]. It is 

crucial that grafts should not cause immunologic response or inflammation while 

supporting wound healing and preventing CSF leakage at the lesion site [51].  

Although autografts have minimum immunologic response their use is limited because 

of local morbidity and fewer convenient tissue [52]. On the other hand, Creutzfeldt–

Jakob disease was associated with allografts made of cadaver [53]. In the case of 

xenografts, inflammation and prone to reabsorption are challenging [54]. Eventually, 

synthetic materials are getting attention to design novel dura grafts. In addition, 

MacEwan et. al showed that a nanofabricated synthetic dura substitute executed less 

inflammation, irritation and fibrosis than xenograft material as well as providing a 

convenient closure at the lesion site as well as [54]. Electrospun nanofibers are 

noticeable for dura substitutes considering their adjustable diameter or mechanical 

properties and interconnected porous structure, but they do not encounter behaviors 

similarly living tissue [55]. Although the incorporation of therapeutic agents with 

nanofibers is noteworthy to improve functionality drug release profile is associated 

with direct fiber degradation which hinders the use of hydrophobic polymers such as 

PCL [24,56]. 

In view of the aforementioned information, a novel local drug delivery system was 

designed on the subject of dura substitute for wound healing and tissue regeneration. 

Correspondingly, curcumin was used as a model for poorly soluble drugs additionally 

its antitumor, anti-inflammation, wound healing, or antioxidant properties [57–60]. 

Curcumin was carried into MSN to enhance its bioavailability and solubility moreover 

curcumin-loaded MSN integrated with PCL and PCL-PEG: PEI nanofibers by spin 

coating technique. Nanofibers were fabricated by blending PCL and PEG: PEI 
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copolymer at varied ratios (100-1,200-1,250-1,300-1 w/w) to take advantage of 

mechanical resistance and biocompatibility of PCL additionally hydrophilicity of 

mPEG: PEI copolymer to increase cell attachment and migration that can take role in 

dura regeneration. Nanofibers were characterized concerning morphology, water 

absorption, biodegradation, cytotoxicity, and surface wettability. MSN were grafted 

with polypropylene imine (PPI) to enrich the amine functional group and loaded with 

curcumin (MSN-Cur). MSN were evaluated in terms of morphology, hydrodynamic 

radius, polydispersity index, surface charge, loading capacity, cytotoxicity, pore size 

and amine functionalization. As a result of the characterizations above, nanofiber and 

nanoparticle experimental groups were minimized. Furthermore, curcumin-loaded 

MSN were accommodated onto electrospun nanofibers which enables to diversify drug 

release profile and adjustable dosage. But, cold atmospheric plasma (CAP) was 

applied onto nanofibers before accommodation for increasing surface wettability to 

achieve homogeneous thin layer coating with MSN-Cur. Similarly, morphology, 

cytotoxicity, release profile, content and migration test were performed on 

nanoparticle accommodated nanofibers. 

To the best of our knowledge, a design of MSN integrated electrospun nanofiber for 

poorly water-soluble drugs does not present as a dural substitute in literature. The 

designed drug delivery system is considered novel in dura studies due to its tunable 

release profile apart from polymer degradation.  Another key thing to remember the 

use of cold atmospheric plasma and spin coating approaches is noteworthy for drug 

delivery design. We strongly believe that our novel local drug delivery system 

contributes to the literature greatly with tunable dosage and release profiles for poorly 

soluble drugs as well as assisting tissue regeneration.  
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Chapter 2 

2.1. Materials and Methods  

2.1.1. General 

The thesis work encompasses there steps of designing a local drug delivery system for 

dura regeneration as shown in the flow chart below (Figure 2.1).  In the first part of 

the thesis nanofibers, the different compositions of polymer blends were prepared to 

obtain electrospun fibers. The obtained electrospun nanofibers (NF) were 

characterized to investigate their morphological features, wettability, and water 

absorption rate, biodegradation and the cytocompatibility investigations and the 

polymer blend providing the most biocompatible and the most appropriate water 

absorption rate[61] to support dura regeneration employed to prepare nanofibers based 

local drug delivery system. Mesoporous silica nanoparticles (MSN) were prepared as 

the hydrophobic drug carriers and to be spin-coated on the nanofiber composition. The 

final composition of MSN with curcumin loading (MSN-Cur) was characterized in the 

meant of curcumin carrier after obtaining the most dispersible MSN-Cur composition 

they were accommodated on nanofibers by spin-coating technique. The spin-coated 

MSN-Cur on NF were taken topological features, and the cytocompatibility 

investigations performed to predict the appropriateness for dura regeneration. In the 

second step of the thesis, MSN-Cur spin-coated NF were taken for observing the drug 

release profiles to evaluate the potential as a local drug delivery system. In the third 

step of the thesis work, fibroblast cell attachment investigations were performed to 

evaluate the in vitro performances of the designed local drug delivery system for dura 

regeneration. 
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Figure 2.1: Scheme of methods 

 

