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Abstract 

 

A NANOFIBER-STRUCTURED BIOPOLYMER     

FOR ADVANCED DRUG DELIVERY SYSTEMS 

 

By 

 

Chun Gwon Park 

 

Interdisciplinary Program in Bioengineering 

The Graduate School 

Seoul National University 

 

 This dissertation is focused on the design, fabrication and 

evaluation of novel drug-delivery devices based on nanofiber-

structured biopolymers. Two advantageous features of nanofiber-

structured biopolymers (i.e., high specific surface area and micro-

porosity) are utilized to obtain effective delivery of drugs at the 

desired sites, hence enhanced disease treatments. 

Firstly, we fabricated nanostructured microparticles (NMs) to 

utilize the feature of their large specific surface area. The NMs 

contained a mucoadhesive polymer as drug carrier to achieve 
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prolonged retention of microparticles in the preocular surface and, 

thus, to obtain higher bioavailability of ocular drugs. To prepare the 

NMs, nanofibrous sheets were first prepared with poly (lactic-co-

glycolic acid) (PLGA) and polyethylene glycol (PEG) as a diffusion-

wall material and a mucoadhesion promoter, respectively. The sheet 

was then freeze-milled to obtain the NMs. The NMs containing 

brimonidine as a model drug were formulated in a rapidly dissolving 

dry tablet of poly vinyl alcohol (PVA). For the in vivo evaluation, the 

tablet of drug-loaded NMs was administered into the lower cul-de-

sac of the rabbit eye, where the intraocular pressure (IOP) was 

measured at the scheduled times. The NMs appeared to be composed 

of randomly oriented nanofibers to give a rough surface, resulting in 

a 13-fold increase in specific surface area, as compared with 

conventional spherical microparticles. Thus, the NMs better adhered 

to the eye surface when incorporated with a mucoadhesive material, 

PEG, while releasing the drug to the eye surface in a sustained 

manner. Hence, the IOP-lowering effect of brimonidine improved 

more than two-fold, as compared with Alphagan-P, the medication 

already approved in clinical use.  

Secondly, we developed a nanofibrous sheet-based system 

to utilize its feature of micro-porosity and eventually to achieve the 

linear release of the oral drug, nifedipine. The nanofibrous sheets of 

micro-porosity were first fabricated by the electrospinning method, 

using PLGA, a biocompatible polymer. The sheets were then used as 

a drug-diffusion barrier by capping and sealing a compressed table 
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that consisted of nifedipine and a solubility enhancer, 

polyvinylpyrrolidone. In this work, nanofibrous sheets of different 

thicknesses were prepared in order to vary the rate of drug diffusion. 

An in vitro drug-release study revealed that as the sheet thickness 

increased, drug release became more retarded, and a lag phase of 

drug release became more evident. We realized linear drug release 

by combining two distinctly capped tablets, each showing a different 

drug release, which exhibited an almost linear release of nifedipine 

during 24 h (R2 > 0.986). Therefore, we concluded that combining 

two tablets, each capped with nanofibrous sheets of different 

thicknesses, is a promising method of linear delivery for oral drugs.  

We also developed an esophageal stent coated with a 

nanostructured polymer of micro-porosity for sustained delivery of 

an anticancer drug, fluorouracil (5-FU). The stents were coated with 

drug-loaded PLGA nanofibers (DPN) using the electrospinning 

method, which exhibited a sustained drug-release pattern for up to 

6 days. To extend drug release, we also added the nanofiber layers 

composed of PLGA alone (PN), surrounding the DPN layer, as a more 

resistive diffusion barrier. In this way, the period of drug release 

could be extended to 21 days with the DPN layer topped with another 

192-μm thick PN layer. Therefore, we envisioned longer periods of 

drug-release with the thicker PN layers, obtained simply with a 

longer collection time of PLGA nanofibers using electrospinning. 

Overall, we concluded that the drug-delivery esophageal stent 

prepared in this study is beneficial in the long-term treatment of 
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dysphagia due to esophageal cancer. 

 

Keywords : biopolymer, drug delivery system, electrospinning, 

micro-porosity, nanofibers, specific surface area 
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Chapter 1 

 

 

Introduction 

 

1.1 Biopolymers 

 

Biopolymers are a class of polymers that function in contact 

with living tissues without any complications or adverse side effects, 

and thus can be used in vivo for medical and pharmaceutical purposes 

(Table 1.1 and Table 1.2)[1, 2]. Biopolymers can be either synthetic 

or natural polymers, and they can also be classified into degradable 

or non-degradable polymers (Table 1.1) [1]. In many cases, natural 

polymers are biodegradable and biocompatible, but they are often 

limited in batch-to-batch variation due to difficulties in purification. 

Synthetic polymers, on the other hand, are easily modifiable and can 

be prepared with a wide range of compositions. For this reason, 

1 

 



 

synthetic polymers are preferred to natural polymers in the 

biomedical field (e.g., for drug-delivery systems and tissue 

engineering). Biodegradable polymers naturally degrade in the body 

in response to biological conditions, and they yield degradation 

products that also need to be bio-inert in the body. The 

biodegradation time of materials can be controlled by varying the 

ingredients and terminal groups of the materials, depending on their 

usage. Biodegradation can result from enzymatic, chemical, or 

microbial reactions, and it is often affected by various factors (Table 

1.3). 
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1.2 Nanofiber-structured Biopolymers 

 

Despite the advances in fiber fabrication techniques, including melt-

blowing and multicomponent processes, increasing attention has been 

paid to electrospinning in recent years for the production of 

continuous nanofibers with dimensions down to the nanometer range, 

using various materials, due to its flexibility, versatility, and ease of 

fiber production [3, 4]. For this reason, there has been a dramatic 

increase in the number of publications associated with 

electrospinning in the past few years (Figure 1.1).  

Four major elements are required for a typical electrospinning 

process: a high-voltage direct-current power supply, a metallic 

needle with a blunt tip, a syringe for ejecting the polymer solution, 

and a grounded conductive collector (Figure 1.2) [4]. A polymeric 

solution or melt is ejected through a thin metallic needle at a 

controlled rate by a syringe pump and a droplet forms due to the 

confinement of surface tension. When a high electric field of 100–500 

kV/m is applied between the metallic needle and the grounded 

conductive collector (typically 10–25 cm in laboratory systems), 

electric charges are built on the surface of the droplet at the 

spinneret. A cone-shaped deformation of polymer solution, called a 

Taylor cone, then appears once the repulsion among the surface 

charges is strong enough to overcome the surface tension. When a 

higher electric field is applied, the jet is stretched by electrostatic 

repulsion, the solvent is evaporated rapidly, and solidified fibers are 
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deposited on the grounded conductive collector.  

 Generally, almost all polymers can be processed into 

nanofibers by electrospinning, regardless of their source (natural or 

synthetic) or degradability (degradable or non-degradable). 

However, in order to successfully prepare nanofibers of interest, 

experimental parameters must be carefully optimized (Table 1.4).  
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1.3 Features of Nanofiber-structured Biopolymers 

 

Nanofiber-structured biopolymers prepared by electrospinning 

possess various advantages over other conventionally prepared 

biopolymers. Among them, two features are highlighted in this 

chapter: high specific surface area and micro-porosity.  

As the name implies, nanofiber-structured biopolymers are 

composed of nanofibers with diameters ranging from a few 

nanometers to a few hundred nanometers; hence, theoretically, they 

possess a larger specific surface area than in other conventionally 

prepared fibers. The specific surface area of nanofibers can be 

manipulated by altering the fiber diameter. Larger specific surface 

areas could lead to enhanced interactions with surroundings and 

hence are often advantageous in biomedical fields, including wound-

dressing applications for fluid absorption and dermal delivery, and 

tissue engineering for better interaction with cells.  

Nanofiber-structured biopolymers often exhibit high porosity 

due to their nano-size diameter, allowing for high gas or liquid 

permeation. In addition, the pore size could be controlled by varying 

the thickness of the nanofibrous sheets or the diameter of the fibers. 

In this way, a flow of gas or liquid can also be controlled by altering 

the sheet thickness, thereby varying resistive diffusion barriers 

depending on their usage.  
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1.4 Research Aims  

 

The major objective of this dissertation is to develop new drug-

delivery systems using nanofiber-structured biopolymers. For this 

purpose, two features of nanofiber-structured biopolymers—high 

specific surface area and micro-porosity—are used in drug delivery 

systems to obtain sustained delivery of drugs of interest, thus, to 

enhance the treatment of diseases. Nanofibers with high specific 

surface area is used as drug-delivery carriers to topical drug 

delivery to the eye, while micro-porosity is used as diffusion-

barriers to control drug-release for oral route and through 

esophageal stents. 

In Chapter 2, we present rationales for material selection and 

the optimization process for nanofiber-structured biopolymers. 

Among a variety of biopolymers, a suitable biopolymer is selected by 

taking biocompatibility and biodegradability into consideration, and 

some of its applications are discussed. In addition, we have varied 

many parameters in the electrospinning process to optimize the 

nanofibers for use in drug-delivery systems.  

 In Chapter 3, we provide nanostructured microparticles (NMs) 

to better interact with preocular mucosal layers, hence prolonging 

the retention of microparticles. The nanofibrous sheets of high 

specific surface area can be freeze-milled to prepare the NMs while 

retaining their large specific surface area. Once a drug of interest is 

encapsulated in the microparticles, the extent and period of activity 
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of the drug can be enhanced compared with a market product of the 

same kind. 

In Chapter 4, we present a novel method of linear delivery of 

the oral drug, nifedipine, using nanofibrous sheets of micro-porosity. 

Compressed drug tablets were covered and sealed by nanofibrous 

sheets, and various drug-release profiles were expected depending 

on the thickness of the nanofibrous sheets. With the proper 

combination of the two differently capped tablets, we obtained linear 

delivery of the drug, which, in some cases, is highly desirable.  

 In Chapter 5, we attempt to coat and provide drug-delivery 

functionality to medical devices. We chose an esophageal stent to be 

coated by the electrospinning method and an anti-cancer agent to be 

released from the stent for the prevention of re-occlusion. To better 

control drug release, we also coated the drug-free protective layers 

and varied the thickness of the layers by altering the electrospinning 

collection time. 
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Chapter 2 

 

 

Preparation of Nanofiber-structured 

Biopolymers 

 

2.1 Polymer Selection 

 

As we mentioned in Chapter 1.1, synthetic biopolymers are 

preferable to natural biopolymers due to the ease of purification; thus, 

quality control and reproducibility are easier. Among the many 

different types of synthetic biopolymers, the polyester-based 

polymers such as poly (ε-caprolactone) (PCL), poly (lactic acid) 

(PLA), poly (glycolic acid) (PGA) and their copolymer, poly (lactic-

co-glycolic acid) (PLGA) have attracted a great deal of interest in 

the biomedical area due to their excellent biocompatibility and 
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tunability [5].  

 In particular, PLGA is one of the most attractive and widely 

used polymers due to its desirable properties (Figure 2.1): (i) 

Excellent biocompatibility and tunable biodegradability; (ii) FDA and 

European Medicine Agency (EMA) approval in drug delivery systems; 

(iii) easily tunable mechanical properties; (iv) various formulations 

and fabrication methods for the encapsulation of drugs; (v) the 

possibility of sustained and targeted drug release; and (vi) easily 

modifiable surface properties for stealthness or an enhanced 

interaction with living tissues. Thus, it is generally accepted as the 

“gold standard” of biodegradable polymers [6].  

The name PLGA normally refers to the ratios of the two 

monomers used. For instance, PLGA 50:50 is a copolymer of 50 % 

lactic acid and 50 % glycolic acid. PLGA undergoes hydrolysis in the 

body and produces endogenous materials such as lactic acid and 

glycolic acid; hence, it is extremely biocompatible. In addition, the 

biodegradation time of PLGA can be easily adjusted from a few weeks 

to several years, depending on the molecular weight and copolymer 

compositions. PLGA is commercially available with different 

molecular weights, copolymer ratios (lactic acid: glycolic acid) and 

purity grades.  

PLGA can be present in almost any shape and size, depending 

on the fabrication method, and can encapsulate virtually any 

molecules of interest, regardless of their molecular weights or 

properties. In addition, PLGA is soluble in a variety of organic 
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solvents, including chlorinated solvents, tetrahydrofuran, acetone and 

ethyl acetate [7]. Due to this versatility, PLGA has been a common 

choice for the development of medical devices, including grafts, 

absorbable sutures, drug delivery systems, and implantable and 

prosthetic devices [6-9]. One example of a commercially available 

drug-delivery device using PLGA is Lupron Depot, which is now 

used for the treatment of advanced prostate cancer.  

 In this study, PLGA is chosen as a biopolymer to be processed 

to possess a nanofiber structure, which is then applied in drug 

delivery systems. We use PLGA as a drug-delivery carrier for ocular 

drug delivery, and a drug-capping material for oral delivery, where 

the retention of the nanofiber-structured PLGA is within one week 

in preocular surface and gastrointestinal tract. In addition, PLGA is 

used for drug-delivery coating materials for an esophageal stent, 

where the drug release is terminated within one month. For all cases 

used in this study, the nanofiber-structured PLGA was seen to 

maintain its two features (i.e., high specific surface area and micro-

porosity), since we use the PLGA of the known degradation period 

of more than two months (PLGA; 50:50; i.v. 0.36 dl/g, lot number = 

LX00111-68, Lakeshore Biomaterials, AL, USA). Furthermore, even 

if the nanofiber-structured PLGA is left in the body, such as 

preocular surface or gastrointestinal tract, due to unexpected 

circumstances, PLGA eventually degrades in the body, assuring the 

complete elimination after use [10]. In addition, PLGA is highly 

biocompatible and soluble in a wide range of organic solvents, which 
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facilitates its easy-to-vary electrospinning condition, hence 

enabling the fabrication of various nanofiber-structured PLGA. 

 However, the applications for nanostructured biopolymers are 

not just possible with PLGA. Once other biomaterials such as PCL, 

PLA, PGA, polyethylene and polyurethane possess the same profiles 

of specific surface area or micro-porosity, they could also be used 

for the same purposes herein, such as enhanced preocular retention, 

linear delivery of oral drugs and sustained delivery of anti-cancer 

agent from esophageal stent. When a drug of interest is encapsulated 

in the nanofiber-structured biopolymer of different kinds, the drug-

loading amount and release profiles of the drug may need to be re-

optimized. However, with the increase in specific surface area due to 

nanofiber structures, the preocular retention of microparticles can be 

improved by addition of mucoadhesive polymer. When used for oral 

drug delivery or drug-delivery coating, drug release can also be 

controlled by changing the degree of porosity of the nanostructure of 

the polymers. Hence, theoretically, it can be envisioned that any 

types of biomaterials be used for the purposes described in this 

dissertation. 
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2.2 Optimization Process for Nanofiber-structured 

Biopolymers 

 

As shown in Table 1.4, many parameters affect the electrospinning 

procedure, and they can be classified into three main factors: 

Polymer, polymer solution and electrospinning condition. In this 

dissertation, PLGA is used as an example biopolymer and is 

electrospun to give a nanofiber structure. In this chapter, we changed 

the properties of the polymer solution and conditions for 

electrospinning to obtain nanofiber-structured PLGA and to change 

the specific surface area and micro-porosity of nanofibers, as shown 

in Table 2.1.  

 

2.2.1 Variations in Polymer Solution Concentration 

 

Fixed Conditions: Applied voltage, 30 kV; tip-to-collector distance, 

10 cm; polymer-solution flow rate, 0.6 ml/h; polymer molecular 

weight, 39 kDa; rotation speed, 100 rpm. 

Variable Conditions: Solvent = Dichloromethane (DCM) only or 

solvent mixture (DCM: Tetrahydrofuran (THF): Dimethylformamide 

(DMF) = 3:1:1, v/v/v), polymer concentration = 5–30 %. 

 

- The PLGA concentration should be more than 30 % w/v to make 

the nanofiber structure, regardless of solvents used (i.e., DCM 
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only or solvent mixture) (Figure 2.2). 

- When only DCM was used as solvent, not nanofibers but particle 

formation was shown with 5% and 10% PLGA solutions, as 

shown in Figure 2.2 (a, b). 

- Nanofiber structure started to appear with a 20 % PLGA solution, 

but bead formations also appeared on nanofibers (Figure 2.2c). 

- Clear nanofiber structures were obtained with a 30 % PLGA 

solution. 

- However, the use of only DCM as solvent did not produce 

nanofibers with homogenous diameters, possibly due to high 

vapor pressure of DCM.  

- When the solvent mixture was used as solvent, particle formation 

or nanofibers with beads were obtained with 5–20% PLGA 

solutions.  

- An increase in polymer concentration leads to a decrease in bead 

formation, and clear and homogeneous nanofibers were obtained 

with a 30% PLGA solution. 
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2.2.2 Variations in Polymer Molecular Weight  

 

Fixed Conditions: Applied voltage, 15 kV; tip-to-collector distance, 

10 cm; polymer solution flow rate, 0.6 ml/h; polymer solution 

concentration, 30%; rotation speed, 100 rpm. 

Variable Conditions: Solvent = Dichloromethane (DCM) only, or 

solvent mixture (DCM: THF: DMF = 3:1:1, v/v/v), polymer molecular 

weight= 25–58 kDa.  

 

- Varying the molecular weight of PLGA showed that at least 25 

kDa of PLGA should be used to produce the homogenous 

nanofibers, as shown in Figure 2.3. 

