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Abstract: The aim of this study was to develop a nanostructured lipid carrier (NLC)-based 

hydrogel and study its potential for the topical delivery of 5-fluorouracil (5-FU). Precirol® 

ATO 5 (glyceryl palmitostearate) and Labrasol® were selected as the solid and liquid lipid 

phases, respectively. Poloxamer 188 and Solutol® HS15 (polyoxyl-15-hydroxystearate) were 

selected as surfactants. The developed lipid formulations were dispersed in 1% Carbopol® 

934 (poly[acrylic acid]) gel medium in order to maintain the topical application consistency. 

The average size, zeta potential, and polydispersity index for the 5-FU-NLC were found to 

be 208.32±8.21 nm, -21.82±0.40 mV, and 0.352±0.060, respectively. Transmission electron 

microscopy study revealed that 5-FU-NLC was ,200 nm in size, with a spherical shape. In 

vitro drug permeation studies showed a release pattern with initial burst followed by sus-

tained release, and the rate of 5-FU permeation was significantly improved for 5-FU-NLC gel 

(10.27±1.82 μg/cm2/h) as compared with plain 5-FU gel (2.85±1.12 μg/cm2/h). Further, skin 

retention studies showed a significant retention of 5-FU from the NLC gel (91.256±4.56 μg/cm2) 

as compared with that from the 5-FU plain gel (12.23±3.86 μg/cm2) in the rat skin. Skin irrita-

tion was also significantly reduced with 5-FU-NLC gel as compared with 5-FU plain gel. These 

results show that the prepared 5-FU-loaded NLC has high potential to improve the penetration 

of 5-FU through the stratum corneum, with enormous retention and with minimal skin irritation, 

which is the prerequisite for topically applied formulations.

Keywords: nanostructured lipid carrier, topical delivery, controlled release, 5-fluorouracil, 

skin penetration, skin infection

Introduction
5-Fluorouracil (5-FU) is an antineoplastic agent used in the topical treatment of a 

number of diseases, including skin cancers and actinic keratosis.1 However, in each 

treatment, less-than-optimal delivery of 5-FU using conventional preparations such 

as creams and ointments have necessitated the use of more drastic measures to obtain 

therapeutic outcomes.2 Pathogenesis of most skin diseases, such as psoriasis, cutane-

ous premalignant/malignant lesions and basal cell carcinoma in the epidermis, dermis, 

and deeper skin layers, dictates that the drug delivery strategy should be customized 

to localize high drug concentrations within the epidermis and dermis.3 Currently, 

commercial formulations for topical 5-FU application are available in the form of 

solutions or creams at 0.5% 5-FU concentration for once-daily application (Carac®; 

Sanofi, Gentilly, France). Commercial topical formulations are associated with the 

limitation of very short retention time at the site of administration, resulting in very 

poor skin permeation and retention of drug.4 The commercial topical dosage form is 
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also associated with a number of skin irritation reactions, 

including redness, dryness, burning pain of the upper layer 

of skin, and swelling, and these reactions may continue 

for $2 weeks after treatment.5 However, 5-FU is a highly 

soluble but poorly permeable drug, with low logP (0.89), and 

therefore, deep skin penetration is very difficult to achieve 

with conventional formulations.6

There has been increased interest during recent years in 

the use of topical vehicle systems that could modify drug 

permeation through the skin using permeation enhancers, but 

use of these chemical enhancers may be harmful, especially in 

chronic application, as many of them are irritants.4,7 Therefore, 

it is desirable to develop a topical vehicle system without 

chemical enhancers to facilitate drug permeation through the 

skin. One of the most promising techniques for enhancement of 

skin permeation of drugs is lipid-based nanocarrier delivery.

In recent years, solid lipid nanoparticles (SLNs) have gar-

nered great importance as potential drug carriers for topical 

delivery due to their unique advantages and great versatility 

as compared to polymeric nanoparticles, nanoemulsions, 

liposomes, and so on.8–10 The SLNs are made of solid lipid 

material, which remains in the solid state at room tempera-

ture, protects the chemically labile drugs, and provides slow 

drug release to achieve controlled drug release profiles for 

prolonged time intervals. The lipid materials used for SLNs 

are biodegradable and biocompatible and provide better 

safety profile.10,11 Nanostructured lipid carriers (NLCs) are 

the second generation of SLNs and offer many advantages 

over SLNs. The solid lipid, when used alone for preparing 

SLNs, forms a perfect crystal lattice with limited space for 

accommodating the drugs. The NLCs are prepared by using 

both solid lipid and liquid lipid, which leads to special nano-

structures with improved properties for therapeutic loading, 

alteration of the drug release profile, and stability.12,13

Furthermore, the NLCs ensure close contact with the 

stratum corneum owing to their unique lipid composition and 

smaller particle size, thereby enhancing drug flux through the 

skin to facilitate drug permeation.14 The nanosized particles can 

tightly adhere to the skin surface and transport the drugs in a 

more controlled fashion. They are also found to significantly 

increase skin hydration and exhibit occlusive properties due to 

reduction in the transepidermal water loss.14,15 The occlusive 

effect exerted by NLCs can improve skin hydration and promote 

the penetration of drugs.10 Additionally, drugs (such as 5-FU) 

may be encapsulated within the core so that the skin irritation 

reaction could be minimized following topical application.

Several research groups have worked on NLCs to 

improve the skin permeation efficacy of many drugs after 

topical application.16–18 For example, Guo et al16 developed a 

quercetin (QT)-loaded NLC formulation for topical delivery. 

