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Abstract Lipid carrier-mediated transdermal drug delivery
offers several advantages because it is non-irritating and
non-toxic, provides effective control of drug release, and
forms an adhesive film that hydrates the outer skin layers.
However, to penetrate the deeper skin layers, these formula-
tions need to overcome several barriers in the stratum
corneum. This study evaluates factors influencing particle size
and drug-loading capacity, which play a key role in drug per-
meation and efficacy. Diclofenac sodium was chosen as the
model drug. The fabrication of diclofenac sodium-loaded lipid
nanoparticles was optimized by modulating several parame-
ters, including the lipids and surfactants employed, the
drug/lipid ratio, and the pH of the aqueous phase. The physical
properties and loading efficiencies of the nanoparticles were
characterized. The optimized formulation was then dis-
persed into a polymer solution to form a gel, which dem-
onstrated a sustained ex vivo permeation of diclofenac

sodium over 24 h through excised rat skin and a higher
drug penetrating capacity than that of a commercially
available gel. In vivo anti-inflammatory activity was
assessed in a rat carrageenan-induced paw edema model;
the anti-edema effects of the prepared gel and commercial-
ly available gel over 24 h were comparable. The present
findings indicate the effects of particle size and drug load-
ing on the ability of nanostructured lipid carrier prepara-
tions to provide transdermal drug delivery.
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Introduction

Diclofenac sodium (DCF) is a well-known non-steroidal anti-
inflammatory drug with anti-inflammatory and analgesic ac-
tivities that is used to treat acute pain and a broad range of
inflammatory conditions, including arthritis [1]. The biologi-
cal half-life of DCF is only 1–2 h because of extensive me-
tabolism in the liver, which necessitates a high dosing fre-
quency [2]. However, DCF has been reported to induce gas-
trointestinal side effects such as bleeding, ulceration, or per-
foration of the intestinal wall [3]. Controlled transdermal drug
delivery is thus considered to provide an ideal administration
route for DCF because it offers several advantages over oral or
injected administrations, including avoidance of first-pass me-
tabolism, minimization of pain, and the potential for sustained
drug release [4, 5].

In practice, transdermal drug delivery is still limited by the
robust nature of the skin. The layers of the skin protect the
body from threats in the outer environment, including micro-
organisms and other environmental stressors such as heat,
chemicals, toxicants, and dehydration [6]. Based on a
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comprehensive understanding of the skin, researchers have
aimed to overcome this barrier and provide topical transder-
mal drug delivery systems. Lipid nanoparticles provide one of
the most promising strategies in this context [7, 8]. The small-
er size of lipid nanocarriers may provide a higher specific
surface area for drug absorption through the skin, resulting
in greater efficacy [9]. Moreover, the occlusive effect of film
formation on the skin surface reduces transepidermal water
loss, which enhances the penetration of drugs through the
stratum corneum [10]. Regarding the effect of particle size
on transdermal delivery, Verma et al. investigated liposomes
with diameters of 120, 191, 377, and 810 nm and found that
smaller particles accumulate in the skin more than larger par-
ticles [11]. Sakeel et al. also reported that smaller particles
augment drug delivery using nanoemulsions with a size range
of 35–68 nm [12]. In another study using the same
carboxylate-based nanoparticles, Kohli et al. investigated the
performance of 50- to 500-nm particles. Their interesting find-
ings indicate that 50-nm particles initially deliver a high level
of drug, whereas 500-nm particles produce superior drug de-
livery at later time-points [13]. Taken together, these findings
indicate that the impact of particle size on transdermal drug
delivery is complex and depends on anatomical and physio-
logical characteristics.

DCF-loaded lipid nanoparticles have been developed and
characterized as transdermal carriers [2, 14, 15]; however, the
means by which the physical properties of the nanoparticle
effect treatment efficacy have not yet been fully elucidated.
Therefore, the present study aimed to fabricate DCF-loaded
nanostructured lipid carriers (NLCs) and DCF-NLC gels for
topical application and to observe their transdermal perfor-
mance in vitro and in vivo. These formulations were charac-
terized in terms of their particle size and the factors affecting
this feature, including the lipid and surfactant employed, the
concentration of surfactant and drug, and the pH of the water-
dispersed phase. The subsequent in vitro and in vivo studies of
each formulation were conducted to assess the effects of the
particle properties on efficacy.