- When PLGA with molecular weight of 25 kDa was used for 

electrospinning, nanofibers with bead strings appeared, as 

obtained with the low-concentration polymer in Chapter 2.2.1, 

regardless of the solvents used. 

- An increase in the molecular weight of PLGA resulted in 

nanofibers with thicker diameters, which could be ascribed to the 

increased viscosity of the polymer solution.  

- We obtained more homogenous nanofibers with the solvent 

mixture than with only the DCM when we used the same 

molecular weight of PLGA.  
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2.2.3 Variations in Tip-to-collector Distance  

 

Fixed Conditions: Solvent, solvent mixture (DCM: THF: DMF = 3:1:1, 

v/v/v); applied voltage, 15 kV; polymer-solution flow rate, 0.6 ml/h; 

polymer solution concentration, 30%; rotation speed, 100 rpm; 

polymer molecular-weight, 39 kDa. 

Variable Conditions: Tip-to-collector distance = 5–15 cm. 

 

- When the tip-to-collector distance was 5 cm or less, the solvent 

did not evaporate and the PLGA solution was deposited on the 

collector before it formed the nanofiber structure (Figure 

2.4(a)). 

- When the tip-to-collector distance was 10 cm, the organic 

solvent completely evaporated and homogeneous nanofibers 

were deposited on the collector (Figure 2.4(b)). 

- When the distance was maintained for 15 cm or more, we could 

obtain clear nanofibers with homogeneous diameters. However, 

due to the long distance, the quantity of nanofibers deposited on 

the collector decreased (Figure 2.4(c)). 
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2.2.4 Variations in Applied Voltage 

 

Fixed Conditions: Polymer solution concentration, 30 %; polymer 

solution flow rate, 0.6 ml/h; tip-to-collector distance, 10 cm; 

polymer molecular weight, 39 kDa; rotation speed, 100rpm. 

Variable Condition: Solvent = Dichloromethane (DCM) only or 

solvent mixture (DCM: THF: DMF = 3:1:1, v/v/v); applied voltage = 

10–25 kV. 

 

- Basically, the higher the applied voltage, the more homogenous 

the nanofibers that were formed (Figure 2.5).  

- When only DCM was used as solvent, non-uniform nanofibers 

and bead formation on the nanofibers were formed with an 

applied voltage of 15 kV (Figure 2.5(a)), and more uniform 

nanofibers without bead formation were observed with an applied 

voltage of 20 kV (Figure 2.5(b)). 

- However, when 25 kV was applied, the solvent evaporated 

almost instantly; thus, the polymer often blocked the needle 

(Figure 2.5(c)). 

- When the solvent mixture was used as a solvent, bead formation 

on the nanofibers was sporadically observed with an applied 

voltage of 10 kV (Figure 2.5 (d)) and clearly uniform nanofibers 

were formed with an applied voltage of 15 kV (Figure 2.5 (e)). 

- As shown in Figure 2.5(f), when 20 kV was applied in 

electrospinning, nanofibers were observed with thinner 
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diameters than those with an applied voltage of 15 kV.  

- When 20 kV was applied, the end of the needle was often blocked 

with polymers due to the fast evaporation of the organic solvent, 

as was observed with DCM only. 
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2.2.5 Variations in Polymer Solution Flow Rate 

 

Fixed Conditions: Applied voltage, 15 kV; tip-to-collector distance, 

10 cm; polymer solution concentration, 30 %; polymer molecular 

weight, 39 kDa; rotation speed, 100 rpm.  

Variable Conditions: Solvent = Dichloromethane (DCM) only or 

solvent mixture (DCM: THF: DMF = 3:1:1, v/v/v); flow rate = 0.2–

4.0 ml/h. 

 

- When the PLGA solution was fed at 0.2 ml/h, the supply of 

polymer solution to the needle tip was unstable and the 

production of nanofibers was irregular (Figure 2.6(a), 2.6(e)). 

- As shown in Figure 2.6 (b, f), the best nanofibers were obtained 

with a flow rate of 0.6 ml/h. 

- When the PLGA solution was fed at more than 0.6 ml/h, bead 

formation was observed with the nanofibers, hence the non-

uniform nanofibers (Figure 2.6 (c, d, g, h)). 
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2.2.6 Variations in Rotation Speed 

 

Fixed Conditions: Applied voltage, 15 kV; tip-to-collector distance, 

10 cm; polymer-solution flow rate, 0.6 ml/h; polymer-solution 

concentration, 30 %; polymer molecular weight, 39 kDa. 

  

Variable Conditions: Solvent = Dichloromethane (DCM) only or 

solvent mixture (DCM: THF: DMF = 3:1:1, v/v/v); rotation speed = 

100–3000 rpm. 

 

- Figure 2.7 shows the change of the nanofiber-structure with a 

change in rotation speed from 100 rpm to 3000 rpm. 

- Regardless of the solvent type, the most entangled and random 

structures were observed at 100 rpm (Figure 2.7 (a, e)). 

- As the rotation speed increased, more aligned nanofibers were 

obtained (Figure 2.7 (b, c, d, f, g, h)). 

- The most aligned and homogeneous nanofibers were fabricated 

with a rotation speed of 2000 rpm (Figure 2.7 (c, g)). 
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2.2.7 Optimized Condition for Nanofiber-structured 

Biopolymers 

 

We have varied the polymer-solution concentration, polymer 

molecular weight, tip-to-collector distance, applied voltage, 

polymer solution flow rate, and rotation speed in electrospinning to 

vary nanofiber structures and, eventually, to find the best nanofiber 

structures to be used in drug-delivery applications. 

Due to the high vapor pressure of DCM, we have had many 

restrictions on the production of nanofiber-structured biopolymers 

using only DCM as solvent. For example, bead formation on 

nanofibers and the non-uniform diameters of nanofibers were often 

observed and the needle tip was frequently blocked due to the fast 

evaporation of DCM.  

On the other hand, when the solvent mixture (DCM: DMF: 

THF = 3:1:1, v/v/v) was used as solvent, clearly uniform nanofibers 

with homogenous diameters were fabricated [11]. Overall, the 

optimized conditions for electrospinning to fabricate the best 

nanofiber-structured biopolymers are shown in Table 2.2, and the 

resultant nanofiber-structured biopolymers were shown in Figure 

2.8. 
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Chapter 3 

 

 

Nanostructured Mucoadhesive 

Microparticles for Enhanced Ocular 

Bioavailability of Brimonidine 

 

3.1 Introduction 

 

Topical drug administration to the eye has been widely accepted to 

treat eye disorders due to ease of administration and high patients’ 

acceptance [12]. However, extensive drug loss from the preocular 

surface, mostly caused by tear clearance and blinking, has been 

problematic, thereby very low drug bioavailability [13]. Therefore, 

numerous approaches, employing the viscosifying formulations with 
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polymers[14, 15] or gels[16, 17] or a macroscopic device as drug 

depot[18, 19], have been suggested to increase the drug residence 

time at the preocular surface[20, 21]; however, the patients’ 

acceptance of those systems was not satisfactory due to discomfort 

on the sensitive eye surface[13]. Microparticles of biocompatible 

materials could be easily prepared small enough to minimize eye 

irritation[22] and as carrier, they could deliver drug in a sustained 

manner with slower preocular clearance than drug solutes in eye 

drops[13, 23-25]. Microparticles were also made of mucoadhesive 

polymers to allow adherence to the mucus layer on the eye surface 

[26, 27]. However, the best retention would be obtained when the 

microparticles were made of an adhesive material as a whole, which 

would limit the use of wall material for diffusion, thereby difficulty in 

microparticle variation needed for controlled drug release.  

To resolve this, for the first time to our knowledge, we 

demonstrate the nanostructured microparticles containing 

mucoadhesive polymer and evaluate their in vivo preocular retention 

property. In this work, we suggest the following strategy for 

microparticle design: 1) microparticles are made mainly of wall 

material as potential drug carrier, 2) a mucoadhesion promoter is 

employed as additive material and 3) mucoadhesiveness of 

microparticles is improved by a physical means, i.e., an enlarged 

specific surface area of microparticles originated from the 

nanostructure. In this way, microparticles could better interact with 

the mucus layer on the eye without a major change in wall material 
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composition. To synergistically improve this effect, we formulated 

the microparticles in a dry-tablet dosage form, i.e., a tablet of 

water-soluble polymer embedded with the nanostructured 

microparticles. Thus, the tablet medium dissolved in tear to release 

only the microparticles on the preocular surface, while increasing the 

tear viscosity and thus, allowing more time for microparticle 

interaction with the mucus layer on the eye. In this way, the 

microparticles could deliver drug to the surface of the eye in a 

sustained manner, hence higher drug bioavailability. 

In this work, the microparticles were made mainly of poly 

(lactic-co-glycolic acid) (PLGA) [28], where polyethylene glycol 

(PEG) was added to give a mucoadhesion property [29, 30].  

PEG is a highly biocompatible polymer without any known 

immunogenicity, antigenicity, or toxicity, and it is also approved by 

the FDA for injectable, topical, rectal, and nasal pharmaceutical 

formulations. Hence, it is widely accepted as safe for various 

biomedical applications [31, 32]. Mucoadhesion between PEG and 

preocular mucosal layers is generally known to be created by mainly 

hydrogen bonds [33]. For this reason, PEG has been widely used for 

applications of ocular drug delivery [30, 34]. 

To obtain the microparticles of nanostructured morphology 

(NM), we freeze-milled a nanofibrous sheet, composed of PLGA and 

PEG, that was prepared by the electrospinning method (Figure 

3.1(a)). In this way, the nanofibrous structure could be well retained 

in the resulting microparticles, hence an enlarged surface area, as 
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compared with the spherical particles. Unlike the conventional 

fabrication method of spherical microparticles, such as 

emulsification[35, 36] or spray drying[37], the process introduced 

herein was not necessarily involved with an exposure of aqueous 

phase or high temperature needed for solvent evaporation, which we 

anticipate that be advantageous for retaining the stability of 

entrapped drug[38-40]. Moreover, the electrospinning method for 

nanostructure formation can be adapted for numerous different 

biomaterials [41], thereby ease of wall-material variation beneficial 

for controlled drug delivery. In this work, the NM were embedded in 

a dry tablet medium of polyvinyl alcohol (PVA), a biocompatible, 

viscosifying agent, already widely used in an ophthalmic formulation 

(Figure 3.1(b)) [42]. Considering the patients’ compliance, the tablet 

was prepared to be small and suitable for topical administration to the 

eye and also highly porous to facilitate the water absorption, thereby 

rapid dissolution of the tablet medium. 

In this study, Brimonidine tartrate (BRT), which has been 

used for the management of open-angle glaucoma [43], was chosen 

as a model drug and loaded in NM. BRT is a potent and relatively 

selective alpha-2 adrenergic receptor that reduces intraocular 

pressure (IOP) by decreasing the synthesis of Aqueous Humor (AH) 

and by increasing uveoscleral outflow [43]. BRT has also been known 

to have a neuroprotective effect that can prevent further injuries of 

the damaged neurons in animal models of ocular hypertension and 

glaucoma and restore damaged retinal ganglion cells [43]. Due to this 
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dual functionality, BRT is among the most promising therapeutic 

agents for the treatment of glaucoma, and it is therefore being studied 

extensively [44]. 
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3.2 Materials and Methods 

 

3.2.1 Materials 

 

Poly (lactic-co-glycolic acid) (PLGA; 50:50; i.v. = 0.43 dl/g), 

polyethylene glycol (PEG; average MW = 6kDa) and Brimonidine 

tartrate (BRT, assay > 99.8%) were purchased from Lakeshore 

Biomaterials (AL, USA), Acros Organics (NJ, USA) and Nanjing 

Yuance Industry & Trade Co., Ltd. (China), respectively. Polyvinyl 

alcohol (PVA; average MW = 31 – 50 kDa, 87%-89% hydrolyzed) 

and Nile Red were obtained from Sigma (MO, USA). Dichloromethane 

(DCM) and acetone were supplied from JT Baker (NJ, USA). 

Dimethylformamide (DMF), trahydrofurane (THF) and phosphate-

buffered saline (PBS; pH 7.4) were obtained from Mallinckrodt (MO, 

USA), Daejung (Korea) and Seoul National University Hospital 

Biomedical Research Institute (Seoul, Korea), respectively. 

Proparacaine hydrochloride (Alcaine; 0.5% ophthalmic solution) was 

purchased from Alcon-Couvreur (Puurs, Belgium). Ketamine 

hydrochloride (Ketamine), xylazine (Rompun) and acepromazine 

maleate (Sedaject) were obtained from Yuhan (Seoul, Korea), Bayer 

(Leverkusen, Germany) and Samu Median (Yesan, Korea), 

respectively. Alphagan P was a kind gift from Samil Allergan (Korea). 
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3.2.2 Preparation of Microparticles 

 

To prepare the spherical microparticles (MS), the classic emulsion 

method was employed in this work. To produce microparticles 

containing Nile Red, either 500 mg PLGA or a blend of 500 mg PLGA 

and 100 mg PEG was dissolved in 5 ml DCM, where 5 mg Nile Red 

was also dissolved as a marker. The resulting solution was then 

dispersed in an aqueous solution of PVA (20 ml; 1% w/v) and 

sonicated at 100 W for 5 s (Model 5 Digital Sonic Dismembrator, 

Fisher Scientific, PA, USA). The emulsion was then added in 80 ml 

of an aqueous solution of 1% w/v PVA and stirred at 100 rpm under 

vacuum (-12.5 psi) for 30 min to evaporate the solvent[30]. The 

suspension was filtered (nylon net filter, 11-μm pore, Millipore, 

Billerica, MA) to obtain the MS smaller than 10 μm, which were 

washed thoroughly with DI water and freeze-dried. To fabricate 

microparticles containing BRT, a blend of 500 mg PLGA and 625 mg 

PEG were first dissolved in 5 ml DCM, where 50 mg BRT were added 

to such solution. The polymer solution was dispersed in 50 ml 

phosphate buffer (20 mM, pH=12) containing 1% PVA, which was 

sonicated at 100W for 30 s. The resulting emulsion was added to 50 

ml phosphate buffer of the same kind and stirred at 150 rpm under 

vacuum (-12.5 psi) for 40 min to evaporate the solvent. The 

resultant microparticles were washed thoroughly with DI water and 

freeze-dried. 
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To fabricate the nanostructured microparticles (NM), 

containing Nile Red, either 90 mg PLGA and or a blend of 90 mg 

PLGA and 18 mg PEG was dissolved in 0.3 ml of the solvent mixture 

of DCM, DMF and THF (3:1:1 = v/v/v), where 0.9 mg Nile Red was 

also dissolved as a marker. The resulting solution was then 

electrospun for 30 min under the following conditions (Nano NC, 

Korea) to obtain the nanofibrous sheets: applied voltage, 20 kV; 

collector distance, 10 cm; flow rate; 0.6 ml/h [45]. The sheets were 

then freeze-milled (6770 Freezer Mill, Spex, Metuchen, NJ, USA) at 

-196℃ for 60 min [46]. The resulting particles were suspended in 

an aqueous solution of PVA (100 ml; 1% w/v) and stirred at 100 rpm 

under vacuum (-12.5 psi) for 30 min, which was intentionally 

conducted to have the NM exposed to the same condition as with the 

MS in emulsion. The suspension was then filtered (nylon net filter, 

11-μm pore, Millipore, Billerica, MA) to obtain the NM smaller than 

10 μm. The particles were then washed thoroughly with DI water 

and freeze-dried. To make NM containing BRT, either 1000 mg 

PLGA or a blend of 1000 mg PLGA and 60 mg PEG were dissolved 

in a solvent mixture of DCM, THF and DMF (3:1:1, v/v/v). This made 

a 30% polymer solution, in which 30 mg BRT was dissolved as a 

model drug. The polymer solution was then electrospun for 1 h under 

the following conditions: applied voltage, 20 kV; tip-to-collector 

distance, 10 cm; collector rotation speed, 100 rpm; needle gauge, 26 

G; feeding rate, 3.0 ml/h. The obtained nanofibrous sheets were 

freeze-milled, as described above, and filtered with a certified 
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standard sieve (mesh size, 20 μm; 60 mm X 18 mm, Cisa, Barcelona, 

Spain).  

 

3.2.3 Preparation of Microparticle Formulations 

 

The microparticles, containing Nile Red, were formulated into two 

distinct dosage forms, aqueous suspension and a dry tablet. To 

prepare a suspension, 0.5 mg microparticles were homogeneously 

dispersed in 30 μl PBS (pH 7.4). 

To prepare a dry tablet, a 30 μl drop of 2% w/v PVA in pH 

7.4 PBS was suspended with 0.5 mg microparticles, which was then 

added into a mold (6.5 mm in width, 3.5 mm in length, and 2.5 mm in 

height) and freeze-dried for 1 day.  

To prepare a BRT-loaded dry tablet formulations, 

microparticles of calculated amounts (2.32-2.61 mg as shown in 

Table 3.1; equivalent amount of BRT = 52.5 μg) were suspended in 

40 μl of 2% w/v PVA, which was poured into the same mold and then 

freeze-dried for 1 day. For comparison, we also prepared a dry 

tablet formulation without microparticles by dissolving 52.5 μg BRT 

powder in 40 μl of an aqueous solution of 2% w/v PVA, which was 

poured into the same mold and then freeze-dried for 1 day. 