The results showed that NLCs could significantly promote 

the permeation of QT and increase the amount of QT retained 

in the epidermis and dermis, showing the usefulness of 

NLCs as carriers for topical administration. More recently, 

Upendra and Neha19 prepared an NLC-based gel of clobetasol 

propionate for topical delivery for the treatment of eczema. 

Using the paw edema technique, they found that the anti-

inflammatory activity of the NLC gel had a rapid onset of 

action, with prolonged duration of action, as compared with 

the marketed gel. In another study, Bharti et al17 prepared an 

NLC system for the topical delivery of terbinafine hydrochlo-

ride for the treatment of fungal infection, and they found that 

the NLC system could significantly promote the permeation 

of the drug and that the NLC gel efficiently reduced the fungal 

burden in a shorter duration of time as compared to marketed 

drug. Kumari et al18 developed NLCs for the topical delivery 

of azelic acid for the treatment of acne. The results showed 

that the developed NLCs have enormous potential to improve 

the penetration of azelaic acid through the stratum corneum, 

with utmost retention in the skin. However, the preparation of 

a 5-FU-loaded NLC formulation for topical application has 

not been extensively explored. Several colloidal formulations 

containing 5-FU (niosomes, ultradeformable liposomes, and 

so on) for skin application have been developed and their 

in vivo potential has been explored.20–22

Therefore, the aim of this study was to design and charac-

terize an 5-FU-loaded NLC (5-FU-NLC) as potential carrier 

for the topical delivery of 5-FU. The optimized 5-FU-NLC 

batches were dispersed in 1% Carbopol® 934 (poly[acrylic 

acid]) gel to achieve increased contact time and get the semi-

solid consistency suitable for topical application.

The optimized 5-FU-NLC hydrogel batches were evaluated 

for their particle size distribution profiles, in vitro drug perme-

ation through excised mouse skin, and in vivo drug retention 

in epidermis and dermis of mice. In addition, the skin irritation 

index of the 5-FU-NLC gel was also investigated to ensure the 

potential use of NLCs for the topical delivery of 5-FU.

Materials and methods
Materials
5-FU was purchased from MP Biomedicals, LLC, Santa Ana, 

CA, USA. Precirol® ATO 5 (glyceryl palmitostearate [PRE]) 

and Labrasol® (caprylocaproyl polyoxylglycerides [LBS]) 

were purchased from Gattefossé, Lyon, France. Tween 80 

and Poloxamer 188 were purchased from EMD Millipore, 

Billerica, MA, USA, and Solutol® HS15 (Polyoxyl-15-

hydroxystearate) was purchased from BASF, Ludwigshafen, 

Germany. High-performance liquid chromatography 
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(HPLC)-grade acetonitrile was purchased from Thermo 

Fisher Scientific, Waltham, MA, USA. All other chemicals 

used were of analytical grade.

Methods
Preparation of 5-FU-Nlc
The 5-FU-NLC was prepared by the hot homogenization 

method using a high-pressure homogenizer.23 Briefly, the lipid 

phase was prepared by mixing the required amounts of PRE 

and LBS, and the resultant mixture was heated up to 70°C 

to melt the solid lipid completely. The aqueous phase was 

prepared by adding the desired amounts of Poloxamer 188 

and Polyoxyl-15-hydroxystearate into 50 mL deionized 

water, and the resultant mixture was heated up to 70°C with 

continuous stirring to dissolve the surfactant completely. The 

accurate amount of drug was dissolved in the aqueous phase. 

The melted lipid phase was slowly added into the aqueous 

phase under high homogenization at the speed of 8,000 rpm 

(ULTRA-TURRAX Basic T25; IKA, Wilmington, NC, USA) 

for 2 minutes to form a primary emulsion. The resultant 

emulsion was passed through a high-pressure homogenizer 

(EmulsiFlex-C3; Avestin, Ottawa, ON, Canada) at 1,500 bars, 

the resultant mixture was subjected to 5–6 repeat cycles, and 

the final product was cooled to room temperature to form 

5-FU-NLC. The prepared NLC mixture was placed in an 

ultrafiltration tube (Amicon Ultra-4 filtration unit; EMD Mil-

lipore, Billerica, MA, USA) with a molecular weight cutoff 

of 30,000 Da, and centrifuged for 10 minutes at 3,000× g 

(Centrifuge 5702; Eppendorf AG, Hamburg, Germany). 

Lipid nanoparticles free of unloaded drug were obtained. 

5-FU-NLCs of different compositions were prepared using 

the same method, as tabulated in Table 1.

Determination of entrapment efficiency (EE)
The EE of optimized 5-FU-NLC was determined using 

the ultrafiltration method.8 The amount of drug entrapped 

was measured based on the free drug concentration in the 

NLC. Briefly, the sample was placed in an Amicon Ultra-4 

filtration unit with molecular weight cutoff of 30,000 Da 

(EMD Millipore) and centrifuged for 10 minutes at 3,000× g 

(Centrifuge 5702; Eppendorf AG). The filtrate was analyzed 

using HPLC (HPLC 1200 series; Agilent Technologies, 

Santa Clara, CA, USA) with a Phenomenex C18 analytical 

column (5 μm, 4.6×150 mm), with the ultraviolet detector 

set at 260 nm.24 The EE was calculated based on the follow-

ing equation:

Entrapment

efficiency

Weight of 5-FU added Free 5-FU

Weig(%)
=

−
hht of 5-FU added

100×

Particle size and zeta potential analysis
The particle size, zeta potential, and polydispersity index 

(PDI) of the optimized NLC formulations were determined 

using the Zetasizer Nano ZS (Malvern Instruments, Malvern, 

UK). Prior to the measurement, the instrument was calibrated 

using latex standard to ensure measurement accuracy.