2.1.2. Design of NF Based Local Drug Delivery System 

2.1.2.1. Preparation of Polymer Blends for Nanofibers 

Before starting the electrospinning process poly(ethylene glycol) methyl ether: 

Polyethylenimine (mPEG: PEI)(50:1) copolymer synthesis was performed by 

following the literature protocols. Briefly,   3 g mPEG (5kDa; Sigma Aldrich) was 

dissolved in 10 mL chloroform under reflux at 60 ℃ following the addition of 9.5 mL 

hexamethylene diisocyanate (HMDI; Sigma Aldrich) to active -OH groups and stirred 

overnight. The next day, the polymer solution precipitated with diethyl ether and 

collected by 4500 rpm for 20 min. Activated PEG-aHMDI polymer was dried under 

vacuum.  For PEI (25kDa; Sigma Aldrich) modification, 0.2 g of PEI dissolved in 10 

mL chloroform and 2 g of mPEG was also dissolved in 50 mL chloroform. After that, 

PEI solution was added to mPEG dropwise at room temperature and let stir overnight 

under reflux at 60 ℃. Finally, the copolymer was precipitated with diethyl ether and 

centrifuged. The collected precipitate was dried under vacuum and stored at -20℃ for 

further use [62]. Copolymer refers to mPEG: PEI(50:1)(high) in the rest of the work. 

After obtaining the copolymer electrospun nanofibers were fabricated by blending 

PCL and mPEG: PEI(50:1)(high) in 5mL chloroform:  dimethylformamide (3:1) 
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solvent at 10 %w/v ratio as well as PCL and mPEG: PEI(50:1)(high) ratios were 

arranged as 100-1,200-1,250-1 and 300-1 w/w and named as in Table 2.1 below. 

Electrospinning was conducted by using 20 kV electrical potential, 20 cm distance 

between needle and collector and 1mL/h pumping rate at room temperature. Fabricated 

nanofibers were stored in a vacuum desiccator. 

 

Table 2.1: Fabricated electrospun nanofibers 

 

 

2.1.2.2 Characterization of Nanofibers 

Morphology of Nanofibers  

Fiber morphology was identified by scanning electron microscope (SEM; Carl Zeiss 

Microscopy, Germany). Humidity on nanofibers was removed by vacuum before 

observation. Nanofibers were cut as 0.5 x 0.5 cm square shape and coated with gold 

before the examination (QUORUM; Q150 RES; East Sussex; United Kingdom).  The 

diameter histogram of nanofibers was found by MATLAB ver. R2017a). 

Water Absorption Rate of Nanofibers  

To perform a water absorption test, all nanofibers were cut as 1x1 cm squares from the 

area of each nanofiber that has a similar thickness. Each sample was dried well and 

humidity was removed.  Shortly, each sample was weighed before the test and 

recorded as W1. Then, each nanofiber was soaked into a phosphate buffer solution 

(pH≈7,2; 10 mM,) and gently shaken for 24h at 37 °C and 150 rpm.  The next day, 

soaked samples were weighted and recorded as W2. Water absorption was performed 
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in 3 replicates and each nanofibers’ weights were measured 3 times and statistically 

analyzed using ordinary one-way ANOVA Tukey’s multiple comparisons test by 

GraphPad Prism version of 8.4.2. The absorbed water amount relative to the initial 

weight  of nanofibers were found by employing the equation 2.1 below[61];    

 

 %W =
W2-W1

W1
x100 (2.1) 

Biodegradation of Nanofibers  

First, artificial cerebrospinal fluid (CSF) contains 124mM NaCl, 2 mM KCl, 2mM 

MgSO4, 1.25 mM NaH2PO4, 2mM CaCl2, 26mM NaHCO3, 10 mM D-glucose were 

prepared in sterile water (pH≈7.4)[63]. Then, nanofibers were cut as 1x1 cm and dried 

by vacuum-oven overnight. After weighting (W1), nanofibers were soaked into 

artificial CSF at 37 °C and shake gently at 150 rpm.  Nanofibers were weighted as W2 

at 1st, 2nd,7th,14th and 28th days. Before weighting, nanofibers were washed with 

distilled water roughly twice to prevent mineralization and dried for 48h again in a 

vacuum oven to remove CSF thoroughly. The experiment was performed in triplicate 

and each nanofiber was weighted three times. Results were statistical analyzed with 

two way ANOVA- Tukey’s multiple comparisons test by GraphPad Prism version of 

8.4.2. The deficiency of nanofibers’ weight was calculated according to equation 2.2 

given in below ; 

 %D =
W1-W2

W1
x100 (2.2) 

Determination of Surface Wettability   

Contact angle test was performed to assess hydrophilicity of NF0, NF100 and NF250 

surface according to cytotoxicity and water absorption results. First, nanofibers were 

cut into 1x1 cm and attached cover glass to have straight surfaces. The attached 

nanofibers dried under vacuum before analysis. Contact angle (θ) between water drop 

and sample surface measured by Attension Theta.  
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Cytotoxicity of Nanofibers 

Cytotoxicity of nanofibers given in Table 2.1 was tested by extraction method 

according to ISO 10993-5. Nanofibers were dried in an oven for 3days and cut in 

rectangular (2 x 3cm) shape then each surface was sterilized by ultraviolet radiation 

for 1h. Then, they immersed in 1 mL complete medium for (24±2)h at (37±1)℃ to 

extract their reservoir. After that, L929 fibroblast cells at the concentration 7x103 

cells/well were exposed to extractions and cell viability was determined for 3 days by 

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Cells 

were incubated with 10μl MTT stock solution (5mg/mL) and 100μl serum-free 

medium. Formazan crystals dissolved with dimethyl sulfoxide (DMSO) and 

absorbance of viable cells was measured by multi-mode spectrophotometry at 570 nm. 