 

3.2.4 Characterization of Microparticles 

 

The size and morphology of microparticles were examined using a 

46 

 



 

scanning electron microscope (SEM; 7401F, Jeol, Japan). A droplet 

of an aqueous suspension containing microparticles was placed on a 

silicon wafer, which was attached on top of a SEM sample mount. The 

sample was dried in a desiccator to evaporate water, which was then 

sputter-coated with platinum for 10 min (208HR, Cressington 

Scientific, England) before imaging.  

To determine the size distribution of microparticles, the 

microparticles were suspended in an electrolyte diluent (Isoton II, 

Beckman Coulter, CA, USA), which was assessed with a Coulter 

counter (Multisizer 4, Beckman Coulter, CA, USA) equipped with a 

50-μm aperture. At least 30,000 microparticles were counted for 

each sample.  

To examine the increase in surface area of the NM, both MS 

and NM were examined with a surface area and porosity analyzer, 

using TriStar II 3020 (Micromeritics, GA, USA) and Autosorb-iQ 

2ST/MP (Quantachrome Instruments, FL, USA) for Nile Red-loaded 

microparticles and BRT-loaded microparticles, respectively. For 

Nile Red-loaded microparticles, the surface area of about 100 mg 

microparticles were measured with the CO2 adsorption/desorption 

method over a relative pressure range of P/P0 = 0.01 – 0.025 at 0℃ 

and calculated, using the Dubinin-Astakhov model[47, 48]. For 

microparticles including BRT, the surface area of microparticles 

(>500 mg) were measured with the N2 adsorption/desorption method 

at a relative pressure range of P/P0 = 0.01-0.25 at -196℃, where 

the surface area was calculated with the Brunauer-Emmett-Teller 
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(BET) method [49]. The microparticle samples were degassed for > 

24 h at room temperature before measurement.  

Gel permeation chromatography (GPC) was performed to 

determine the presence of PEG in the Nile Red-loaded microparticles 

[50, 51]. Thus, the microparticles were dissolved in THF and filtered 

through a 0.2 μm-pore membrane filter (Whatman, Clifton, NJ, 

USA), which was then analyzed by high performance liquid 

chromatograph (HPLC; Waters 515, Waters, MA, USA) at a flow rate 

of 1.0 ml/min through three columns in series (PLgel 5.0 guard; 50 

mm X 7.5 mm, MIXED-C; 300 mm X 7.5 mm and MIXED-D; 300 mm 

X 7.5 mm, Polymer Laboratories, Shrewbury, UK) with THF as 

eluent at 35℃. The GPC system was calibrated with polystyrene 

standards before use.   

Thermogravimetric analysis (TGA; TGA-Q50, TA 

Instruments, DE, USA) was performed to further confirm the 

presence of PEG in the Nile Red-loaded microparticles. A known 

amount of the microparticles (20 – 30 mg) was placed in a platinum 

pan under nitrogen gas flow, where the temperature was increased 

from 40℃ to 600℃ at a rate of 10℃/min. A powder of intact PLGA 

and PEG was also measured for comparison.  

To quantify the actual PEG amount left in BRT-loaded 

microparticles after preparation, nuclear magnetic resonance (NMR) 

spectroscopy was utilized. Microparticles weighing approximately 10 

mg were dissolved in 1 ml of deuterated chloroform (Sigma, MO, USA) 

containing 0.1% v/v tetramethylsilane. The proton NMR spectra were 
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obtained on an NMR spectrometer (Varian Unity-Inova 500 MHz, 

Varian Inc., Palo Alto, CA, USA). The hydrogen of the methane group 

of the lactic acid unit and the methylene group of the glycolic acid 

unit of the PLGA copolymer resonated at 4.8 and 5.2 ppm, 

respectively, while that of the methylene group of the PEG 

homopolymer appeared at 3.6 ppm. The areas under the peaks were 

integrated to determine the PEG content of microparticles [52]. 

In this work, Nile Red was loaded in the microparticles as a 

tracer to examine the in vivo retention of microparticles on the rabbit 

eye. For quantitative analysis, the actual loading amount of Nile Red 

in the microparticles was measured. Thus, a known amount of 

microparticles (4 – 5 mg) was dissolved in 50 ml acetone for 1 h 

with strong agitation, which was measured with fluorescence 

spectroscopy (FS2, Scinco, Korea)[53].  

To assess the drug stability and determine the BRT content 

after preparation of MSs and NMs, microparticles weighing 5–10 mg 

were first completely dissolved in 1ml DCM. Then, 15 ml phosphate 

buffered saline (PBS) (pH 7.4) were added to the resulting solution, 

which was sonicated at 160 W for 5 min (Model 500 Digital Sonic 

Dismembrator, Fisher Scientific, PA, USA) and centrifuged at 3,500 

rpm for 10 min at 15℃ (Heraeus Megafuge 40R, Thermo Scientific, 

PA, USA). The supernatant was analyzed with high performance 

liquid chromatography (HPLC, Agilent 1260 series, Agilent 

Technologies, CA, USA) using Poroshell (120 EC-C18, 4.6 X 100 

mm, 2.7 μm, Agilent Technologies, CA, USA). The mobile phase 
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was prepared by mixing a 20 mM phosphate buffer at pH 2.5 and 

methanol (8:2, v/v). The flow rate and injection volume were 1 

ml/min and 10 μl, respectively. The column was maintained at 40℃, 

and the UV absorbance was measured at 248 nm[54]. 

To determine the presence of PLGA and BRT in 

microparticles, Fourier transform infrared spectroscopy (FTIR) 

spectra of the intact PLGA, intact PEG, BRT, PLGA MS, PLGA/PEG 

MS, PLGA NM, and PLGA/PEG NM were collected with a JASCO 

6100 spectrophotometer (JASCO, Inc., Japan) in a range of 500–

4000-1 using the KBr disk method[55, 56].  

 

3.2.5 In vitro Drug Release Experiments  

 

To examine the in vitro drug-release profiles, each dry tablet was 

placed in 10 mL PBS (pH=7.4) and incubated in a shaking incubator 

(SI-600R, Jeio Tech, Seoul, Korea) while being continuously stirred 

at 125 rpm at 37℃. At scheduled intervals, an aliquot of the release 

media was taken, and the same amount of fresh buffer was filled again 

to maintain the sink condition. The aliquot was assayed with HPLC 

as described above. At least three samples for each tablet were 

tested for statistics.  
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3.2.6 In vivo Evaluation of Preocular Microparticle Retention 

 

In vivo study was performed with male New Zealand White rabbits 

(Cheonan Yonam College, Chungcheongnam-do, Korea), weighing 

2.5 – 4.5 kg, without any known ocular abnormality. The experiment 

procedure was approved by the Institutional Animal Care and Use 

Committee (IACUC No. 10-0304 and 13-0101) at Seoul National 

University Hospital Biomedical Research Institute. The animals were 

housed singly in a standard cage at controlled temperature (21 ± 1℃) 

and humidity (55 ± 1%) with a 12/12-h light-dark cycle without 

any restriction of food and water.  

 In vivo preocular retention was tested with the eight different 

microparticle formulations prepared in this work, following the 

protocol as previously proposed [29]. Briefly, for administration of 

the microparticle formulation, either aqueous suspension or a dry 

tablet, each rabbit was taken out from the cage and positioned in a 

restrict bag with only the head exposed. Then, the formulation, 

containing 0.5 mg microparticles, was administered into the lower 

fornix of the rabbit eye without anesthesia and the eye was manually 

closed for 3 min. After that, the rabbit was placed back in the cage 

before sample collection.  

 The microparticles remaining at the preocular surface were 

collected at predetermined times. The eye surface was wiped 

thoroughly with a surgical sponge (PVA Spears, Network Medical 

Products, Ripon, UK) 10 min, 30 min, 60 min, 90 min and 120 min 
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after administration of the formulation. To ensure almost no 

microparticles left on the eye surface, the whole preocular region 

was wiped at least 5 times at each time of collections. Then, the 

surgical sponge was immersed in acetone and agitated strongly for 1 

h to completely extract Nile Red, which was analyzed with 

fluorescence spectroscopy (FS2, Scinco, Korea) to determine the 

amount of collected microparticles [53]. While the sample was 

collected, the eye was locally anesthetized with topical administration 

of 30 μ l of a 0.5% proparacaine eye drop (Alcaine; Alcon-

Couvreurm, Puurs, Belgium). More than four eyes were tested for 

each of the formulations and at each time after administration for 

statistics.  

 We also obtained the images of the preocular surface of the 

rabbit after administration of the microparticle formulations [29]. 

Before imaging, the rabbit was anesthetized with a subcutaneous 

injection of a cocktail of 17.5 mg·kg-1 ketamine, 5 mg·kg-1 xylazine 

and 0.2 mg·kg-1 acepromazine. One additional booster (a half dose 

of the first injection) was used if necessary. Each of the eight 

microparticle formulations was administrated as stated above and the 

fluorescent images of Nile Red-loaded microparticles left on the 

rabbit eye were obtained 10 min, 30 min, 60 min, 90 min and 120 min 

after administration. For this, the eye surface was imaged with a 

camera (HTC raider, HTC, Taiwan) equipped with a 

Tetramethylrhodamine Isothiocyanate (TRITC) emission filter with 

transmission wavelengths of 594 – 646 nm (MF620-52, Thorlabs, 
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NJ, USA) while the eye was illuminated with a LED lamp (AM-R5 

mini, Aimai, Korea) equipped with a TRITC excitation filter with 

transmission wavelengths of 532 – 552 nm (MF542-20, Thorlabs, 

NJ, USA). The image included the whole anterior surface of the 

eyeball and the lower fornix while the upper fornix was not imaged 

(Figure 3.2) since almost no microparticles were observed. The 

rabbit lay on its side during imaging and on its stomach between the 

intervals of imaging. 
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3.2.7 In vivo Evaluation of IOP-lowering Effect 

 

To evaluate the IOP-lowering effect on rabbits, each rabbit was first 

placed in a restriction bag and the IOP of the left eye was measured 

using a tonometer (Tono-Pen AVIA, Reichert, NY, USA) as a control. 

Then, each rabbit eye was treated with each formulation containing 

52.5 μg BRT and closed manually for 1 min, and then the rabbit was 

moved back to the cage until the IOP measurement. At scheduled time 

points, the IOP of the left eye was measured and calibrated as 

suggested in literature, where a decrease in IOP was calculated 

according to the following equation:  

 

% Decrease in IOP =  
IOP control − IOP dosed eye

IOP control
  X 100 

 

Before measuring the IOP, the rabbit’s left eye was locally 

anesthetized with 35 μl of 0.5% proparacaine. At least five eyes 

were measured for each formulation at each time for statistical 

analysis.  

 

3.2.8 In vivo BRT Concentration in Aqueous Humor (AH) 

 

To determine the BRT concentration in rabbits' AH over time, each 

type of BRT formulation containing 52.5 μg BRT was administered 

as stated above. Before sampling at 20 min, 40 min, 1 h, 2 h, 3h, 5 h, 
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7 h, and 9 h post-dose, the rabbit was anesthetized systemically with 

an intramuscular injection of a cocktail of 17.5 mg/kg ketamine, 5 

mg/kg xylazine, and 0.2 mg/kg acepromazine, and the rabbit eye was 

locally anesthetized with a drop of 0.5% proparacaine. After that, 

approximately 100 μl of AH was aspirated using a 1-ml syringe 

fitted with a 30-gauge disposable needle and stored below -15℃ 

before analysis. Terramycin eye ointment (Pfizer, NY, USA) was 

applied to the eye surface prior to returning the animal to its cage to 

prevent infection. The concentration of BRT in AH was analyzed with 

HPLC as stated above with only a small difference. Since AH is a 

transparent material with very little protein, 50 μl AH were injected 

directly into HPLC after filtering (syringe filter, 0.2 μm, 4 mm, 

Whatman, UK). The mobile phase was a mixture of 20 mM phosphate 

buffer (pH 2.5) and methanol (9:1, v/v).  

 

3.2.9 Safety Evaluation 

 

3.2.9.1 In vitro Cytotoxicity 

 

The cytotoxicity of the PLGA/PEG NM tablet was evaluated by the 

lactate dehydrogenase (LDH) assay, following the supplier’s 

instruction (TOX7, Sigma-Aldrich, MO, USA). In brief, L929 

fibroblast cells (Korean Cell Line Bank, Seoul, Korea) were seeded 

in 6-well culture plates at the initial density of 5×105 cells/well, 

where the PLGA/PEG NM tablets were added. In each well, we added 
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two tablets since the medium volume in each well (2 ml) is twice as 

much as that of daily tear production of the rabbit (ca. 1 ml/day)[57], 

i.e., envisioning one-tablet administration per day. Nile Red was not 

loaded in microparticles for cytotoxicity evaluation to rule out the 

effect of a tracer agent. After 24 h incubation, the medium was 

centrifuged at 250 g for 4 min, where 50 µl of supernatant was 

collected. The resulting supernatant was then transferred to a 96-

well plate, mixed with 100 µl of the reagent (TOX7, Sigma-Aldrich, 

MO, USA) and incubated for 30 min in dark room at room temperature. 

The absorbance of the reaction mixture was measured at 490 nm, 

using a microplate reader (VersaMax ELISA Microplate Reader, 

Molecular Devices, CA, USA) with reference wavelength at 690 nm. 

Intact, untreated cells and cells treated with 1% Triton-X100 (Sigma, 

MO, USA) were used for background release and as positive control, 

respectively. The cytotoxicity (%) of the PLGA/PEG NM tablet was 

calculated by the following equation [58]. 

Cytotoxicity (%) =  
(tablet sample − background release)

(positive control − background release)
 𝑋𝑋 100 % 

At least four independent experiments were performed for each 

cytotoxicity value. 
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3.2.9.2 In vivo Safety Evaluation 

 

Either an increase or decrease in pH in the rabbit’s tears after the 

installation of microparticles may adversely affect the rabbit eye. 

Thus, we measured pH levels in the rabbit’s tears before and after 

10, 30 and 60 min of administration of BRT-loaded PLGA/PEG NM 

tablet by placing the pH test paper (Macherey-Nagel, Germany) into 

the lower cul-de-sac of the rabbit eye for 30 s. Then, the color of 

the pH test paper was compared with the reference colors provided 

by the manufacturer. To assess the in vivo safety, after topical 

administration of a PLGA/PEG NM tablet, the rabbit eye was 

examined with microscopy and external ophthalmic photography by 

a professional ophthalmologist. The intraocular pressure was also 

monitored, using a tonometer (Tonopen AVIA, Reichert, NY, USA). 

For each of the animals, the left eye was treated with a PLGA/PEG 

NM tablet and evaluated 1 h, 2 h and 24 h after administration while 

the right eye remained intact. Four rabbits were tested for safety 

evaluation in this work. 

 

3.2.10 Statistical Analysis  

 

The percentage of the microparticles remaining on the preocular 

surface of the rabbit was calculated based on the amount of the 

microparticles initially applied to the eye (i.e., 0.5 mg microparticles 

per dose). Mean percentages of remaining microparticles among the 
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eight different microparticle formulations and decrease in IOP with 

the seven different formulations were each analyzed for statistical 

significance with ANOVA with α  = 0.05, followed by pairwise 

comparisons using a Tukey’s post hoc test. The AH concentrations 

for Alphagan P and the PLGA/PEG NM tablet were analyzed for 

statistical significance using a paired t-test for each time point. 
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3.3 Results and Discussion 

 

3.3.1 Characterization of Microparticles and Tablet Formulations 

 

We prepared four different types of microparticles in this work: 

spherical microparticles without mucoadhesion (PLGA MS; smooth 

surface with PLGA only), spherical ones with mucoadhesion 

(PLGA/PEG MS; smooth surface with a blend of PLGA and PEG), 

nanostructured ones without mucoadhesion (PLGA NM; rough 

surface with PLGA only) and nanostructured ones with mucoadhesion 

(PLGA/PEG NM; rough surface with a blend of PLGA and PEG). The 

spherical microparticles (MS) were prepared by the classic emulsion 

method in this work [35, 36]. Thus, we could compare the preocular 

retention property and drug bioavailability of the mucoadhesive 

microparticles of nanostructure (i.e., PLGA/PEG NM) with those of 

the other different kinds of the microparticles (i.e., PLGA MS, 

PLGA/PEG MS and PLGA NM). All microparticles were loaded with 

either a tracer, Nile Red, or an anti-glaucoma drug, BRT (Table 3.1 

and Table 3.2), for both quantitative and qualitative analyses of their 

preocular retention and drug bioavailability, respectively. Nile Red is 

almost insoluble in water (< 1 μg/ml) [59] and thus, almost no 

release was expected during a period of preocular retention study in 

this work.   

Figures 3.3 and Figures 3.4 show the scanning electron 

micrographs (SEM) of the microparticles, each containing Nile Red 
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and BRT, respectively. The MS exhibited a smooth surface (Figures 

3.3(a-b) and Figures 3.4 (a-b)) while the NM showed a rough 

surface, composed of the agglomerated pieces of the nanofibers 

(Figures 3.3(c-d) and Figures 3.4(c-d)). The initially added amount 

of PEG did not appear to influence the microparticle morphology in 

this work. We controlled the size and size distribution of the 

microparticles similar in range to rule out the effect of the particle 

size on overall surface area. The mean diameters were measured to 

be 1.8 – 2.2 μm for microparticles containing Nile Red(Table 3.1) 

and 1.59-1.66 μm for microparticles including BRT (Table 3.2), 

also showing similar size distributions (Figure 3.5). The 

microparticles in this size range (< 10 μm) were expected to 

minimize possible eye irritation [12] and allow particle clearance 

through the lacrimal canals, 300 – 500 μm in diameter[22]. As we 

analyzed the microparticles with a surface area and porosity analyzer 

[47-49], the increase in specific surface area of the NM was 

apparent, showing a more than 10-fold increase, as compared with 

that of the MS (Table 3.1 and Table 3.2). This result was ascribed 

to the nanostructured, rough surface of the microparticles, originated 

from randomly-oriented electrospun nanofibers (Figure 3.6) [46].  