Transmission electron microscopy (TEM) studies
The shape and surface appearance of the developed NLC 

formulations were determined using a TEM instrument 

(Hitachi 7100S; Hitachi, Tokyo, Japan). A drop of the diluted 

formulations was placed on a carbon-coated copper grid, 

stained with aqueous solution of 2% uranyl acetate, and 

examined using TEM.

Preparation of 5-FU-Nlc-loaded hydrogels
The hydrogels were prepared using different concentrations 

of poly(acrylic acid) (0.5%, 1.0%, 1.5%, and 2.0% w/v). The 

desired amount of poly(acrylic acid) was dispersed in purified 

water and 5% v/v glycerol was used as the hydrating agent 

in the aqueous dispersion of poly(acrylic acid). The mixture 

was stirred for 10 minutes at 1,000 rpm and the aqueous 

dispersion was neutralized with triethanolamine until topical 

application consistency was obtained; the hydrogels were 

further allowed to equilibrate for 24 hours at room tempera-

ture. The freshly prepared 5-FU-NLC gels were incorporated 

in poly(acrylic acid) hydrogels using a Remi stirrer (Remi 

Lab World, Mumbai, Maharashtra, India) at ~1,000 rpm for 

2 minutes to obtain the gels containing a final concentration 

of 0.5% 5-FU-NLC.

Table 1 Formulation composition for the preparation of 5-FU-
loaded Nlc

Formulation Drug 
(%, w/w)

Lipid 
(%, w/w)

Surfactants 
(%, w/w)

Water 
(%, w/w)

PRE LBS P188 HS15

5-FU-Nlc1 0.50 2.0 1.0 1.0 1.0 94.50
5-FU-Nlc2 0.50 2.0 1.0 0 2.0 94.50
5-FU-Nlc3 0.50 2.0 1.0 2.0 0 94.50
5-FU-Nlc4 0.50 2.0 1.0 2.0 2.0 92.50
5-FU-Nlc5 0.50 2.0 1.0 0 4.0 92.50
5-FU-Nlc6 0.50 2.0 1.0 4.0 0 92.50
5-FU-Nlc7 0.50 2.5 1.0 1.0 1.0 94.0
5-FU-Nlc8 0.50 2.5 1.0 0 2.0 94.0
5-FU-Nlc9 0.50 2.5 1.0 2.0 0 94.0
5-FU-Nlc10 0.50 3.0 1.5 1.0 1.0 93.0
5-FU-Nlc11 0.50 3.0 1.5 0 2.0 93.0
5-FU-Nlc12 0.50 3.0 1.5 2.0 0 93.0
Placebo-Nlc 0 2.0 1.0 1.0 1.0 95.0

Abbreviations:  5-FU,  5-fluorouracil;  HS15,  Solutol®  HS15  (polyoxyl-
15-hydroxy stearate);  LBS,  Labrasol®  (caprylocaproyl  polyoxylglycerides);  NLC, 
nano structured  lipid carrier; P188, Poloxamer 188; PRE, Precirol® ATO 5 (glyceryl 
palmitostearate).
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Measurement of viscosity of 5-FU-Nlc gel
Viscosity determinations of the prepared 5-FU-NLC gel were 

carried out on a cone (0.8°) and plate geometry viscometer 

(Brookfield-AMETEK, Middleboro, MA, USA) using a 

CP40 spindle.25 The viscosity of the in situ gelling solutions 

was measured at different angular velocities at a tempera-

ture of 37°C±1°C. A typical run comprised changing of the 

angular velocity (shear rate in rotations per minute) from 0.5 

to 100 rpm at a controlled ramp speed. After 6 seconds at 

0.5 rpm, the velocity was increased to 100 rpm with a similar 

wait at each speed. The hierarchy of angular velocity was 

reversed (100–0.5 rpm) with a similar wait of 6 seconds. 

Rheograms were plotted using viscosity versus shear rate to 

study the behavior of gels.

Determination of drug content and ph of 
5-FU-Nlc gel
To determine the drug content, 5-FU-NLC gel equivalent 

to 10 mg of 5-FU was measured and dissolved in 20 mL 

of methanol in a 50 mL volumetric flask. The solution was 

filtered through a 0.45 μm-sized membrane and the 5-FU 

content in the filtrate was analyzed by HPLC. The pH values 

of the optimized 5-FU-NLC hydrogel and placebo gel were 

measured using a digital pH meter (pH Tutor Bench Meter; 

Thermo Fisher Scientific). Briefly, 0.5 g of 5-FU-NLC gel 

formulation was uniformly dispersed in distilled water, and 

the pH of the dispersion was measured using the pH meter. 

All the experiments were performed in triplicate.

Determination of spreadability of 5-FU-Nlc gel
The spreadability test was determined using the parallel plate 

method as reported earlier.11 Briefly, 0.1 g of gel was placed 

within a circle of 1 cm diameter premarked on a glass plate, 

over which a second glass plate was placed. A weight of 200 g 

was allowed to rest on the upper glass plate for 5 minutes. The 

increase in the diameter due to gel spreading was noted.

