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Introduction: During recent years, there has been growing interest in the use of nanoemulsion 

as a drug-carrier system for topical delivery. A nanoemulsion is a transparent mixture of oil, 

surfactant and water with a very low viscosity, usually the product of its high water content. 

The present study investigated the modification of nanoemulsions with different hydrocolloid 

gums, to enhanced drug delivery of ibuprofen. The in vitro characterization of the initial and 

modified nanoemulsions was also studied.

Methods: A palm kernel oil esters nanoemulsion was modified with different hydrocolloid 

gums for the topical delivery of ibuprofen. Three different hydrocolloids (gellan gum, xanthan 

gum, and carrageenan) were selected for use. Ternary phase diagrams were constructed using 

palm kernel oil esters as the oil, Tween 80 as the surfactant, and water. Nanoemulsions were 

prepared by phase inversion composition, and were gradually mixed with the freshly prepared 

hydrocolloids. The initial nanoemulsion and modified nanoemulsions were characterized. 

The abilities of the nanoemulsions to deliver ibuprofen were assessed in vitro, using a Franz 

diffusion cell fitted with rat skin.

Results: No significant changes were observed in droplet size (∼16–20 nm) but a significant 

difference in polydispersity indexes were observed before and after the modification of 

nanoemulsions using gellan gum, carrageenan, and xanthan gum. The zeta potentials of the initial 

nanoemulsions (-11.0 mV) increased to -19.6 mV, -13.9 mV, and -41.9 mV, respectively. 

The abilities of both the initial nanoemulsion (T802) and the modified nanoemulsion to deliver 

ibuprofen through the skin were evaluated in vitro, using Franz diffusion cells fitted with 

rat skin. The in vitro permeation data showed that the modified nanoemulsion (Kp value of 

55.4 × 10−3 cm ⋅ h−1) increased the permeability of ibuprofen 4.40 times over T802 (Kp value 

of 12.6 × 10−3 cm ⋅ h−1) (P , 0.05).

Conclusion: The modified nanoemulsion may be a promising vehicle to enhance the permeation 

of ibuprofen for topical delivery.

Keywords: ibuprofen, in vitro study, palm kernel oil esters, topical delivery

Introduction
Nanoemulsions are isotropic, transparent (or translucent) systems consisting of oil, 

surfactant, and water having a droplet size of less than 100 nm.1 Low viscosity, high 

kinetic stability against creaming or sedimentation, and large interfacial area make 

nanoemulsions of increasing use in different applications.2 In the pharmaceutical field, 

nanoemulsions have been increasingly developed for use as drug-delivery systems for 

parenteral, oral, ocular, and topical administration.3–6

Specifically, in the case of topical delivery, nanoemulsions offer several significant 

advantages including no skin irritation, powerful permeation ability, and high 
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drug-loading capacity.7,8 However, the low viscosity of 

nanoemulsion limits their application in topical delivery. 

Several hydrocolloids, such as xanthan gum, carrageenan, 

and carbomer 940, have been used to increase the viscosity 

of nanoemulsions, rendering them more suitable for topical 

application, when compared with initial nanoemulsions as 

a vehicle for drug delivery.9

Ibuprofen, a nonsteroidal anti-inflammatory drug is very 

effective for the systemic treatment of rheumatoid arthritis, 

osteoarthritis, and ankylosing spondylitis. Ibuprofen has 

been formulated into many topical preparations in order to 

reduce adverse side effects associated with the hepatic first-

pass metabolism. However it is difficult to maintain effective 

concentrations by topical delivery of ibuprofen due to its poor 

skin permeation ability.10 In order to enhance the permeation 

of ibuprofen, many formulations such as emulsions and gels, 

have been explored.11,12 There has been little study of the use 

of nanoemulsion as a delivery system for ibuprofen.

Palm kernel oil ester (PKOE) is a long chain fatty acid 

synthesized from palm kernel oil, through the enzymatic 

process of transesterification. PKOE is rich in oleyl laurate, 

C30:1 (54.1%),13 and it can be used as an oil phase due to 

its unique property of exhibiting excellent wetting behaviour 

without the oily feeling.14,15 PKOE has low viscosity and is 

colorless (which are desirable properties in cosmetic and 

pharmaceutical products). Until now, there has been little 

attempt to prepare nanoemulsions using PKOE. In the 

present study, an initial nanoemulsion (T802) was prepared 

containing 2% ibuprofen incorporated in PKOE, and was then 

modified with different hydrocolloids. The physicochemical 

properties of each nanoemulsion were characterized and 

compared. In vitro drug permeations of ibuprofen from initial 

and modified nanoemulsions through excised rat skin, were 

also evaluated.