Materials and methods

Materials

All chemicals were used without further purification and ob-
tained from the following commercial sources: DCF (Dongtai
PharmCo. Ltd., Henan, China); glyceryl monostearate (GMS)
and lanolin PEG-75 (Sao Thai Duong Co., Viet Nam);
Phospholipon® 90G (Phospholipids GmbH, Ludwigshafen,
Germany); glyceryl palmito-stearate (Precirol® ATO 5)
(Gattefossé, St-Priest, France); polysorbate (Tween 80;
Duskan Chemical Co., Ansan, Korea); cremophor RH 40
(BASF, Ludwigshafen, Germany); polyvinyl alcohol

(Kuraray Co. Ltd., Singapore); carboxymethyl cellulose sodi-
um (Daicel Co. Ltd., Japan); cetyl alcohol, cetostearyl alcohol,
propylene glycol, and hydroxypropyl cellulose (Zhejiang
Kehong Chemical Co., China); carbopol 934 (Cb 934)
(Lubrizol, USA); and glycerin (Shanghai Demand Chemical
Co. Ltd., Japan). Methanol was of high-performance liquid
chromatography (HPLC) grade. Other chemicals were of an-
alytical grade.

Preparation of DCF-loaded NLCs

NLCs were produced using hot homogenization followed by
ultra-sonication, as described by Teeranachaideekul et al. [16],
with some modification. First, DCF, phospholipids, and lipids
were dissolved in an organic solvent mixture of
dichloromethane:methanol (6:2, v/v). The mixture was then
evaporated using a rotary evaporator (Rotavapor® R-100,
Buchi, USA) to obtain a lipid phase. After melting at
70 °C, the lipid phase was dispersed in a hot surfactant
solution (70 °C) to obtain an emulsion using a probe
sonicator (Vibracell VCX130, Sonics, USA) at an input
power of 100 W for 10 min. The temperature was main-
tained at 70–80 °C during the emulsion process. The lipid
dispersion was cooled to room temperature (25 °C) under
ambient conditions and solidified to form aqueous NLC
dispersions. Each formulation was fabricated in a total vol-
ume of 50 mL. The detailed compositions and conditions
used are summarized in Table 1.

Lyophilization of the NLC dispersion was carried out in a
freeze dryer (FDA5518; IlShin, South Korea) using mannitol
(5%,w/v) as the cryoprotectant. The dispersionwas pre-frozen
(−80 °C) for 12 h prior to lyophilization at −25 °C for 24 h,
followed by a 12-h secondary drying phase at 20 °C.

Preparation of gel formulations

NLCs were introduced into hydrogels using carboxymethyl
cellulose sodium, hydroxypropyl cellulose, or carbopol 934
as the excipients, and propylene glycol and glycerin as the
permeability enhancers [17]. Batches of hydrogel formula-
tions (50 g) were fabricated by adding DCF-loaded NLC sus-
pensions to an aqueous dispersion containing hydrophilic
polymer (0.6% carboxymethyl cellulose sodium, 0.3% Cb
934, and 6% hydroxypropyl cellulose) and permeability en-
hancer (5% of the total volume). Hydrogels were gently stirred
overnight and then stored at 4 °C until use.

Characterization of formulations

Determination of particle size and morphology

The samples were diluted tenfold in distilled water prior to
measuring the particle size and size distribution by dynamic
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laser light scattering on a Zetasizer Nano ZS (Malvern
Instruments, UK). The analysis was performed at a scattering
angle of 90° and a temperature of 25 °C. These measurements
were performed in triplicate.

The morphology of DCF-NLCs was observed using
transmission electron microscopy (Hitachi 7600, Japan).
For sample preparation, the DCF-NLC suspension was de-
posited onto the surface of a copper grid (mesh size of 300)
coated with carbon, negative-stained with 2% phospho-
tungstic acid (w/v), and then air-dried for 15 min before
visualization.