Results were analyzed statistically with two-way ANOVA, Tukey’s multiple 

comparisons test by GraphPad Prism version of 8.4.2. 

2.1.2.3 Synthesis of Mesoporous Silica Nanoparticles Drug Carrier and 

Curcumin Loading 

MSN were synthesized by the sol-gel method. Cetyltrimethylammonium bromide 

(CTAB) was used as a structure-directing agent and tetraethyl orthosilicate (TEOS) 

was used as a silica source. Briefly; the synthesis solution was prepared by mixing the 

reagent at the molar ratios in the given order 936.144 H2O: 0.121 CTAB : 0.308 NaOH: 

72.8 EtOH: 1 TEOS. Fluorescein-5isothiocyanate (FITC) labeling was prepared by 

mixing FITC and aminopropyl triethoxysilane (APTES) at the molar ratios of 1:3 in 

2mL ethanol for 2 hours under vacuum. FITC solution was added to the synthesis 

solution after adding EtOH and finally, TEOS was added dropwise. The ratio between 

TEOS and APTES was calculated as 100:1. The synthesis solution was let stir 

overnight at 33 ℃ and protected from direct light. Structure directing agent (CTAB) 

was removed by employing solvent extraction 3 times and afterward washed with 

absolute ethanol as the final step of extraction and dried for further usage[64] and 

referred to as MSN-F. 

Amine functionalization of MSN was performed by surface modification with 

polypropylene imine (PPI) to improve the drug loading capacity. Firstly, MSN were 
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dried under vacuum for 20 min and transferred to a Schlenk tube. 50 mg MSN were 

well sonicated in 5 mL toluene. After that, 5 µl acetic acid and 50µl azetidine were 

added and the solution was vacuumed. The reaction was occurred with reflux and in 

oil bath at 60 ℃ for 24h. The next day, the solution was collected by centrifuge and 

washed three times with EtOH. FITC labeled and amine-functionalized MSN were 

marked as MSN-F-PPI and dried for further use [65–67].  

Curcumin was loaded into MSN-F-PPI by solvent immersion method to obtain 

adsorption isotherm. Briefly, 20 mg MSN-F-PPI were dispersed in 10 mL cyclohexane 

and sonicated for 30 min. Curcumin with starting concentrations 5%,10%, 25%, 50% 

w/w were added to MSN-F-PPI suspensions and sonicated for 40 min then let stir 24h 

at room temperature. The next day, curcumin loaded MSN-F-PPI (MSN-Cur) 

centrifuged and dried in an oven [68,69]. 

2.1.2.4. Characterization of Mesoporous Silica Nanoparticles  Drug 

Carriers 

Morphology of MSN Before and After Surface Modification 

MSN-F and MSN-F-PPI were dried under a vacuum oven for overnight to observe 

their morphology by SEM. In short, nanoparticle powders were transferred onto a 

sample holder and coated with gold before the examination. Average particle diameter 

was measured by Image J software before and after modification. 

Hydrodynamic Radius and Zeta Potential of MSN  

The polydispersity index (PDI) of MSN-F, MSN-F-PPI, and MSN-Cur were 

determined by dynamic light scattering (DLS; Malvern Nano ZS 90 Zetasizer).Surface 

net charge of MSN-F, MSN-F-PPI was determined by zeta potential measurements 

(Malvern Nano ZS 90 Zetasizer) and hydrodynamic radius by DLS. Samples were 

prepared in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer solution 

(HEPES; pH≈7.2) at a concentration of 200µg/mL by sonication to prevent further 

agglomeration.  
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Surface Area and Amine Surface Modification Characterization 

Amine surface modification amount of MSN-F-PPI was confirmed by 

thermogravimetric analysis atmosphere (TGA; TA Instruments, The Q600) between 

30-600 ℃ with 10℃/min under atmosphere and surface area of MSN-F were analyzed 

with Brunauer–Emmett–Teller (BET; Micromeritics Instruments, 3 Flex 

Physisorption) method. 

Curcumin Loading Capacity of MSN 

Curcumin loading capacity of MSN and adsorption isotherm were calculated by 

employing spectrophotometric measurements. Before starting the investigations 

standard curve of curcumin which was prepared by dissolving curcumin in ethanol at 

1, 5,10,20,50,100,200 μg/mL concentrations were performed and the absorbance 

values were determined at a wavelength of 425 nm with UV-vis spectrophotometer 

(Perkin Elmer Lambda 950). During investigations 0.25 mg/mL MSN-Cur was 

dispersed in ethanol and the loaded curcumin from the MSN matrix was eluted in 

ethanol with the help of ultrahigh sonication and stirring for 2h. After that, the 

suspension centrifuged and supernatants measured spectrophotometrically at 425 nm 

and calculated by employing the standard curve equation.  