We performed the gel permeation chromatography (GPC) 

analyses to validate the presence of PEG in the microparticles 

containing Nile Red, as shown in Figure 3.7 and Table 3.3[50, 51]. 

As we measured the intact PLGA and PEG powders, the peak 

retention volumes were observed around at 13.6 ml and 15.3 ml, 
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respectively, due to their difference in molecular weight. For the 

microparticles made of PLGA only (i.e., PLGA MS and PLGA NM), a 

single peak retention volume was observed, as with intact PLGA. On 

the other hand, the microparticles made of a blend of PLGA and PEG 

(i.e., PLGA/PEG MS and PLGA/PEG NM) exhibited two distinct peak 

retention volumes, each originated from PLGA and PEG, respectively. 

The result from thermogravimetric analyses (TGA) further 

confirmed the presence of PEG in PLGA/PEG MS and PLGA/PEG NM, 

both containing Nile Red, as shown in Figures 3.8. For intact PLGA 

and PEG, the weight losses by decomposition were observed at 130 

– 370℃ and 305 – 415℃, respectively (Figure 3.8(a)) [60-62]. 

The microparticles composed of PLGA only (i.e., PLGA MS and PLGA 

NM) exhibited a single weight loss in the same temperature range, 

as with intact PLGA. However, PLGA/PEG MS and PLGA/PEG NM 

exhibited two consecutive weight losses due to the presence of both 

PLGA and PEG. According to the second weight loss at 355 – 410℃, 

both PLGA/PEG MS and PLGA/PEG NM were suggested to contain a 

similar amount of PEG of about 10 wt. %( Figure 3.8(b)) [63]. In 

addition, for microparticles containing BRT, the PEG content in 

PLGA/PEG MSs was measured to be similar to that in PLGA/PEG 

NMs. The actual PEG amounts in BRT-loaded microparticles were 

determined to be 5.91 and 5.93 wt. % for PLGA MSs and PLGA NMs, 

respectively (Table 3.2) [52]. 

To assess the composition of microparticles, the Fourier 

transform infrared spectroscopy (FTIR) spectra of intact PLGA, 
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intact PEG, BRT, PLGA MS, PLGA/PEG MS, PLGA NM, and 

PLGA/PEG NM were obtained, as shown in Figure 3.9. The intact 

PLGA exhibited a strong and sharp band at about 1750 cm-1 and 

double bands near 2960 and 3000 cm-1 for the C=O stretch and C-

H stretch in methane groups[55], respectively, while BRT showed a 

double band near 3224 cm-1 for the –NH stretch[56]. For all 

microparticles, the characteristic bands from PLGA and BRT were 

observed, indicating that both PLGA and BRT were present in 

microparticles.  

The drug-stability results from the high performance liquid 

chromatography (HPLC) analysis revealed that the drug-retention 

time remained unchanged for all microparticles, as compared with the 

BRT powder[64] (Figure 3.10). We also confirmed the amounts of 

BRT content encapsulated in all types of microparticles, which were 

20.1–23.5 μg/mg (Table 3.2).  

In this work, we formulated the microparticles into two dosage 

forms, i.e., aqueous suspension and a dry tablet to examine the effect 

of the formulation design on preocular microparticle retention. A 

single administration is designed to contain the same dose of 0.5 mg 

microparticles in a 30 μl-drop suspension of phosphate buffered 

saline (pH 7.4) and a tablet, respectively. A dry tablet of porous 

medium was prepared by freeze-drying a PVA solution suspended 

with the microparticles in a mold (Figure 3.1(b)). Thus, eight 

different formulations were prepared in this work: PLGA MS 

suspension, PLGA/PEG MS suspension, PLGA NM suspension, 
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PLGA/PEG NM suspension, PLGA MS tablet, PLGA/PEG MS tablet, 

PLGA NM tablet and PLGA/PEG NM tablet. For administration of 

BRT-loaded microparticles, only a dry table was formulated, each 

containing no microparticle or one of four different types of 

microparticles (2.32-2.51 mg, depending on BRT content; equivalent 

BRT amount = 52.5 μg). 

Figures 3.11 (a-b) show the fluorescence images of a tablet, 

where the bright signals indicated the presence of Nile Red loaded 

microparticles. The tablet was 3 mm in width, 6 mm in length and 2 

mm in height with an equivalent volume of approximately 30 μl, 

which was similar to the volume of a single-dose eye drop[65].  

For a tablet of microparticles containing BRT, the height 

increased to 2.5 mm, hence equivalent volume of approximately 40 

μl. Figures 3.11(c-d) show the SEM images of the tablet surfaces, 

where the microparticles were seen to be bound with the polymeric 

medium, PVA. When immersed in pH 7.4 phosphate buffered saline 

(PBS), a porous tablet medium dissolved away rapidly (< 1 min), 

freeing the fluorescent microparticles in the media, as shown in 

Figures 3.11(e-f). The distinctive shapes of the microparticles, i.e., 

spherical and nanostructured ones, were discernible, depending on 

their own geometry. The agglomerated nanofibers in each of the NM 

were not seen to be disassembled in aqueous media. 
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Figure 3.10. HPLC retention profiles of Brimonidine from intact BRT, 

BRT tablet, PLGA MS tablet, PLGA/PEG MS tablet, PLGA NM tablet 

and PLGA/PEG NM tablet. 
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3.3.2 In vitro Drug Release Profiles  

 

We examined the in vitro drug-release profiles of BRT from the BRT 

tablet, PLGA MS tablet, PLGA/PEG MS tablet, PLGA NM tablet, and 

PLGA/PEG NM tablet in pH 7.4 PBS media, as shown in Figure 3.12. 

As expected, almost 100% of BRT was immediately released from 

the BRT tablet during the first 10 min, since BRT was present in the 

PVA matrix itself without microparticles and the PVA matrix could 

be instantly dissolved on contact with aqueous media due to the high 

porosity and high aqueous solubility of PVA. Regardless of the 

presence of PEG, the PLGA NM tablet and PLGA/PEG NM tablet 

exhibited a larger initial burst release of 54.7% and 49.6%, 

respectively, during the first 30 min, which could be ascribed to the 

larger specific surface area of NMs originating from the 

nanostructure. On the other hand, the initial burst during the first 30 

min in MS tablets was relatively smaller than in NM tablets, releasing 

35.1 %and 32.3% for the PLGA MS and PLGA/PEG MS tablet, 

respectively. However, the total amount of drug release during the 

180 min and afterward was similar for both types of microparticles 

(61–65%; approximately 33 μg BRT) and was completed in 2 days 

(2880 min). 
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3.3.3 In vivo Mucoadhesion Study 

 

We sought to examine the preocular retention property of the 

microparticles, using the eight different formulations prepared in this 

work. Thus, each of the formulations was administered to the lower 

fornix of the rabbit eye in vivo and the percentage of microparticles 

remaining on the eye was measured at scheduled intervals (Figure 

3.13). All microparticles in suspension, regardless of their types, 

exhibited poor preocular retention. Only 7 – 15% of microparticles 

remained at 10 min and most of the microparticles disappeared from 

the preocular surface after 30 min, possibly due to expedited tear 

drainage caused by the addition of fluid[66, 67]. The tablet 

formulation only could not improve the preocular retention property 

of the microparticles. In this work, the tablet medium was composed 

of a water-soluble polymer, PVA and to expedite its dissolution, we 

prepared it very porous. As a result, the tablet medium dissolved 

away rapidly within less than 1 min, leaving the microparticles only 

(Figure 3.11). Therefore, the dissolution rate of the tablet medium 

should have a minimal effect especially on the microparticles staying 

on the eye surface for a long time. The PLGA MS tablet exhibited 

only 14% and less than 10% of remaining microparticles at 10 min 

and after 30 min, respectively. When combined with 

mucoadhesiveness, on the other hand, the effect of tablet formulation 

was observable. For PLGA/PEG MS tablet, the average percentages 

of remaining microparticles increased from 8% to 27% and from 6% 
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to 18% at 10 min and 30 min after administration, respectively, as 

compared with PLGA/PEG MS suspension. A longer time for 

microparticle interaction with the preocular surface appeared to 

enhance the mucoadhesion property; however, the improvement was 

not statistically significant (p > 0.10).  

The combined effect of nanostructured surface and tablet 

formulation was also evident. The PLGA NM tablet exhibited a 

statistically significant increase in preocular retention from 9% to 44% 

10 min after administration, as compared with the PLGA NM 

suspension (p < 0.001). When formulated in a tablet, the effect of a 

rough surface of the NM might play a role to increase their friction 

on preocular surface, thereby hindering clearance of the 

microparticles even without mucoadhesion property. The enlarged 

surface area might also help to increase the adhesion of the 

microparticles by van der Waals forces [68]. However, this effect 

was seen to be not apparent, when formulated in suspension, again 

possibly due to expedited tear drainage caused by additional fluid. 

The improvement in preocular retention with the PLGA NM tablet 

was not statistically significant after 30 min.  

Among all the formulations, the best preocular retention was 

observed with a PLGA/PEG NM tablet. The average percentages of 

remaining microparticles were 73%, 39%, 19% and 13% at 10 min, 

30 min, 60 min and 90 min, respectively. Notably, these dramatic 

increases in retention were statistically significantly different from 

all other formulations tested in this work (p < 0.05). As compared 
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with the PLGA/PEG NM suspension, the PLGA/PEG NM tablet 

exhibited 4.8-, 5.5-, 4.5- and 4.8-fold increases in preocular 

retention at 10 min, 30 min, 60 min and 90 min, respectively. This 

result implied the apparent effect of tablet dosage form, which 

avoided rapid tear drainage often observed with suspensions and thus, 

eventually aided mucoadhesion of the PLGA/PEG NM on the eye 

surface [69, 70].  

To examine the preocular distribution of the microparticles, a 

whole rabbit eye was fluorescently imaged at schedule intervals after 

topical administration of each of the eight different microparticle 

formulations. The anterior surface of the eyeball and lower fornix 

were exposed for imaging (Figure 3.2). The upper fornix was not 

imaged since almost no microparticles were seen after administration. 

Figure 3.14 shows the results, which were consistent with those from 

quantitative analyses in Figure 3.13. The suspensions did not show 

much of remaining microparticles on the eye surface (Figure 

3.14(a)). Most of the microparticles appeared to be spilled over from 

the preocular surface and accumulated to the hairy region near the 

lacrimal duct due to the fluid addition. Although administered in a 

tablet dosage form, PLGA MS did not seem to adhere well to the 

preocular surface (Figure 3.14(b)). However, either mucoadhesion 

or nanostructured surface appeared to improve preocular retention 

of the microparticles to some extent. The PLGA/PEG MS and PLGA 

NM, when administered in a tablet form, could be observed until 30 
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min after administration but most of the microparticles disappeared 

afterwards.  

On the other hand, the PLGA/PEG NM tablet exhibited the 

highest visibility of the microparticles until 30 min after 

administration. The microparticles could be seen at the preocular 

surface for up to 90 min, which disappeared almost completely at 120 

min. The microparticles remaining on the preocular surface were 

found mostly in the lower fornix since the lower fornix was the initial 

site of administration, where the microparticles were likely to stay.  

To achieve the goal of both prolonged preocular retention and 

potential application for controlled drug delivery, we propose the 

physical means of microparticle design, i.e., the nanostructured 

microparticles, in this work. An increased surface area, along with 

mucoadhesiveness, would allow better interaction of the NM with the 

mucus layer of the eye.  In this work, the PLGA/PEG NM, when 

formulated in a dry tablet, showed the best preocular retention with 

the rabbits. Although not being fully translatable to human eyes, the 

results in this work suggest that the large surface area originated 

from nanostructure indeed play a significant role on preocular 

retention of microparticles. The agglomerated nanofibers in each of 

the NM were not seen to be disassembled in aqueous media and thus, 

the NM as a whole were envisioned as drug carrier, staying at the 

preocular surface for a long time and releasing drug into the tear fluid 

in a sustained manner.  
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Previously, the microparticles of disc shape also implied the 

importance of particle morphology on preocular retention [29].  

The surface area-to-volume ratios of the microspheres (α) 

and microdiscs (β) can be calculated by the following equations: 

α =
4π𝑟𝑟2
4
3 π𝑟𝑟3

=
3
𝑟𝑟

                            β =
2π𝑟𝑟2 + 2π𝑟𝑟ℎ

π𝑟𝑟2ℎ
= 2(

1
ℎ

+
1
𝑟𝑟

) 

where r and h are a particle radius and disc height, respectively. We 

assumed a microdisc in shape of a cylinder. 

Therefore, the increase in surface area-to-volume ratio for 

a microdisc can be given by the equation: 

β

α
=

2
3

(1 +
𝑟𝑟
ℎ

) 

In the previous study, the average radius and height of the 

microdiscs were about 1.6 μm and 1 μm, respectively[29], which, 

therefore, would give about a 1.7-fold increase in surface area-to-

volume ratio, as compared with the spherical microparticles. 

On the other hand, the NM prepared in this work exhibited 

more than a 10-fold increase in specific surface area (Table 3.2), 

which can also represent the same fold increase in surface area-to-

volume ratio. Therefore, when formulated in a rapidly-dissolving dry 

tablet, more than 70% of the NM could still remain 10 min after 

administration and more than 10% could still be detected until 90 min 

(Figure 3.13). Meanwhile, for the previous microdics, the best 
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retention was about 40% 10 min after administration and almost none 

remained after 60 min [29].  

Therefore, under the same condition employed for in vivo 

preocular retention test, the NM could reside on the eye surface 

better than the microdiscs. Recently, the inorganic microparticles 

coated with nanowires exhibited better adherence to the mucus layer 

or cell membranes[68, 71], which also proved that an enlarged 

surface area play a significant role for enhanced microparticle 

reaction with the biological surface in contact. On the other hand, 

most of the nanostructured microparticles in the previous studies 

were purposed to increase the loading efficiency of specific biological 

compounds or control their release by modulating their surface area 

[72, 73].  
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3.3.4 In vivo IOP-lowering Study 

 

To assess the extent and periods of activity of BRT, we measured 

the IOP of the rabbit eye and evaluated the IOP percentage decrease 

over time after the installation of each of the formulations containing 

BRT: Alphagan P (marketed formulation), BRT solution, BRT tablet, 

PLGA MS tablet, PLGA/PEG MS tablet, PLGA NM tablet, and 

PLGA/PEG NM tablet. As shown in Figure 3.15, both Alphagan P and 

the BRT solution exhibited the IOP-lowering effect for 5 h, with a 

maximum IOP decrease at 2 h post-dose [74]. The IOP decrease in 

Alphagan P was a little higher than that in the BRT solution due to 

the presence of a preservative, Purite, in Alphagan P. Purite is known 

to increase the pH of the formulation (Alphagan P) and the proportion 

of unionized BRT, resulting in increased absorption of BRT into the 

eye and an elaborated decrease in IOP [54]. The IOP continued to 

decrease in the BRT tablet for another 1 h (i.e., for 6 h) due to the 

increased tear viscosity caused by PVA. The PLGA MS tablet, 

PLGA/PEG MS tablet, and PLGA NM tablet showed a prolonged IOP-

lowering effect for 8–9 h, which was attributed to the preocular 

retention of microparticles for at least 10 min to release BRT in rabbit 

tears. The best IOP-lowering effect, which was for up to 12 h, was 

observed with the PLGA/PEG NM tablet. This could be ascribed to a 

prolonged residence time of PLGA/PEG NM accompanied by the 

sustained delivery of BRT at the preocular surface (Figure 3.13) and 

hence the higher bioavailability of BRT. 
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3.3.5 In vivo BRT Concentration in Aqueous Humor (AH) 

 

The drug pharmacokinetics in AH over time after the ocular 

installation of each of the formulations containing BRT were 

evaluated with rabbits, as shown in Figure 3.16[54]. For all 

formulations evaluated in this study, Tmax appeared identically at 40 

min after installation. For Alphagan P and the BRT solution, the 

concentration of BRT in AH was drastically decreased after Tmax (40 

min) and maintained only until 3 h after installation due to increased 

tear volume by eye drops and thus the rapid clearance of BRT on the 

preocular surface. A higher Cmax was observed in Alphagan P (0.997 

μg/ml) than in the BRT solution (0.692 μg/ml) due to the presence 

of the preservative, Purite. Thus, a higher AUC was obtained in 

Alphagan P (1.013 μg·h/ml) than in the BRT solution (0.795 μ

g·h/ml). For the BRT tablet, BRT was observed in AH for another 2 

h (i.e., 5 h) with a decrease in Cmax (0.793 μg/ml); thus, a similar 

AUC was obtained in the BRT tablet (1.136 μg·h/ml) and Alphagan 

P (1.013 μg·h/ml). For the PLGA MS tablet, PLGA/PEG MS tablet, 

and PLGA NM tablet, the BRT concentration was also maintained for 

5 h with a significantly increased concentration of BRT at 5 h (0.0385 

μg/ml, 0.0292 μg/ml, and 0.0326 μg/ml for the PLGA MS tablet, 

PLGA/PEG tablet, and PLGA NM tablet, respectively), as compared 

with the BRT tablet (0.01433 μg/ml). Thus, it enhanced AUC by 

about 30% (1.300 μg·h/ml, 1.388 μg·h/ml and 1.380 μg·h/ml for 
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the PLGA MS tablet, PLGA/PEG MS tablet, and PLGA NM tablet, 

respectively), as compared with Alphagan P (1.013 μg·h/ml). This 

sustained concentration of BRT in AH and the enhanced AUC from 

these microparticles could be explained by the sustained and 

continuous delivery of BRT in rabbit tears from microparticles 

remaining on the preocular surface. The PLGA/PEG NM tablet 

showed the best result in terms of the concentration of BRT in AH, 

where BRT was detected until 7 h after administration and a more 

than 2-fold increase in AUC (2.078 μ g·h/ml), compared with 

Alphagan P (1.103 μg·h/ml), was observed. This result could be 

accepted, in that, unlike other types of microparticles, a significant 

number of PLGA/PEG NMs resided on the preocular surface at and 

after 60 min, continuously releasing BRT in the rabbit tears. Thus, 

despite the continuous dilution caused by tear turnover, the BRT 

concentration in rabbit tears could be maintained, resulting in the 

higher bioavailability of BRT.  