Determination of encapsulation efficiency and drug loading

The drug entrapment efficiency of DCF-NLC was indirectly
determined by assaying free DCF in the dispersion medium.
The lipid dispersion (2 mL) was loaded into a Millipore
UFC801008 Amicon® filter (Amicon Ultra, Millipore,
USA) with a molecular weight cutoff of 10 kDa and centri-
fuged at 4000 rpm for 60 min. Unbound DCF, which moved
across the filter membrane to the bottom compartment, was

assayed and the drug entrapment efficiency was then calculat-
ed using the following equation:

Entrapment efficiency %ð Þ

¼ Winitial drug−Wunbound drug
� �.

Winitial drug � 100;

where W represents the weight in milligrams.
DCF was assayed chromatographically using an Agilent

Infinity 1260 HPLC system and a C18 analytical column
(Zorbax Eclipse XBD C18; 250 × 4.6 mm, 5 μm; Agilent,
Japan) at ambient temperature. The mobile phase comprised
methanol and phosphate-buffered solution at pH 2.5 (80:20,
v/v). The flow rate was 1.0 mL/min, the injection volume was
20 μL, and the effluent was monitored at 254 nm.

Physical characterization of DCF-NLCs

A differential scanning calorimeter (Q-2000; TA, DE, USA)
was used to analyze the thermal properties of GMS, DCF,
blank NLCs, and DCF-NLCs. Samples were weighed in

Table 1 NLC formulations
Formulation Oil phase Aqueous phase Variable

Lipid DCF P90G Surfactant pH

F1 1.5 g ACA 0.25 g 0.5 g 0.5 g T80 6.1 Lipid
F2 1.5 g CA

F3 1.5 g Pre

F4 1.5 g GMS

F4 1.5 g GMS 0.25 g 0.5 g 0.5 g T80 6.1 Surfactant
F5 0.5 g PVA

F6 0.5 g Lan-PEG

F7 0.5 g CreRH

F8 1.5 g GMS 0.25 g 0.5 g 0 g T80 (0%) 6.1 T80
F4 0.5 g T80 (1%)

F9 1.0 g T80 (2%)

F10 1.5 g T80 (3%)

F11 1.5 g GMS 0.25 g 0 g (0%) 1.0 g T80 (2%) 6.1 P90G
F12 0.1 g (0.2%)

F13 0.3 g (0.6%)

F9 0.5 g (1%)

F14 1.5 g GMS 0.50 g 0.3 1.0 g T80 (2%) 6.1 DCF
F13 0.25 g

F15 0.15 g

F16 0.10 g

F13 1.5 g GMS 0.25 g 0.3 1.0 g T80 (2%) 6.1 pH
F17 4

F18 3

F19 2.5

GMS glyceryl monostearate, DCF diclofenac, T80 Tween 80, Pre Precirol® ATO 5, CA cetyl alcohol, ACA
cetostearyl alcohol, P90G Phospholipon® 90G, PVA polyvinyl alcohol, CreRH cremophor RH40, Lan-PEG
lanolin PEG-75
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standard open aluminum pans using an identical empty pan as
the reference. The samples were heated from 40 to 320 °C at
10 °C/min with a nitrogen purge at a flow of 50 mL/min.

Powder X-ray diffraction analysis was performed on GMS,
DCF, lyophilized blank NLCs, and DCF-NLCs using a
panalytical diffractometer (PANalytical , Almelo,
The Netherlands) with Cu Kα radiation (λ = 1.54060) at
40 kVand 30 mA between 10 and 50° (2θ) at room tempera-
ture, with a step size of 0.02° and a scan speed of 1°/min.

