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Topical ocular drug delivery is limited by low drug bioavailability due to 

rapid clearance of the drug from the preocular surface by tear fluid or blinking. 

The purpose of this study is to investigate the fabrication conditions of

mucoadhesive nanoparticles for topical dexamethasone delivery to the eye. 

Dexamethasone is a highly potent and widely used anti-inflammatory 

corticosteroid in ophthalmology. Nanoparticles made of biodegradable 

polymers have drawn a great deal of interest as drug delivery carriers. In order 

to resolve the topical ocular drug delivery challenge, I sought to fabricate the

hydrophobic dexamethasone loaded nanoparticles composed of poly(lactic-

co-glycolic acid) (PLGA) as a core material for sustained drug delivery and 

poly(ethylene glycol) (PEG, MW = 6000) as a mucoadhesion promoter. The 

nanoparticles were prepared via the single oil-in-water emulsion method and 

were fabricated by varying the initial feeding amounts of dexamethasone and 

PEG. Among the fabricated nanoparticles, the most suitable nanoparticle for 

the topical dexamethasone delivery to the eye was fabricated with the actual 



ii

drug and PEG loading amounts of 105.7 ± 2.4 and 9.8 ± 1.0 μg/mg, 

respectively, and demonstrated the sustained in vitro drug release of 90.0 ± 

2.7 % for 24 hours with an initial burst release of 20.8 ± 3.3 % in the first 

hour. Furthermore, the in vitro evaluation of the mucoadhesion study of the 

optimized nanoparticle with mucin confirmed the better adsorption of the 

nanoparticle to the mucin when compared to the nanoparticle without PEG. 

Also, the in vivo pharmacokinetics study demonstrated the enhanced ocular 

dexamethasone bioavailability with increased concentration of the absorbed 

dexamethasone into the aqueous humor of rabbit eyes.

Keywords: Nanoparticles, topical ocular drug delivery, mucoadhesion,

sustained drug release, poly(lactic-co-glycolic acid), poly(ethylene glycol), 

dexamethasone
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1. Introduction

1.1 Background knowledge

Dexamethasone (DEX) is a widely used anti-inflammatory 

corticosteroid in ophthalmology [1-5]. Among all the corticosteroid available 

for the treatment of ocular diseases, dexamethasone is one of the most 

prescribed corticosteroids worldwide [6]. It is used to treat a wide variety of 

ocular conditions, including diseases of anterior segment inflammation such 

as, keratitis, blepharitis, allergic conjunctivitis, anterior uveitis and dry eye 

and is also used to reduce inflammation following various ocular surgeries

[7]. Dexamethasone is approximately 5 to 10 fold more potent than 

prednisolone and 25 fold more potent than hydrocortisone [8]. It 

downregulates the production of inflammatory cytokines, chemokines and 

decreases the synthesis of matrix metalloproteinase. [9, 10]. It is also FDA 

approved and is available as an eye drop formulation, dexamethasone 0.1 % 

ophthalmic suspension, under a trade name of Maxidex® (Novartis, Alcon). 

However, the marketed eye drop containing a hydrophilic form of 

dexamethasone exhibits poor drug bioavailability due to its rapid clearance 

from the ocular surface and an ointment formulation of dexamethasone 

causes blurry vision and discomfort in the eyes [11]. 

As the eye drops are non-invasive and easy to use, the topical 

ocular drug delivery via eye drops has been the most patient compliant and is 

used the most widely [12, 13]. However, the drug is removed from the ocular 

surface within a few minutes due to the rapid clearance of drug by fast tear 
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turnover, blinking and lacrimal drainage, thus this results in the low drug 

bioavailability of less than 5 % [13-16]. 

In order to enhance the preocular residence time of drugs and to 

improve the drug bioavailability to the eyes by means of the topical 

administration, one of the ways to resolve the problems was to use 

mucoadhesive materials, such as chitosan, poly(acrylic) acid, alginate, pectin, 

hyaluronan, lecithin, etc. to fabricate micro or nanoparticles [17-24]. For 

example, Ramish et al. developed chitosan coated sodium alginate-chitosan 

nanoparticles loaded with 5-fluorouracil for ophthalmic delivery which 

resulted in increased bioavailability with extended retention time of the 

formulation in the precorneal area due to electrostatic interaction of the 

nanoparticles and negatively charged mucin [22]. Bhatta et al. developed 

natamycin encapsulated lecithin-chitosan mucoadhesive nanoparticles for 

prolonged ocular application which resulted in mucin adhesion by ionic 

interaction and improved pharmacokinetics of the nanoparticle, thus resulted

in enhanced ocular bioavailability [25].

