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Abstract: Oral ketoconazole therapy is commonly associated with serious hepatotoxicity. 

Improving ocular drug delivery could be sufficient to treat eye fungal infections. The purpose 

of this study was to develop optimized ketoconazole poly(lactide-co-glycolide) nanoparticles 

(NPs) with subsequent loading into in situ gel (ISG) formulation for ophthalmic drug delivery. 

Three formulation factors were optimized for their effect on particle size (Y1) and entrapment 

efficiency (Y2) utilizing central composite experimental design. Interaction among components 

was studied using differential scanning calorimetry (DSC) and Fourier transform infrared (FTIR) 

spectroscopy. Ketoconazole crystalline state was studied using X-ray powder diffraction. Six 

different polymeric ISG formulations were prepared and loaded with either optimized NPs or a 

pure drug. The prepared ISG formulations were characterized for in vitro gelation, drug release 

and antifungal activity. The permeation through human epithelial cell line was also investigated. 

The results revealed that all the studied formulation parameters significantly affected Y1 and 

Y2 of the developed NPs. DSC and FTIR studies illustrated compatibility among NP compo-

nents, while there was a change from the crystalline state to the amorphous state of the NPs. 

The in vitro release from the ISG formulations loaded with drug NPs showed sustained and 

enhanced drug release compared to pure drug formulations. In addition, ISG loaded with NPs 

showed enhanced anti-fungal activity compared to pure drug formulations. Alginate–chitosan 

ISG formulation loaded with optimized ketoconazole NPs illustrated higher drug permeation 

through epithelial cell lines and is considered as an effective ophthalmic drug delivery in the 

treatment of fungal eye infections.
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Introduction
Ketoconazole is a synthetic imidazole drug used primarily to treat different types 

of body fungal infections. The drug works by inhibiting the enzyme cytochrome 

P450 14α-demethylase, which contributes to the synthesis of the fungal ergosterol.1 

Recently, the US Food and Drug Administration (FDA) announced a warning that oral 

treatment with ketoconazole can cause severe liver damages and also adrenal gland 

problems.2 Unlike the oral administration, topical drug formulations have not been 

associated with these adverse effects. When ketoconazole is administered for treatment 

of fungal eye infections, it is characterized by a very short duration of action since its 

elimination half-life in the aqueous humor and cornea is ~19 and 43 min, respectively.3,4 

Although ketoconazole is characterized by its high lipid solubility (log P=4.74), which 
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may support permeation through biological membranes, 

especially through the corneal epithelium, the drug high 

molecular weight (MW; 531.44 Da) hinders its transport. 

Moreover, it is difficult for the drug to present in a solubi-

lized form in the aqueous corneal surface due to the limited 

aqueous solubility.5

Ocular drug administration offers lower incidence of 

systemic drug side effects and drug–drug interactions that 

are common during systemic treatment. However, due to the 

unique anatomy and physiology of the eye, ocular drug delivery 

represents a major challenge during the development of 

effective ophthalmic preparations. The eye is supported with 

static and dynamic barriers and efflux pumps that impede 

drug delivery, particularly to the posterior eye segment.6 

Nanoparticulate drug delivery systems have been reported to 

deliver the administered drug successfully across the differ-

ent eye segments, including the posterior part.5,7 Polymeric 

nanoparticles (NPs), especially those that have been developed 

using biocompatible–biodegradable polymers, such as poly-

caprolactone, poly(alkyl cyanoacrylate) and poly(lactide-co-

glycolide) (PLGA), are a promising ocular delivery system 

due to enhanced bioavailability and reduced frequency of 

administration.8,9 PLGA-based NPs are the most suitable poly-

meric nanoparticulate ocular drug delivery owing to ease of 

fabrication and approval by the FDA for drug delivery.10,11

Ophthalmic in situ gel (ISG) formulations have been 

developed to overcome poor drug bioavailability and thera-

peutic response associated with conventional ophthalmic 

delivery systems. Ophthalmic solution, suspension and 

ointment are common examples of conventional ocular dos-

age forms that are characterized by rapid elimination of the 

drug from the eyes caused by high tear fluid turnover and 

dynamics.12 Aqueous solutions of some polymers such as 

alginic acid, gellan gum, poloxamer and carbopol undergo 

gelation when dropped into the eye, which leads to prolonged 

contact time with the eye surface, minimized drug dose fre-

quency and enhanced transcorneal permeation.13–15

The aim of this study was to develop ketoconazole PLGA 

NPs utilizing novel in vitro solvent exchange technique with 

subsequent loading into ISG formulation to enhance and sus-

tain the ocular drug delivery. The prepared ISG preparations 

were characterized for in vitro gelation, drug release, antifungal 

activity and permeation through human epithelial cell lines.