Cytotoxicity of MSN as Curcumin Carrier 

Cytotoxicity analyses of MSN-F-PPI were evaluated on L929 mouse fibroblast cells 

at concentration of 7x103 cells/well in order to identify the safe dosing of MSN carrier 

to be employed with NF.  Briefly, MSN-F-PPI were diluted at concentrations of 

5,10,20,50,100,200μg/mL with cell culture medium and were added onto cells. Cell 

viability was quantified by an LDH Cytotoxicity WST assay (Enzo Life Sciences) 

according to manufacturer instructions. Results were analyzed statistically with two-

way ANOVA, Dunnett’s multiple comparisons test by GraphPad Prism version of 

8.4.2. 
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2.1.2.5. Spin-coating of Curcumin loaded Mesoporous Silica 

Nanocarriers on Nanofibers 

NF100 were selected for MSN-Cur accommodation as the NF100 composition with 

the highest cytocompatibility. First of all, nanofibers were cut circular and sealed on 

12mm cover glass after those nanofibers were wetted with HEPES buffer solution 

containing 0.1% w/v tween80 to prevent structural damage and treated by air dielectric 

barrier discharge plasma that was operated at 20kHz, and 40kV with 2,64 mm of 

discharge gap for 2minutes to alter surface wettability.  

Furthermore, MSN-Cur (40,100,200μg) was accommodated onto nanofibers by spin 

coater (Laurell Technologies Corporation; model WS-400BZ-6NPP/LITE) operating 

at 500 rpm for 5sec followed by 4000 rpm for 60sec (acl= 022 rpm). Spin coated 

nanofibers given in Table 2.2 below were dried at 30 ℃ overnight. 

 

Table 2.2: MSN-Cur spin-coated  nanofibers 

 
 

2.1.2.6. Characterization of MSN Spin-coated Nanofibers   

In this part of the study, the performances of NF with MSN-Cur accommodation was 

evaluated to investigate their potential as biocompatible local drug delivery system as 

synthetic dura grafts. 
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Determining the Topology of NF-MSN-Cur Drug Delivery System 

Samples had given in Table 2.2 were investigated to determine nanoparticle 

distribution and morphology by SEM. Samples were dried at 30 ℃ in the oven for 

overnight to remove humidity and coated with gold before the examination.  

Cytotoxicity of NF-MSN-Cur  

Cytotoxicity of nanofibers from Table 2.2 was tested by direct contact method 

according to ISO 10993-5. Experimental groups had been shown in Table 2.2 were 

sterilized by ultraviolet radiation (UV) for 1h. In addition, NF100 and only cover 

glasses were performed as control groups.  Before cytotoxicity investigations, L929 

mouse fibroblast cells seeded onto 24 -well plate at the concentration 5x104 cells/well. 

Cells were incubated overnight and let attach to plate surface. Next, cells were washed 

gently 2 times with sterile phosphate buffer saline to remove dead cells. After that, 

samples were placed carefully onto cells directly and incubated for 24h, 48h and 72h. 

Cell viability was determined with MTT assay for 3 days. Briefly, samples were 

removed and cells were washed gently 2 times with sterile phosphate buffer saline. 

Cells were incubated with 50μl MTT stock solution (5mg/mL) and 500 μl serum-free 

medium. Formazan crystals dissolved with DMSO and absorbance of viable cells was 

measured by multi-mode spectrophotometry at 570 nm. Results were analyzed 

statistically with two-way ANOVA, Tukey’s multiple comparisons test by GraphPad 

Prism version of 8.4.2. 

2.1.3. Determination of Curcumin Release from Nanofibers  

Curcumin release was performed in phosphate buffer solution (pH≈7.2; 12mM) 

containing 0.1%w/v Tween80 which will be referred to as release medium in the rest 

of the work. NF100-MSN-Cur (100) and uncoated NF100 were immersed in a release 

medium in the shaker at 37 ℃ and 150 rpm. Curcumin release from samples was 

determined by measuring release medium at 0.5h, 2h, 4h, 6h, 8h, 24h, 30h, 48h, and 

52h with spectrophotometry. Cumulative release amount was calculated with standard 

curve comprising various curcumin concentrations in release medium. Uncoated 

NF100 was used as background.  The release profile was determined in 3 replicates 
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and measured 3 times. Results were analyzed statistically with Ordinary one-way 

ANOVA, Sidak’s multiple comparisons test by GraphPad Prism version of 8.4.2.Also, 

spin coated curcumin amount was calculated on NF100. Briefly, spin coated NF100 

were dissolved in chloroform at the concentration of 1mg/mL and curcumin 

absorbance measured with spectrophotometer at 420 nm. Curcumin amount were 

calculated by standard curve that comprising of varied curcumin amount and NF100 

in chloroform.  