Among the various mucoadhesive materials, poly(ethylene glycol) 

(PEG) is selected as a mucoadhesion promoter. It is a hydrophilic and 

biocompatible polymer known to have mucoadhesive effects, owing to its 

ability to form hydrogen bonds with mucin [26]. Molecular weights over 

2000 of PEG have favorable pharmacokinetics and tissue distribution and 

lack of toxicity [27]. Also, in order to fabricate stable nanoparticles, 

surfactants are used in the external aqueous phase as an emulsifier. Along 

with a widely used polymeric surfactant, poly(vinyl) alcohol (PVA), PEG 
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having a similar chemical structure with PVA could also be utilized as the

stabilizer for the synthesis of stable nanoparticles [28-30]. 

Nanoparticles have a larger specific surface area than 

microparticles, which results in the better interaction between the 

nanoparticles and the mucous layer in the eye [14]. The smaller the particle 

is, the higher the solubility, dissolution rate, bioadhesion and corneal 

penetration are observed [31]. Poly(lactic-co-glycolic acid) (PLGA) is the 

United States Food and Drug Administration (FDA) and the European 

Medicines Agency (EMA) approved polymer that is biocompatible and 

allows for sustained drug release as it is biodegradable into monomers that 

could be metabolized by the body [32, 33].
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1.2 Strategy

In order to overcome the challenges of the topical dexamethasone delivery to 

the eye, I studied the fabrication conditions of hydrophobic dexamethasone-

loaded PLGA/PEG nanoparticles for mucoadhesive property, sustained drug 

delivery and enhanced drug bioavailability when topically applied to the eye 

in suspension formulation. The fabricated nanoparticles would allow for the

improved adherence specifically to the preocular mucus layer resulting in the 

more nanoparticles to reside on the preocular surface. The adhered 

PLGA/PEG nanoparticles to the preocular mucin would facilitate the 

sustained dexamethasone release and result in an increase of absorbed drug 

concentration into aqueous humor.

In order to achieve this, six different dexamethasone-loaded 

PLGA/PEG nanoparticles were fabricated by varying initial dexamethasone 

and PEG feeding amounts via a conventional single oil-in-water emulsion 

and vacuum evaporation method. Following that, characteristics of all the 

fabricated nanoparticles, such as particle morphology, size, actual 

dexamethasone and PEG loading amounts, drug encapsulation efficiencies 

and in vitro drug release profiles were evaluated to select the most 

appropriate nanoparticle for the topical dexamethasone delivery to the eye in 

the suspension formulation. The actual drug loading amount determines 

whether the amount of nanoparticle containing a therapeutic dexamethasone 

dose is appropriate to be formulated in suspension. The actual PEG loading 

amount is evaluated as PEG is utilized as the mucoadhesion promoter in the 

nanoparticle. Considering the rapid clearance of the formulation from the 
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ocular surface, the in vitro drug release profile for 24 hours is investigated to 

select the most optimum nanoparticle for the topical dexamethasone delivery 

to the eye in suspension formulation. Furthermore, the in vitro evaluation of 

the mucoadhesion study of the nanoparticles with the mucin and the in vivo 

pharmacokinetics study of the nanoparticles were performed in comparison 

with non-mucoadhesive dexamethasone-loaded PLGA nanoparticle (i.e. 

PLGA NP; with no PEG) to prove that this particular dexamethasone-loaded 

PLGA/PEG nanoparticle is a promising carrier for the topical 

dexamethasone delivery to the eye.
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2. Materials and Methods

2.1 Materials

Poly(lactic-co-glycolic acid) (PLGA; lactic acid: glycolic acid = 50:50; 

average MW = 12 kDa) and poly(ethylene glycol) (PEG; average MW = 6 

kDa) were purchased from Lakeshore Biomaterials (AL, USA). Poly(vinyl) 

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

phosphate-buffered saline tablets (10 mM PBS, pH 7.4) were obtained from 

Sigma (MO, USA). Dichloromethane (DCM), dimethylformamide (DMF) 

and acetonitrile (ACN) were supplied by J.T. Baker (NJ, USA). 

Dexamethasone was purchased from Zhejiang Xianju Xianle. Mucin type 

Ⅱ (~1% sialic acid) was purchased from Sigma Aldrich. Ketamine 

hydrochloride (Ketamine), xylazine (Romphun) and acepromazine maleate 

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

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

2.2 Preparation of nanoparticles

To prepare dexamethasone-loaded PLGA/PEG nanoparticles and 

dexamethasone-loaded PLGA nanoparticles, the single oil-in-water emulsion 

and vacuum evaporation methods were employed in this work [34-36]. The 

overall schematic fabrication process of the nanoparticles is shown in Figure 

1. The six different PLGA/PEG nanoparticles (i.e. PEG200-DEX50, 

PEG200-DEX100, PEG200-DEX200, PEG400-DEX50, PEG400-DEX100 
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and PEG400-DEX200) were fabricated with varying conditions of the initial 