Materials and methods
Materials
Poly(d,l-lactide-co-glycolide) (ester terminated, inherent 

viscosity range 0.55–0.75 dL/g) from LACTEL absorbable 

polymers was purchased from Duracet Corporation 

(Birmingham, AL, USA). Polyvinyl alcohol (cold water 

soluble, MW 140,000) was purchased from HiMedia 

Laboratories Pvt. Ltd. (Mumbai, India). Ketoconazole was a 

kind gift from Deef Pharmaceutical Industries Co. (Al Qassim, 

Kingdom of Saudi Arabia [KSA]). Poloxamer 407 was sup-

plied from Xi’an Lyphar Biotech Co., LTD (Xi’an, China). 

Chitosan of low MW, sodium alginate and dimethyl sulfoxide 

(DMSO) were purchased from Sigma-Aldrich (St Louis, MO, 

USA). Carbopol 940 and hydroxypropyl methyl cellulose 

(HPMC; MW 86,000, viscosity 4,000 cp [2% solution]) were 

procured from Acros Organics (Morris Plains, NJ, USA).

Methods
Central composite experimental design
Three formulation factors were optimized for their effects on 

the particle size (Y1) and drug entrapment efficiency (Y2) of 

the developed NPs utilizing Statgraphics Centurion XV version 

15.2.05 software (StatPoint Technologies, Inc., Warrenton, 

VA, USA). Table 1 illustrates the independent variables, their 

levels and studied responses. A preliminary study was con-

ducted to identify the levels of the independent variables.

Preparation of the formulation
Based on the composition of the 16 formulations, obtained 

from the experimental design, which is depicted in Table 2, 

drug NPs were prepared by dissolving the calculated amount 

of PLGA in the specified volume of DMSO to prepare 

3%–6% organic polymer solution. A constant concentration 

of ketoconazole (0.1% w/v) based on the total formulation 

was dissolved in this organic solution. Aqueous poly (vinyl 

alcohol) (PVA) solutions (1%–3%) were prepared by dis-

solving the specified amount of PVA in distilled water under 

magnetic stirring. The organic drug polymer solution was 

gradually added through a micropipette into the aqueous 

PVA solution, which was placed on a magnetic stirrer. 

Table 1 Independent and dependent variables of ketoconazole 
PLGA NPs used in the central composite experimental design

Independent variables Level

Low Medium High

X1 (%) 3.0 4.5 6.0
X2 (%) 4.0 5 6.0
X3 (%) 1.0 2 3.0
Dependent variables Goal
Y1 (nm) Minimize
Y2 (%) Maximize

Abbreviations: X1, PLGA in organic phase; X2, organic to aqueous phase; X3, PVA 
in aqueous phase; Y1, particle size; Y2, entrapment efficiency; PLGA, poly(lactide-
co-glycolide); PVA, poly (vinyl alcohol).
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The milky colloidal dispersion obtained was kept stirring 

for 30  min at 1,200  rpm and then was probe sonicated 

(Sonics VCX 750 Vibra Cell & Materials INC. [CT, USA]) 

for 10 min at 60 magnitudes for better colloidal dispersion. 

Drug-loaded NPs were separated by centrifugation at 

15,000 rpm for 1 h at 4°C using Laboratory Centrifuge 3K30 

(Sigma, Ostrode, Germany). The precipitated NPs were sub-

jected to two cycles of washing with double distilled water 

and centrifugation to remove the remaining of PVA and 

DMSO. Finally, the separated NPs were freeze-dried using  

Christ Alpha 1-2 LD Plus Lyophilizer (Martin Christ GmbH, 

Ostrode am Harz, Germany).

Characterization of the prepared NPs
Measurement of particle size of NPs
Known weight of the freeze-dried NPs was suspended in 

double distilled water by vortex, and the particle size of the 

suspended particles was determined by dynamic light scat-

tering using a Zetatrac (Microtrac Inc., York, PA, USA).

Entrapment efficiency
Following centrifugation, the supernatant was filtered 

through 0.2 µm cellulose acetate membrane filter and the 

concentration of the drug in the filtrate was determined 

spectrophotometrically using Jenway 6715 UV–visible 

spectrophotometer (Jenway, Stone, UK). The absorbance 

of ketoconazole was recorded against a blank solution of 

methanol at 231 nm to avoid any interference.16

The entrapment efficiency was calculated using the 

following equation:

	

Entrapment efficiency total free drug

total

(%) =
−

×
D D

D
100

�

where D
total

 is the total concentration of the drug loaded and 

D
free

 
drug

 represents the concentration of the free drug in the 

supernatant.

Central composite experimental design, statistical analysis 
and optimum desirability
The observed values for both Y1 and Y2, tabulated in 

Table 2, were introduced into the response columns of the 

Statgraphics optimization software and analyzed to identify 

the statistical significance of the relationships between the 

studied variables and obtained responses. A P-value ,0.05 

was considered significant following statistical analysis of 

the data. The optimum desirability was calculated, and an 

optimized formulation was proposed. This formulation, 

containing the proposed optimum levels for X1, X2 and X3, 

was prepared and characterized for Y1 and Y2 as previ-

ously described, and the differences between predicted and 

observed values were calculated.