In vitro release and in vitro/ex vivo permeation studies

In vitro drug release was determined over a period of 24 h
using a cellulose acetate synthetic membrane with a molecular
weight cutoff of 12 kDa (Sigma-Aldrich, Missouri, USA).
The studies were carried out using static Franz diffusion cells
(Hanson Research, CA, USA) with a diffusion area of
1.767 cm2 and a receptor compartment containing 7 mL
phosphate-buffered saline at pH 7.4 [18]. This receptor phase
was stirred at 400 rpm and maintained at 37 ± 0.5 °C via a
thermostatic water pump, which circulated water through each
chamber jacket. Each sample contained an equivalent amount
of drug (2 mg), and at pre-determined time-points, 1-mL ali-
quots were removed and replaced with fresh medium. All
DCF concentrations were assayed using the HPLC method
described above.

Ex vivo permeation studies were also performed in static
Franz diffusion cells (as described above) using the male rat
epidermis as a skin model; this was clamped between the
donor and receptor compartments with the stratum corneum
side facing up [9]. The rat skin was treated as described pre-
viously [19, 20] and with the permission of the Ethic
Commitment Jury. The fur and lipids were removed from
the skin. Intact skin specimens were rinsed in 0.9% saline
and covered with aluminum foil prior to storage at −20 °C.
Prior to the experiments, the skin was warmed to room tem-
perature; the lower face of the skin was then immersed in a
0.9% saline solution or release media for 30 min.

We measured the concentration of drug retained in the skin
after the permeability studies. The drug was extracted into
ethanol by means of sonication and centrifugation.
Specifically, the skin was rinsed thrice with saline buffer
(pH 7.4) and then broken into small pieces and placed into a
10-mL volumetric flask. After adding 5 mL ethanol, the sam-
ples were sonicated twice for 30 min each time. The collected
solutions were centrifuged at 8000 rpm for 10 min, then
filtrated through a 0.45-μm membrane before being assayed
via HPLC [21].

In vivo edema inhibition study

The anti-inflammatory activity of NLC gels was determined
using a carrageenan-induced rat paw edema model [20]. The

study protocol was approved by the Ethics Committee of
Medicine and Pharmacy Research, Military Medical
University (Hanoi, Vietnam, approval number 06C2015).
The animals were kept under standard laboratory conditions
(temperature, 25 ± 2 °C; relative humidity, 55 ± 5%) and fed a
standard laboratory diet.

Forty male rats (8–10 weeks old, with an average weight of
250–280 g) were randomly divided into five groups. Group I
(negative control) received gel without drug, whereas group II
(positive control) received a commercial product (Voltaren
Emulgel; Vol). Groups III, IV, and V were administered Gel
1, Gel 2, or Gel 3 formulations (gels prepared using different
types of NLCs), respectively, with the amount of gel being
equivalent to 4 mg of DCF. A 1% carrageenan suspension in
saline (0.05 mL) was injected into the plantar side of the right
hind paw of each rat. The indicated treatments were applied to
the plantar surface of the left hind paw, with a cover to avoid
drug loss, 0.5 h before the carrageenan injection. The paw
volumes were measured prior to treatment and subsequently
at 1, 3, 5, 7, and 24 h after the carrageenan injection using a
digital plethysmometer model LE 7500 (Letica, Scientific
Instruments, Barcelona). Specifically, the treated paw was im-
mersed in water within the measurement chamber. The num-
bers displayed indicating paw volume, edema rate, and per-
centage of edema inhibition were calculated using the follow-
ing formulae [22]:

Edema rate %ð Þ ¼ V t–V0ð Þ
.
V0

h i
� 100

Edema inhibition %ð Þ ¼ X c–X tð Þ
.
X c

h i
� 100;

where V0 is the paw volume before the carrageenan injection
(mL), Vt is the paw volume at t h after the carrageenan injec-
tion (mL), Xc is the edema rate of the control group, and Xt is
the edema rate of the treatment group.

Data are reported as the means ± standard deviation for
eight animals per group. Statistical analyses were performed
using IBMSPSS Statistics 20.0 software. One-way analysis of
variance was employed, followed by Dunnett’s T3 post-hoc
test for multiple comparisons. p values <0.05 were considered
statistically significant.