Material and methods
Materials
PKOE was prepared in the laboratory according to the 

method of Gunawan et  al15 and purified with methanol 

(1:1).14 The fatty acids composition of PKOE is: 0.5% oleyl 

caproate (C24:1), 5.6% oleyl caprate (C26:1), 5.9% oleyl 

caprylate (C28:1), 54.1% oleyl laurate (C30:1), 13.9% 

oleyl myristate (C32:1), 6.2% oleyl palmitate (C34:1), 

1.2% oleyl stearate (C36:1), 6.4% oleyl oleate (C36:2) and 

1.7% oleyl linoleate (C36:3). Ibuprofen [2-(4-isobutylphenyl)-

propionic acid] was purchased from Eurochem (Moscow, 

Russia). The nonionic surfactant Tween 80 (polyoxyethylene 

sorbitan monooleate) was purchased from Merck (Merck 

KGaA, Darmstadt, Germany). Gellan gum was purchased 

from CPKelco (Atlanta, GA). Xanthan gum and carrageenan 

were purchased from Merck. Water was deionized and Milli-Q 

(Millipore, Billerica, MA) filtered in our laboratory.

Methods
Construction of ternary phase diagram
The mixture of PKOE and Tween 80 were weighed at various 

weight ratios ranging from 0:100–40:60. Five mixtures were 

prepared. Each mixture, with a total weight of 0.5 g, was 

placed into a 10 mL screw-cap glass tube (total five tubes), 

and was vortexed using a vortex mixer (VM-300; Gemmy 

Industrial Corporation, Taipei, Taiwan). Water (5 wt%) was 

then added and the samples were vortexed for 5 minutes. The 

samples were then centrifuged at 4000 rpm for 15 minutes 

and observed using polarized light. The steps were repeated 

with the stepwise addition of 10 wt%, 20 wt%, 30 wt%, 

40 wt%, until 90 wt% of water. Ternary phase diagrams 

were constructed by using the Chemix School v3.50 software 

(Arne Standnes, Norway).

Preparation of nanoemulsion containing ibuprofen
A composition from the phase diagram was chosen and 

ibuprofen was added with composition shown in Table 1. 

Nanoemulsions were prepared at 20:80 of oil–surfactant 

ratio by the stepwise addition of water into the oil phase, 

as described in a previously developed method (manuscript 

under review). The samples were homogenized by a vibro-

mixer (Gemmy Industrial Corporation). All the samples were 

kept at room temperature, 25°C ± 2°C.

Modification of PKOE nanoemulsion
Gellan gum, carrageenan, and xanthan gum were used 

to modify the PKOE- nanoemulsion formulations. These 

hydrocolloids were hydrated in a fixed amount of water for 

at least 4 hours, and the previously formulated nanoemulsion 

was gradually added with continuous stirring. After the 

hydrocolloid was entirely dissolved in the nanoemulsion, 

clear PKOE nanoemulsions were obtained. The composition 

of the modified nanoemulsion is described in Table 2.

Table 1 Composition of the nanoemulsion formulation

Code Ingredient (% w/w)

PKOE Tween 80 Ibuprofen Water

T802 3.6 14.4 2 80

Note: Code T802 represents the surfactant Tween 80 with number 2 (20:80 of oil/
surfactant ratio).
Abbreviation: PKOE, palm kernel oil esters.

submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

4740

Salim et al

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


International Journal of Nanomedicine 2012:7

Droplet size and polydispersity analysis
The mean droplet size and polydispersity of the nano-

emulsions and modified nanoemulsions were measured by 

dynamic light scattering. The measurements were conducted 

with the zetasizer (Nano ZS; Malvern Instruments Ltd, 

Malvern, UK). The mean hydrodynamic diameter (z-average 

mean) was calculated from the autocorrelation function 

of the intensity of light scattered from the particles. The 

software used was DTS Nano version 5.03, supplied by the 

manufacturer (Malvern Instruments Ltd). All the samples 

were diluted with water prior to measurement. Polydispersity 

indexes lower than 0.2 are ideal, as they indicate a narrow 

range of size distribution.