In vitro skin permeation studies
Swiss albino mice (8–9 weeks old) weighing 25–30 g were 

used for this study. All the experimental animals were 

housed in cages and allowed access to food and water ad 

libitum. Mice skins were obtained by peeling the skin from 

the underlying cartilage tissue of the sacrificed animal.26 

The skin was washed with normal saline and then dried 

between two filter papers. The skin was then checked care-

fully using a magnifying glass to ensure whether any surface 

irregularities such as tiny holes or cervices are present in the 

portion. Then, a 2.4 cm2 area of the excised skin samples 

was clamped between the receptor and the donor chamber 

of a Franz diffusion cell with the stratum corneum facing 

the donor chamber. Then, 0.5 mL of the 5-FU-NLC gel 

(5 mg/mL) or 5-FU plain gel (5 mg/mL) was placed into 

the donor chamber. The receptor chamber was filled with 

15 mL of phosphate-buffered saline (PBS), pH 7.4. The 

receptor medium was maintained at 37°C±0.5°C and stirred 

at 500 rpm throughout the experiment. Subsequently, 0.5 mL 

of the sample was collected from the receptor medium of each 

cell every hour for 12 hours and then immediately replaced 

by the same amount of preheated PBS. The collected samples 

were filtered through a 0.45 μm pore size cellulose membrane 

filter and analyzed using HPLC as described earlier.27 This 

study and the protocol of the animal study were approved by 

the Research Ethics Committee at the International Medical 

University, Malaysia. All animals were treated in accordance 

with the Association for Assessment and Accreditation of 

Laboratory Animal Care International’s guidelines for animal 

care and use/ethics.

Permeation data analysis
The cumulative amount of drug permeating through the skin 

(in micrograms per centimeter squared) was plotted against 

time (in hours) for each formulation. The drug flux (perme-

ation rate) at steady state (J
ss
), log time (LT), and permeability 

coefficient (K
P
) were calculated from the slope of the linear 

portion of the graph using the following equation:28

 

K
J

CP
SS=
0  

where J
ss
 is the drug flux at steady state and C

0
 is the initial 

drug concentration in the donor cell. The significance of the 

results was checked statistically at P,0.05 applying a one-

way analysis of variance test. Post hoc multiple comparisons 

were carried out using the least squares difference test.

In vivo skin retention studies
Male Swiss albino mice (8–9 weeks old) weighing 25–30 g 

were used for this study. The animals were divided into 

2 groups, each group consisting of 5 animals; the animals 

were allowed 1 week to get accustomed to laboratory condi-

tions. Twenty-four hours prior to the experiment, the hairs 

on the dorsal surface of the skin of the mice were removed 

using a razor and the skin was washed with physiological 

saline solution. 5-FU-NLC gel (0.5 mL of 5 mg/mL solution) 

or 5-FU plain gel (5 mg/mL) was applied with gentle rubbing 

on the dorsal surface of the skin. The animals were sacrificed 
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at 2, 4, 8, and 12 hours after dorsal administration, and the 

skin was carefully stripped. The excised skin samples were 

thoroughly washed with physiological saline solution and 

cleaned with methanol. Subsequently, the excised skin was 

placed in a water bath at 60°C for 1 minute to separate the 

epidermis and dermis layers. The epidermis and dermis layers 

were homogenized separately for 5 minutes using a tissue 

homogenizer.16 The 5-FU content in the skin homogenate 

was analyzed by HPLC.

skin irritation studies
Wistar albino rats (16 weeks) weighing 200–250 g were used 

in this part of the study.24 The animals were maintained under 

standard laboratory conditions, with standard temperature 

of 25°C±1°C and relative humidity of 60%. They had free 

access to a standard laboratory diet, with water given ad 

libitum. Prior to the application of the formulations onto 

the animals, the hairs on the dorsal surface of the rats were 

removed by clipping. Five rats were assigned to each treat-

ment group: Group 1 received placebo formulation (negative 

control), Group 2 received sodium lauryl sulfate (SLS) 

solution (5% w/v, positive control), Group 3 received the 

prepared 5-FU-NLC gel formulation, and Group 4 received 

5-FU plain gel. A small amount (0.5 g) of each sample was 

applied onto the dorsal surface of the rats daily for 6 days 

using the reported method.16 The rats were observed and 

erythema scores ranging from 0 to 4 were allocated depend-

ing on the degree of erythema, as follows: 0: no erythema; 

1: slight erythema (barely perceptible light pink); 2: moderate 

erythema (dark pink); 3: moderate-to-severe erythema (light 

red); and 4: severe erythema (extreme redness).

statistical analysis
The differences in drug permeation levels between 5-FU 

plain gel and 5-FU-NLC gels in both in vitro and in vivo 

experiments were statistically analyzed by one-way analysis 

of variance, with posttest Dunnett’s post hoc multiple com-

parisons test. Statistically significant differences between 

groups were defined as P,0.05.

Results and discussion
Preparation of 5-FU-Nlc
The 5-FU-NLC formulations were prepared by the hot 

homogenization method with different concentrations of 

lipids, surfactants, cosurfactants, and oil. The hot homog-

enization method involves the mixing of the hot oil and 

the water phase together to form a preemulsion using high-

speed stirring, followed by passage through a high-pressure 

homogenizer at pressure of 1,500 bars to break down the 

particle into nanosized ones.29,30 The resultant sample was 

passed through for 5 cycles in order to obtain particle size 

,200 nm with uniform size distribution. It was observed 

that there was no significant reduction in the particle size 

of NLCs when the number of cycles was increased further. 

Surfactants have an important role in the stabilization of 

emulsions during preparation of 5-FU-NLCs. Poloxamer 

188 is a hydrophilic surfactant with hydrophilic–lipophilic 

balance (HLB) value between 24 and 29 and was selected as 

one of the surfactants for the preparation of NLC. The HLB 

value of polyoxyl-15-hydroxystearate is between 14 and 16, 

which was selected as the second surfactant for the formula-

tion.31 PRE and LBS were used as the solid and liquid lipids, 

respectively. The HLB values of PRE and LBS are 4.2 and 

14, respectively, and these are commonly used in formulations 

for their surfactant properties.30 The combination of solid and 

liquid lipids showing the most promising results (ie, smaller 

particle size and higher loading of liquid lipid) was around 

65:35 of PRE/LBS. The maximum lipid concentrations of 

both solid and liquid lipids that allow a stable nanodispersion 

was selected and used for further analysis. The composition of 

the optimized 5-FU-NLC formulations is shown in Table 1.