Results and discussion

Preparation of DCF-NLCs

It is known that the composition of transdermal drug delivery
systems has a strong influence on their performance. Thus,
this study carefully investigated these influences. Figure 1a
shows a narrow size distribution of 100–250 nm for the
lipid-based formulation and a low drug-loading capacity,
whereas the glyceride-based formulations (GMS, Precirol®,
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approximately 100 nm) had a reasonably good loading capac-
ity (>50%). This could be attributable to the lower crystallinity
of GMS or Precirol®, leaving more space to accommodate
drug molecules [23]. GMS was selected for the lipid core
based on its narrow size distribution (polydispersity index of
0.26 ± 0.01) and favorable properties; these included a low
melting point and well-characterized emulsifying ability [20].
In this study, several surfactants were used to evaluate their
effects on carrier properties. Tween 80 was identified as the
best choice because of its association with a small particle
size, narrow size distribution, and good drug-loading capacity
(Fig. 1b). In addition, the mean particle size was reduced by
increasing the surfactant concentration, attributable to its
surface-active properties in colloidal dispersions [24]. Thus,
the concentration of Tween 80was considered during screening,
indicating an optimal concentration of 2% (w/v). It is best to use
a combination of hydrophobic and hydrophilic surfactants when
fabricating emulsions. Therefore, Phospholipon® 90G, a type
of phosphatidylcholine, was introduced as a lipophilic

surfactant. A suitable concentration of Phospholipon® 90G
forms a single layer on the lipid particle surface and improves
the stability of the colloidal system [25]. Moreover, it forms
micelles that remain inside the lipid core and increase the
drug-loading capacity. Our data show that the desired particles
were obtained using 0.6% w/v Phospholipon® 90G (Fig. 1d).

High drug-loading capacity is an important criterion for
drug delivery systems. To optimize this, the drug/lipid ratio
and pH of the aqueous phase was investigated. The drug en-
trapment efficiency and loading capacity were enhanced when
the drug/lipid ratio and pHwere reduced, which is understand-
able considering that a higher amount of lipid provides more
space for drug accommodation. DCF is a pH-dependent drug,
with a pKa of about 4; therefore, the drug will exist in a
hydrophobic state at a low pH and can be dissolved more
readily into the organic phase, resulting in a higher loading
capacity (Fig. 1f) [26]. The optimized formulation, which was
used for further characterizations, contained 3% GMS, 2%
Tween 80, 0.6% Phospholipon® 90G, and an external phase

Fig. 1 Effects of the indicated
variables on particle size,
polydispersity index (PDI), and
drug entrapment efficiency of
nanostructured lipid carriers
(NLCs) are shown. Data represent
the means ± standard deviation
(n = 3). CA cetyl alcohol, ACA
cetostearyl alcohol, Pre Precirol®
ATO, GMS glyceryl
monostearate, T80 Tween 80,
PVA polyvinyl alcohol, Lan-PEG
lanolin PEG-75, CreRH
cremophor RH 40, P90G
Phospholipon® 90G

668 Drug Deliv. and Transl. Res. (2017) 7:664–673



pH of 3 (F18). Under these conditions, three different formu-
lations (NLC 1–3) were fabricated (Table 2) and details re-
garding their properties elucidated.

Characterization of DCF-NLCs

Transmission electron microscopy images of DCF-NLCs
were captured to observe morphology. Figure 2 clearly shows
that DCF-NLCs were spherical, with a nanometric size range
and a narrow size distribution. The particle sizes of NLC 1,
NLC 2, and NLC 3 were approximately 50, 150, and 100 nm,
respectively, which is consistent with the corresponding dy-
namic light scattering data.