Zeta potential analysis
The rate of particle movement under the influence of an 

external oscillating electrical field with a voltage of 150 V 

(electrophoretic mobility) was measured with the zetasizer 

(Malvern Instruments Ltd). The measured electrophoretic 

mobilities were converted to zeta potentials by the instrument’s 

software (Dispersion Technology Software, version 5.03; 

Malvern Instruments Ltd) using Henry’s equation:

	 U
f

e =
2

3

εζ κα
η
( )

	 (1)

where U
e
 is the electrophoretic mobility, ε is the dielectric 

constant, ζ is the zeta potential, η is the viscosity of 

the dispersant, and f(κα) is the Henry function. The 

Smoluchowski approximation, f(κα) = 1.5, was used for high 

ionic strength media and the Debye–Hückel approximation, 

f(κα) = 1, was used for low dielectric medium.

Rheological measurement
The rheology of the selected nanoemulsion was determined 

using the Kinexus Rotational Rheometer (Malvern 

Instruments Ltd). A stress/rate with a temperature controller 

was employed to measure the rheological properties of 

the emulsions. The measurements were performed at a 

temperature of 25.0°C ± 0.5°C with a 4°/40 mm cone and 

plate geometry and gap of 0.100 mm. The steady rheological 

behavior of the emulsions was measured at a controlled rate 

varying from 0.1–100 s−1. After being loaded onto the plate, 

the samples were allowed to rest for 10  minutes prior to 

measurement.

TEM analysis
The morphology of the particles in the nanoemulsion 

formulations was visualized with a transmission electron 

microscope (TEM). Samples were dropped onto a 200 

mesh formvar carbon-coated copper grid (Polyscience, Inc, 

Pennsylvania, PA) and were negatively stained with 50 µL 

of 2 wt% phosphotungstic acid for 5  minutes, at room 

temperature. Excess liquid was removed with a piece of 

Whatman filter paper No. 1 (Whatman International Ltd, 

Kent, UK), and the samples were dried at room temperature. 

The samples were observed with TEM (H-7100; Hitachi Ltd, 

Tokyo, Japan). The acquired digital images were processed 

with Adobe Photoshop® software (Adobe, San Jose, CA).

In vitro permeation studies
Preparation of the skin
Abdominal skins from male Wistar rats weighing 200–300 g 

were used in this study. All experimental procedures 

were performed in accordance with the Guidelines of the 

Animal Ethical Committee of Universiti Sains Malaysia, 

and had its approval. Rats were anesthetized using sodium 

pentobarbital administered by intraperitoneal injection. The 

abdominal skin was shaved using electric and hand razors, 

and surgically removed. The adherent subcutaneous fat was 

carefully cleaned. In order to remove the extraneous debris 

and leachable enzymes, the skin was immersed in a normal 

saline solution (0.9% NaCl) for 1 hour, and then the skin 

was rinsed with fresh saline solution. This step was repeated 

3–4 times. The cleaned skin was wrapped in aluminum foil and 

stored in a deep freezer at -21°C until further use. Following 

skin excision, rats were euthanized using an overdose of 

pentobarbital.

The permeation studies
The experiment was performed by using Franz diffusion cells 

with an effective diffusion area of 0.64 cm2. The excised skin 

samples were clamped between the donor and the receptor 

chamber of Franz diffusion cells, with the stratum corneum 

facing the donor chamber. Then, 0.1 mL (Co = 20 mg/mL) 

of the sample was administrated on the stratum corneum. 

The receptor compartment was filled with a phosphate buffer 

with a pH of 7.4, and maintained at a constant temperature 

Table 2 Composition of the modified nanoemulsion formulations

Code Ingredient (g)

Nanoemulsions GG CG XG Water
M1 40 0.75 – – 49.25
M2 40 – 0.75 – 49.25
M3 40 – – 0.75 49.25

Abbreviations: GG, gellan gum; CG, carrageenan; XG, xanthan gum; M, modified 
nanoemulsion.
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of 37°C ± 0.5°C by a circulating-water jacket and constant 

magnetic stirring. Samples were periodically drawn 

(typically at 1, 2, 3, 4, 5, 6, 7 and 8 hours) from the receptor 

compartment and replaced with the same volume of receptor 

medium. All samples were analyzed by ultra-performance 

liquid chromatography (UPLC).