2.1.4.  Cell Attachment Investigations on  NF100-MSN-Cur  

The impact of NF100-MSN-Cur (100) on cell proliferation and attachment were 

investigated by L929 mouse fibroblast cell line. First of all, NF100-MSN-Cur (100) 

were sterilized for 1h under ultraviolet radiation and conditioned in a cell culture 

medium for 30 min. Each sample was seeded with 75μL L929 cell suspension (3x104 

cells) and incubated for 2 hours for cell adhesion. After that, cell suspensions were 

removed, samples were washed with PBS once and a fresh cell culture medium was 

added to each sample. Cell nuclei stained by 4′,6-diamidino-2-phenylindole (DAPI) 

according to manufacture instructions (Merck Millipore, Catalog No.FAK100) to 

observe cell adhesion and proliferation on nanofibers at 2h, 24h, 48h and 7days. 
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Chapter 3 

3.1. Results and Discussion  

3.1.1. Design of NF based local drug delivery system 

3.1.1.1. Characterization of electrospun nanofibers with different 

polymer blends 

Morphology  

The morphology of electrospun nanofibers was examined by SEM. It was observed 

that a random and porous structure (in Figure 3.1) was employed for all nanofiber 

groups as expected. Although blending of mPEG: PEI did not affect the random and 

porous structure of nanofibers, NF0 and NF250 exhibited slightly thick junction 

formation which might cause by inhomogeneity. Fiber diameter distribution was 

determined by MATLAB for each nanofiber group and found that NF0 average 

diameter was approximately 500 nanometer (nm) whereas blended nanofiber groups 

fabricated with diameter mostly less than 500 nm. Nanofiber diameters can be affected 

by polymer concentration, volatility, molecular weight, viscosity, polarity, surface 

tension, surface free energy or conductivity also electrospinning setup parameters such 

as nozzle and collector distance or humidity [70]. For instance, it has been shown that 

PEI blending into PCL solution was effective for tuning nanofiber diameter. It was 

found that PCL/PEI blended nanofibers had smaller average diameters (150.4±33 to 

220.4±32 nm) than PCL (473.3±65.2 to 1475.9±91.1 nm) which provided a higher 

surface area to volume ratio for biological studies[25]. Similarly, our results revealed 

that mPEG: PEI blending did not alter the interconnected porous structure and 

morphology of nanofibers however, it causes the formation of nanofibers with a 

smaller diameter. 
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Figure 3.1: Electrospun nanofiber SEM images, (a) NF0, (b) NF100, (c) NF200, (d) 

NF250, (e) NF300 
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Water Absorption rate 

Average thickness of nanofibers was measured approximately 50-100 micron by 

caliper. Water absorption of NF0, NF100, NF200, NF250 and, NF300 was found 

57.72±35.05%, 42.42±10.4%, 4.9±3%, 41.7±26.4%, 10.5±4% respectively (Figure 

3.2). Water absorption rate results did not show any significance according to the 

blending ratio of mPEG: PEI. The reason behind it was though for the varied water 

absorption rates might cause because of diversity in pore size and thickness of 

nanofiber groups. Wang et al. developed a nanofibrous dura membrane scaffold and 

compared it to commercial dura scaffolds. Their scaffolds showed 56.2 ± 2.1% water 

absorption rate whereas commercial scaffold’s was 91.4 ± 2.3% and indicated that 

lower water absorption rate cause decreased stress on brain tissue [61]. In the light of 

literature, NF0, NF100 and NF250 which showed water absorption rate of nearly 50% 

were prominent groups for further experiments. 
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Figure 3.2: Water absorption rate of electrospun nanofibers. Data are represented as 

mean±SD. ns (p≥0.05) indicates no statistical significance. 
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Biodegradation and Wettability 

Differently blending nanofiber did not show significant degradation except NF100 and 

NF200 during 14 days as it can be shown in Figure 3.3 because of the hydrophobic 

nature of PCL. PCL is known for its slow degradation rate which may last two to three 

years [71]. Similarly it has been shown in studies from literature nanofibrous scaffolds 

composed with  PCL  did not show degradation until 14 days and 8 weeks[72,73]. In 

addition, according to cytotoxicity results only NF0, NF100 and NF250 groups were 

investigated in terms of wettability. Several studies revealed that surface wettability 

can be enhanced by adding hydrophilic molecules into polymer solutions. Gordegir et 

al. indicated that blended PCL (Mw; 80.000) and PEI  (50% w/v) nanofibers’ surface 

contact angle was measured as 53.59° ± 3.17°, 49.7° ± 1.44° and 44.88° ± 4.04° 

respectively whether  PCL-PEI  ratios were 1:1, 1:2 and 2:1 w/w %[74]. Another study 

indicated that, methoxy polyethylene glycol (mPEG;Mw:5000) blended PCL (Mw: 

70,000–90,000) nanofibers showed decreased contact angle in comparison to pristine 