Differential scanning calorimetric thermograms of bulk
GMS, pure DCF, lyophilized blank NLCs, and DCF-NLCs
are displayed in Fig. 3a. The thermograms of pure DCF and
GMS show sharp endothermic peaks at 297.4 and 63.7 °C,
respectively, indicating their melting points. However, the
DCF melting point was absent from the DCF-NLC thermo-
gram, indicating that DCF had either transformed from a crys-
talline to amorphous state or had dispersed within the lipid
matrix in the molecular state [27]. In contrast, a reduction in
GMS peak intensity indicated a decrease in the degree of
crystallinity of the NLC lipid matrix. This phenomenon shows
the potential for expanding the drug-loading capacity [28].
The X-ray diffraction data also identified sharp crystalline
peaks in pure DCF at 15.00, 17.00, 19.7, and 27.74; these

peaks disappeared when the drug was incorporated into the
formulation. The intensity of the GMS peak was also lower
for the NLC formulation than that for the pure form (Fig. 3b).

Preparation of gel formulations

Although optimized NLCs were identified, their low viscosity
and adhesion meant that they are inadequate for transdermal
administration. Therefore, the addition of hydrophilic poly-
mers is required, and their impact on system properties, in-
cluding appearance, gel state, and drug release, need to be
evaluated [29]. In our study, the gels were first prepared using
polymers (carboxymethyl cellulose sodium, Cb 934, and hy-
droxypropyl cellulose). As shown in Fig. 4a, the drug release
profiles for all formulations were similar after 24 h, with ap-
proximately 30% of the drug released. However, only the Cb
934 formulation was observed to have a homogenous appear-
ance. Gels were then formulated with Cb 934 concentrations
of 0.3–0.5% using triethylamine to adjust the pH to 6–7. Cb
934 has a concentration-dependent influence on gel viscosity,
which reportedly modulates the dissolution rate by which
higher polymer concentrations reduce the release of drug
[30]. Therefore, a formulation containing 0.3% Cb 934 was
selected because of its high drug dissolution rate (>50% after
24 h). To improve this rate, a permeability enhancer was
added. At a concentration of 5% total volume, propylene gly-
col significantly increased drug release to 64.9% after 24 h,

Table 2 Compositions and properties of the optimized formulations

GMS (% w/v) DCF (% w/v) T80 (% w/v) P90G (% w/v) Size (nm) Polydispersity index Entrapment
efficiency (%)

NLC 1 3 0.5 2 0.6 54.38 ± 1.54 0.250 ± 0.009 60.67 ± 0.30

NLC 2 6 0.4 2 1.2 126.67 ± 1.21 0.259 ± 0.004 76.42 ± 4.06

NLC 3 3 0.2 2 0.6 92.75 ± 0.82 0.305 ± 0.008 78.26 ± 0.65

GMS glyceryl monostearate, DCF diclofenac, T80 Tween 80, P90G Phospholipon® 90G

Fig. 2 Transmission electron micrographs of diclofenac sodium nanostructured lipid carriers (DCF-NLCs). aNLC 1, bNLC 2, and cNLC 3 are shown.
Bar = 200 nm
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whereas glycerin did not change this property significantly
(Fig. 4c). Thus, propylene glycol and Cb 934 were chosen
to formulate the carriers used in subsequent tests.

Ex vivo skin permeation study

Skin permeation profiles of the gel formulations were charac-
terized ex vivo. This studywas conducted using three different
NLC systems, with the component ratios and properties de-
tailed in Table 2. The results displayed in Fig. 5 clearly indi-
cate the effects of particle size and drug loading on drug de-
livery. The cumulative amounts of permeated drug after 24 h
differed significantly between the NLC samples (p < 0.05);
these were 448.77 ± 23.77, 347.39 ± 9.68, and
177.14 ± 39.71 μg/cm2 for NLC 1, NLC 2, and NLC 3, re-
spectively (Fig. 5a). The amount of drug retained in the skin
after 24 h (Fig. 5b) was 109.88 ± 19.04 μg/cm2 for NLC 1,
99.09 ± 18.64 μg/cm2 for NLC 2, and 82.22 ± 20.57 μg/cm2

for NLC 3. When comparing the cumulative amounts of per-
meated drug 24 h after the application of NLC 1 and NLC 3 or
of NLC 2 and NLC 3, the role of particle size and/or drug

loading could be observed after taking the amount of free drug
into account. For example, the cumulative amount of perme-
ated drug 24 h after the application of NLC 1 was 153.3%
higher than that observed using NLC 3, while the free drug
level (calculated from Table 2) was only 80.9% higher for
NLC 1 than that for NLC 3. However, when comparing the
cumulative amounts of permeated drug 24 h after the applica-
tion of NLC 1 and NLC 2, we noted that other factors should
be considered, such as the concentration of lipid and lipophilic
surfactant. With the same lipid concentration, we consistently