BRT has been used for the treatment of ocular hypertension 

and glaucoma and extensively studied due to its potential 

neuroprotective effect [43, 44]. Despite these benefits, Alphagan P, 

the marketed product of BRT, is often limited in clinical use to some 

extent due to its drug usage (three times a day) and hence patients’ 

low adherence to the regimen. For better patient adherence and thus 

treatment, dosing frequency should be reduced to once or twice per 

day while retaining the same therapeutic effect. In this respect, the 

PLGA/PEG NM tablet exhibited sustained concentration and BRT 
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absorption in AH (7 h and 2.078 μg·h/ml, respectively), twice that 

of Alphagan P (3 h and 1.013 μg·h/ml, respectively) (Figure 3.16 

and Table 3.4). The IOP-lowering effect also increased by more than 

2-fold in the PLGA/PEG NM tablet (12 h) as compared with 

Alphagan P (5 h) (Figure 3.16). 
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3.3.6 Safety Evaluation 

 

We evaluated any changes in the pH levels of rabbit tears after the 

administration of the PLGA/PEG NM tablet, where an increase or 

decrease could have an adverse effect. The pH levels of rabbit tears 

seemed to range between 7 and 8 and remained unchanged after 

administration, suggesting that no adverse side effect (Figure 3.17) 

was triggered by the change of microparticles upon installation. In 

addition, the rabbit eyes were examined by a professional 

ophthalmologist at scheduled times after administration of the 

PLGA/PEG NM tablet (Figure 3.18). During the follow-up period, 

there were no significant complications other than very mild 

conjunctival injection on the eyes treated with the PLGA/PEG NM 

tablet. The mild conjunctival injection was also observed in the 

contralateral normal (sham) eyes, which could be ascribed to dryness 

when the eye was left open during general anesthesia. The variance 

in intraocular pressure (IOP) was minimal for one day after 

administration of the PLGA/PEG NM tablet. The IOP was measured 

to be 16.8 ± 1.4 mmHg, which could be considered normal for the 

rabbit eyes [75, 76]. The cytotoxicity test also revealed that the 

PLGA/PEG NM tablet was not cytotoxic (Figure 3.19) and hence, can 

be considered a safe formulation.  
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3.4 Conclusion 

 

In this work, we suggest the mucoadhesive, nanostructured 

microparticles for their prolonged preocular retention. The 

nanostructured microparticles can possess the enlarged specific 

surface area purposed for better interaction of the microparticles 

with the preocular mucus surface. In this work, the nanostructured 

microparticles were prepared simply by milling the nanofibrous 

sheets to give the entangled nanofibers in each of the microparticles, 

which exhibited a more than 10-fold increase in specific surface area, 

as compared with the conventional spherical microparticles. The 

nanostructured microparticles with an added mucoadhesion promoter 

can adhere better to the mucus layer of the eye. This interaction can 

be synergistically enhanced by a rapidly-dissolving dry tablet 

formulation, which can increase the tear viscosity and also avoid 

rapid clearance of the microparticles by not giving additional fluid. 

Thus, the in vivo animal experiment revealed that the best preocular 

retention could be obtained with the PLGA/PEG NM tablet among all 

formulations and types of microparticles tested due to the synergetic 

effect of the high surface area and mucoadhesion. While residing on 

the preocular surface, the microparticles could release the 

encapsulated drug, BRT, to the surface of the eye in a sustained 

manner, allowing more of the drug to be absorbed. Accordingly, the 

PLGA/PEG NM tablet exhibited the most drug absorption as well as 

the best IOP-lowering effect (12 h) among all formulations and types 
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of microparticles, including Alphagan P (marketed product of BRT; 5 

h), tested in this work. Therefore, we conclude that the 

nanostructured microparticles containing mucoadhesive polymer in a 

rapidly-dissolving dry tablet is a novel system for topical drug 

delivery to the eye.  
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Chapter 4 

 

 

A Nanofibrous Sheet-based System 

for Linear Delivery of Nifedipine 

 

4.1 Introduction 

 

Oral drug delivery systems have been widely accepted due to ease 

of administration, avoiding a chance of pain or infection possibly 

involved with needle-based injection [77, 78]. Among diverse types 

of commercialized drug-delivery products, more than a half of them 

are designed for an oral administration route [79]. Most oral drug 

delivery systems were developed to sustain or delay drug release 

over time, hence enhanced drug bioavailability as well as reduced 

side effects. Numerous types of drug delivery systems, employing 
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compressed tablets [80-82], floating dosage forms [83, 84] or 

microparticles [85, 86], have been investigated, where the drug is 

slowly diffused via the encasing matrix of biocompatible polymer. In 

this way, dosing frequency can be reduced, enhancing patients’ 

compliance and acceptance of drug therapy [87].  

However, those systems are limited in highly controlled drug 

delivery since the release pattern is governed mainly by Fickian 

diffusion. Thus, the drug is released faster at the early stage than the 

later stage in most cases. In addition, the acquired release patterns 

might be susceptible to change due to variations in pH, gut motility 

and food present through the GI tract [88]. For these reasons, 

controlled delivery of drugs, such as anti-inflammatory, anti-angina 

or anti-hypertension drugs, would be difficult, where a delivery 

profile with a constant release rate, i.e., a linear release pattern, is 

mostly desirable[89]. To resolve this problem, numerous approaches 

were made, employing more sophisticated delivery systems, such as 

gastro-retentive matrix[90] and three-dimensionally printed 

tablets[91, 92], which, however, may still limit their scope in 

applications. For example, the gastro-retentive matrix would be 

effective only for the drugs preferentially absorbed in the proximal 

part of the gastrointestinal (GI) tract. The three-dimensionally 

shaped tablets would require a slow and complicated fabrication 

process, which might be considered infeasible in perspectives of 

large-scale production. 

One of the successful strategies for linear drug release is an 
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osmotic-controlled release oral delivery system (OROS) [89, 93]. 

Unlike passive diffusion, the osmotic pressure of water actively 

pushes the drug through an orifice in nano- or micro-scale formed 

in the capsule. Therefore, as long as a bodily fluid (i.e., water) is 

present, the OROS can deliver the drug with a constant release rate 

with high reproducibility regardless the change in condition through 

the GI tract. However, the OROS still posed some problems with 

gastric irritation and ulceration caused by unidirectional drug delivery 

through a narrow orifice, and GI occlusion and fecal discomfort due 

to a non-degradable hard shell of the OROS [93, 94]. In addition, 

manufacturing the OROS is somewhat intricate since a delivery 

orifice has to be prepared by laser-drilling for each of the individual 

tablets [93, 95].  

To address these obstacles, we suggest a nanofibrous sheet 

based system for linear delivery of oral drug in this work. Nifedipine, 

a hypertension drug, was employed as a model drug since its 

approved medication prefers a linear release profile after an oral 

administration [96]. For controlled release of nifedipine, we 

fabricated the nanofibrous sheets, possessing micro-scaled pores, 

by the electrospinning method, which covered and sealed a 

compressed tablet of nifedipine or its mixture with a solubility 

enhancer, polyvinylpyrrolidone (PVP) [97]. In this way, the 

nanofibrous sheets served as a rate-limiting barrier, where various 

drug release profiles could be obtained according to the thickness of 

nanofibrous sheets. For example, without the sheets or with the thin 
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sheets, the drug release would be apparent at the early stage but 

minimal at the later stage. On contrary, with the thick sheets, the drug 

release would be greatly suppressed at the early stage but become 

apparent after a certain lag time. Thus, by combining those two 

differently-capped drug tablets, we were to realize linear drug 

release. 

The nanofibrous sheets were made of poly (lactic-co-

glycolic acid) (PLGA), which is a biocompatible polymer with a long 

biodegradation period (> 3 weeks) and only susceptible to rapid 

degradation at a basic condition [9]. Therefore, the nanofibrous sheet 

could retain its structural integrity (i.e., micro-porosity) while 

passing the GI tract for almost a day and thus, pH independent drug 

release, only moderated by the porosity of the nanofibrous sheets, 

would be possible. After complete drug release, only the sheets 

softened by water absorption would remain and be excreted, which 

is expected to be more acceptable than a hard shell of the OROS. In 

this study, a compressed drug tablet was capped with nanofibrous 

sheets via a simple physical assembly process, which would be 

desirable for large-scale production. To assess controlled delivery 

property of the capped drug tablets, the in vitro drug release test was 

conducted under the simulated GI condition. 
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4.2 Materials and Methods 

 

4.2.1 Materials 

 

Poly (lactic-co-glycolic acid) (PLGA; 50:50; i.v. = 0.36 dl/g) was 

obtained from Lakeshore Biomaterials (AL, USA). Nifedipine and 

polyvinylpyrrolidone (PVP) were purchased from Sigma (MO, USA) 

and Fluka (MO, USA), respectively. Dichloromethane (DCM) was 

obtained from JT Baker (NJ, USA). Tetrahydrofurane (THF) and 

dimethylformamide (DMF) were purchased from Daejung (Korea). 

Tween 20 was supplied from Amresco (OH, USA). 

 

4.2.2 Preparation of Nanofibrous Sheets 

 

PLGA was dissolved in the solvent mixed with DCM, DMF and THF 

(3:1:1, v/v/v) to prepare a 30% w/v PLGA solution[98], which was 

then electrospun under the following conditions (Nano NC, Korea): 

applied voltage; 20 kV, collector distance; 10 cm, flow rate; 0.6 ml/h. 

The sheets with four different thicknesses were prepared by 

collecting the electrospun nanofibers for 60, 120, 140 and 180 min, 

respectively. 
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4.2.3 Preparation of Drug Tablets 

 

To prepare a drug tablet, a fine powder of pure nifedipine or a blend 

of nifedipine and PVP (nifedipine: PVP = 1:5, w/w) was first prepared 

by milling at 28000 rpm (IKA A11 basic, Brazil). The resulting 

powder containing 16.5 mg nifedipine was placed into a bore formed 

in a 7.35 mm-thick Teflon plate, which was then pressed under 321 

kg/cm2 for 60 s to give a noncapped drug tablet. The bore diameters 

used were 6 mm and 8 mm for the noncapped nifedipine tablet (NCT) 

and the noncapped nifedipine-PVP tablet (NCPT), respectively 

(Figure 4.1(a)).To prepare a drug tablet capped with nanofibrous 

sheets, the sheet was first placed on top of the flat Teflon plate 

(Figure 4.1(b)), on top of which a ring-shaped aligning stamp was 

placed. The NCPT was then placed at the center of the stamp ring 

(Figure 4.1(c)) and the aligning stamp was removed. After that, the 

NCPT was covered by another nanofibrous sheet of the same kind 

(Figure 4.1(d)) and slightly pressed with the aligning stamp (Figure 

4.1(e)). In this way, the nanofibrous sheet on the very top was folded 

at a boundary of the NCPT, expressing the location of the NCPT 

during the rest of fabrication process. The tablet sandwiched with 

nanofibrous sheets was then pressed with a ring-shaped bonding 

stamp, pre-heated at 135℃, for 60 s (Figure 4.1 (f)). To avoid 

heating of the NCPT itself, a heat insulating stamp was also placed 

with a continuous supply of cooling air at the center of the bonding 

stamp. In this way, only the sheet in contact with the bonding stamp 
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melted and attached while the tablet aligned to the center of the stamp 

was not affected by high temperature (Figure 4.1(g)). Thus, we 

prepared four distinctly capped tablets: the NCPTs capped with 25 

μm-thick sheets (25CPT), 50 μm-thick sheets (50CPT), 62 

μm-thick sheets (62CPT) and 75 μm-thick sheets (75CPT). 
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4.2.4 Characterization 

 

A nanofibrous sheet was cut into a 5 mm by 5 mm piece, which was 

placed on a SEM sample mount and sputter coated with platinum for 

10 min (208HR, Cressington Scientific, England). The sample was 

then imaged by SEM (7401F, Jeol, Japan). 

Nanofibrous sheets (5 X 5 mm; 50 μm-thickness) were 

each immersed in the aqueous media buffered at pHs 1.2 and 6.8, 

respectively. After incubation for 1, 2 and 4 h at 37℃, the sheet was 

taken out, washed thoroughly with DI water and freeze-dried for 

more than two days to eliminate the entrapped water while retaining 

the morphological structure of the sheet [99]. The sheet was then 

imaged by SEM as described above.  

To assess the pore size distribution through the nanofibrous 

sheets prepared in this work, the sheets of different thicknesses (25 

μm, 50 μm, 62 μm and 75 μm) were each cut into a circular piece 

of 7.73 mm radius and loaded in a capillary flow porometer (CFP-

1500AEL, PMI, NY, USA), where the flow resistance of each sheet 

was measured under two different conditions: 1) measuring the 

resistance of a sheet with hollow pores while blowing nitrogen gas, 

2) measuring the resistance of a sheet pre-soaked with Galwick fluid 

(surface tension = 15.9 dynes/cm) while blowing nitrogen gas [100].  
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4.2.5 In vitro Drug Release Test  

 

In vitro drug release experiment was carried out in the release media 

at 37℃ while continuously stirred at 125 rpm in dark room. Two 

distinct release media buffered at pHs 1.2 and 6.8 were employed to 

mimic the fluids present through the GI tract, each containing 1% 

Tween 20 to increase the solubility of nifedipine and thus, to keep 

the sink condition during the whole release experiment. For each of 

the tablets, the experiment was performed for 4 h at pH 1.2 and 24 

h at pH 6.8. To assess the effect of pH on drug release, we compared 

the release profiles at both pHs obtained for up to 4 h, more than a 

doubled period of the gastric residence time for assurance[101].  

We also examined drug release from a combination of two 

distinctly capped tablets, where the pH of the release media was 

changed to better simulate the conditions through the GI tract. Thus, 

the two tablets were immersed together in the release media at pH 

1.2 for the first 2 h, which in turn, were moved to the media at pH 

6.8 for the rest 22 h.  

For all experiments, the aliquot of the release media was 

sampled at scheduled intervals and assayed spectrophotometrically. 

Each of the samples was measured in triplicate for statistics. 
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4.3 Results 

 

4.3.1 Characterization of Nanofibrous Sheets 

 

We have successfully fabricated the nanofibrous sheets of PLGA with 

the electrospinning method, as shown in Figure 4.2. The sheet was 

composed of multiple layers of electrospun nanofibers, possessing 

the pores in micro-size, which would serve as a diffusion path of the 

drug. The nanofibrous sheets of four different thicknesses (i.e., 25, 

50, 62 and 75 μm-thicknesses) were prepared by varying the 

collection time of nanofibers. The morphologies of all nanofibrous 

sheets were not different since the nanofibers were collected under 

the same electrospinning condition employed in this work (data not 

shown). 

However, according to the measurement with the capillary 

flow porometer (CFP-1500AEL, PMI, NY, USA), the change of pore 

size distribution was apparent as the sheet thickness varies. As 

shown in Figure 4.3, the pore size distribution shifted to a smaller 

size as the sheet thickness increased. The average pore sizes were 

1.87 μm, 1.12 μm, 0.96 μm and 0.51 μm for the sheet 

thicknesses of 25 μm, 50 μm, 62 μm and 75 μm, respectively. 

This result is expected since thin nanofibrous sheets have rather 

larger sized voids while small sized voids should appear between 

distant meshes as the nanofibrous sheets get thicker [102]. The 

capillary flow porometer actually measures the flow resistance (i.e., 
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the relations between the flow across the sheet and the pressure 

applied to the sheet), which is then calibrated to the pore sizes [100]. 

Thus, the decrease in pore size displayed by the capillary flow 

porometer represents the increased difficulty in flow through the 

nanofibrous sheet, thereby less perviousness as the sheet thickness 

increases.  