Physicochemical characterization
Differential scanning calorimetry (DSC)
The thermal behavior of pure ketoconazole, PLGA, PVA 

and the optimized formulation was studied using Shimadzu 

Table 2 Experimental runs along with the observed and fitted values for the studied responses

Run X1 (%) X2 (%) X3 (%) Y1 (nm) Y2 (%)

Observed 
(mean ± SD)

Fitted Observed 
(mean ± SD)

Fitted

1 3.0 6.0 3.0 457.0±0.014 441.092 61.627±8.66 61.0401
2 4.5 5.0 3.682 729.0±0.040 711.058 70.023±6.96 67.7879
3 3.0 4.0 3.0 417.0±0.011 463.84 64.277±0.47 66.7802
4 6.0 6.0 3.0 995.0±0.024 1,090.13 67.354±1.11 68.227
5 4.5 3.318 2.0 483.0±0.019 526.614 83.453±3.08 78.0304
6 1.977 5.0 2.0 328.0±0.018 302.979 55.624±0.44 54.9099
7 6.0 4.0 1.0 477.0±0.012 520.366 69.122±1.19 72.6754
8 3.0 4.0 1.0 446.0±0.017 378.33 64.362±0.54 66.4575
9 7.023 5.0 2.0 982.0±0.083 968.19 69.666±0.78 66.182
10 4.5 6.682 2.0 945.0±0.043 862.554 67.524±3.06 68.7485
11 4.5 5.0 0.318 536.0±0.055 515.111 68.765±4.28 66.802
12 6.0 6.0 1.0 962.0±0.066 942.618 66.912±0.51 67.3773
13 3.0 6.0 1.0 356.0±0.017 457.081 60.911±0.99 60.505
14 6.0 4.0 3.0 843.0±0.047 769.377 69.938±1.19 73.3126
15 4.5 5.0 2.0 885.0±0.183 893.331 67.847±3.10 67.5697
16 4.5 5.0 2.0 895.0±0.174 893.331 66.572±0.96 67.5697

Abbreviations: X1, PLGA in organic phase; X2, organic to aqueous phase; X3, PVA in aqueous phase; Y1, particle size; Y2, entrapment efficiency; PLGA, poly(lactide-co-
glycolide); SD, standard deviation; PVA, poly (vinyl alcohol).
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DSC TA-50 ESI DSC apparatus (Shimadzu, Tokyo, Japan). 

Aluminum crucibles containing ~2 mg of each sample under 

a dynamic nitrogen atmosphere (flow rate: 50 mL/min) and 

at a heating rate of 10°C/min in a temperature range from 

25°C to 950°C were used.

Fourier transform infrared (FTIR) spectroscopy
FTIR spectra of the samples used in the DSC technique were 

recorded using Nicolet iS10 (Thermo Fischer Scientific, 

Waltham, MA, USA) in the range of 4,000–400 cm−1.

X-ray powder diffraction (XRPD)
The crystalline state of the NPs of the prepared drug com-

pared to that of the pure ketoconazole powder was studied 

using XRPD (D/max 2500; Rigaku, Tokyo, Japan). The 

diffraction patterns of the studied samples were recorded at 

a scan speed of 0.5000 degree/min.

Preparation of ISG formulations
Different ISG base solutions were prepared by simple disper-

sion of the polymeric material, specifically sodium alginate 

(1%), chitosan (0.5%), poloxamer 407 (16%) or carbopol 

940 (0.5%), in deionized water with continuous mixing on 

a magnetic stirrer until complete dissolving of the polymer. 

A polymeric solution of chitosan was prepared by dispersion 

of the polymer in a slightly acidified solution. HPMC in a 

concentration of 0.5% (w/v) was added to each solution as a 

viscosity enhancer. A quantity equivalent of NPs, containing 

0.3% ketoconazole, was added to the prepared homogenous 

polymeric dispersion solutions. For comparative study, the 

same gel base solutions were prepared and loaded with 0.3% 

pure ketoconazole. ISG formulations containing mixture of 

the studied polymers were also prepared. A total of 12 ISG 

preparations were prepared, and the composition is illus-

trated in Table 3.

Characterization of the prepared ISG formulations
In vitro gelation
The prepared ISG formulations were characterized for 

in vitro gelation by mixing 25 µL of each formulation with 

7 µL of simulated tear fluid (STF; 0.67 g sodium chloride, 

0.2  g sodium bicarbonate and 0.008  g calcium chloride 

were dehydrated in deionized water quantity sufficient to 

100 mL, and the pH was adjusted to 7.4 using hydrochloric 

acid) at 37°C. A ratio of 25:7 was used to mimic the in vivo 

ocular conditions since the volume of tear in human beings 

is estimated to be 7 µL, and the cul-de-sac can transiently 

contain ~30 µL of fluid.17 The in vitro gelation was evalu-

ated as previously reported,18 by recording the time required 

for gelation.