PCL and as the mPEG ratio increased (PCL-mPEG (5, 10, 20, and 30%W/V)), surface 

contact angle(102±8°, 85±5°, 71±9°,  63±3° respectively) was found lower at the 1:1 

PCL and mPEG ratio[75]. On the other hand, our contact angle analyses were showed 

that surface wettability of blend polymers did not alter according to pristine PCL 

(Table 3.1) and found in the range of 116–135◦ which is known for PCL[76]. Although 

there are studies in terms of adding mPEG and PEI that has decreased the surface 

contact angle our results were not corresponding. These results were concluded as the 

presence of mPEG content together with PEI (mPEG: PEI) in PCL blend promotes the 

amphiphilic nature and the PCL was predominant polymer into electrospun 

nanofibers[77]. Therefore mPEG: PEI did not alter the surface wettability and 

degradation because of the amphiphilic nature of blend. But, NF100 was treated with 

air dielectric plasma to overcome hydrophobicity. It was observed shortly after plasma 

treatment and wetting NF100 water contact angle was measured as 52.6 ° by Image J 

low bond axisymmetric shape analysis (LBADSA).  

On the contrary insignificant degradation, certain nanofiber groups showed absorption. 

It was thought that the highly porous structure of nanofibers might induce absorption 

whereas the hydrophobic nature of PCL limits the degradation. 
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Table 3.1: Water contact angle of nanofibers 
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Figure 3.3: Biodegradation rate of electrospun nanofibers. Data are represented as 

mean±SD, **p < 0.01, *p < 0.05 no asterisk indicates no statistical significance. 

 

Cytocompatibility 

Cytotoxicity of nanofibers was performed with L929 mouse fibroblast cells by 

extraction method. It was showed in Figure 3.4 that all nanofibers show more than 

60% cell viability at each time point. In detail, NF100 had the greatest cell viability 
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among all nanofiber groups for 24h. Although cell viability of NF100 reduced at 48h 

and 72 hours it was found nontoxic and had a similar or higher viability rate to its 

counterparts. Most importantly, NF100 has greater cell viability than pristine PCL for 

72 hours where the lowest viability of NF100 was 85% as well. It was stated in 

literature PCL/PEI nanofibers allow more fibroblast viability as compared to pristine 

PCL due to the hydrophilic and cationic properties of PEI. In the contrast, an increased 

amount of PEI cause to decrease in viability [25]. Therefore, PEI can be modified to 

reduce toxicity with PEG biocompatible polymer. PEGylation of PEI is advantageous 

for increasing polymer solubility, biocompatibility and biodegradable linkages [78]. 

NF100 comprised of the highest mPEG: PEI as well as the lowest amount of PCL 

among nanofibers groups. Also, even there was no significance, NF100 was solely 

degraded for 24h approximately 10% relative to its initial weight. Therefore, it was 

considered the degradation of NF100 might cause mPEG:PEI release during extraction 

of it by immersing in cell culture medium for 24h. So, significantly increased cell 

proliferation of NF100 can be associated with degradation of nanofiber in 24h and 

positive effect of mPEG: PEI on fibroblast cells with less PCL content. 
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Figure 3.4: Cytotoxicity results of blended nanofibers at 24, 48 and 72 hours. Data 

are represented as mean±SD, ****p < 0.0001, *p < 0.05 and no asterisk indicates no 

statistical significance.  
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3.1.1.2. Synthesis of Mesoporous Silica Nanoparticles Drug Carrier and 

Curcumin Loading 

Morphology   

According to SEM images, spherical and non-aggregated nanoparticles were obtained. 

It was confirmed by SEM images in Figure 3.5 surface modification did not cause any 

morphological changes on MSN morphology. Average particle diameter was found 

300 nm by measuring Image J software before and after surface modification.  

 

 

 (a)                                               (b) 

Figure 3.5: SEM images of MSN before and after amine modification, (a) MSN-F, 

(b) MSN-F-PPI 

 

Net Surface Charge and Hydrodynamic Radius of MSN  

Zeta potential results shown in Table 3.2 pristine MSN-F had negatively charged due 

to silanol groups on surfaces however it was seen positively charge amine groups were 

grafted of MSN-F surface successfully. It was known that high magnitude of zeta 

potential aid to have well-dispersed nanoparticles. Amine modified nanoparticles did 

not show a significant difference in hydrodynamic diameter size. However, amine-

modified nanoparticles had less hydrodynamic diameter which is indicated good 

colloidal stability. SEM diameter results and hydrodynamic radius of MSN were found 

consistent before and after surface modification. MSN in suspension showed larger 

diameter than powder MSN as it expected. Moreover, according to PDI values both 
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MSN were shown as monodisperse. But, it can be stated from Table 3.2 amine 

modification improved dispersibility of MSN-F due to obtained less than 0.1 PDI value 

which indicates perfectly uniform distribution [79].   

 

Table 3.2: Zeta Potential and DLS results before and after surface modification 

 
 

Surface Area and Amine Modification 

The surface area of MSN-F was investigated by BET and found 1013 m2/g. Result was 

revealed  as high large surface area as typical MSN [80]  which is advantageous for 

high drug incorporation and nanofiber integration. Amine modification amount on 

MSN-F-PPI was determined by TGA and the result showed that 7.8 w/w % of PPI was 

grafted successfully (Figure 3.6). 