Fig. 3 Physical characterizations of diclofenac sodium (DCF), glyceryl
monostearate (GMS), blank nanostructured lipid carriers (NLCs), and
DCF-NLC. a Differential scanning calorimetric thermograms and b X-
ray diffraction patterns are shown. The characteristic peaks of DCF are
noted with an arrow

Fig. 4 Effect of gel composition on in vitro drug release. a The type of
hydrophilic polymer, b Cb 934 concentration, and c type of enhanced
permeability agent are shown. Data represent the means ± standard
deviation (n = 3). Cb 934 carbopol 934, Na CMC carboxymethyl
cellulose sodium, HPC hydroxypropyl cellulose, PG propylene glycol

670 Drug Deliv. and Transl. Res. (2017) 7:664–673



found that a reduction in particle size and increase in drug
loading improved drug delivery efficacy by enhancing drug
penetration and increasing the amount of the drug retained in
the skin. Nevertheless, this phenomenon was not observed
clearly in the presence of different lipid concentrations. All
three enriched carbopol gel formulations were also investigat-
ed in a similar manner. The cumulative amount of permeated
drug was highest for Gel 1 at all pre-determined time-points
(Fig. 5c) and lowest for Gel 3. Gel 2 and Vol both produced
much less drug delivery than Gel 1. At the end of the study
(24 h), the amounts of permeated drug were 391 ± 65.84,
236.89 ± 7.02, 168.11 ± 20.94, and 231.53 ± 63.43 μg/cm2

for Gel 1, Gel 2, Gel 3, and Vol, respectively. Consistent with
the trends observed using NLCs, nanoparticle-loaded drug
predominated over free drug. The cumulative amount of per-
meated drug 24 h after the application of Gel 2 was 40.9%
higher than that observed for Gel 3, while the free drug of
NLC 2 (calculated from Table 2) was only 8.5% higher than
that of NLC 3. In addition, the amount of retained drug in the
skin 24 h after the application of Gel 1 was also the highest
(148.71 ± 31.29 μg/cm2); the others were in the following
order: Vol > Gel 3 > Gel 2. Figure 5 demonstrates that the
enriched gel released the drug more slowly than the corre-
sponding intact NLC. This could reflect the increased time
required for the drug to be released from the carriers and
disperse through the gel matrix to reach the skin; drug released

from NLCs has direct access to the skin [20]. In contrast, the
amount of drug retained in the gel was greater than that
retained in NLCs, especially for Gel 1. The wettability and
adhesion of the hydrophilic polymer (carbopol) may contrib-
ute to this enhancement [11]. The stratum corneum is the
greatest barrier to transdermal transport. Within the stratum
corneum, which comprises a total of 15 layers, the inter-
corneocyte space is reported to be only 75 nm wide [31].
This could explain the superiority of the small NLC 1 particles
(about 55 nm) over that of the larger NLC particles.

In vivo determination of edema inhibition

As the drug permeability achieved by Gel 1 was much greater
than that achieved using the commercial product (Vol), we
further investigated this promising product for in vivo anti-
inflammatory activity, as evidenced by the inhibition of ede-
ma. The data in Table 3 and Fig. 6 clearly show that Gel 1
inhibited edema more than Vol, and the edema inhibition rate
increased with particle sizes of <75 nm (Gels 1–3) at 5 and 7 h.
For instance, the 5-h inhibition rate of Gel 1 was approximate-
ly 72.2%, while Vol, Gel 2, and Gel 3 produced inhibition
rates of 67.7, 66.5, and 60.9%, respectively. The edema rates
for Gel 1, Vol, Gel 2, and Gel 3 were significantly different
from those of the negative control group (p < 0.05) at 3, 5, and
7 h. The strongest effect was observed with Gel 1 (p < 0.01) at