drug and PEG feeding amounts and fixed conditions of the initial PLGA 

feeding amount, external aqueous phase concentration and volume and 

sonication power and time as shown in Table 1. They were fabricated with 

the initial DEX amounts of 50, 100, or 200 mg and the initial PEG amounts 

of 200 or 400 mg. For PLGA/PEG NP and PLGA NP, either a blend of 300 

mg of PLGA and 200 or 400 mg of PEG or 300 mg of PLGA without PEG, 

respectively, was first dissolved in 5 ml of DCM. The drug solution was 

prepared by dissolving 50, 100, or 200 mg of DEX in 2 ml of DCM. The 

polymer and drug solutions were mixed and vortexed at 13000 rpm, then 

shaking incubated at 37 °C in order to completely dissolve the polymers and 

drug. The mixed polymer-drug solution was emulsified in 7 ml of 2 % PVA 

and was sonicated for 10 minutes with the sonication power of 120 W 

(Model 5 Digital Sonic Dismembrator; Fisher Scientific, USA). The solution 

was kept in an ice bath during the sonication to prevent overheating. The 

sonicated solution was immediately dispersed in 50 ml of 2 % PVA and was 

stirred at 400 rpm under vacuum for 30 minutes to allow the evaporation of 

the organic solvents. The emulsions were filtered through a 53 μm metallic 

mesh sieve to remove large aggregated particles. The filtered nanoparticles 

were washed with deionized (DI) water by ultracentrifugation of 28000 rpm. 

Finally, the nanoparticles were freeze-dried at -80 °C overnight to evaporate 

any possible residual solvent.



8

Figure 1. Schematic fabrication process of DEX-loaded PLGA/PEG NP and 

DEX-loaded PLGA NP
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2.3 Characterization of nanoparticles

The surface morphology of the nanoparticles was examined via scanning 

electron microscopy (SEM; 7800F, Jeol, Japan). A drop of the nanoparticle 

suspension in DI water was placed on a piece of silicon wafer and dried at 

room temperature. The silicon wafer was then attached on the mount coated 

with carbon tape. The nanoparticles were sputter-coated with platinum for 60 

seconds before imaging. 

The nanoparticle mean hydrodynamic size and polydispersity 

index (PDI) were determined by the Otsuka Electronics (ELS-2000ZS, 

Japan). The nanoparticles were suspended in 3 ml distilled water in 

disposable cuvette and the measurement was performed using the inbuilt 

computer software Zetasizer. 

The actual loading amounts of PEG in the nanoparticles were 

examined by proton nuclear magnetic resonance (H-NMR, Varian Unity-

Inova 500MHz) [37]. The hydrogens of the methylene group of PEG was 

referenced by a characteristic chemical peak value at 3.6 ppm [38]. A 

standard PEG solutions of 0.01, 0.1 and 0.5 mg/ml were prepared with 

deuterated chloroform (CdCl3, Sigma, MO, USA) containing 0.1 % v/v 

tetramethylsilane and the area under the peak of 3.6 ppm was measured for a 

standard calibration curve. The nanoparticles (20 mg) were dissolved in 2 ml 

of deuterated chloroform containing 0.1 % v/v tetramethylsilane. The sample 

solutions were sonicated to completely dissolve PEG, then they were filtered 

through a 0.2 µm syringe filter. The measured sample peak area at 3.6 ppm 

was used for the calculation of the actual loading amount of PEG.



10

The actual dexamethasone loading amounts of the PLGA/PEG 

NP and PLGA NP were determined by high performance liquid 

chromatography (HPLC). The nanoparticles were dissolved in DMF at a 

concentration of 1 mg/ml. Then, 1 ml of the dissolved samples was 

centrifuged at 13000 rpm for 5 minutes. The supernatant was extracted and 

diluted with ACN (1:1 v/v). The Agilent 1200 HPLC (Agilent 1260 series; 

Agilent Technologies, Santa Clara, CA, USA) was equipped with a UV 

detector and a reverse-phase Dikma Diamonsil C18 column (150 x 4.6 mm, 

5 µm, Dikma, CA, USA) with a mobile phase of 20 mM pH 2.5 phosphate 

buffer saline (PBS) and acetonitrile (65:35 v/v) at a constant flow rate of 1.0 

ml/min and a wavelength of 240 nm. The dexamethasone peak was 

measured at retention time of 8 minutes. The standard dexamethasone 

solutions were prepared from a range of 5 and 500 µg/ml. The drug 

concentration was quantitatively determined by using the standard 

calibration curve so that the actual drug loading amounts could be calculated.

2.4 In vitro drug release profiles

In vitro drug release profiles were performed with dexamethasone-loaded 

PLGA/PEG NP via the dialysis membrane method. The nanoparticles (10 

mg) were first suspended in 3 ml of 10 mM pH 7.4 phosphate buffered saline 

(PBS) in 10 kDa dialysis membranes, which were closed with standard 

closures at both ends. The prepared solutions in the dialysis membrane were 

then immersed in a release medium having 45 ml of 10mM pH 7.4 PBS, 
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which was then incubated at 37 °C while being shaken at 100 rpm. Aliquots 

of 5 ml of the medium were collected at each sampling time and the same 

volume of the fresh medium was added back. The samples were ensured to 

maintain sink condition. The collected samples were analyzed by high 

performance liquid chromatography (HPLC, Agilent 1260 series; Agilent 

Technologies, Santa Clara, CA, USA) using a reverse-phase Dikma 

Diamonsil C18 column (150 x 4.6 mm, 5 µm, Dikma, CA, USA). The 

mobile phase was 55 % of 20 mM phosphate buffer at pH 2.5 and 45 % of 

acetonitrile, which was fed at a flowrate of 1 ml/min. The sample of 30 µl 

was injected into the column at 37 °C and the concentration of 

dexamethasone was measured at a wavelength of 240 nm.