Particle size and PDI
Determining the particle size is of great importance in nano-

structured formulations as the small particle size contributes 

to a greater interfacial area, which can then provide better drug 

partitioning and absorption at the skin surface. However, there 

is no consensus in the literature on the exact size range of 

nanoformulations.32 The average particle size and zeta poten-

tial of the optimized 5-FU-NLC formulation were determined 

by photon correlation spectroscopy analysis using Zetasizer. 

The average particle size and zeta potential of the 5-FU-NLC 

were found to be 209.21±5.85 and -21.32±1.2 mV, respec-

tively (Table 2). When the concentration of surfactant (HS15 

and P188) was increased from 2% to 4%, there was a reduc-

tion in the particle size. A similar type of result was obtained 

by Liu et al32 during the preparation of isotretinoin-loaded 

SLNs, and the results suggested that when the surfactant 

concentration (TW80) increased, the particle size decreased 

accordingly.33 This could be attributed to the higher concen-

tration of surfactant that covers the surface of the lipid phase, 

resulting in a reduction of the particle size.34

PDI measures the size distribution of the nanoparticles in 

a sample. It has been reported that monodispersed samples 

with uniform particle size distribution have a PDI range 

from 0.1 to 0.7, whereas samples with broad size distribution 
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have a PDI value .0.7.35 In our study, the PDI value of all 

the batches of NLC formulation was found to be between 

0.188 and 0.512, suggesting that they were all monodis-

persed with uniform particle size distribution. The zeta 

potential represents the stability of the nanodispersion. It 

has been reported that nanodispersion with a minimum zeta 

potential of ,-60 mV has excellent stability, and that with a 

minimum zeta potential of ,-30 mV has physical stability.35 

All the NLC formulations developed in this study were 

shown to have zeta potential values between -17.34 mV 

and -24.91 mV, as shown in Table 2. The small particle 

size, as well as uniform size distribution with optimum zeta 

potential, of the developed 5-FU-NLCs is suitable for the 

development of nanomedicines. It was observed that as the 

concentration of total lipids increases, the particle size of 

5-FU-NLC decreases, as shown in Table 2. When the con-

centration of PRE was increased from 2% to 3%, the particle 

size of NLC was decreased.

estimation of ee
EE studies were carried out to determine the amount of 5-FU 

entrapped in the NLC by breaking them down by heating and 

then extracting the drug. Several factors, including types of 

lipids and the surfactant concentration, affect the optimal EE 

of NLCs.30 The EE of the optimized 5-FU-NLC formulations 

ranged from 71.45%±2.45% to 86.62%±1.94%, and the 

results are shown in Table 2. It was noticed that an increase 

in the concentration of total lipids resulted in increased EE. 

The higher lipid content could prevent the escape of drug 

to the outer milieu by effectively enclosing the surfactant, 

which could be the possible reason behind the increase in the 

EE of NLC. There was also increase in the EE of NLC with 

increased concentration of surfactant, as shown in Table 2. 

This could be due to the presence of a sufficient amount of 

surfactant, which helps to solubilize the drug and stabilize 

the drug molecule entrapped within the lipid matrix and at 

the surface of the NLC. Similar findings were reported in our 

previous study,23 and Liu et al32 also reported similar results, 

observing that increasing the soybean lecithin concentra-

tion resulted in an increase in the isotretinoin EE of NLCs. 

However, in this study, it was observed that the influence of 

surfactant concentration on the EE was not significant.

TeM studies
The TEM image revealed that the 5-FU-NLC particles were 

spherical in shape, with a size range between 150 and 200 nm, 

as shown in Figure 1. The measurement using Zetasizer 

(photon correlation spectroscopy) does not measure the 

actual size but only estimates the size of the nanoparticles 

based on the scattered light and intensity.36 Therefore, TEM 

analysis is useful to confirm the results from photon correla-

tion spectroscopy and also to investigate the morphology of 

5-FU-NLC. The TEM image also reveals that the developed 

5-FU-NLC had a smooth surface and exhibited no surface 

drug crystals (Figure 1).

Physicochemical characterization of 
5-FU-Nlc-based hydrogels
The physicochemical properties, such as pH, drug content, 

and spreadability, of different concentrations of 5-FU-NLC-

loaded poly(acrylic acid) (1%, 1.5%, and 2%) were studied 

and the results are presented in Table 3. Based on the results, 

1% poly(acrylic acid) hydrogel was selected as suitable for 

the preparation of 5-FU-NLC formulation and for further 

Table 2 Physical characteristics and particle size distribution of prepared 5-FU-NLC formulation batches (n=3)

Formulation Average particle size (nm) PDI ZP (mV) EE (%)