Fig. 5 a, c Permeation profiles of
nanostructured lipid carrier
(NLC) dispersions and the
respective hydrogels are shown.
b, d The amount of drug
retained in the skin 24 h after
administration of NLC
dispersions or hydrogels is
shown. Data represent the
means ± standard deviation
(n = 3)
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these time-points. However, the edema rates observed using
Vol, Gel 2, and Gel 3 did not differ significantly at 3, 5, or 7 h
(p > 0.05). The performance of these gels suggests an influ-
ence of other factors. First, there is no doubt that the compo-
sition of the formulation influences its physical properties,
including particle size, drug loading, and viscosity. As report-
ed in many previous publications, drugs can penetrate through
the skin via several routes, including an intercellular pathway
through the lipid bilayer, a transcellular pathway through
keratin-rich corneocytes, and a shunt pathway through hair
follicles and sweat ducts [32]. The stratum corneum pores,
which are also potential gateways to deeper skin sites, are
estimated to range in size from 20 to 200 nm [33].
Moreover, hydration-mediated expansion of the stratum
corneum may increase this size, allowing increased drug pen-
etration and enhancement. Furthermore, penetration en-
hancers have been reported to induce changes in the hydro-
carbon chains of the stratum corneum and lipid components,
resulting in increased drug permeation [34]. In addition, sur-
factant concentration plays an important role in both the fab-
rication of small particles and in the manipulation of viscosity.
The higher the surfactant concentration (in compromise with

viscosity) that is provided, the more drug that is released. Last
but not least, the smaller particle sizes provide a larger surface
area, resulting in a greater drug release rate. Taken together,
Gel 1 should be the one that can converge those criteria in
balance to improve DCF performance over the other, especial-
ly, commercial product.

Conclusions

The present study was designed to investigate the factors
influencing particle size and the effect of particle size and drug
loading on transdermal gel characteristics and drug delivery
efficacy. After selecting the appropriate components and con-
ditions, NLCs were successfully fabricated and evaluated. A
high drug-loading capacity and small particle size ensured a
controlled release pattern and good drug permeation. It was
noted that higher drug loading was achieved using smaller
particles, and that increased drug penetration was associated
with greater in vivo efficacy. Furthermore, the resultant opti-
mized gel formulation provided an effective system for the
transdermal delivery of DCF.
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Table 3 In vivo comparison of
the effects on rat carrageenan-
induced paw edema

1 h 3 h 5 h 7 h 24 h

Voltaren Emulgel X% 4.51 ± 3.17 14.46 ± 1.57b 14.22 ± 7.88a 12.82 ± 9.14a 7.69 ± 4.60

I% 25.11 40.76 67.69 50.11 35.82

Gel 1 X% 3.51 ± 3.13 10.10 ± 3.99b 12.23 ± 4.29b 9.99 ± 3.60b 6.06 ± 2.68a

I% 41.72 58.61 72.21 61.13 49.41

Gel 2 X% 3.24 ± 2.83 9.52 ± 8.37b 14.73 ± 7.72a 11.87 ± 5.53b 5.79 ± 2.48a

I% 46.27 60.99 66.53 53.83 51.65

Gel 3 X% 4.50 ± 2.21 12.50 ± 5.14b 17.20 ± 6.60a 14.03 ± 5.47a 9.11 ± 4.10

I% 25.32 48.79 60.91 45.42 23.95

Control X% 6.03 ± 6.88 24.41 ± 4.21 43.99 ± 21.92 25.70 ± 7.71 11.98 ± 5.97

Data are expressed as the mean ± standard deviation

X edema rate, I edema inhibition
a p < 0.05 vs controls
b p < 0.01 vs controls (ANOVA followed by Dunnett’s T3 post-hoc test)

Fig. 6 In vivo edema inhibition study. Data represent means ± standard
error (n = 6)
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