2.5 In vitro mucoadhesion study

The in vitro mucoadhesive effect of the DEX-loaded PLGA/PEG NP was 

evaluated using a mucin-particle method with a slight modification from the 

experiment conducted by P. Sriamornsak et al [39]. Mucin powder (typeⅡ) 

was suspended in 10 mM phosphate buffer saline (PBS, pH 6.8) with a 

concentration of 1 % w/w. The mucin suspension was incubated at 37 °C 

overnight and sonicated with ultrasonic probe at 120 W for 30 minutes. The 

mucin suspension was then centrifuged at 13,000 rpm for 15 minutes and the 

supernatant of the mucin suspension was collected. The nanoparticles were 

also suspended in 10 mM phosphate buffer saline (PBS, pH 6.8) with a 

concentration of 1 % w/w before conducting the experiment. Appropriate 

amounts of the supernatant from the mucin and nanoparticle suspension 
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were mixed in various ratios (i.e. NP:Mucin as 10:1, 1:1, 0.1:1 and 0.01:1)

accordingly. The mixtures were incubated at 37 °C for 1 hour prior to the 

experiment. The particle size of each sample was detected using a particle 

sizer (ELSZ-1000, Photal Otsuka Electronics, Japan).

2.6 In vivo pharmacokinetics study

The in vivo study was performed with male New Zealand white rabbits, 

weighing 1.6-4.5kg, without any known ocular abnormality. The experiment 

procedure was approved by the Institutional Animal Care and Use 

Committee (IACUC No. 16-0085-S1A2) at the Biomedical Research 

Institute of the Seoul National University. The animals were housed singly in 

standard cages at a controlled temperature (21 ± 1 °C) and humidity (55 ± 

1 %) with a 12/12 light/dark cycle, and were provided with food and water 

ad libitum. I prepared nanoparticles in a suspension formulation with a dose 

of 70 μg per 25 μl for in vivo pharmacokinetics evaluation. Approximately 

15 mg of nanoparticles were homogeneously suspended in approximately 

566 μl of pH 7.4 PBS. For comparison, I prepared PLGA nanoparticle 

solution (i.e., nanoparticle solution without PEG) containing an equivalent 

amount of 70 μg of DEX. At scheduled sampling times, 0.5, 1, 2, 4, 8, 12 

and 24 hours after administrations of the nanoparticle solution, the rabbit 

was anesthetized with a subcutaneous injection of a cocktail of 20 mg kg-1

ketamine, 10 mg kg-1 xylazine and 0.5 mg kg-1 acepromazine. After the 

anesthesia, approximately 200 μl of the aqueous humor (AH) using a 1 ml 

insulin syringe was collected. The concentration of dexamethasone in the 
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sample aqueous humor was detected with liquid chromatograph-mass 

spectrometer (LC-MS) while the mobile phases were prepared with 0.01 % 

formic acid with water and acetonitrile at a volume ratio of 1:1. The 

injection volume was 20 µl with a flow rate of 0.5 ml/min and a wavelength 

of 241 nm. All the samples were prepared by mixing 50 μl of the sample 

aqueous humor with 200 μl of acetonitrile. The standard solutions of 

dexamethasone were prepared in a range from 0.3125 to 12.5 ng/ml for a 

calibration curve.

2.7 Statistical analysis

In the pharmacokinetics study of drug concentration profiles in the rabbit 

aqueous humor, the statistical significance of the differences between 

PLGA/PEG NP suspension and PLGA NP suspension at each sampling time 

point was tested by a t-test at a level of p < 0.05.
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3. Results and Discussion

3.1 Characterization of nanoparticles

In this work, as shown in Table 1, six different nanoparticles, PLGA/PEG 

NP with the specific names of PEG200-DEX50, PEG200-DEX100, 

PEG200-DEX200, PEG400-DEX50, PEG400-DEX100 and PEG400-

DEX200, were fabricated by varying the initial feeding amounts of drug and 

PEG. As shown in Figure 2 (A-F), the scanning electron microscope (SEM) 

showed that the six different nanoparticles prepared by the conventional oil-

in-water emulsion and vacuum evaporation method exhibited a spherical 

shape and were uniformly distributed. The overall morphologies of the 

nanoparticles did not appear to be influenced by the actual loading amounts 

of dexamethasone and PEG.