UPLC analysis
UPLC was performed using Waters Acquity Ultra-

Performance Liquid Chromatographic system (Waters 

Corporation, Milford, MA) equipped with a TUV detector, 

an autosampler and a binary solvent delivery system. Data 

was collected and processed by the chromatographic software 

Empower 2 Software (Waters Corporation). An Acquity 

UPLC BEH C18 (2.1 mm × 50 mm, 1.7 µm) was used as a 

stationary phase. The mobile phase consisting of a mixture 

of Acetonitrile/water (55:45 ratio, 1 L), potassium dihydrate 

phosphate (KH
2
PO

4
, 2.758  g) and orthophosphoric acid 

(H
3
PO

4
, 4.7 mL) was used. The detection wavelength was 

264 nm and the run time was 4 minutes. UPLC utilized flow 

rates in a range of 0.4 mL/min. All analyses were performed at 

25°C. An injection volume of 10 µL with a partial loop mode 

for the sample injection was used. Ibuprofen stock solution of 

1000 µg/mL was prepared by dissolving appropriate weight 

of ibuprofen in phosphate buffer, pH 7.4 for calibration. 

Then the stock solution was serially diluted to produce 

concentrations of 500, 300, 100, 50, 10 and 5 µg/mL.

Permeation rate
The cumulative amount of ibuprofen permeated through rat 

skin was plotted as a function of time. The permeation rates 

of ibuprofen at a steady-state (J, µg ⋅ cm-2 ⋅ h-1) were calculated 

from the slope of the linear portion of the cumulative amount 

permeated per unit area versus time plot.

Permeability coefficient (Kp)
Permeability coefficient (K

p
) was calculated from the 

following equation:

	 K
J

Cp =
0

	 (2)

where J was the skin permeation rate and C
0
 was the 

concentration of drug at the donor compartment.

Statistical analysis
Data was shown as mean ± SD (n = 3). Statistical data was 

analyzed by using a t-test and analysis of variance (ANOVA). 

P , 0.05 was considered statistically significant.

Results and discussion
Ternary phase diagram of PKOE/ 
Tween 80/water system
Figure  1  shows the ternary phase diagram of the PKOE/

Tween 80/water system at 25°C. The phases observed were: 

Isotropic liquid phase (L
1
), liquid crystalline phase (L

c
) and 

multiphase region. The formation of two L
1
 regions were 

found to be towards the water rich-apex and surfactant-

rich apex of the diagram. A large L
c
 region was found in 

between these two L
1
 regions. The maximum amount of oil 

that could be solubilized in the L
c
 region was 20 wt% with 

45 wt%–75 wt% of Tween 80. It has previously been reported 

that the main factor for the formation of nanoemulsion 

was the presence of an L
c
 region along the emulsification 

path.16 Therefore, the system in which surfactant was at 

low concentration (lower than 20 wt%) in the L
1
 region was 

chosen for the preparation of the final nanoemulsions. In 

this case, the lower amount of surfactant could reduce the 

interfacial tension and increase the interfacial area, resulting 

in a stable dispersion.8

Droplet size and polydispersity index
Table 3 shows the physicochemical properties of the T802 

formulation. Bluish transparent T802, with the droplet 

size of 16.52 nm, was obtained. The polydispersity index 

showed that T802 had a narrow size distribution (,0.1). 

Figure  2  shows very little increase in particle size and 

polydispersity after the T802 contact with the hydrocolloids. 

However, no significant effect was observed on droplet size 

before (T802 as a reference) and after the nanoemulsion 

was modified using gellan gum and xanthan gum. Gellan 

gum and xanthan gum are very soluble in water, which lead 

to the formation of the gel network in a continuous phase in 

the nanoemulsion even though the gel network increased the 

viscosity of nanoemulsions.17

The polydispersity of the T802 formulation was 

increased from 0.093 to 0.199, 0.203, and 0.332 after 

the nanoemulsions were modif ied with gellan gum, 

carrageenan, and xanthan gum, respectively. A high 

polydispersity system was observed when carrageenan and 

xanthan gum were used. Carrageenan and xanthan gum are 

polysaccharides, but possess very polar groups (sulfate 

and carboxyl groups, respectively). These hydrocolloids 

induced aggregation, as was indicated by an increase in 

mean particle size. Due to the high polydispersity of these 

samples, the nanoemulsions modified with carrageenan 

and xanthan gum (M2 and M3, in Table 2) were not chosen 

for further study.
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Zeta potential
Figure 3 shows the zeta potential distribution curve of initial 