In vitro release study
The diffusion of ketoconazole in the form of NPs or pure drug 

from the prepared ISG formulations was carried out using 

automated Franz diffusion cell apparatus (Microette Plus™; 

Hanson Research, Chatsworth, CA, USA). The apparatus is 

adapted with 1.76 cm2 of diffusion area. A quantity of ISG 

equivalent to 400 mg, containing 0.3% ketoconazole, was 

Table 3 Composition of the prepared ISG formulations, in vitro release parameters, antifungal activities and gelation time

ISG 
formula

Composition Release parameters Zone 
diameter (mm)

In vitro 
gelation (min)Polymer Concentration (%) Drug form JSS (μg/cm2⋅min) P (cm/h) D

1 Na alginate 1 NPs 9.88×10−2 8.98×10−5 7.13×10−6 24 56
2 Na alginate 1 Pure drug 3.73×10−2 3.39×10−5 9.74×10−7 22 55
3 Carbopol 0.5 NPs 15.04×10−2 13.67×10−5 1.50×10−5 21 86
4 Carbopol 0.5 Pure drug 12.51×10−2 11.37×10−5 1.10×10−5 20 88
5 Poloxamer 16 NPs 39.45×10−2 35.86×10−5 10.9×10−5 20 65
6 Poloxamer 16 Pure drug 45.67×10−2 4.15×10−5 1.47×10−6 18 65
7 Chitosan 0.5 NPs 75.18×10−2 68.35×10−5 4×10−4 25 91
8 Chitosan 0.5 Pure drug 75.16×10−2 68.33×10−5 39.28×10−5 22 93
9 Chitosan–alginate 

mixture
0.5–0.5 NPs 1.41 12.76×10−4 13.65×10−4 30 47

10 Chitosan–alginate 
mixture

0.5–0.5 Pure drug 55.66×10−2 50.59×10−5 22.11×10−5 26 48

11 Chitosan–
poloxamer mixture

0.5–16 NPs 29.89×10−2 27.18×10−5 6.47×10−5 22 46

12 Chitosan–
poloxamer mixture

0.5–16 Pure drug 14.81×10−2 13.47×10−5 1.54×10−5 20 47

Abbreviations: ISG, in situ gel; JSS, steady-state flux; P, permeability coefficient; D, diffusion coefficient; NP, nanoparticle.
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placed in position, donor chamber, and covered with a syn-

thetic nylon membrane of pore size 0.45 μm. STF of pH 7.4 

was used as a receiver medium in the receptor chamber, 

containing 7 mL; the temperature was kept at 32°C±0.5°C 

and the stirring rate was adjusted at 400 rpm. Samples of 

4 mL from the receptor chamber were automatically with-

drawn at 0.25, 0.5, 1, 2, 4, 6 and 8 h with replacement and 

analyzed for drug content spectrophotometrically. The con-

dition of the in vitro release study was adjusted to achieve 

the sink condition. Blank experiments were also performed 

at the same wavelength for correction. The release patterns 

of ketoconazole from the studied ISG formulations were 

determined by plotting the cumulative amount of the drug 

permeated (Q) per unit area as a function of time, and the 

drug steady-state flux (J
SS

) for each formulation was deter-

mined from the slope. The permeability coefficient (P
c
) was 

estimated by dividing the drug flux by the initial drug load 

(C
0
). Another plot of the Q versus square root of time was 

constructed, and the diffusion coefficient (D) was obtained 

from the equation D = (slope/2C
0
)2 × π.

Anti-fungal activity
The antifungal activity of the prepared ISG formulations 

was tested against standard strain of Candida albicans 

ATCC 76615 that was obtained from the Microbiology 

Laboratory, King Abdulaziz University Hospital, Jeddah, 

KSA. Preliminary screening of the antifungal activities was 

conducted using agar diffusion technique. Briefly, Petri 

dishes (150  mm) were filled with 50-mL Müller–Hinton 

agar containing 1 mL fungal culture (1×106 CFU/mL), and 

the strain was inoculated separately. Holes of 12  mm in 

diameter were made in the seeded agar plates and filled with 

200 μL of each formula. Dishes were then incubated for 4 h 

at 37°C. Inhibitory activity was defined as the absence of 

fungal growth in the area surrounding the holes, inhibition 

zone, that was measured using a caliper.