In this study, we employed the nanofibrous sheets as a 

diffusion barrier of the drug, nifedipine for oral delivery, which should 

be equally effective even while the sheets experience the dynamic 

environments through the GI tract. For this reason, we purposed only 

the pores of the sheets to work as a drug-diffusion conduit and thus, 

such structural integrity should be retained regardless the change in 

pH. Therefore, we examined the morphology of the nanofibrous 

sheets after immersion in the aqueous media at two distinct pHs 1.2 

and 6.8, mimicking the fluids at the gastric and intestinal cavities, 

respectively. As shown in Figure 4.4, a significant change in pore size 

of the sheets was observed in 1 h due to rapid swelling of the 

nanofibers due to water absorption. However, after swelling, the 

morphology of the sheets did not seem to change further and did not 

exhibit noticeable difference between pHs = 1.2 and 6.8. The sheets 

did not appear to be degraded for up to 4 h at all pHs since PLGA, 

comprising the nanofibrous sheet, is known to be degraded for a much 

longer period of time (> 3 weeks)[103]. 
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4.3.2 Characterization of Drug Tablets 

 

Figure 4.5 shows the noncapped and capped drug tablets prepared in 

this work. The NCT was 6 mm in diameter and 1 mm in height (data 

not shown). For the NCPT, both the diameter and the height 

increased to 8 mm and 1.85 mm, respectively, due to an increased 

mass of the tablet by incorporation of PVP (nifedipine:PVP = 1:5, 

w/w) (Figure 4.5(a)). The NCPTs were then capped with the 

nanofibrous sheets of four different thicknesses (i.e., 25 μm, 50 

μm, 62 μm and 75 μm) to give 25CPT, 50CPT, 62CPT and 75CPT. 

All tablets prepared in this work were loaded with 16.5 mg nifedipine. 

Figure 4.5(b) shows the 25CPT, 22 mm in diameter and 2.1 mm in 

height, which encased the NCPT with the nanofibrous sheets of 25 

μm-thickness.  

We also examined the morphology of the nanofibrous sheets 

at the different locations of the capped tablet. The center portion of 

the capped tablet exhibited an intact porous structure (Figure 4.5(c)), 

indicating that the center of a ring-shaped bonding stamp was 

properly insulated during the thermal stamping process (Figure 

4.1(f)). The nanofibrous sheets in contact with the bonding stamp 

appeared to be melt and firmly attached, showing a smooth surface 

without a fibrous structure (Figure 4.5(d)). The boundary between 

the intact and melted portions was also evident, as shown in Figure 

4.5(e). In this way, the NCPT could be completely sealed within the 

nanofibrous sheets, where the drug diffusion would be determined 

118 

 



 

mainly by the intact center portion of the capped tablet (i.e., the intact 

nanofibrous sheets with micro-porosity).  
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4.3.3 In vitro Drug Release Profiles 

 

The in vitro drug release experiments were conducted with the 

release media buffered at pHs 1.2 and 6.8 to simulate the fluids 

present through the GI tract. First, we tested the in vitro drug release 

profiles of the noncapped tablets. In this work, we purposed to deliver 

100% nifedipine during 24 h, a known residence time of the orally 

administered formulation in the GI tract [88, 104]. However, this 

could not be achieved with the tablet composed of nifedipine only (i.e., 

the NCT) since the drug is known to be poorly soluble in the aqueous 

media (5–6 μg/ml at pH 2.2 – 10.0) [105]. Thus, we also prepared 

the noncapped tablet with a solubility enhancer, PVP (i.e., the NCPT) 

[97] to enhance drug dissolution and compared its release profile 

with that without PVP (i.e., the NCT). Figure 4.6 shows the release 

profiles of the NCT and the NCPT at pH 6.8. As expected, the drug 

release was not efficient with the NCT, where less than 40% drug 

was released during 24 h. However, with incorporation of PVP 

(nifedipine: PVP = 1:5, w/w), the drug release rate increased 

dramatically, exhibiting almost 100 % drug release during 24 h. 

 Although the dissolution of nifedipine was greatly enhanced, 

the release profile was not yet controlled since more than 40% drug 

was rapidly released during the first 30 min (Figure 4.6). In this 

study, therefore, the NCPT was capped with the nanofibrous sheets 

of various thicknesses to suppress such an initial burst and even to 

achieve a lag phase of drug release. The drug release profiles of the 
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NCPT and all capped tablets were examined at both pHs 1.2 and 6.8, 

as shown in Figure 4.7. Regardless the pH, the drug release was more 

retarded as the sheet thickness increased. The total percent release 

during the first 4 h decreased gradually from 65 – 69% to 4 – 7% as 

the sheet thickness increased from 0 μm to 75 μm.  

We also compared the release patterns of the tablets at pHs 

1.2 and 6.8. As shown in Figures 4.7 and 4.8, for each type of the 

tablets, similar release patterns were observed at both pHs for up to 

4 h, which is more than a doubled period of the known gastric 

residence time [101]. It appeared that the drug release was mediated 

mostly by the physical structure of the sheets (i.e., porosity), which 

did not seem to be affected by the pH, as depicted in Figure 4.4.  

We continued the drug release experiment with the NCPT and 

all capped tablets at pH 6.8 until 24 h. The drug release was still 

more retarded as the thickness of the sheets increased, as shown in 

Figure 4.9. Notably, with the sheets thicker than 50 μm, i.e., for 

50CPT, 62CPT and 75CPT, a lag phase of drug release became 

evident. The lag times, where the drug release was much suppressed 

(< 20%), were 2, 8 and 10 h for 50CPT, 62CPT and 75CPT, 

respectively, which clearly increased with the sheet thickness. 

Notably, for all capped tablets, after a certain lag time, drug release 

recovered the release rate almost similar to that of the NCPT (i.e., 

more than 80% release during 16 h). The nanofibrous sheets 

appeared to work just as barrier for intrusion of aqueous bodily fluid. 

Thus, once the liquid connection between the outer media and the 
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drug core was established, drug release did not seem to be 

significantly mediated by highly porous nanofibrous sheets. For all 

tablets, almost 100% drug was released in 24 h. 

In this work, we were to achieve a linear drug release profile 

by employing a combination of two distinctly capped tablets. As 

shown in Figure 4.9, the noncapped tablet or the tablet capped with 

thin sheets exhibited fast drug release at the early stage, which, 

however, slowed down afterwards. On contrary, the tablets capped 

with thick sheets showed facilitated drug release at the late stage but 

the drug release was greatly suppressed at the early stage. 

Therefore, with a proper combination of two different types of the 

tablets, the drug release at the early and late stages would be each 

compensated and hence, linear drug release would be possible.  

We first predicted drug release from a combination of two 

distinctly capped tablets by simply calculating the average 

(arithmetic mean) of the two capped tablets at each time point, using 

the following equations, based on the in vitro drug release profiles 

already obtained for each of the individual tablets (Figure 4.9):  

 

PDR(t) =
ODR1 (t) + ODR2 (t)

2
 

 

where t is the time point (0.5–24 h); PDR(t) is the predicted drug 

release at time point (t); and ODR1(t) and ODR2(t) are the 

experimentally observed drug releases of two differently capped 
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tablets at time point (t).  

All possible combinations of the two tablets were generated 

to assess the linear least square fits to their in vitro drug release 

data, where a resultant value closer to 1.000 showed better linearity 

of the drug release. 

A total of 10 different combinations were tested: NCPT and 

25CPT; NCPT and 50CPT; NCPT and 62CPT; NCPT and 75CPT; 

25CPT and 50CPT; 25CPT and 62CPT; 25CPT and 75CPT; 50CPT 

and 62CPT; 50CPT and 75CPT; and 62CPT and 75CPT. Among those 

combinations, the tablets of 50CPT and 75CPT were expected to 

show a good correlation with linear release (R2 > 0.983), as shown 

in Table 4.1 and Figure 4.10. To confirm this, we actually employed 

the two tablets of 50CPT and 75CPT and performed the in vitro drug 

release experiment. At this time, the two tablets were immersed 

together in the release media at pH 1.2 for 2 h and at pH 6.8 for the 

rest 22 h to better mimic the condition through the GI tract. Since 

each tablet prepared in this work was loaded with 16.5 mg nifedipine, 

the dose amount of two tablets became about 33 mg, which is similar 

to that of the marketed medication, Adalat® OROS 30 (Bayer 

HealthCare AG, Germany) [106]. As shown in Figure 4.11, the drug 

release from a combination of 50CPT and 75CPT was reproducible 

(i.e., similar to the predicted in vitro drug release profile), also 

exhibiting a fairly good correlation with a linear release pattern (R2 

> 0.986). In addition, we calculated a similarity factor, using the 

following equation [107], where two drug release profiles are 
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regarded as the same when the similarity factor is 100 and similar 

when the similarity factor is equal to or larger than 50. The similarity 

factor was 90.43 between expected drug release and actual drug 

release from a combination of 50CPT and 75CPT, suggesting their 

similar drug release patterns.  

 

, 

 

where n is the number of time points, and Rt and Tt are the cumulative 

amount of drug release from the expected and the actual 

combinations at the time point (t), respectively.  
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4.4 Discussion 

 

Oral drug delivery systems have been widely studied to improve drug 

bioavailability and reduce adverse side effects [77, 78]. Among them, 

linear drug delivery is of great interest since with a constant release 

rate, a drug concentration can be maintained in a highly controlled 

manner even with reduced dosing schedules. For that reason, many 

of linear delivery systems for oral drugs have been investigated [79], 

the release profiles of which, however, might be hard to control with 

high reproducibility due to variations in pH and gut motility present 

through the GI tract [88].  

In this sense, the OROS is quite successful in achieving 

reproducible linear drug release [89, 93]. The osmotic pressure of 

water actively pushes the drug out of the tiny delivery orifice, hence 

linear drug release independent of the conditions in the GI tract. In 

spite of such advantages, the OROS is still limited in perspectives of 

patients’ compliance. A hard capsule of the OROS may cause GI 

occlusion and fecal discomfort [93, 94]. The drug may be released 

specifically towards the gastric wall via a tiny orifice on the OROS 

capsule, possibly resulting in gastric irritation or ulceration. In 

addition, a delivery orifice has to be laser-drilled for each of the 

OROS capsules, hence intricate fabrication process [93, 95].  

Therefore, as a part of effort to develop a new form of oral 

drug delivery system to address those problems, we suggest a 

nanofibrous sheet-based system, considering these design 
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parameters: (i) linear drug release with pH independency, (ii) drug 

release in all directions, (iii) soft carrier and (iv) simple fabrication 

method. To achieve linear drug release, we employed a combination 

of two distinctly capped tablets, (i.e., 50CPT and 75CPT), each 

exhibiting a different lag time of drug release (Figure 4.9). The tablet 

capped with a thin sheet (i.e., 50CPT) released most of the drug at 

the early stage while a thick sheet (i.e., 75CPT) allowed drug to be 

released mostly at the late stage after a long lag time. Therefore, 

when combined as a single system, those two tablets, each 

compensating drug release at the early and late stages, showed 

almost linear drug release during 24 h (Figure 4.11).  

The tablets, 50CPT and 75CPT, exhibited the drug release 

profile independent of the pH. As shown in Figure 4.7, the drug 

release pattern was not very different at both pHs 1.2 and 6.8 when 

tested during 4 h, almost a doubled period of the reported gastric 

residence time [101]. This could be ascribed to similar morphology 

of the nanofibrous sheets observed at both pHs 1.2 and 6.8 (Figure 

4.4), indicating that the pores on nanofibrous sheet, a major pathway 

of drug diffusion, could be well retained regardless the pH conditions. 

Again, PLGA, comprising the nanofibrous sheet, would not degrade 

while residing for about 24 h in the GI tract [103]. 

For the capped tablets suggested in this work, the drug would 

be released in every direction through the intact portion of the 

nanofibrous sheet (Figure 4.5(c)). When the drug release was 

complete, the drug tablet dissolved and disappeared, where only the 
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nanofibrous sheet remained. The sheet, although not degraded, was 

swollen when submerged in the aqueous media (Figure 4.4) and thus, 

only a soft and empty capsule would be left for excretion. 

In this study, we prepared the drug tablets and the 

nanofibrous sheets separately and simply assembled them to give the 

capped tablets. This fabrication method has several advantages in 

regard to large scale production. A mixed powder of nifedipine and 

PVP was compressed to give the drug tablet, the process of which 

has been already widely adapted in pharmaceutical industry [108]. 

We capped the resulting tablets with the nanofibrous sheets by using 

an aligning stamp and a bonding stamp in sequence. The aligning 

stamp could position the drug tablet in a fixed location, where the 

bonding stamp could be applied just to heat the area around the drug 

tablet. The drug would not go through thermal degradation due to the 

use of the insulating stamp and cooling air. If nanofibrous sheets of 

large area and the stamps containing multiple rings were envisioned, 

multiple drug tablets could be capped and sealed at once with the 

method described in this work. Many researchers have already 

reported that the nanofibrous sheets of large area could be well 

fabricated with the electrospinning method [109]. 

Our tablet system may need to be improved further for the 

following reasons: the capped tablets are still not very small (Figure 

4.5(b)) and two tablets are needed to achieve linear drug release 

(Figure 4.11). To be more acceptable, therefore, the size of the 

capped tablets may need to be small enough to be packed in a single 
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capsule, possibly composed of water-soluble material. In this way, 

the capsule itself would easily dissolve in the bodily fluid after 

swallowing, releasing two distinctly capped tablets at once in the 

gastric cavity. The study is in progress to reduce the size of the 

capped drug tablets by using the aligning and bonding stamps in small 

size or different shape, where, however, the drug release profile is 

expected to not change much since the same type of nanofibrous 

sheets can be employed as a diffusion barrier. 
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4.5 Conclusion 

 

Linear delivery of oral drug is difficult due to the inconsistent 

environment present through the GI tract. The OROS, indeed, is one 

of the successful products for linear delivery of oral drug, which, 

however, may still have a room for improvement due to a non-

degradable hard capsule and complicated fabrication process involved 

with laser-drilling delivery orifice. To address these, we developed 

a nanofibrous sheet-based system as replacement technology for 

linear delivery of oral drug in this work. A blend of a model drug, 

nifedipine and a solubility enhancer, PVP was compressed to give a 

drug tablet, which in turn, was capped and sealed with nanofibrous 

sheets made of a biocompatible polymer, PLGA. The capped drug 

tablets can be prepared by a simple multi-step process of stamping, 

hence ease of fabrication. In addition, this delivery system can be 

more acceptable since only the soft nanofibrous sheets remain after 

completing drug release.  

The capped drug tablets can release the drug in a sustained 

manner, even showing various lag times of drug release, depending 

on the thickness of nanofibrous sheets. Therefore, we suggest a 

combination of two tablets, each showing a distinct profile of drug 

release, to achieve linear drug release. In this work, the two tablets 

capped with nanofibrous sheets of 50 μm- and 75 μm-thickness, 

respectively, when combined as a single system, exhibited almost 

linear release of nifedipine during 24 h. The drug release profiles 
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were reproducible regardless the pH, which could be ascribed to the 

non-different morphological structure of nanofibrous sheets at both 

pHs 1.2 and 6.8. Overall, we conclude that a proper combination of 

two tablets, each capped with nanofibrous sheet of different 

thickness, is a novel method of linear delivery of oral drug. 
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Chapter 5 

 

 

Polymeric Nanofiber-coated 

Esophageal Stent for Sustained 

Delivery of an Anticancer Drug 

 

5.1 Introduction 

 

Esophageal cancer ranks as the sixth most common malignancy in the 

world with a 5-year survival rate of less than 10%[110], and is 

responsible for 15,000 cancer deaths in the United States and for 

300,000 deaths in the world in 2009[111]. Although surgical removal 

of esophageal tumor could be a way of treatment, which, however, is 

acceptable to only 50% of the patients due to late tumor detection 

and early extramural spread of unresectable cancers or 
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radiographically visible metastases at the time of diagnosis of 

esophageal cancer[112, 113]. Treatment, therefore, focuses mainly 

on palliation therapy of dysphagia and odynophagia, employing a stent 

to mechanically open a blocked esophagus, thereby allowing feeding 

capacity and improving quality of life. 

 Various types of esophageal stents, made of metal, plastic or 

bioabsorbable polymer, have been technically evolved [114-117] 

and many of them are already in clinical use to relieve dysphasia [114, 

115]. These stents are designed to possess good mechanical 

flexibility for ease of insertion and elimination of excessive 

esophagus dilation [114, 116]. However, for almost all cases, the 

esophageal stents suffer from re-occlusion due to rapid growth of 

tumors around the stent to shorten the effective lifespan of the 

treatment, hence multiple of major surgeries for stent replacement 

[114, 115]. 

 In this sense, local and sustained delivery of an anti-cancer 

agent would be advantageous to suppress the tumor growth around 

the esophageal stent. In such systems, the drug would be released 

specifically towards the cancerous tissues in the esophagus, possibly 

achieving effective drug bioavailability around a stent for a prolonged 

period of time without unnecessarily high systemic drug exposure. 

However, to our knowledge, the esophageal stents enabled with 

delivery of an anti-cancer drug have not been widely studied, as 

compared with the other different types of drug-eluting stents, such 

as vascular stents [118, 119].  
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Recently, the esophageal stents were coated with 

biocompatible polymers, such as ethylene-vinyl acetate (EVA) and 

silicone, as a delivery medium for an anti-cancer drug[120-122], 

which could release the drug in a sustained pattern for a prolonged 

time, achieving high drug bioavailability near the site of action and 

thus, alleviating restenosis. In spite of those potential advantages, the 

coating process employed for the above-mentioned stents may still 

have room for improvement since it was a multi-step procedure, 

composed of separate fabrication of each of the individual drug-

delivery layers and assembly of the resulting layers and a stent. For 

example, for the stent coated with a drug loaded silicone layer, the 

layers were prepared separately on a jig of the shape of a stent, 

which were isolated from a jig, and then assembled and bonded with 

a stent [120]. The EVA-coated stent also needs assembly of a 

drug-loaded polymeric layer, which was again prepared separately, 

and a stent, where a heat and pressure were applied for their bonding 

[121, 122]. Especially for the assembly procedure, a manual process 

may be needed to align and bond the layer on a stent properly. 