The dynamic light scattering (DLS) revealed that the average mean 

nanoparticle sizes of the six different dexamethasone-loaded PLGA/PEG 

NPs were similar as they ranged from 258.0 to 280.2 nm with the 

polydispersity indexes ranging from 0.05 to 0.2 (Figure 3), indicating 

monodispersed nanoparticles. Also, the average mean nanoparticle size of 

the dexamethasone-loaded PLGA NP that had no PEG was 223.8 nm with 

polydispersity index of 0.2. These were applicable particle sizes to the eyes 

as they were less than 10 µm, which was a size known to cause eye irritation 

[19]. The nanoparticles have the better interaction with the mucous layer in 

the eye as they have the larger specific surface area to volume [14]. The 

smaller the particle is, the higher the solubility, dissolution rate, bioadhesion 
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and corneal penetration are observed [31]. Also, Qaddoumi MG et al. 

showed that there was a higher uptake of 100 nm PLGA particles in rabbit 

conjunctival epithelial cells than 800 nm and 10 µm particles by confocal 

microscopy [40]. 

The actual drug loading amount was evaluated in order to 

determine the required amount of nanoparticles that could deliver the 

therapeutic dexamethasone dose of 70 µg [41] in suspension formulation. As 

shown in Figure 4 and Table 2, the actual loading amounts of DEX in the 

nanoparticles increased from 105.7 ± 2.4 to 436.8 ± 1.9 µg/mg as the initial 

feeding amounts of DEX increased. However, the encapsulation efficiencies 

of DEX in the PLGA/PEG nanoparticles were similar as they ranged from 

63.4 ± 1.4 to 75.6 ± 0.6 %. This could be due to the poor stability of the 

emulsion and pore formation as the larger amount of hydrophobic drug was 

present in the matrix [32, 42]. Carolina Gómez-Gaete et al. observed the 

effect of the initial mass of dexamethasone on drug loading in PLGA 

nanoparticles and the result suggested that the dexamethasone loading 

increased until the matrix was saturated with the drug and was stabilized as 

the equilibrium between the crystallized and the encapsulated DXM was 

reached [11]. A single dose of DEX, 70 µg, could be delivered with a range 

from 0.16 mg to 0.66 mg of dexamethasone-loaded PLGA/PEG 

nanoparticles. Also, dexamethasone-loaded PLGA NP had the actual drug 

loading amount of 126.5 ± 1.1 µg/mg and the drug encapsulation efficiency 

of 75.9 ± 0.7 %.
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The actual PEG loading amount was evaluated as PEG was 

utilized as the mucoadhesion promoter in the nanoparticle. The actual 

loading amounts of PEG in the nanoparticles decreased from 9.8 ± 1.0 to 3.0 

± 0.2 µg/mg with the increasing initial feeding amounts of DEX. Robert et al. 

also demonstrated that as the higher initial PEG content was present in the 

formulation of particles, the corresponding percentage of original PEG 

incorporated became lower [37]. During the conventional oil-in-water 

emulsification, the hydrophobic part of the PLGA would entrap the 

hydrophobic dexamethasone to the core and the hydrophilic polymer, PEG, 

chains would orient towards the external aqueous phase and diffuse out to 

the external aqueous phase [43]. This could limit the actual PEG loading 

amount in the nanoparticles. 
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(A)                            (B)

    

(C)                            (D)

    

(E)                            (F)

    

Figure 2. Scanning electron microscope (SEM) images of the various DEX-

loaded PLGA/PEG NPs (A) PEG200-DEX50 (B) PEG200-DEX100 (C) 

PEG200-DEX200 (D) PEG400-DEX50 (E) PEG400-DEX100 (F) PEG400-

DEX200. The scale bars are 1 μm.
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Figure 3. Size distributions of the various DEX-loaded PLGA/PEG NPs 

measured by dynamic light scattering (DLS)
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(A)

(B)

(C)

Figure 4. Properties of the DEX-loaded PLGA/PEG NPs including (A) 

actual drug loading amounts (B) encapsulation efficiencies of the drug (C) 

actual PEG loading amounts
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Sample

Initial 
PLGA 
feeding 
amount

(mg)

Initial 
PEG 

feeding 
amount

(mg)

Initial 
DEX 

feeding 
amount

(mg)

External 
aqueous 

phase 
volume

(ml)

Sonication 
power

(W)

Sonication 
time
(min)

PEG200-DEX50 300 200 50 50 120 10

PEG200-DEX100 300 200 100 50 120 10

PEG200-DEX200 300 200 200 50 120 10

PEG400-DEX50 300 400 50 50 120 10

PEG400-DEX100 300 400 100 50 120 10

PEG400-DEX200 300 400 200 50 120 10

PEG0-DEX50 
(control)

300 0 50 50 120 10

Table 1. Fabrication conditions of DEX-loaded PLGA/PEG and DEX-

loaded PLGA nanoparticles
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Sample
Actual drug 

loading amount 
(µg/mg)

Drug
encapsulation efficiency 

(%)