Transcorneal permeation
The human corneal epithelium represents the main barrier 

for transcorneal drug permeation. To determine the impact of 

ocular barriers on the ophthalmic drug delivery, cell culture 

models can be used.19 In this study, evaluation of ketocon-

azole transcorneal permeability from ISG formulation loaded 

with either optimized drug NPs or pure drug (F9 or F10) was 

performed on human epithelial cell line (Applied Biological 

Materials Inc., Richmond, BC, Canada). Cells (105) were 

seeded on T25 flasks for 24 h and then were divided into two 

groups. Group I was exposed to F9 (0.3 mg/mL ketoconazole 

in the form of NPs), while group II was exposed to F10 

(0.3  mg/mL of pure ketoconazole). Cells were collected 

after 2, 4, 6, 12 and 24  h (n=3) and washed twice with 

ice-cold phosphate buffer saline. The collected cell pellets 

were ruptured by subjecting to two repeated cycles of freez-

ing and thawing, followed by ultrasonication for 10  min. 

Cell lysates were centrifuged using Laboratory Centrifuge 

3K30 at 15,000 rpm for 1 h at 4°C, and the concentration 

of the drug in the supernatant was determined using high-

performance liquid chromatography (HPLC) method previ-

ously reported,20 except for slight modifications. An isocratic 

HPLC method using C18 analytical column (4×250  mm, 

5 μm; Thermo Fischer Scientific) was performed. The mobile 

phase composed of methanol and water, 80:20 (v/v). Its flow 

rate was adjusted at 1.2 mL/min. The detection wave length 

was 240 nm. Drug standards in the intracellular concentrate 

containing known amounts of the drug were prepared and 

analyzed before determination of the unknown drug concen-

trations in the samples.

Results and discussion
Preparation of drug NPs based on the in vitro solvent 

exchange congealing method is a novel approach to develop 

polymeric drug delivery system by easily achievable and 

facile technique. The term nanoparticle laden in situ gel 

has been previously reported to describe the incorporation 

of PLGA NPs, prepared by the nanoprecipitation process, 

into ISG formulation suitable for ocular retention.21 In the 

nanoprecipitation process, the drug and polymer in a specified 

ratio are dissolved in an organic solvent at room temperature 

and the resulting polymeric drug solution is slowly injected 

into aqueous PVA solution while stirring; the organic solvent 

and some water are evaporated.

In this study, the in vitro solvent exchange congealing 

technique, which depends on solvent exchange mechanism, 

was employed to develop PLGA NPs. PLGA is soluble in both 

water miscible solvents, such as N-methylpyrrolidone and 

DMSO, and in partially miscible ones, such as triacetin and 

ethyl acetate.22 When PLGA solution is injected into an 

aqueous medium, the solvent dissipates into the aqueous 

environment and the polymer solidifies.23–25 PVA was added 

to the aqueous phase as a stabilizer to produce small size and 

stable NPs.26,27 The possible formulation parameters affecting 

the preparation of the NPs were optimized to achieve the opti-

mum concentration of PLGA in the organic solvent, organic 

to aqueous phase ratio and PVA concentration in the aque-

ous phase. Central composite experimental design was used 

as a tool used to investigate the effects of the independent 
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variables (X1–X3) on the dependent variables (Y1–Y2). The 

design helps to build second-order quadratic model for the 

studied variables using the least number of trials without 

the need to study full factorial experiment. After the design 

is performed, the data obtained from the experimental work 

is statistically analyzed to reach the optimum values of the 

independent variables that achieve the goal of the study.

Effect on particle size
Results of the statistical analysis, using multiple regression 

analysis and two-way analysis of variance (ANOVA), for the 

effect of the studied independent variables on particle size 

indicated that the main effects of X1, X2 and X3 along with 

their quadratic effects were significantly Y1 as illustrated 

in Table 4. When the sign of the estimated effect denotes 

a positive value, this is an indication of a synergistic effect 

of this variable on the selected response, while antagonistic 

effect is expected when a negative sign is obtained. F-ratio 

is used to compare between the actual variation and the 

expected variation of variable averages; an F-ratio .1 is 

an indication of a location effect, and hence, the P-value is 

used to report the significance level. A factor is considered 

to significantly influence a selected response if the P-value 

differs from 0 and is ,0.05. As the concentration of PVA 

was increased, the particle size of the prepared particles was 

increased. This behavior could be attributed to two reasons. 