 In this sense, the electrospinning method may benefit from 

easy coating of an esophageal stent with drug-loaded biocompatible 

polymer. Simple electrospinning of a solution of drug and polymer 

could prepare the coated layers on top of a stent without any 

additional procedures. Nanofibers of drug-loaded polymer would be 

deposited almost in a dry form, which might also decrease the time 

for solvent removal. For this reason, many different stents other than 
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an esophageal stent were successfully coated with drug or polymer 

[123, 124].  

In this work, we coated an esophageal stent with the 

electrospinning method, employing poly (lactic-co-glycolic acid) 

(PLGA) and 5-fluorouracil (5-FU) as a polymeric coating layer and 

a model anti-cancer drug, respectively. 5-FU is widely used for 

treatment of cancers of the aerodigestive and esophageal tracts, 

which is known to inhibit the nucleotide synthetic enzyme, 

thymidylate synthase, which is necessary for DNA replication and 

repair, causing cell cycle arrest and apoptosis [125]. PLGA is known 

to be highly biocompatible, degrading into lactic and glycolic acids, 

which are common metabolites found in the body [126].  

 We coated the esophageal stents with three different layers 

composed of drug-loaded PLGA nanofibers (DPN) and PLGA 

nanofibers only (i.e., PLGA nanofibers without the drug) (PN). Thus, 

the stents were coated with the DPN layer only, or the PN layers 

were additionally coated over the DPN layer to better control drug 

release. We varied the collection time of PN layers to 0 min, 60 min 

and 90 min to give the three differently coated stents (i.e., DPNS1, 

DPNS2 and DPNS3, respectively) in this work. For DPNS1, only the 

DPN layer was coated on a stent, where PLGA nanofibers themselves 

served as a wall material to sustain drug release. For DPNS2 and 

DPNS3, the PN layers on top of the DPN layer worked as an additional 

rate-limiting barrier, where the drug release profiles could be varied 

according to the thickness of PN layer.  
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5.2 Materials and Methods 

 

5.2.1 Materials  

 

Poly (lactic-co-glycolic acid) (PLGA; 50:50; lot number LX00195-

116; i.v. = 0.46 dL·g−1; average MW = 42,000) was obtained from 

Lakeshore Biomaterials (AL, USA). 5-FU was purchased from 

Sigma (MO, USA). Dichloromethane (DCM), tetrahydrofuran (THF) 

and dimethylformamide (DMF) were obtained from JT baker (NJ, 

USA), Daejung (Korea) and Mallinckrodt (MO, USA), respectively. 

Phosphate-buffered saline (PBS; pH 6.5) was obtained from Seoul 

National University Hospital Biomedical Research Institute. 

Esophageal stents (E02010) were a kind gift from TaeWoong 

Medical (Korea). 

 

5.2.2 Preparation of Coated Esophageal Stents 

 

The esophageal stents were coated with PLGA nanofibers loaded 

with an anti-cancer drug, 5-FU by the electrospinning method. First, 

600 mg PLGA or a blend of 600 mg PLGA and 18 mg 5-FU was 

dissolved in a 2 ml solvent mixed with DCM, THF and DMF (3:1:1 = 

v/v/v) to give a PLGA solution or a 5-FU and PLGA solution (the 

initial drug loading of 3% w/w)[109], respectively. The resulting 

solution was electrospun on top of the stents under the following 

conditions (Nano NC, Korea): applied voltage: 20 kV, collector 
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distance: 10 cm, flow rate: 0.6 ml·h−1, rotation speed of an 

esophageal stent: 1000 rpm. 

The stents were coated to possess three different layer 

properties, giving DPNS1, DPNS2 and DPNS3. To prepare DPNS1, a 

PLGA and 5-FU solution was electrospun for 30 min to prepare a 

DPN layer only. To prepare DPNS2 and DPNS3, a PLGA solution was 

first electrospun for 60 min and 90 min, respectively, then a PLGA 

and 5-FU solution for 30 min, and a PLGA solution for another 60 

min and 90 min, respectively. In this way, both top and bottom of a 

DPN layer could be completely covered by additional PN layers for 

both DPNS2 and DPNS3. The resulting layers were then lyophilized 

under high vacuum for more than 48 h in order to remove any residual 

solvent [127].  

 

5.2.3 Characterization 

 

A nanofiber layer was detached from the stents and cut into a 5 mm 

× 5 mm piece, which was then placed on a SEM sample mount and 

sputter coated with platinum for 10 min (208HR, Cressington 

Scientific, England). The sample was then imaged by SEM (7501F, 

Jeol, Japan).  

Crystallinity of PN and DPN was examined by an X-ray 

diffractometer (D/MAX RINT 2200-Ultima, Rigaku, Japan) equipped 

with Ni-filtered Cu-Kα radiation (λ = 1.5418 Å). The samples 

were deposited on a glass substrate and continuously scanned at the 
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tube voltage and the current of 40 kV and 30 mA, respectively [128]. 

The 5-FU and intact PLGA were also analyzed for comparison.  

A differential scanning calorimetry (DSC, DSC2901, TA 

instruments, DE, USA) was performed to examine the thermal 

properties of PN and DPN. A piece of a PN or DPN layer (each 7.5 

mg) was placed in a hermetic pan under nitrogen gas flow, where the 

temperature was raised from 0˚C to 150 ˚C at a rate of 5 

˚C·min−1, and then cooled at the same rate. This cycle was 

repeated five times to confirm the reproducibility.  

The coated layers on DPNS1, DPNS2 and DPNS3, each 

detached from the stents, were cut into a 1 cm × 1 cm piece and 

then completely dissolved in 1 ml DCM. After that, 14 ml of phosphate 

buffered saline (pH 6.5) was added to the resulting solution, which 

was sonicated at 80 W for 5 min (Model 500 Digital Sonic 

Dismembrator, Fisher Scientific, PA, USA) and centrifuged at 4,800 

rpm for 30 min at 20℃ (Allegra 21R, Beckman, CA, USA). The 

supernatant was taken and analyzed by high performance liquid 

chromatography (HPLC, Agilent 1100 series, Agilent Technologies, 

CA, USA) using a Zorbax® C18 column (4.5 mm × 25 mm, 5 μm; 

Agilent Technologies, CA, USA). The mobile phase was prepared by 

mixing an aqueous solution of 0.02 M phosphoric acid and methanol 

(98:2; v/v). The flow rate and injection volume were 0.8 ml·min−1 

and 10 μl, respectively. The column temperature was maintained at 

20℃ and the UV absorbance was measured at 265 nm. 
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5.2.4 In vitro Degradation Study  

 

To examine the in vitro degradation profiles, the coated layers of 

DPNS1, DPNS2 and DPNS3, each detached from the stents, were cut 

into a 1 cm × 1 cm piece and their initial weights were measured. 

Each of the samples was then placed in 2 ml of an aqueous medium 

buffered at pH 6.5 and incubated at 37℃ for 3 weeks. At scheduled 

intervals, the samples were taken out, washed thoroughly with DI 

water and freeze-dried for more than two days. The weights of the 

resulting samples were measured and compared with their initial 

weights.  

 

5.2.5 In vitro Drug Release Test 

 

The coated layers from DPNS1, DPNS2 and DPNS3, each detached 

from the stents, were cut into a 1 cm × 1 cm piece, which was then 

immersed in the aqueous media buffered at pH 6.5 at 37℃. The 

aliquot of the release media was sampled at scheduled intervals and 

assayed with HPLC as described above. The experiments were 

performed in triplicate for statistics. 
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5.3 Results and Discussion 

 

5.3.1 Characterization of Coated Esophageal Stents  

 

In this work, we coated the stents with drug-loaded polymeric layers 

for their potential application to local and sustained delivery of an 

anti-cancer drug around the esophagus. For this purpose, we 

employed PLGA and 5-FU as a wall material and a model anti-

cancer drug, respectively, which were electrospun to deposit 

nanofiber layers on top of a stent. Figure 5.1 shows the optical 

images of the esophageal stents before and after coating. A bare stent 

used in this work (E0210, TaeWoong Medical, Korea) was braided 

with nitinol wire to give mechanical flexibility for ease of insertion. 

The flanges were formed at both proximal and distal ends to avoid 

stent migration [129], which were 28 mm in diameter and 15 mm in 

length. The body part of a stent was 20 mm in diameter and 70 mm 

in length. Figure 5.1(b) shows a representative image of the stent 

coated with nanofiber layers of PLGA loaded with 5-FU (i.e., 

DPNS1), revealing that the stent could be seamlessly coated with the 

electrospinning method employed in this work. Regardless of the 

presence of 5-FU, the electrospun layer of PLGA exhibited an 

apparent nanofibrous structure, as shown in Figure 5.2. 

To control drug release, we coated the stents with three 

different types of nanofiber layers to give DPNS1, DPNS2 and DPNS3, 
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respectively (Table 5.1). The DPNS1 was prepared by 

electrospinning a solution of PLGA and 5-FU to coat a stent with a 

DPN layer (i.e., a layer with PLGA and the drug) only. For DPNS2 

and DPNS3, a PLGA solution was first electrospun to coat a stent 

with a PN layer (i.e., a layer with PLGA only), on top of which a DPN 

layer was coated and then, a PN layer was coated again over the top 

of a DPN layer. In this way, an additional diffusion barrier could be 

formed around a DPN layer for both DPNS2 and DPNS3. The times 

for coating each of the layers were 0 min PN; 30 min DPN; 0 min PN, 

60 min PN; 30 min DPN; 60 min PN, and 90 min PN; 60 min DPN; 90 

min PN for DPNS1, DPNS2 and DPNS3, respectively. The average 

thicknesses of the resulting layers were 0 µm PN; 70 µm DPN; 0 µm 

PN, 134 µm PN; 54 µm DPN; 98 µm PN, and 192 µm PN; 47 µm DPN; 

and 122 µm PN for DPNS1, DPNS2 and DPNS3, respectively (Table 

5.1).  

Notably, although the DPN layers were deposited during the 

same time period (30 min) for all stents, the thickness of DPN layer 

decreased as the thickness of the inner PN layer on top of a stent 

increased. This could be ascribed to the electric insulation formed by 

the PN layer first deposited on a stent [130], which appeared to 

reduce the electric field strength as the thickness of the PN layer 

increased. For the same reason, the outer PN layer deposited on top 

of the DPN layer was thinner than the inner PN layer initially 

deposited on top of a stent although both PN layers were collected 

during the same time period (Table 5.1). 
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5.3.2 Characterization of Coating Layers 

 

Figure 5.3 shows the XRD patterns of 5-FU, intact PLGA, PN and 

DPN. 5-FU exhibited a crystalline peak at 2θ = 28°, while intact 

PLGA and PN were amorphous with no crystalline peaks[128, 131]. 

However, even with the presence of 5-FU, the DPN showed no XRD 

peaks, suggesting that the 5-FU molecules were homogeneously 

distributed in the DPN layer without forming an evident crystalline 

structure.  

Figure 5.4 shows the results from DSC analysis of 5-FU, 

intact PLGA, PN and DPN. Tg of intact PLGA was obtained at 48.1℃, 

which was lowered to 38.2℃ with the PN. The decrease in Tg could 

be ascribed to a large surface to volume ratio of the PLGA nanofiber 

layers embedded with air as a plasticizer, increasing the spacing and 

free volume in nanofibers, thereby more flexibility of the polymer 

chains [132]. Tg did not vary much with the DPN as compared with 

the PN but slightly lowered to 36.8℃, which might be ascribed to the 

presence of 5-FU.  

 Table 5.2 shows the loading amounts of 5-FU per cm2 of each 

of the coating layers from DPNS1, DPNS2 and DPNS3. The drug 

loading amounts decreased as the thickness of additional PN layers 

increased, which was somewhat expected since the thickness of a 

DPN layer decreased with the presence of a PN layer. As described 

above, the addition of the PN layer resulted in insulation to cause 

reduction in electric field strength, thereby a decrease in total amount 
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of the collected DPN nanofibers. Thus, the average loading amounts 

of 5-FU were 15.66 µg, 12.42 µg and 10.62 µg per cm2 for DPNS1, 

DPNS2 and DPNS3, respectively. Where a DPN layer of the same 

thickness was assumed to be collected, the drug amounts per cm2 

should not be very different for all coated stents, as shown in Table 

5.2. Thus, the drug loading efficiencies were 72.9%, 74.9% and 73.6% 

for DPNS1, DPNS2 and DPNS3, respectively. 
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5.3.3 In vitro Degradation of Coating Layers 

 

We examined in vitro degradation behaviors of nanofiber layers from 

DPNS1, DPNS2 and DPNS3 by measuring the change in remaining 

amount after immersion in the aqueous media at pH 6.5, mimicking 

the biological fluid at the esophagus [133]. Figure 5.5 shows the 

remaining amount percent of the coating layers from each of the 

stents prepared in this work, all of which exhibited an apparent 

decrease in their remaining amount. The degradation of DPNS1 layer 

seemed to be relatively faster, especially for the first 2 days, than 

that of DPNS2 and DPNS3 layers, which could be attributed to rapid 

drug release via the DPN layer, leaving the pores on the layer to give 

a large surface area interacting with the surrounding medium. On the 

other hand, the additional PN layers seemed to prevent this rapid 

pore formation for DPNS2 and DPNS3, hence relatively slower 

degradation. After 21 days of immersion, the remaining amount 

decreased to 62%, 68% and 68% for DPNS1, DPNS2 and DPNS3, 

respectively. 
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5.3.4 In vitro Drug Release Profiles  

 

We examined the in vitro release profiles of 5-FU with the coating 

layers, each detached from DPNS1, DPNS2 and DPNS3, respectively. 

As shown in Figure 5.6, almost 70% of the drug was released from 

the DPNS1 layers during the first day, which was completed in 6 days. 

This rapid release could be due to a hydrophilic nature of 5-FU, 

which is known to be highly soluble in the aqueous media (~12.5 

mg·ml−1)[134], and thus, a release pattern appears to be not 

determined by polymer degradation but be controlled mostly via drug 

diffusion. To prolong drug release, therefore, we added the PN layers 

as an additional diffusion barrier. As a result, the layers from DPNS2 

and DPNS3 continued drug release on 6 day, still containing about 

11.3% and 21.7% of the drug remaining in the layers, respectively 

and thus, drug release was also more sustained as the thickness of 

the PN layer increased. A period of drug release was extended to 15 

days and 21 days for DPNS2 and DPNS3, respectively.  
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5.4 Discussion 

 

An esophageal stent is accepted in clinical use to mechanically open 

an esophagus clogged by cancerous tissues, allowing feeding 

capacity as well as improving a life quality of the patients [114, 115]. 

Various types of esophageal stents have been developed for this 

purpose [114-117], many of which, however, still pose problems of 

re-occlusion due to rapid growth of tumors around the stent. This 

reduces the effective lifespan of the stent, needing multiple times of 

major surgeries for stent replacement [114, 115]. 

 To resolve this, the esophageal stents enabled with local 

delivery of an anti-cancer drug have been developed by coating the 

surface of the stents with biocompatible polymers, such as ethylene-

vinyl acetate (EVA) and silicone [120-122]. This coated layers of 

polymer were loaded with an anti-cancer drug, where a drug could 

be released in a sustained manner over a prolonged period of time, 

achieving high drug bioavailability around the stent and thus, 

alleviating restenosis.  

 Inspired by those previous results, we coated a stent with the 

electrospinning method to prepare a nanofiber layer of a 

biocompatible polymer, PLGA, on top of a stent[126], where an anti-

cancer drug, 5-FU, was loaded to be released in a sustained manner 

(Figure 5.1). In the coating layers, the drug was seen to be 

homogeneously distributed in a molecular level (Figure 5.3), 

suggesting that local toxicity of an anti-cancer drug, 5-FU, possibly 
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caused by crystallized drug particulates in the layer, be highly 

improbable. After complete drug release, the PLGA nanofiber layers 

should be biodegraded into lactic acids and glycolic acids, which are 

common metabolites found in the body, to disappear eventually 

(Figure 5.5).  

However, the stents coated with this single layer composed of 

the polymer and drug (i.e., the DPN only) was limited in a relatively 

short period of drug release only for 6 days (DPNS1). To further 

control drug release, therefore, we coated the stents with the multi-

layered nanofibers composed of drug-loaded polymer (i.e., DPN) and 

polymer only (i.e., PN). In this work, we added the PN layers 

surrounding the DPN layer as an additional diffusion barrier. Thus, 

the DPN layer was sandwiched with two distinct PN layers. As a 

result, drug release could be more prolonged for up to 21 days 

(DPNS3) as the thickness of PN layer increased (Figure 5.6). 

Considering about 100 days of a median survival period of patients 

with esophageal cancer after stent placement [135], we envision that 

the period of drug release can be optimized by simply varying the 

thickness of the PN layers as a more resistive diffusion barrier.  