5-FU-Nlc1 231.21±5.85 0.188±0.042 -21.32±1.2 73.91±2.82
5-FU-Nlc2 209.34±6.83 0.363±0.055 -22.51±1.1 71.45±2.45
5-FU-Nlc3 213.45±6.32 0.331±0.052 -18.34±0.6 73.52±3.12
5-FU-Nlc4 211.23±4.92 0.412±0.065 -21.67±0.7 82.42±3.14
5-FU-Nlc5 305.82±5.56 0.512±0.045 -22.82±1.0 84.91±2.12
5-FU-Nlc6 212.45±5.31 0.510±0.025 -19.34±0.7 86.62±1.94
5-FU-Nlc7 221.23±8.52 0.378±0.064 -21.22±0.9 79.32±1.87
5-FU-Nlc8 263.23±6.42 0.412±0.043 -24.91±0.7 83.13±2.21
5-FU-Nlc9 309.21±7.12 0.347±0.026 -18.92±0.6 81.25±1.43
5-FU-Nlc10 310.59±5.29 0.412±0.048 -19.38±0.5 85.82±2.92
5-FU-Nlc11 216.94±4.68 0.332±0.023 -19.45±1.2 85.62±1.23
5-FU-Nlc12 210.73±6.42 0.345±0.015 -17.34±0.6 83.51±1.31
Placebo-Nlc 202.45±3.84 0.368±0.123 -17.25±1.3 0

Note: Data presented as mean ± standard deviation.
Abbreviations: 5-FU, 5-fluorouracil; NLC, nanostructured lipid carrier; PDI, polydispersity index; ZP, zeta potential; EE, entrapment efficiency.
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studies. The pH of the 5-FU-NLC-based 1% poly(acrylic 

acid) gel was found to be 5.81±0.15 (Table 3), which was 

within the acceptable limits for topical applications. The 

drug content of 5-FU-NLC formulation was found to be 

99.29%±2.21%. The spreadability plays an important role in 

patient compliance and helps in uniform application of gel to 

the skin.37 The spreadability values of various concentrations 

of poly(acrylic acid) (1%, 1.5%, and 2%) gel are shown in 

Table 4. In fact, it would be more comfortable if the NLC 

hydrogel can be spread easily on application over inflamed 

or diseased skin.37 The therapeutic efficacy of a topical for-

mulation can also depend upon its spreadability value. As 

shown in Table 3, the spreadability value of 1% poly(acrylic 

acid) gel loaded with 5-FU-NLC (6.52±0.31 cm) was com-

paratively low with respect to the 1.5% and 2% formulations 

of poly(acrylic acid) gel and it would be considered suitable 

for topical application.

rheological properties of 5-FU-Nlc gel 
formulation
The rheological properties of the solutions are of importance 

in view of their proposed topical application. In the selection 

of concentration of polymer, a compromise is sought between 

a sufficiently high concentration for the formation of gel of 

satisfactory strength for use as a delivery vehicle, and a suf-

ficiently low concentration to maintain an acceptable viscos-

ity that ensures optimal consistency for topical application.25 

In order to study the effect of the type of hydrogel on the 

physicochemical properties of semisolid formulations, the 

rheological flow patterns were determined for hydrogels 

containing 5-FU-NLC and only 5-FU. For studying the 

rheological behavior of the NLC formulations, viscosity mea-

surements were made at several shear rates.37 The viscosity 

of the NLC formulation gradually decreased as the shear rate 

was increased from 0.5 rpm to 100 rpm, which characterizes 

shear thinning behavior. From the rheograms obtained for 

5-FU-NLC- and 5-FU-loaded hydrogel formulations, their 

behavior followed a pseudoplastic system (Figure 2).

In vitro skin permeation studies
Formulation batch 5-FU-NLC4 was selected to study the 

in vitro skin permeation profiles, and the results of in vitro skin 

Figure 1 Transmission electron micrograph of 5-FU-loaded nanostructured lipid carrier.
Abbreviation: 5-FU, 5-fluorouracil.

Table 3 Physiochemical characteristics of optimized 5-FU-Nlc 
gel (mean ± sD, n=3)

Serial 
number

Carbopol® 
940 (%)

Drug  
content (%)

pH Spreadability  
(cm)

1 1.0 99.29±2.21 5.81±0.15 6.52±0.31
2 1.5 98.21±2.42 6.12±0.12 8.12±0.25
3 2.0 97.97±1.64 5.72±0.14 10.26±0.34

Abbreviations: carbopol®  940,  poly(acrylic  acid);  5-FU,  5-fluorouracil;  NLC, 
nanostructured lipid carrier; SD, standard deviation.

Table 4 In vitro permeation parameters of 5-FU from optimized 
nanoemulsions (mean ± sD, n=3)

Formulations SSF ( Jss)  
(μg/cm2/h)

CAP 12 hours  
(μg/cm2)

LT  
(hours)

CP  
(cm/h)

5-FU-Nlc gel 10.27±1.82 92.45±4.85 1.92±0.132 6.24±2.84
5-FU plain gel 2.85±1.12 23.26±2.64 0.85±0.154 1.85±0.86

Abbreviations:  CAP,  cumulative  amounts  of  drug  permeated;  CP,  permeation 
coefficient;  5-FU,  5-fluorouracil;  Jss,  drug  flux  at  steady  state;  LT,  log  time; NLC, 
nanostructured lipid carrier; SD, standard deviation; SSF, steady-state flux.

Figure 2 rheological behavior of 5-FU-Nlc gel and 5-FU plain gel under different 
shear rates.
Abbreviations: 5-FU, 5-fluorouracil; NLC, nanostructured lipid carrier.
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permeation of 5-FU-loaded NLC gel and 5-FU-loaded plain 

gel are presented in Figure 3. The in vitro permeation of 5-FU 

from the NLC gel through the mouse skin showed a biphasic 

pattern of drug release, with an initial phase of slow drug 

release for 4 hours, followed by fast release up to 12 hours. 