First, the increase in particle size is attributed to exceeding 

the PVA concentration required to provide complete coverage 

of the surface of the NPs and start formation of PVA micelle 

molecules. Above this critical micelle concentration, there is a 

less surfactant surface adsorption since the micelle molecules 

begin to compete for the adsorption at the solid particles; this 

effect results in destabilization of the prepared NPs and there-

fore contributed to increase in the particle size.26–29 Second, 

increase in the concentration of PVA leads to increase in the 

viscosity of the aqueous phase, which in turn decreases the 

rate of PLGA solidification and so formation of large size 

particles. Results also revealed that, as the concentration 

of PLGA was increased, the particle size of the prepared 

NPs was increased. This finding is in good agreement with 

a previous study that indicated an increase in the average 

particle size of PLA NPs loaded with 5-fluorouracil when 

the concentration of the polymer was increased. The authors 

attributed this finding to high polymer load in the aqueous 

medium during the solidification process.30 A high percentage 

of the organic phase also increases the polymer load and so 

attributed to larger particle size. The standardized Pareto chart 

that illustrates the effect of X1, X2 and X3; their interaction 

and the quadratic effect of Y1 confirmed the above finding 

as depicted in Figure 1. A vertical reference line at a signifi-

cant P-value of 0.05 is represented in the chart in which an 

effect that exceeds this line is statistically significant. The 

polynomial equation that relates the independent variables 

and the particle size is as follows:

	

Particle size

 

= + × + ×
+ × −
−2009 41 155 604 1 595 679 2

458 835 3 40 5

. . .

. . 001 1 57 25

1 2 27 25 1 3 70 2679

2 25 375 2

2

2

.

. .

.

× +
× × + × × −
× − × ×× − ×3 99 0823 32.

�

To illustrate the effect of changing two independent vari-

ables on Y1, when the third one was kept at the intermediate 

level, 3D response surface plots were constructed and are 

represented in Figure 2.

Effect on entrapment efficiency
Statistical analysis of the obtained data for entrapment 

efficiency indicated that the main effects of X1 and X2 

Table 4 Estimated effects of factors, F-ratio and associated P-values for Y1 and Y2 of ketoconazole PLGA NPs

Factor Y1 (nm) Y2 (%)

Estimated effect F-ratio P-value Estimated effect F-ratio P-value

X1 (%) 395.537 72.32 0.0001 6.70238 10.27 0.0185
X2 (%) 199.752 18.44 0.0051 -5.51903 6.96 0.0386
X3 (%) 116.511 6.27 0.0462 0.58618 0.08 0.7887
X1X1 (%) −182.254 10.42 0.0180 −4.96651 3.82 0.0983
X1X2 (%) 171.75 7.99 0.0301 0.32725 0.01 0.9086
X1X3 (%) 81.75 1.81 0.2272 0.15725 0.00 0.9560
X2X2 (%) −140.536 6.19 0.0473 4.11522 2.63 0.1563
X2X3 (%) −50.75 0.70 0.4356 0.10625 0.00 0.9702
X3X3 (%) −198.165 12.31 0.0127 −0.194251 0.01 0.9415

Abbreviations: Y1, particle size; Y2, entrapment efficiency; PLGA, poly(lactide-co-glycolide); NP, nanoparticle; X1, PLGA in organic phase; X2, organic to aqueous phase; 
X3, PVA in aqueous phase; PVA, poly (vinyl alcohol).
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were significantly affecting Y2 as tabulated in Table 4 and 

graphically represented in the Pareto chart (Figure 1). As the 

concentration of the organic phase (DMSO) was increased, 

the entrapment efficiency was decreased owing to the higher 

solubility of ketoconazole in DMSO that leads to escape 

and diffusion of the drug within the organic phase during 

the solvent exchange process. This behavior was more 

pronounced when the concentration of the organic phase 

was increased. The drug entrapment efficiency was increased 

when the concentration of PLGA was increased, which is 

in agreement with the previous work of PLA NPs but with 

water-soluble drug.30 This behavior could be attributed to 

rapid solidification and formation of the NPs that enclose 

a higher percentage of the drug when the concentration of 

PLGA was increased. The polynomial equation that relates 

the independent variables and the entrapment efficiency is 

as follows:

	

Entrapment efficiency = + × −
× +
102 887 11 5169 1 23 9328

2 0 18009

. . .

. 11 3 1 10367 1

0 109083 1 2 0 0524167

1 3 2 05761 2

2.

. .

.

× − ×
+ × × +
× × + × 22

2

0 053125

2 3 0 0971253 3
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× × − ×

.

. �

To illustrate the effect of changing two independent 

variables on Y2, when the third one was kept at the inter-

mediate level, 3D response surface plots were constructed 

and are graphically represented in Figure 2.

To prepare an optimized formulation characterized by 

smaller particle size and high entrapment efficiency, the 

optimum desirability that achieves an optimum combination 

of factor levels was identified. The optimum levels for the 

independent variables along with predicted, observed and 

residual values are tabulated in Table 5. The optimized for-

mulation was characterized by a particle size of 331±24 nm 

and a zeta potential value of 4.11±0.34 mV (n=3). Small zeta 

potential values were obtained for all the studied formula-

tions (,20), which is an indication of encapsulation of the 

drug in the prepared PLGA NPs.31 A small value of zeta 

potential is associated with low particle stability and the 

tendency of the prepared for aggregation, but separation and 

lyophilization of the particle with subsequent loading into 

viscous polymeric solution are expected to retard particle 

aggregation. Stability of the particles could also be improved 

by surface modification.27

Physicochemical characterization
The DSC thermogram of ketoconazole showed a charac-