 The electrospinning method employed for coating the 

esophageal stents in this work could benefit from a simple fabrication 

procedure. Previously, to coat the stents with drug-delivery layers, 

each of the coating layers was separately prepared, which was then 

assembled manually with a stent, employing a solvent or heat for their 

attachment [120-122]. With the electrospinning method, the 
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nanofibers of drug-loaded polymer were directly deposited on top of 

a stent to form a layer enabled with drug delivery. Therefore, the 

coated stents would not need any additional procedures except for 

complete evaporation of the solvent utilized to prepare a drug and 

polymer solution for electrospinning. However, a short drying time is 

expected since nanofibers generated by electrospinning would not 

generally contain much of residual solvent. Moreover, a large area of 

nanofiber layers have been successfully fabricated with the 

electrospinning method[109], which would be favorable for coating 

of multiple stents at once in a scale up production. In this way, the 

thicker PN layers employed for a prolonged drug release could be 

obtained simply by a longer collection of PN nanofibers via 

electrospinning. The stability of 5-FU is expected to be retained 

during this process since the organic solvents and a high voltage used 

for electrospinning were reported to have almost no effect on the 

drug activity [110, 136]. 

 The coating layers that we prepared in this work may need to 

be improved further to give more mechanical flexibility and pliability 

needed for a practical use of an esophageal stent. For example, the 

stent needs to be contracted for insertion, which is then expanded 

fully after placement in the esophagus [137]. In addition, the stent is 

usually under repetitive mechanical stress due to the peristalsis of 

esophagus [136]. To be more acceptable, therefore, the coating 

layers may need to be composed of more pliant polymers, such as 

elastomers [138]. Incorporation of a plasticizer, such as 
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polyurethane and poly (lactic-co-ε-caprolactone) may also help to 

give more flexibility to the PLGA coating layers[139]. The study is 

now in progress to develop the esophageal stents coated with the 

polymeric layers with more flexibility, as well as longer drug release. 
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5.5 Conclusion 

 

An esophageal stent has been accepted in clinical use for palliative 

therapy to relieve malignant dysphagia and odynophagia mostly found 

with the esophageal cancer patients. However, many of the stents are 

still limited in restenosis due to rapid growth of tumor cells around 

the stent. To address this obstacle, we developed the esophageal 

stents enabled with delivery of an anti-cancer drug. For this purpose, 

the stents were coated with nanofiber layers of a biocompatible 

polymer, PLGA, containing an anti-cancer drug, 5-FU, via 

electrospinning. A coating procedure with the electrospinning method 

is considered to be simple, as compared with some of the previous 

trials involved with separate fabrication of drug-delivery layers and 

manual attachment of the layers to a stent.  

The stents coated with drug-loaded nanofibers (DPN) can 

sustain drug release and the period of drug release can be more 

prolonged by adding nanofiber layers composed of PLGA only (PN), 

surrounding the DPN layer, as a more resistive diffusion barrier. The 

stents coated with a 70 μm-thick DPN layer in this work could 

release the drug for 6 days, which could be extended to up to 21 days 

when the 122 μm-and 192 μm-thick PN layers were deposited on 

top and bottom of the DPN layers, respectively. We expect that a 

longer drug release period can be realized simply by incorporating 

the thicker PN layers via electrospinning. Therefore, we conclude 

that a drug-delivery esophageal stent suggested in this work has a 
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promising potential for a long-term treatment of dysphagia of the 

esophageal cancer patients. 
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Chapter 6 

 

 

Conclusion and Perspective 

 

Effective drug delivery at the desired site of action is essential for 

the treatment of diseases. However, this is often challenging due to 

low bioavailability, unwanted systemic exposure and adverse side 

effects. To address this problem, the author presented newly 

developed devices for the effective delivery of drugs and, thus, better 

treatment of diseases by applying nanofiber-structured biopolymers. 

 In Chapter 2, we provided the main rationale for the 

biopolymer selection and optimization process for nanofiber-

structured biopolymers. We chose PLGA as a biopolymer, due to its 

excellent biocompatibility, biodegradability and easy tunability. Then, 

we varied many parameters through electrospinning to find the most 

optimized nanofiber structures (i.e., those that possess an optimized 
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high-specificity surface area and micro-porosity). 

In Chapter 3, we examined mucoadhesive NM for their 

extended preocular retention and thus improved drug bioavailability. 

The NMs were prepared simply by freeze-milling the nanofibrous 

sheets to create entangled nanofibers in each of the microparticles, 

which exhibited a more than 10-fold increase in specific surface area 

compared with conventional MS. The NM with an added 

mucoadhesion promoter adhered better to the mucus layer of the eye. 

This interaction can be synergistically enhanced by using a rapidly 

dissolving dry tablet formulation, which can increase tear viscosity 

and avoid the rapid clearance of microparticles by not providing 

additional fluid. Thus, the in vivo animal experiment revealed that the 

best preocular retention could be obtained with the PLGA/PEG NM 

tablet. Accordingly, when the BRT was delivered via a dry PLGA/PEG 

NM tablet, the NM delivered the drug in a sustained manner to the 

surface of the eye. This improved drug bioavailability, hence 

prolonging the IOP-lowering effect of 13 h, which was more than 

twice the drug efficacy, as compared with Alphagan-P, a medication 

already approved for clinical use.  

In Chapter 4, we suggested the use of nanofibrous sheets of 

micro-porosity for the linear delivery of nifedipine. A blend of a 

model drug, nifedipine, and a solubility enhancer, PVP, was 

compressed to give a drug tablet, which, in turn, was capped and 

sealed with nanofibrous sheets made of a biocompatible polymer, 

PLGA. The capped drug tablets were prepared by a simple multi-
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step process of stamping. The capped drug tablets released the drug 

in a sustained manner, even showing various lag times of drug release 

depending on the thickness of the nanofibrous sheets. The two 

tablets capped with nanofibrous sheets of 50 μm- and 75 μm-

thickness, respectively, when combined as a single system, exhibited 

an almost linear release of nifedipine during 24 h. Overall, we 

concluded that an appropriate combination of the two tablets, each 

capped with nanofibrous sheets of different thicknesses, is a novel 

method of linear delivery of oral drugs. 

In Chapter 5, we developed the esophageal stent enabled with 

delivery of anti-cancer drug for the prevention of re-occlusion by 

esophageal cancer. For this purpose, the stents were coated with 

nanofiber layers of a biocompatible polymer, PLGA, containing an 

anti-cancer drug, 5-FU, using electrospinning. The stents coated 

with drug-loaded PLGA nanofibers (DPN) can sustain drug release, 

and the drug-release period can be extended by adding nanofiber 

layers composed of PLGA only (PN), surrounding the DPN layer, as 

a more resistive diffusion barrier. The stents coated with a 70μm-

thick DPN layer released the drug for 6 days, which could be 

extended to up to 21 days when the 122 μm- and 192 μm-thick 

PN layers were deposited on top and bottom of the DPN layers, 

respectively. We expect that a longer drug-release period could be 

realized by incorporating thicker PN layers via electrospinning. 

Therefore, we conclude that the drug-delivery esophageal stent 

suggested here is promising for the long-term treatment of 
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dysphagia in esophageal cancer patients. 

According to the obtained results, nanofiber-structured 

biopolymers have many unique features, such as high specific surface 

area and micro-porosity, which could be used to develop advanced 

drug-delivery systems that are needed for the treatment of various 

diseases. Recently, the number of publications on biopolymer 

nanofibers has been continuously increasing due to their ease of 

fabrication, remarkably low cost, and the variety of their potential 

applications in diverse areas. In addition, nanofiber-based products 

have been commercialized in many fields, including regenerative 

medicine, and drug delivery systems. In this regard, we hope that this 

study contributes to the development of an advanced drug delivery 

system with nanofiber-structured biopolymers for the better 

treatment of diseases, thereby improving quality of life. 
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Abstract in Korean 

국문 초록 

 

이 논문은 나노섬유구조의 생체고분자를 이용하여 질병 치료 효과를 

극대화시킬 수 있는 차세대 약물 전달장치에 관한 것으로 

나노섬유구조가 가지고 있는 넓은 비표면적과 마이크로 공극률의 

특징들을 효과적으로 활용하여 다양한 전달경로와 질병에 맞는 약물전달 

장치를 개발 하는 것이다.  

첫째로, 점안약이 갖는 낮은 생체이용도를 해결하고자, 친점액성 

물질이 포함된 표면적이 극대화된 마이크로입자를 제작하고, 녹내장 

치료제인 브로모니딘을 탑재시킨 후, 약물정 형태로 눈에 전달하여 

생체이용도를 높일 수 있는 약물운반체를 제작하였다. 표면이 거친 

나노형상마이크로 입자는 나노형상을 잘 유지하고 있으며 비표면적을 

측정하였을 때 기존의 에멀전 방식을 이용하여 제작된 구형 

마이크로입자보다 13배 이상의 넓은 표면적을 지니고 있음을 

확인하였다. 이를 통해, 눈에서 빠르게 녹아나는 약물정 형태로 

전달하였을 때, 구형 마이크로입자에 비해서 전안부에서의 거주시간이 

10배이상 증가됨을 확인하였고, 모델 약물인 브리모니딘이 탑재되었을 

때, 안압 하강 효과가 기존의 제형인 알파간피 (Alphagan-P)와 

비교하여 2배 이상 증가하였음을 확인하였다. 이 연구를 통하여, 

친점액성 물질이 포함되고 비표면적이 증가된 나노형상 마이크로입자는 

전안부에서의 거주시간이 월등히 증가되고, 그 기간 동안 약물이 서방 

방출되어 약물의 생체이용도를 증가시킬 수 있는 유망한 제형임을 확인 

하였다. 
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둘째로, 경구 투여 약물인 니페디핀의 선형전달을 위하여 

나노섬유구조 시트기반의 약물전달 제형을 개발하였다. 이를 위하여 

생체적합성 고분자인 poly (lactic-co-glycolic acid)(PLGA)를 

전기방사 방법을 이용하여 마이크로 공극률을 가지는 나노섬유시트를 

제작하였다. 녹내장 치료제인 니페디핀을 모델 약물로 선정하고 용해도 

증강제인 polyvinylpyrrolidone와 섞어 약물정으로 제작 후, 위에 

제작된 나노섬유시트를 덮어 캐핑하였다. 다양한 약물 방출 형상을 얻기 

위하여 다양한 두께의 나노섬유시트를 이용하여 약물정을 캐핑하였고, 

약물전달 실험 결과 나노섬유시트의 두께가 두꺼워질수록 약이 보다 

서서히 방출되는 결과를 확인하였다. 각각 다른 두께의 나노섬유로 

캐핑된 2개의 서로 다른 약물정을 결합하여 24시간동안 선형전달이 

가능한 제형을 제작하였다. 이 연구를 통하여, 약물정을 캐핑하는 

나노섬유 두께에 따라 약물의 전달형상이 달라짐을 확인하였고, 다른 

두께의 나노섬유로 캐핑된 약물정의 결합을 통하여 약물의 선형전달이 

가능함을 확인하였다. 

마지막으로, 식도스텐트 시술 후, 암세포의 스텐트 주변부로의 빠른 

성장으로 인해 스텐트가 막히는 단점을 해결하고자, 항암제 서방 전달 

기능성이 부여된 식도스텐트를 개발하였다. PLGA를 약물확산벽 물질로 

사용하였고, 대표적인 항암제인 5-FU를 모델 약으로 사용하여 

전기방사 방법으로 식도스텐트를 코팅하였다. 그 결과 수용성 약물인 

5-FU는 6일만에 모두 용출되었다. 약물의 다량방출을 차단하고 

서방전달 기간을 증가시키고자, 약이 들어있지 않은 나노섬유를 약물이 

탑재된 코팅면 앞뒤로 추가 코팅하여 약물의 서방 방출 기간을 

21일까지 연장시켰다. 이 연구를 통하여 식도스텐트에 

약물부가기능성을 부여하여 약물을 서방전달 시킴으로써 스텐트 이식 
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후에도 장기간 동안 암세포의 증식을 억제하여 스텐트의 다시 막힘 

현상을 오랜 기간 막을 수 있는 스텐트를 제작할 수 있었다.  

 

핵심어: 생체고분자, 약물전달시스템, 전기방사, 마이크로 공극, 

나노섬유, 비표면적, 코팅 

 

학번: 2009-23194 
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있는 세나누나 모두 정말 고맙습니다. 항상 멀리서 고생하는 분당방장 

병휘형, 형의 농담을 잘 받아 치는 원석이, 그리고 역시나 다른 분야에서 

넘어와서 고생하는 막내 영빈이까지 정말 고맙습니다. 지금은 졸업해서 

보기 힘들지만, 각자의 위치에서 최선을 다하고 있을 졸업생들도 생각이 

납니다. 곧 다시 미국으로 넘어 간다던 Katie, 회사생활 열심히 하고 

있을 지은이와 성윤이 그리고 미국에서 공부 이어서 하고 있는 수빈 

이에게도 이 글을 통해 함께 있을 때에는 말을 못했지만 그때 정말 

고마웠다고 말하고 싶습니다. 부족한 “사수”밑에서 인턴을 했던, 지은이, 

은빛이, 병무, 경선이, 민재, 유정이, 영은이, 민아, 혜림이, 그리고 가령이, 

짧은 기간이었지만 다들 너무 고생했고, 잘해줘서 고마웠다. 

마음으로는 더 자주 연락 드리고 싶지만, 바쁘다는 핑계로 연락 자주 
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만나서 아직까지도 정말 많은 도움을 주신 쉐리문 집사님, 박사학위 과정 

동안 용기를 많이 주시고 조언을 아끼지 않으셨던 재수형님을 포함한 
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해룡고-한양대 모임 꾸준히 유지 시켜주시는 희석이형, 판홍이형 포함한 

많은 선후배님들도 감사 드리며, 은호형, 형근이형도 보고 싶습니다.  

힘들다고, 즐겁다고, 주말이라고, 연말이라고, 이유 불문하고 나와서 

나와 술잔을 기울여준 대진이, 연상이, 형대, 원균이를 비롯한 해벗 

친구들에게도 정말 고맙다는 말을 전하고 싶다. 특히 고등학교 때부터 

지금까지 우정 변치 않고 한결같이 곁에서 힘이되 주는 대진이에게 

고맙고, 부산에서 열심히 사업하는 상범아, 너는 나에게 자랑스러운 

친구다. 또 대학원 들어가고 나서 알게 됐지만 최근에 가장 많이 만난 
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현성이는 짧은 기간이지만 정말 많은 이야기를 한 친구라서 마치 오래된 

친구 같다. 이제 이사를 가지만 앞으로도 자주 보면 좋겠다. 역시나 오랜 

시간은 아니지만 친해진 석진철 사장님, 사업 번창하시길 바라고, 

동생들에게 맛있는 것 많이 사주는 지영이형도 정말 고맙습니다. 대학교 

2학년 때부터 같이 전공을 바꿔서 내내 붙어 다녔던 이젠 애 아빠가 된 

상균이, 중학교 때부터 대학교까지 같은 학교를 다닌 유일한 친구이자 

형인 선휘형, 우리 조만간 봅시다. 말 많은 영화, 세정이, 해외에 있는 

배영, 그리고 정수빈, 연락하자. 또, 대전에서 열심히 연구중인 성훈이, 

대정이, 현준이, 서울에서 열심히 하고 있는 윤표, 달콤이 빨리 만나자. 

할 이야기가 많을 것 같다. 

미국에 있어서 자주보지는 못하지만, 곧 결혼하는 나의 멘토 보나 누나, 

얼마 전에 결혼한 소영누나 너무너무 고맙고, 더 행복하길 바랄게. 바쁜 

거 뻔히 알지만 항상 잘 챙겨주시는 박대환 박사님도 매우 감사 드립니다. 

요즘은 서로 바빠서 명절 때만 만나게 되는 진석이형, 혁이형, 수경누나, 

동수형을 포함한 친척들도 앞으로는 더욱 자주 보면 좋겠습니다. 

대학원 생활 내내 도움을 주신 김행순 선생님, 김희자 선생님, 김화룡 

선생님, 최은경 선생님, 최양선 선생님, 정희원 선생님, 김사훈 선생님, 

오은석 선생님, 김영국 선생님, 김미정 선생님, 이재용 선생님, 박선후 

선생님, 신라현 선생님, 심재희 선생님, 조은수 선생님께 이 글을 통해 

감사의 인사를 전합니다. 또, 대학원 들어와서 친해진 상경이형, 민혜, 

원규, 성준이형, 수환이형, 수영이, 홍지, 보림이 (그리고 설희), 명선이, 

치원이, 가람이, 병욱이, 지흠이, 돈 많이 버시는 이충희 박사님 그리고 

이번에 같이 졸업하는 승우형, 형선이 모두 감사합니다. 

마지막으로 어떠한 글로도 어떠한 표현으로도 지금껏 받은 사랑을 

표현할 수 조차 없는, 저를 키워주신 사랑하는 엄마, 무뚝뚝한 척하지만 
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누구보다 걱정 많이 해주고 도움을 많이 주는 존경하는 아빠에게도 

무한한 감사를 올립니다. 어릴 때 참 많이 싸웠지만, 지금은 서로를 너무 

잘 알기에 10년째 최고의 동거인이 되어준 누나에게도 무한한 감사를 

드리며, 바쁘다는 핑계로 자주 만나지 못하는 우리 형도 이 글을 통해서 

더 자주 만나자는 약속을 해봅니다.   

제가 사랑하는 그리고 저를 사랑해주시는 많은 분들께도 표현하진 

않지만 마음속으로 항상 감사하고 모든 일이 잘 풀리길, 그리고 항상 

건강하시길 기도하고 있다는 점을 말씀 드리고 싶습니다.  

시간이 지나면 지날수록 한걸음씩 더 앞으로 나아가는 자랑스러운 

박천권이 되도록 오늘도 노력하겠습니다. 감사합니다. 

 

2014년 7월 비가 많이 오는 날에…… 

박 천 권 
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