The release pattern for NLC depends on the nature of the 

lipid matrix, the surfactant concentration, and the production 

temperature. This is explained by earlier studies describing the 

partitioning of the drug in both aqueous and lipid phases.38–40 

During the formulation, the solubility of the drug is increased 

when the temperature increases (70°C–80°C) in the presence 

of a surfactant in the aqueous phase. During the cooling phase, 

the drug is repartitioned into the lipid phase, and the solid lipid 

recrystallizes and forms a solid lipid core.41 Greater amounts 

of the drug are entrapped in the core lipid matrix and lower 

amounts of the drug are deposited at the shell and/or the sur-

face of the lipid nanoparticles.42 Therefore, the formulation 

contains less amount of drug on the surface and the outer shell 

of the NLC contributes to the initial slow release; moreover, 

the drug present in the core of the lipid matrix contributes to 

the second fast release phase.

The cumulative amounts of 5-FU released from the NLC 

gel and plain gel formulations at 12 hours after dosing were 

91.25±4.25 μg/cm2 and 12.19±23.19 μg/cm2, respectively. 

This result clearly indicated that the amount of 5-FU pen-

etrating through the mouse skin from the NLC gel was 

significantly (P,0.05) much higher (3.9-fold higher) than 

the amount of 5-FU permeating from the 5-FU plain gel at 

12 hours. The enhanced skin permeation of the 5-FU loaded 

in the NLC hydrogel is mainly due to the increased surface 

area and smaller size of the particles that interface with skin 

corneocytes, superior skin occlusion characteristics, and more 

effective hydration of the stratum corneum as compared with 

other dosage forms.43 In addition to this, the LBS used in the 

NLC acts as a surfactant, which may loosen or fluidize the 

lipid bilayers of the stratum corneum, thus contributing to 

the enhanced skin permeation.44

In vitro skin permeation parameters, such as steady-state 

flux (SSF), cumulative amounts of drug permeated (CAP), LT, 

and permeation coefficient (CP) of 5-FU-NLC gel and 5-FU-

loaded plain gel were calculated from in vitro permeation data 

and are represented in Table 4. The SSF, CAP, LT, and CP val-

ues of 5-FU-NLC gel were found to be 10.27±1.82 μg/cm2/h, 

92.4±4.85 μg/cm2, 1.92±0.132 hours, and 6.24±2.84 cm/h, 

respectively, whereas the values of the permeation param-

eters (SSF, CAP, LT, and CP) of 5-FU-loaded plain gel 

were found to be 2.85±1.12 μg/cm2/h, 23.26±2.64 μg/cm2, 

0.85±0.154 hours, and 1.85±0.86 cm/h, respectively.

In order to investigate the mode of drug release from the 

NLC formulations, the in vitro permeation data were analyzed 

using the following mathematical models: zero-order kinetic 

model (Q = K
0
⋅t); first-order kinetic model [ln (100 - Q) = 

lnQ
0
 - K

1
t]; and Higuchi equation (Q = K

H
⋅t1/2). Examination 

of the correlation coefficient (R2) value indicated that the drug 

permeation followed a diffusion-controlled mechanism from 

the 5-FU-NLC gel, as the R2 value for Higuchi’s square root 

of time (0.9784) was higher in comparison to the zero-order 

(0.8213) and the first-order (0.8672) kinetic models, as shown 

in Table 5. Furthermore, to understand the drug release mecha-

nism, the data were fitted to Korsmeyer–Peppas exponential 

model,25 M
t
/M∞ = Ktn, where M

t
/M∞ is the fraction of drug 

released after time t, “K” is the kinetic constant, and n is the 

Figure 3 Percutaneous  permeation  profiles  of  drug  from  5-FU-NLC  gel  and 
5-FU-loaded plain gel through the excised rat skins (mean ± SD; n=5).
Abbreviations:  5-FU,  5-fluorouracil;  NLC,  nanostructured  lipid  carrier;  SD, 
standard deviation.

Table 5 Drug release kinetics parameters of 5-FU-Nlc gel and 5-FU plain gel obtained from in vitro data on permeation through 
excised rat skin (mean ± sD, n=3)

Batches Zero order First order Higuchi Korsmeyer–Peppas

K0 (μg/h) R2 K1 (h
-1) R2 KH (h-0.5) R2 n R2

5-FU-Nlc gel 1.1240 0.8213 2.8324 0.8672 3.1280 0.9784 0.6450 0.9586
5-FU plain gel 0.8726 0.6126 1.2483 0.8824 1.9240 0.8235 6.742 0.8972

Abbreviations: 5-FU, 5-fluorouracil; K0, zero-order release constant; K1, first-order rate constant; Kh, Higuchi release constant; n, release exponent in Korsmeyer–Peppas 
model; NLC, nanostructured lipid carrier; R2, squared correlation coefficient; SD, standard deviation.
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release exponent that characterizes the drug transport mecha-

nism: Fickian diffusion when n#0.5, non-Fickian transport 

when 0.45,n,0.89, case II transport when n=0.89, and super 

case II transport when n.0.89. According to the calculated val-

ues of the release exponent, n, which was found to be 0.6450, 

5-FU permeation from the NLC formulation can be inferred 

to follow a non-Fickian diffusion mechanism (Table 5).