Actual PEG 
loading amount 

(µg/mg)

PEG200-DEX50 109.0 ± 2.0 65.4 ± 1.2 2.9 ± 0.1

PEG200-DEX100 252.1 ± 2.1 75.6 ± 0.6 1.6 ± 0.3

PEG200-DEX200 413.2 ± 4.2 62.0 ± 0.6 2.7 ± 0.4

PEG400-DEX50 105.7 ± 2.4 63.4 ± 1.4 9.8 ± 1.0

PEG400-DEX100 247.9 ± 4.2 74.7 ± 1.3 5.3 ± 0.1

PEG400-DEX200 436.8 ± 1.9 65.5 ± 0.3 3.7 ± 0.9

PEG0-DEX50 
(control)

126.5 ± 1.1 75.9 ± 0.7 0

Table 2. Actual drug loading amounts, drug encapsulation efficiencies and 

actual PEG loading amounts of the DEX-loaded PLGA/PEG NP and DEX-

loaded PLGA NP.
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3.2 In vitro drug release study

Considering the rapid clearance of the formulation from the ocular surface, I

evaluated the in vitro drug release profiles of the six different nanoparticles 

for 24 hours to determine the nanoparticle with the fastest and sustained drug 

release for the topical drug delivery to the eye (Figure 5). The nanoparticles 

fabricated with the initial DEX amount of 50 mg and the initial PEG 

amounts of 200 and 400 mg, which were PEG400-DEX50 and PEG200-

DEX50, demonstrated the highest cumulative drug release percentage of 

90.7 ± 3.9 and 90.0 ± 2.7 % from the nanoparticles for 24 hours. These 

nanoparticles had the lowest actual DEX loading amount among the six 

nanoparticles. On the other hand, the nanoparticle with the highest actual 

DEX loading amount, which was PEG400-DEX200, showed the least 

cumulative drug release percentage of 38.4 ± 2.1 % for 24 hours. The lower 

actual loading amount of hydrophobic dexamethasone in the nanoparticle 

was molecularly dispersed while the higher actual loading amount of the 

drug in the nanoparticle would aggregate and crystallize in the nanoparticle

[11]. Hence, with the low dexamethasone aqueous solubility of 0.08 mg/ml

in PBS [44], the higher actual hydrophobic dexamethasone loading content 

delayed the drug release. Also, the slower drug release with the higher actual 

drug content could be due to the strong hydrophobic interaction between the 

polymer and the drug [45]. Qingguo Xu et al. also showed that as the 

loading amount of hydrophobic anti-cancer drug, Paclitaxel, in PLGA/PEG 

nanoparticles decreased, the drug release in PBS containing 0.2 (v/v %) 

Tween 20 was also more rapid [46]. Also, Katayoun et al. observed the faster 
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total release of 9-nitrocamptothecin from PLGA/PEG nanoparticles due to 

the hydrophilic characteristic of the nanoparticle with the presence of PEG 

[47]. 

The nanoparticles with the actual DEX loading amounts of 247.9 ± 

4.2 and 252.1 ± 2.1 µg/mg, which were PEG400-DEX100 and PEG200-

DEX100, released 61.3 ± 2.2 and 55.3 ± 4.5 % of the drug and the 

nanoparticles with the actual DEX loading amounts of 413.2 ± 4.2 and 436.8 

± 1.9 µg/mg, which were PEG400-DEX200 and PEG200-DEX200, released 

42.0 ± 3.9 and 38.4 ± 2.1 % of the drug for 24 hours, respectively. The 

control nanoparticle, PEG0-DEX50, released 80.1 ± 2.7 % for 24 hours. This 

demonstrated the similar drug profile as the optimized nanoparticle, 

PEG400-DEX50. Also, the initial burst release could be explained by the 

presence of the drug located on the surface or loosely bound to the inner 

polymer core and the sustained drug release was followed by the strongly 

encapsulated drug in the core [48-50].

Since I investigated for the most suitable nanoparticle among the 

six fabricated nanoparticles for the topical dexamethasone delivery to the 

eye with the mucoadhesive effect and sustained drug release, PEG400-

DEX50 was selected to be the most optimum. It had the highest actual PEG 

loading amount, the appropriate actual drug loading amount for the 

preparation of the nanoparticle suspension formulation and the fastest in 

vitro drug release within 24 hours.
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Figure 5. In vitro dexamethasone release profiles of the various DEX-loaded 

PLGA/PEG NPs and DEX-loaded PLGA NP. The error bars represent 

standard deviation.
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3.3 In vitro mucoadhesion study

To further evaluate the in vitro mucoadhesive effect of the selected 

nanoparticle, PEG400-DEX50 (i.e. with mucoadhesion promoter PEG; 

PLGA/PEG NP) was compared with the non-mucoadhesive nanoparticle, 

PLGA NP (i.e. without mucoadhesion promoter PEG), by the in vitro mucin-

particle method, which was a test conducted to observe the differences in 

size of the particles before and after incubating the nanoparticle with mucin 

[39]. The size of the mucin particle alone, PLGA/PEG NP and PLGA NP 

before incubating were 76.7 ± 21.3, 144.4 ± 41.1 and 188.8 ± 34.6 nm, 

respectively, with polydispersity indices of 0.21, 0.28 and 0.13, respectively, 

which showed narrow particle size distributions. 