teristic sharp endothermic peak at 151°C, as illustrated in 

Figure 3. No characteristic drug peak was observed in the 

drug-loaded formulation of PLGA NPs, which is an evidence 

that there was no crystalline drug material in the optimized 

drug formulation. This is an indication of the change in the 

drug crystallinity and homogenous dispersion of the drug 

in the PLGA matrix. The same finding has been previously 

reported for PLGA NP-loaded capecitabine32 and monensin-

loaded PLGA NPs.33 The authors attributed this behavior to 

the existence of the drug in an amorphous or disordered-

crystalline phase, which is distributed as a molecular disper-

sion or a solid solution state in the polymeric matrix.

The FTIR spectroscopy of pure ketoconazole displayed 

a characteristic drug peak of carbonyl group C=O stretch-

ing vibration at 1,647.26 cm−1, C–O stretching of the drug 

aliphatic ether group at 1,031.95 cm−1 and C–O stretching of 

Figure 1 Standardized Pareto charts for the effect of the independent variables on Y1 and Y2.
Abbreviations: Y1, particle size; Y2, entrapment efficiency; X1, PLGA in organic phase; X2, organic to aqueous phase; X3, PVA in aqueous phase; PLGA, poly(lactide-co-
glycolide); PVA, poly (vinyl alcohol).

Powered by TCPDF (www.tcpdf.org)

www.dovepress.com
www.dovepress.com
www.dovepress.com


International Journal of Nanomedicine 2017:12submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1870

Ahmed and Aljaeid

cyclic ether at 1,244.13 cm−1.34 The spectra of the optimized 

NPs loaded with the drug exhibited the same characteristic 

peaks (Figure 4) except for a slight shift or decrease in the 

intensity of the peaks due to slight overlapping between 

the drug and the polymer characteristic peaks or due to the 

drug–polymer ratio.

XRPD patterns of pure ketoconazole and optimized NP for-

mulation are illustrated in Figure 5. The diffraction spectrum of 

the pure drug was crystalline in nature as indicated by numer-

ous distinct peaks. The spectrum of drug NPs was different 

Figure 2 3D response surface plots for the effect of the independent variables on Y1 (left side) and Y2 (right side).
Note: Units of measure for X1, X2 and X3 are (%), Y1 (nm) and Y2 (%).
Abbreviations: Y1, particle size; Y2, entrapment efficiency; X1, PLGA in organic phase; X2, organic in aqueous phase; X3, PVA in aqueous phase; PLGA, poly(lactide-co-
glycolide); PVA, poly (vinyl alcohol).

Table 5 Multiple response optimization of ketoconazole PLGA 
NPs

Factor Low level High level Optimum

X1 (%) 1.977 7.023 5.494
X2 (%) 3.318 6.682 3.318
X3 (%) 0.3182 3.682 1.105
Response Predicted value Observed value Residual
Y1 (nm) 328.0 331.0 +3
Y2 (%) 78.67 77.32 −1.35

Abbreviations: PLGA, poly(lactide-co-glycolide); NP, nanoparticle; X1, PLGA in 
organic phase; X2, organic to aqueous phase; X3, PVA in aqueous phase; Y1, particle 
size; Y2, entrapment efficiency; PVA, poly (vinyl alcohol).
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from that of pure ketoconazole, which demonstrated peaks of 

lower intensity, disappearance and formation of some new 

peaks. This finding indicates crystalline state transformation of 

ketoconazole in the NPs into the amorphous form and absence 

of interaction between the drug and the polymers used.

Characterization of the prepared ISG 
formulations
Previous studies have indicated that 1% sodium alginate, 

16% poloxamer and 0.5% carbopol were suitable as in 

situ vehicles for ophthalmic delivery.13,14,30 Ionic gelation, 

thermosensitive transformation and pH-induced transforma-

tion are the mechanisms involved during phase transition 

of alginate, poloxamer and carbopol, respectively. HPMC 

was added to all the prepared formulation as a viscosity-

enhancing agent. Chitosan is a mucoadhesive polymer that 

possesses viscosity-enhancing properties and is soluble in 

aqueous acidic solution. The pH of the STF, the presence 

of alkaline substances in the STF, and addition of HPMC 

to the chitosan-based ISG formulation could attribute to 

Figure 3 DSC thermograms of pure ketoconazole, PLGA, PVA and optimized NPs loaded with drug.
Abbreviations: DSC, differential scanning calorimetry; PLGA, poly(lactide-co-glycolide); NP, nanoparticle; PVA, poly (vinyl alcohol).