In vivo skin retention studies
The purpose of this study was to target the drug into the skin 

with controlled release for prolonged duration. The cumula-

tive amounts of 5-FU retained in the epidermis and dermis 

of the mouse skin from the 5-FU-NLC and 5-FU plain gel 

at 2, 4, 8, and 12 hours after administration are shown in 

Figures 4 and 5, respectively. The amount of 5-FU retained 

in the epidermis from the 5-FU-NLC-based gel was found 

to be 68.12±4.45 μg/cm2, which is significantly (P,0.05) 

higher as compared to 24.32±2.42 μg/cm2 from the 5-FU 

plain gel, at the end of 12 hours (Figure 4). As expected, a 

similar type of results was obtained from the in vivo reten-

tion study in the dermis layer as well (Figure 5). The amount 

of 5-FU retained in the dermis from the 5-FU plain gel was 

much lower (21.82±2.24 μg/cm2) in comparison with that 

retained from the 5-FU-NLC-based gel (46.45±3.12 μg/cm2) 

at 12 hours after administration. The results of in vivo reten-

tion studies clearly indicate that the drug penetration potential 

of the 5-FU-NLC-based hydrogel into the epidermis and 

dermis layers was enhanced 2.78 and 2.09 times (P,0.05) 

that of the 5-FU plain hydrogel formulation, respectively. In 

this NLC formulation, the drug was well dispersed within the 

lipid matrix and, furthermore, the NLC was incorporated into 

the poly(acrylic acid) gel, which adhered to the skin, further 

increasing the contact time.

Therefore, the enhanced dermal retention of 5-FU from 

the NLC formulation was attributed to the increased con-

tact with corneocytes, skin retention, and sustained-release 

properties of NLCs. Furthermore, the small particle size of 

NLCs enables closer contact with the superficial junctions 

of the corneocyte clusters and furrows present between the 

corneocyte islands and favors the accumulation of the drug 

for several hours, which could improve the hydration of the 

stratum corneum and enhance the penetration of the drug, 

as described in previous studies.17,43,44 In addition, the liquid 

lipid (LBS) used in the NLC formulation as percutaneous 

absorption enhancers could also facilitate the permeation 

of drug into the skin.43,44 In addition, the drug from the 

NLC-based drug delivery system can be targeted to the skin 

with reduced systemic access and side effects in comparison 

with conventional formulations such as cream, gel, and so 

on. Furthermore, the NLCs were formulated using lipids that 

are solid at ambient temperature and their incorporation into 

the gel may induce structural changes in the particle struc-

ture due to evaporation of water, resulting in the transition 

of the lipid matrix into a highly ordered structure, causing 

drug expulsion. From the result, it can be noted that NLCs 

may play an important role in enhancing the permeation of 

5-FU into the skin with sustained drug release, as well as in 

targeting of the drug to the skin.16,25

skin irritation studies
The safety of and skin irritation caused by 5-FU-NLC formula-

tions were also studied. Erythema is caused by increased blood 

Figure 4 The amount of 5-FU retained in the epidermal layer of rat skin at 2, 4, 8, 
and 12 hours after application of 5-FU-NLC gel and 5-FU-loaded plain gel (mean ± 
SD; n=6).
Abbreviations:  5-FU,  5-fluorouracil;  NLC,  nanostructured  lipid  carrier;  SD, 
standard deviation.

Figure 5 The amount of 5-FU retained in the dermis layer of rat skin at 2, 4, 8, and 12 hours 
after application of 5-FU-NLC gel and 5-FU-loaded plain gel (mean ± SD; n=5).
Abbreviations:  5-FU,  5-fluorouracil;  NLC,  nanostructured  lipid  carrier;  SD, 
standard deviation.
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flow in the dermis and it can be considered a tool to monitor the 

response of that layer to topical preparations.5,28 In this study, 

5% w/v of SLS was used as a standard irritant to compare with 

the formulations. The mean erythema scores of placebo NLC 

gel, 5-FU-NLC gel, 5-FU plain gel, and 5% w/v SLS solution 

at 12 hours after application are presented in Figure 6. Results 

indicate that erythema caused by SLS had a much higher score 

(=4) as compared to 5-FU-NLC-based gel (=1) and 5-FU 

plain gel (=3) containing 0.5% 5-FU. It was noticed from the 

result that the mean irritation potential of 5-FU from NLC-

based gel formulations was significantly (P,0.05) reduced 

compared with that of 5-FU plain gel formulation. The 5-FU 

is encapsulated in lipid matrix in NLC, and moreover, the 

direct exposure of the drug to the skin for long duration was 

avoided; this could be the reason why the irritation potential 

of 5-FU was reduced to a level much lower than that of 5-FU 

plain gel. In fact, it has been reported that 5-FU is associated 

with dermatitis, erythema, pain, and desquamation of the skin 

of palms and soles.5 The results of this study clearly indicate 

that the optimized NLC formulation was well tolerated by the 

mouse skin and produced minimal irritation. It was concluded 

from the results that the optimized 5-FU-NLC formulation 

was safe to be used for topical drug delivery as compared to 

conventional formulations such as gel, cream, and so on.

Conclusion
In this study, 5-FU-loaded NLC-based gel formulations 

were successfully developed by high-pressure homogeni-

zation technique using PRE as the solid lipid, LBS as the 

liquid lipid, Poloxamer 188 as the stabilizer, and polyoxyl-

15-hydroxystearate as a surfactant. The obtained results 

confirmed the potential of NLCs as carriers for topical 

administration. In vitro skin permeation studies showed that 

5-FU-NLC could obviously increase the permeation of 5-FU 

into the skin and in vivo retention studies confirmed that the 

amount of drug retained in the epidermis and dermis from the 

5-FU-NLC gel was significantly enhanced as compared to that 

from the 5-FU-loaded plain gel. Furthermore, skin irritation 

studies revealed that the irritation potential of 5-FU from NLC 

was significantly reduced as compared to that of the 5-FU 

plain gel. Therefore, it was concluded that 5-FU-NLC-based 

hydrogels have great potential for the topical delivery of 5-FU 

for safe and better treatment of various skin diseases including 

skin cancer. However, further studies, including extensive 

pharmacokinetic studies, histopathological studies, and toxic-

ity studies, are needed to fully explore these formulations.
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