After the incubation of PLGA/PEG NP and the mucin, as shown in 

Figure 6, the mixture particle size significantly increased to 2271.1 ± 350.9 

nm as the ratio of nanoparticle to mucin increased, whereas the size of the 

mixture particle after the incubation of the non-mucoadhesive nanoparticle, 

PLGA NP, and the mucin was only 201.8 ± 38.5 nm. This indicated that the 

larger amount of the nanoparticles with the mucoadhesion promoter, PEG, 

adhered and aggregated to the mucin as proven by the significant increase in 

the mixture size after the nanoparticle adsorption to the mucin. This could be 

explained by ether oxygen and hydroxyl group of PEG forming hydrogen 

bonds with carboxyl acid groups of the mucin [26]. Pornsak et al. conducted 

the in vitro mucin-particle method and also observed an increase in mixture 

particle size as the more mucoadhesive pectin was adhered and aggregated 

with the mucin [39].
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(A)

(B)

Figure 6. Mean particle size of mucin and the mixtures between (A) 

PEG400-DEX50 suspension and mucin suspension (B) PLGA NP 

suspension and mucin suspension in various ratios
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3.4 In vivo pharmacokinetics study

Furthermore, I examined the in vivo pharmacokinetics study of the selected

PLGA/PEG NP in suspension formulation using the rabbit model after the 

topical instillations of the formulation to evaluate the improvement of ocular 

dexamethasone bioavailability and compared with the control nanoparticle, 

PLGA NP, in suspension. The commercialized anti-inflammatory 

dexamethasone 0.1 % (w/v) eye drop, Maxidex®, is instilled with one or two 

drops with a single dose of 35 µg/35 µl every 4 hour [41]. It was reported 

that the eyeball could hold 30 µl without spillage [51] and that a smaller 

applied droplet would be less susceptible to loss by induced reflex tearing 

and blinking [13]. The nanoparticle was suspended in pH 7.4 phosphate 

buffer saline as the ideal pH for maximum comfort when an ophthalmic 

preparation was instilled in the eye is in the order of pH 7.2 ± 0.2 [52]. 

The aqueous humor of the rabbit eyes were obtained at each 

scheduled time point to measure the absorbed dexamethasone concentration. 

As a result, the PLGA/PEG NP had 2 times higher maximum drug 

concentration absorbed (Cmax) value, which was 49.7 ng/ml, than the PLGA 

NP, 24.2 ng/ml (Figure 7 and Table 3) and they were statistically 

significantly different (p < 0.05). Also, the PLGA/PEG NP exhibited 1.5 

times higher area under curve (AUC) value, 112.3 ng∙h/ml, than the PLGA 

NP, 73.9 ng∙h/ml. The time to reach the maximum drug concentration 

absorbed (Tmax) was 1 hour for both PLGA/PEG NP and PLGA NP. It was 

observed that the drug was detectable for a longer period of time such as 12 

hours with PLGA/PEG NP and 8 hours with PLGA NP. Typically, eye drops 
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are drained from the ocular surface within a few minutes [16]. However, as 

the larger amount of the fabricated PLGA/PEG NP adhered and thus, resided

longer on the preocular surface in the first minutes before being cleared 

away from the surface, the higher Cmax of PLGA/PEG NP was observed in 

the in vivo pharmacokinetics study, compared to the control nanoparticle,

PLGA NP. Hence, this resulted in the higher AUC parameter for PLGA/PEG 

NP, which indicated the enhanced dexamethasone bioavailability.
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Figure 7. In vivo pharmacokinetics of dexamethasone concentration in the 

aqueous humor (AH) over time after administration of PEG400-DEX50

suspension and PLGA NP suspension. *PEG400-DEX50 suspension was 

statistically different from PLGA NP suspension (p < 0.05). The error bars 

represent standard deviation.
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Sample
Tmax 

(h)
Cmax

(ng/ml)

AUC

(ng·h/ml)

PEG400-DEX50 1 49.7 112.3

PEG0-DEX50 1 24.2 73.9

Table 3. In vivo pharmacokinetics parameters including time with maximum 

drug concentration in the aqueous humor (Tmax) and maximum drug 

concentration in the aqueous humor (Cmax) and area under curve (AUC)
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4. Conclusion