° °

°°

Figure 4 FTIR spectroscopy of pure ketoconazole, PLGA, PVA and optimized NPs loaded with drug.
Abbreviations: FTIR, Fourier transform infrared; PLGA, poly(lactide-co-glycolide); NP, nanoparticle; PVA, poly (vinyl alcohol).
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θθ
Figure 5 X-ray diffraction patterns of pure ketoconazole and optimized NPs loaded with drug.
Abbreviation: NP, nanoparticle.

increase in the formulation viscosity upon contact with the 

STF. It was noticed that ISG formulations 7 and 8 showed 

the longest in vitro gelation time among all the studied ISG 

formulations. ISG formulations containing combination of 

chitosan and other polymers were also prepared except for 

carbopol, which was incompatible with chitosan as indicated 

by formation of white precipitate during preparation. Mixing 

chitosan with alginate or poloxamer leads to decrease in the 

time of in vitro gelation. When all the prepared formulation 

solutions were added to STF, the viscosity was increased 

owing to gel formation by ionic, thermosensitive or pH 

interaction. If a higher sheer rate was applied, the high shear 

rate of eye (4,250–28,500 1/s) during blinking, the viscosity 

usually decreased due to the pseudoplastic behavior of the 

formulations as previously described by Nagarwal et al,30 

which suggests suitability of these formulations for ocular 

delivery. Faster gelation of formulations ISG 9 and 10 could 

be attributed to the presence of double viscosity-enhancing 

agent, HPMC and chitosan, and to the rapid ionic gelation 

of alginate with Ca++ in the STF.

The diffusion study revealed superior drug release 

from NP formulations compared to the same formulations 

containing pure drug as indicated by the calculated release 

parameters illustrated in Table 3. Development of drug 

PLGA NPs results in improvement in the drug permeation, 

owing to a decrease in the drug particle size. The drug 

diffusion from ISG formulations 9 and 10 was the highest 

as indicated in Figure 6, the effect that could be attributed 

to rapid gelation and easy diffusion of the drug from the 

chitosan–alginate system.

Results for the antifungal activity, represented as the 

inhibition zone diameter, were in direct relation to the release 

data. A large inhibition zone diameter was noticed in ISG 

formulation 9, containing drug NPs in the chitosan–alginate 

mixture, which could be related to high drug permeation 

from this formulation compared with others with subsequent 

inhibition effect on the studied fungal strain.

Transcorneal permeation
Fungal eye infections can be very serious if not treated. 

Infection of the clear, front layer of the eye (the cornea) is 

known as keratitis, while infection in the interior part of the 

eye is called endophthalmitis. Eye infections may be attrib-

uted to different types of fungi that result in both keratitis 

and endophthalmitis. Candida albicans, a type of yeast that 

normally lives on human skin and on the protective mucous 

membranes lining inside the body, has been reported to be the 

most common cause of endogenous endophthalmitis. Mycotic 

keratitis is usually attributed to filamentous fungi such as 

Lasiodiplodia theobromae, although other species such as 

Fusarium, Alternaria and Aspergillus have been also men-

tioned. Keratitis usually occurs in conjunction with trauma to 

the cornea with vegetable matter. Keratitis that is attributed 

to yeasts such as Candida is most likely to occur and always 

happen in abnormal eyes, eg, patients suffering from dry eye, 

chronic corneal ulceration or corneal scarring.19,35
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Figure 6 Diffusion profile of ketoconazole from the prepared ISG formulations.
Abbreviation: ISG, in situ gel.

In this study, the permeation of ketoconazole in the form 

of drug NPs from the ISG system was studied to evaluate the 

usefulness of the formulation in treatment of both keratitis and 

endophthalmitis. Effective permeation of the drug from the 

human epithelial cells coupled with the antifungal activity will 

be considered as a successful delivery system in the manage-

ment of the abovementioned eye inflammation conditions.

Results of the transcorneal permeation indicated higher 

and sustained drug permeation from formulation F9 compared 

to F10 as represented in Figure 7. The prepared optimized 

drug PLGA NPs augmented the drug permeation, owing to 

the smaller particle size, and sustained the drug release due to 

entrapping the drug inside the polymeric matrix. It was previ-

ously stated that drug release from PLGA polymeric matrix 

is attributed to diffusion followed by polymer erosion.36 

Loading the drug or the prepared optimized NPs into the ISG 

vehicle represents another factor that could assist in sustaining 

the drug release, but the effect of the drug release mechanism 

from PLGA, diffusion and erosion remains superior.

Conclusion
In this study, development of ketoconazole PLGA NPs based 

on the solvent exchange technique was successfully achieved 

after optimization of the formulation factors affecting the 

development process. Combination of alginate and chitosan 

was found to be an effective ophthalmic ISG drug delivery 

system as indicated by in vitro drug permeation and gelation, 

antifungal activity and transcorneal permeation. Hence, keto-

conazole PLGA NPs loaded into the alginate–chitosan ISG 

formulation could be used as an effective antifungal medica-

tion in the treatment of both keratitis and endophthalmitis.
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