 

 

Figure 3.6: Amine modification amount 
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Curcumin loading capacity 

Curcumin loading onto MSN-F-PPI showed linear adsorption isotherm. According to 

figure 3.7 initial concentrations 25% and 50% (w/w) had highest loading degree (w/w). 

To determine the concentration for further experiments both concentrations were 

loaded to MSN-F-PPI and their PDI values evaluated. Table 3.4 showed that PDI value 

of 25% w/w loaded MSN-F-PPI was found less than 50% loaded. Due to less PDI 

value employing a better dispersibility which is a significant for accumulation of 

nanoparticles on nanofiber curcumin loading was performed with 25%w/w starting 

concentration and the loading degree of curcumin into MSN-F-PPI was found 

26.8w/w. 

 

Figure 3.7: Curcumin loading adsorption isotherm 
 

Table 3.3: PDI values of loaded MSN-F-PPI 
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Cytocompatibility 

L929 mouse fibroblast cells were treated with 5,10,20,50,100 and 200 µg/mL MSN-

F-PPI suspensions for 48h. Results in figure 3.8 showed that cell viability has an 

insignificant decrease while nanoparticle concentrations increasing, however, only at 

5 and 200 µg/mL concentrations were found significant for 24h in comparison to each 

concentration. More than 70% cell viability was measured for 5, 10, 20, 50, 100 µg/mL 

at 24h.The next day, MSN-F-PPI showed highly toxic effect at 20, 50, 100 and 

200µg/mL concentrations although the cell viability did not decrease significantly at 5 

and 10 µg/mL which referred that toxicity of MSN-F-PPI was concentration-

dependent. Studies had shown that cationic dendrimers such as PPI were highly toxic 

both in vitro and in vivo[81] more than neutral or anionic dendrimers because of the 

tendency to bind negatively charged cell membrane [82]. Similarly, Najafi et al. 

showed that increasing grafting PPI dendrimer ratio onto gold nanoparticles cause to 

decrease in cell viability on human fibroblast cells due to cationic primary amines [83]. 

Although high toxicity, cationic groups are used in medical applications such as gene 

transfection [82]. Consequently, several strategies are needed to reduce the toxicity of 

cationic dendrimers while preserving their functionality. 
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Figure 3.8: Cytotoxicity results of MSN-F-PPI. Data are represented as mean±SD, 

****p < 0.0001, ***p <0.001,p** <0.01,*p < 0.05 and no asterisk indicates no 

statistical significance in comparison control group.  
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3.1.1.3. Spin-coating of Curcumin loaded Mesoporous Silica 

Nanocarriers on Nanofibers 

Topology 

Firstly, uncoated NF100 nanofibers were wetted with 0.1% tween 80 containing 

HEPES buffer and treated with air dielectric plasma to increase the surface 

hydrophilicity of PCL. It has been stated hydrophilicity of electrospun scaffolds can 

be improved by plasma treatment [84,85]. Air dielectric plasma parameters were 

optimized according to SEM of NF100 after treatment which did not cause 

morphological damage on nanofibers (Appendix A).  

MSN-Cur were accumulated onto wetted nanofibers at various concentrations 

(40μg,100 μg and 200 μg) by spin coating technique at 4000 rpm with a spinning time 

of  1min. SEM images in Figure 3.9 showed that nanofibers kept their porous structure 

and did not damaged after spinning and air dielectric plasma treatment. Besides, 

nanoparticles preserved their spherical shapes onto surfaces and pores of nanofibers 

they clustered and not uniformly distributed. The heterogeneous distribution might 

occur due to local surface energy discrepancies and hydrophobic zones of nanofibers 

[46]. 
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Figure 3.9: SEM images of spin coated MSN-Cur on nanofiber ,(a) NF100-MSN-

Cur(40), (b) NF100-MSN-Cur(100), (c) NF100-MSN-Cur(200) 

 

Cytocompatibility 

Direct cytotoxicity of NF100-MSN-Cur (40), NF100-MSN-Cur(100), NF100-MSN-

Cur(200), the test was performed on L929 mouse fibroblast cell line for 3days to 

determine the non-toxic concentration of MSN-Cur. Although in 2nd and 3rd days, 

starting concentration of MSN-Cur did not have any significance in figure 3.10, cell 

viability was found more than 80% for each group. Besides, MSN-Cur accumulated 

nanofiber induce cell viability for each concentration in 24h in comparison to the 
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control group. Most importantly, integration of MSN-F-PPI and NF-100 reduce the 

toxicity of MSN-F-PPI especially at high concentrations and enhance cell viability.  
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Figure 3.10: Cytotoxicity results of MSN-Cur spin-coated NF100, Data are 

represented as mean±SD, p** <0.01, and no asterisk indicates no statistical 

significance. 