nanoemulsion for sample T802. The zeta potential value for 

the T802 was -11.0 mV. Figure 4 shows the zeta potential 

values of T802 (as reference) and the nanoemulsions modified 

with different hydrocolloids. When Formulation T802 was 

modified with hydrocolloids (gellan gum, carrageenan and 

xanthan gum), the zeta potential value increased to -19.6 mV, 

-13.9 mV, and -41.9 mV, respectively. The possible interaction 

between the negative surface charge of the T802 and polar 

groups in the hydrocolloids (eg, carboxyl or sulfate group) 

could have increased the zeta potential of the system. It has 

previously been shown that the negatively charged carboxyl 

and sulfate groups in hydrocolloids are capable of increasing 

the negative charge at the surface of the nanoemulsion and 

changing the zeta potential values.18

Rheology
Figure  5  shows the viscosity versus shear rate for T802 

and the nanoemulsion modified with gellan gum (M1). 

The viscosity decreased with increasing shear rate and 

reached a constant value at high shear rates. Shear thinning 

behavior that occurred in the modified nanoemulsion, 
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Figure 1 Ternary phase diagram of PKOE/Tween 80/water system at 25°C ± 1°C.
Abbreviations: L1, isotropic liquid region; Lc, liquid crystalline region; M, multiphase region; PKOE, palm kernel oil esters.

Table 3 Physicochemical properties of the initial nanoemulsion 
formulation

T802

Droplet size (nm) 16.52 ± 0.0816
Polydispersity index 0.0926 ± 0.0176
Zeta potential (mV) -11.04 ± 0.5595
Viscosity (cP) 12
Appearance Bluish transparent liquid

Abbreviation: T802, initial nanoemulsion.
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Figure 2 Droplet size and polydispersity index for the initial nanoemulsion (T802) 
and the modified nanoemulsion.
Note: Mean ± SD, n = 3.
Abbreviations: Ref, reference; GG, gellan gum; CG, carrageenan; XG, xanthan 
gum; SD, standard deviation.
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could be an indication of weak attractive forces between 

the emulsion droplets, which tend to disperse due to shear 

stress. The presence of high-molecular-weight hydrocolloids 

increased the resistance to flow, which in turn increased 

the apparent viscosity of the emulsion system. It also 

provided better long-term stability, probably arising from 

the immobilization of the emulsion droplets in a network 

(caused by a repulsive effect of available electrostatic charges 

on the molecules).19

TEM imaging
In order to observe the physical properties of the oil droplets 

in the nanoemulsion sample, TEM analysis was performed 

with negatively stained samples. Figure 6A shows the TEM 

images for the nanoemulsion sample T802. When T802 was 

used, the spherical shape of the nanoemulsion became more 

regular and smaller droplets were dominant. The droplet size 

range of 16–20  nm was obtained and revealed good size 

distribution. This droplet size was in agreement with the results 

obtained from the zetasizer (Malvern Instruments Ltd) and 

there was no evidence of ibuprofen precipitation in either 

the oil phase or the aqueous phase, at the concentration that 

was incorporated in the nanoemulsions.

Figure 6B shows the TEM image of T802 after being 

modified with hydrocolloid (M1). No droplets were detected 

and only the gel network was observed. Gellan gum swelled 

in aqueous water, resulting in an increase in viscosity of the 

nanoemulsion from the formation of a gel network of gellan 

gum in the aqueous phase. The increased viscosity of the 

nanoemulsion resulted in oily droplets that could not move 

freely in the hydrocolloid. Hence, the modified emulsions 

remained as the nanostructure of the emulsions within the 

three-dimensional gel network.20

In vitro permeation studies
The permeation ability of selected formulations was evaluated 

using in vitro permeation experiments. The calibration curves 

exhibited an excellent linearity over the concentration range 

of 5.2334–1011.8583  µg/mL. The mean linear regression 

equation from three replicated calibration curves was 

0
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Figure 3 Zeta potential distributions for the nanoemulsion sample T802.
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y  =  2296.8x  +  1586.4 with a correlation coefficient of 

1 (accuracy . 98%). Table 4 shows the permeation parameters 

of T802 and M1. Figure 7  shows the permeation profiles 

of ibuprofen through rat skin from both nanoemulsions. 