In this work, in order to investigate the fabrication conditions of 

mucoadhesive nanoparticles for topical dexamethasone delivery to the eye, I

fabricated six different mucoadhesive nanoparticles by varying the initial 

dexamethasone and PEG feeding amounts. The most suitable nanoparticle 

with the mucoadhesive effect and sustained drug delivery for the topical 

drug delivery to the eye in suspension formulation was selected with the 

appropriate actual drug loading amount, the highest actual PEG loading 

amount and the highest in vitro drug release for 24 hours. With the selected

nanoparticle, PLGA/PEG NP, the further in vitro evaluation of 

mucoadhesion study between the nanoparticle and mucin and the in vivo 

pharmacokinetics studies were evaluated and compared with the control 

nanoparticle, PLGA NP. The in vitro mucoadhesion study confirmed that the 

larger amount of the nanoparticle with PEG adhered to the mucin and the in 

vivo pharmacokinetics study demonstrated 2 times higher Cmax and following

1.5 times higher AUC with PLGA/PEG NP indicating the enhanced drug 

bioavailability.

The fabrication of the PLGA/PEG nanoparticle encapsulating 

hydrophobic dexamethasone using the oil-in-water emulsion and vacuum 

evaporation method was successful and its mucoadhesive effect and 

sustained drug delivery were confirmed with the improved dexamethasone 

bioavailability. Hence, dexamethasone-loaded PLGA/PEG nanoparticle is a 

promising topical delivery vehicle in suspension formulation to enhance the 

bioavailability of dexamethasone to the eye.
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국문 초록

덱사메타손의 전안부 전달을 위한

친점액성 나노입자 제조에 대한 연구

국소 점안 전달은 빠른 눈물 순환 속도와 눈 깜빡임으로 인해

약물이 안구 내로 흡수되기 전 전안부에서 빠르게 씻겨져 나가는

문제가 있어 약물생체이용도가 낮다. 본 연구진은 여러 안구 염증

질환에 많이 처방되는 난용성 항염증제인 덱사메타손의 전안부

전달을 위해 친점액성 나노입자의 제작 조건을 연구하였다. 눈의

점막에 부착하여 약물을 서방출 시키는 나노입자를 친점액성

고분자인 폴리에틸렌글리콜 (PEG) 과 생체분해성 고분자인

폴리락틱코글라이콜릭산 (PLGA) 을 사용하여 제작하였고,

나노입자를 제작하기 위해 수중 유형 에멀젼과 진공 증발 방법을

사용하였다. 고분자와 약을 녹인 용액을 높은 에너지의 초음파를

이용하여 에멀젼을 형성하는 공정 과정은 다이나믹한 환경으로써,

국소 점안 전달에 효율적인 친점액성 나노입자를 성공적으로

제작하기 위한 공정 조건의 연구가 필요하다. 따라서, 점막 부착

효과와 약물 서방출 효과를 가진 나노입자를 제작하기 위해 약물과
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친점액성 고분자의 초기 투입량을 여섯 가지 조건으로 하여

제작하였다. 나노입자의 사이즈, 약물과 친점액성 고분자의 담지량, 

약물 담지 효율과 인비트로 약물 방출량을 고려하여 국소 점안

전달을 위한 가장 효율적인 결과를 가진 나노입자를 최적 제형으로

선정하였다. 이 나노입자는 눈에 자극이 되지 않는 267.5 nm 의

사이즈를 가지고, 약물 담지량은 70 μg 의 약을 현탁 점안액으로

국소 점안 전달하기에 적절한 나노입자량인 0.66 mg 을 사용할 수

있는 105.7 ± 2.4 μg/mg 을 가지고 있다. 또한, in vitro 실험에서 90.0 ± 

2.7 % 의 약물을 24 시간 동안 서방출하며, 점막 부착을 위한

친점액성 고분자 담지량의 9.8 ± 1.0 μg/mg 을 가진다. 이의 in vitro

뮤신 부착 효과를 확인하고자 뮤신과 나노입자를 흡착시킨 후

증가한 뮤신과 나노입자의 혼합 입자 사이즈를 통해 나노입자의

친점액성 효과를 입증하였다. 또한, 최적 나노입자를 현탁 점안액

제형으로 토끼 모델의 전안부에 국소적으로 투여하여 방수 내

흡수되는 약물 농도를 확인한 결과, 친점액성 고분자가 없는

나노입자에 비해 방수 내 최고약물농도(Cmax) 는 2 배, 

약물농도곡선하면적(AUC) 은 1.5 배 개선된 약물생체이용도를

확인하였다. 이 연구를 통하여, 난용성 항염증제인 덱사메타손의

국소 점안 전달을 통한 약물생체이용도를 높이기 위해 친점액성

고분자인 PEG 와 생체분해성 고분자인 PLGA 를 사용한 친점액성
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나노입자의 제작 조건을 연구하였고, 현탁 점안액 제형으로 국소

점안 전달을 하기에 가장 적합한 나노입자를 선정해 이의 점막

부착성과 향상된 약물생체이용도를 증명하였다.

주요어: 국소 점안 전달, 나노입자, 서방출 약물 방출, 친점액성

고분자, 생체분해성 고분자, 덱사메타손, 현탁 점안액 제형

학  번: 2016-21164
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