 

3.1.2. Determination of Curcumin Release from Nanofibers  

Curcumin release profile was investigated in phosphate buffer solution containing 

0.1% tween 80 for 0.5, 2, 4, 6, 8, 30, 48 and 52h (figure 3.11). Drug release from a 

biodegradable carrier is mainly occurred by polymer degradation or molecule diffusion 

thereby polymer properties are noteworthy to diversify drug release profile. For 

instance, diffusion of drugs is more expected instead of polymer degradation aided 

release in an aqueous medium for PCL due to its poor water solubility[86]. Spin coated 

curcumin amount was determined with standard curve in chloroform and it was found 

that 1 mg/mL NF100 accumulated with 0,160 µg/mL curcumin. It was observed that 

NF100-MSN-Cur (100) had a sustained release profile which allows the curcumin 

presence on the target area for a prolonged time. However, decreasing release amount 

was examined at 4h and 8h and it was thought that released curcumin into release 

medium was reabsorbed by nanofibers and caused decreased curcumin concentration 
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into surrounding release buffer according to the absorption capacity of nanofiber. In 

another view of results, our local drug delivery system showed curcumin release was 

independent of polymer degradation because of predominant polymer into the bulk 

structure of carrier was PCL which had little degradation in CSFs due to its high 

hydrophobicity. Curcumin was found into release medium during 52h with 

insignificant alterations that provides dose and frequency reduction and uniform drug 

amount at the targeted area over time. Also, the release profile of NF100 MSN-Cur 

(100) and cytotoxicity results were found consistent. It was concluded as cell viability 

can be affected by sustained release profile for long term. Results were indicated that 

our local drug delivery system successfully carried the hydrophobic drugs within MSN 

and corporation with nanofibers provided the sustained release. 

 

Figure 3.11: Curcumin release profile of NF100-MSN-Cur (100), Data are 

represented as mean±SD, no asterisk indicates no statistical significance. 

 

3.1.3. Cell Attachment Investigations on  NF100-MSN-Cur 

Fibroblast cells adherence on NF100-MSN-Cur (100) were observed by staining cell 

nuclei with DAPI for 2h, 24h, 48h, and 7days (figure 3.12). Images showed that MSN-

F-Cur (100) coating did not limit the fibroblast cells adherence to nanofibers. It was 

determined that MSN, curcumin, and nanofibers improve cell proliferation and cell 
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attachment. Existing silanol groups in silica cause an interaction with phospholipids 

which affects the cellular uptake. Moreover, silica nanoparticles are more stable 

against mechanical stress or degradation than liposomes and dendrimers because of 

the presence strong Si-O bond[36]. Quignard et al. examined the efficiency of soluble 

and nanoparticulated silica for migration and proliferation on human skin fibroblast 

cells. It was found that silica nanoparticles have a rapid effect and a delayed effect on 

wound healing due to the dissolution of particles thereby caused releasing of 

orthosilicic acid. However, positively charged silica nanoparticles enhance wound 

healing faster than soluble orthosilicic acid. Also, silica did not show toxicity in all 

forms tested and concentrations[87]. Our cell attachment results corresponded to drug 

release profile was effective on cell proliferation due to presence of at least 52 hours 

in the surrounding medium according to its sustained release profile. It was showed 

that drugs are effective on wound healing and cell proliferation processes overtimes 

by taking advantage of sustained release. Another advantage of our design was while 

MSN and incorporated drug employing therapeutic benefit for cells nanofibers 

provides a mechanical support and extracellular matrix like environment to enhance 

cell proliferation and tissue regeneration.  

 

Figure 3.12: Microscope images of fibroblast cell adherence on nanofiber for (a) 2 

hours, (b) 24 hours, (c) 48 hours, (d) 7 days (Magnification of images is 20x) 
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Chapter 4 

4.1. Conclusion 

Local drug delivery systems have a vital role to overcome limitations of conventional 

drug delivery approaches. Especially, delivery of hydrophobic drugs is needed to 

develop novel systems. Integration of nanofibers and nanoparticles can be served as a 

local drug delivery system to improve delivery of hydrophobic therapeutic agents 

whereas supporting the functionality of targeted site. In this thesis development of 

nanoparticle integrated nanofibers was evaluated as a dura substitute. Our results were 

revealed that nanofiber properties can be altered by varied blend composition and 

integration of nanofibers with nanoparticles limits the toxicity of nanoparticle 

suspensions. Cell attachment and cytotoxicity studies showed that, designed system 

did not have negative effect on cell viability contrary, it induced the cell proliferation 

at 24h. It was considered as sustained release enable to long term and controlled 

delivery of curcumin without polymer degradation and alter the cell viability. It was 

concluded that hydrophobic drugs can be successfully carried into MSN and released 

from nanofibers. It was achieved that our design enables to employ therapeutic activity 

directly at the lesion site while providing a mechanical support and a promotive 

environment for cell proliferation and tissue regeneration. Although interconnected 

porous and extracellular matrix like structure of nanofibers supplies mechanical 

reinforcement and cell attachment, detailed studies are needed for mechanical strength 

of nanofibers as a dura membrane substitute.  
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