A steady increase of ibuprofen released in the receptor 

compartment was observed over 1–8 hours of permeation. 

Statistical comparisons of the flux throughout M1 provided 

fluxes (49.32  ±  4.88  µg ⋅ cm−2 ⋅ h−1) (P  ,  0.05) and Kp 

value (55.4  ×  10−3 cm ⋅ h−1) higher than those for T802 

(25.25 ± 5.87 µg ⋅ cm−2 ⋅ h−1 and 12.6 × 10−3 cm ⋅ h−1, respectively). 

M1 had the shortest lag time (0.686 hours), while T802 had the 

longest lag time (1.423 hours). The long lag time resulted in 

a decrease in accumulative amount of ibuprofen through the 

skin. The permeation profiles of nanoemulsions M1 followed 

Higuchi’s model for drug release (Mt versus square root of t), 

as the plot showed high linearity, with correlation coefficient 

(R2) value of 0.9954. A previous study21 comparing M1 with 

Nurofen® 5% Gel (Reckitt Benckiser, Berkshire, UK), found 

the permeation rate of M1 to be 7.73 times higher than that of 

the marketed product. Nurofen 5% Gel contains hydroxyethyl 

cellulose as a hydrocolloid gum.

The permeation results are in contrast to previous reports 

in various publications that claim increased penetration with 

increased viscosity. Surprisingly, it appears that the permeability 

of ibuprofen at 8 hours was 4.40 times higher with M1, when 

compared with T802. Theoretically, the rate of drug release 

may decrease, as the nanoemulsion transforms to a lamellar 

structure or an emulsion having a highly ordered nanostructure 

and increased viscosity.22 The addition of the hydrocolloid gum 

could be the main reason for the increased permeability of M1, 

which could in turn, have increased the thermodynamic activity 

of ibuprofen. Ibuprofen is readily soluble in oil. The addition 

of hydrocolloid increased the lipophilicity of the oil droplets 

hence, increased the thermodynamic activity, with consequent 

increase of the skin permeation rate.23

Although the interactions of nanoemulsions with skin 

depend on the electrical charge of the droplets, other factors, 

such as composition of the formulation, may also affect 

Figure  6 The TEM images of (A) the initial (T802), and (B) the modified (M1) 
nanoemulsions.

Table 4 The permeation parameters of the initial and modified 
nanoemulsion

Flux at 8 h 
(J, μg ⋅ cm−2 ⋅ h−1)

Permeated  
amount at 8 h (%)

Kp 
(10−3, cm/h)

TL (h)

T802 25.25 ± 5.87 6.5 12.6 1.423
M1 49.32 ± 4.88 28.4 55.4 0.686

Note: Mean ± SD, n = 3.
Abbreviations: Kp, permeability coefficient; TL, lag time; T802, initial nanoemulsion; 
M1, initial nanoemulsion modified with gellan gum; SD, standard deviation; h, hours.
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Figure 7 The permeation profiles of ibuprofen through Wistar rat skin.
Note: Mean ± standard deviation, n = 3.
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the permeation. It is well known that the skin is negatively 

charged at neutral pH.24 In the present study, the negatively 

charged nanoemulsions could have enhanced the permeation 

of ibuprofen through the skin. The composition of the 

nanoemulsion system (such as the PKOE and surfactant) could 

also have contributed to the enhancement of permeation.

Conclusion
The present study showed that when an initial PKOE 

nanoemulsion was modified with different hydrocolloids, 

there was no significant difference in droplet size observed, 

but there were significant differences in their polydispersities, 

zeta potentials, and flow behaviors. The permeability of ibu-

profen at 8 hours was 4.40 times higher (P , 0.05) with the 

modified nanoemulsion (M1), when compared with the initial 

nanoemulsion (T802). The presence of a hydrocolloid in the 

nanoemulsions increased the permeation rate of ibuprofen, 

which made this suitable for topical drug delivery.
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