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a  b  s  t  r  a  c  t

Methotrexate  is  indicated  in psoriasis  systemic  therapy  and  its topical  administration  may  be  an  option
to overcome  several  side effects.  A  targeted  delivery  may  be  achieved  through  etanercept.  Thus,  a  com-
bination  targeted  therapy  using  methotrexate  and  etanercept  could  bring  new  perspectives  for  psoriasis
patients.  This  work  intended  to develop  and  characterize  co-delivery  of  methotrexate  and  etanercept
using  lipid  nanoparticles,  mediated  by a  carbopol  hydrogel  and  to  evaluate  their potential  for  delivering
the  drug  into  the  skin  with  reduced  transdermal  permeation.  The  nanoparticles  were physico-chemically
characterized.  In vitro  methotrexate  release  from  solid  lipid  nanoparticles  revealed  a  sustained  release  for
tanercept
aCaT keratinocytes
uman skin permeation
ethotrexate

soriatic skin

8  h.  The  solid  lipid  nanoparticles  were  non-toxic  towards  human  keratinocytes  and  fibroblasts.  Perme-
ation  studies  using  pig  ear  as  model  revealed  enhanced  skin  deposition  of  the  applied  methotrexate  when
incorporated  within  solid  lipid  nanoparticles  in relation  to free  drug.  Therapeutic  amounts  of  methotrex-
ate  were  delivered  to psoriatic  human  skin  after  application  of solid  lipid  nanoparticles,  with  reduced
transdermal  permeation.
olid lipid nanoparticles

. Introduction

Psoriasis is a common, chronic, immune-mediated disease,
ffecting over 125 million people around the world, associated
ith significant negative impact on the patient’s quality of life

1]. Histologically, psoriatic lesions are characterized by epider-
al  acanthosis, due to keratinocyte proliferation and altered

ifferentiation, neutrophil migration, angiogenesis and cutaneous
nfiltration of inflammatory cells on the dermis and epidermis [2].
pproximately 80% of those affected with psoriasis have mild-

o-moderate forms and are usually treated with topical therapy,
hereas phototherapy and systemic therapies are used for those
ith severe disease.

Although in the past years several systemic therapies have been
eveloped and approved for the treatment of psoriasis, topical
gents have been neglected over the last 20 years. Nevertheless,

opical administration is the preferable route for skin-related dis-
ases whose triggers are underneath the skin as it results in a more
fficient action, reduces drug systemic toxic effects and has higher

∗ Corresponding author.
E-mail address: slima@ff.up.pt (S.A. Costa Lima).

ttp://dx.doi.org/10.1016/j.colsurfb.2017.07.080
927-7765/© 2017 Elsevier B.V. All rights reserved.
© 2017  Elsevier  B.V.  All  rights  reserved.

patient compliance [3]. In fact, topical corticosteroids and vita-
min  D3 analogs are still the gold standard of therapy for mild-to
moderate. However, these therapies may  be associated with lower
efficacy, poor tolerability or important cutaneous side effects due
to prolonged use. Topical agents have the advantage of exhert local
effect without exposing the patient to systemic exposure. Thus,
there is the need to develop new and more effective topical agents
in the short and long term, without the side effects of current ther-
apies [4].

In psoriasis the inflammatory process is strongly related
to an excessive immune response, thus immunosuppressants,
such as methotrexate (MTX), have shown good efficacy. Orally-
administrated MTX  has a relative lower bioavailability to the one
obtained by parenteral administration, due to the variable intesti-
nal absorption as well as first-pass metabolism in the liver [5].
There is a large number of adverse effects associated to systemic
administration of MTX  [6], where liver toxicity can be highlighted
as the most important adverse effect for long-term treatment in
psoriasis patients. Neverthless, MTX  remains the gold standard of

systemic treatment in the context of moderate to severe plaque
psoriasis, namely when the disease is unresponsive to topical or
phototherapy or when other possible therapeutic options are coun-
terindicated for certain patients.

dx.doi.org/10.1016/j.colsurfb.2017.07.080
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2017.07.080&domain=pdf
mailto:slima@ff.up.pt
dx.doi.org/10.1016/j.colsurfb.2017.07.080
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Biological therapeutic strategies target the immune system,
hereby avoiding an increased number of adverse effects [7].
tanercept is one of the FDA-approved existing TNF-� inhibitor
olecules for moderate to severe plaque psoriasis treatment [8,9].

t binds to soluble TNF-� and, as a result, lowers its free concentra-
ion in the serum and prevents activation of inflammatory cascades.
ven though prescription of biological agents, as etanercept, is asso-
iated with high costs [10], their elevated efficacy might reflect
tself in the decrease of expenses related with the need or the length
f hospitalization associated with other therapies.

Combination therapy is a very common therapeutic strategy
n the management and treatment of mild, moderate and severe
soriasis. Indeed, this allows the creation of multiple therapeu-
ic approaches that not only have the objective of decreasing the
mount of adverse side effects, but also increase the efficacy of cur-
ent treatments, and treat even the most serious refractory cases
f psoriasis [11]. In fact, improved clinical efficacy and better skin
olerability of betamethasone dipropionate and calcipotriol combi-
ation, as DaivobetTM, has been well documented [12–14]. In view
f the individual contribution of MTX  and of etanercept in the treat-
ent of psoriasis it is possible to envisage a combination therapy

nto a targeted approach based on the immunopathophysiology of
his ilness [15].

Stratum corneum (SC) act as a major obstacle for topical
herapy [3,16]. To overcome these limitations and drawbacks,
anomedicine approaches involving nanocarriers and hydrogels
ould be a remarkable option. In particular, solid lipid nanoparticles
SLNs) present many advantages for targeted topical administra-
ion of drugs. Both the lipids and surfactants employed in the
roduction of SLNs are generally regarded as safe (GRAS) sub-
tances and are low-priced excipients; SLNs are usually stable,
rotect drug from degradation and allow a prolonged drug release;
nd their production can be easily scaled-up [17]. In the scope
f topical administration, SLNs possess features that render them
deal, such as the possibility for small particle size, with occlu-
ive ability, thus increasing skin moisture and hydration and,
onsequently, drug permeation [3]. Therefore, SLNs seem to be
n interesting approach for effective delivery to basal epidermis,
hich is the site of action for psoriasis.

The objective of the present study was to investigate SLNs as
elivery systems for MTX  and etanercept combination therapy and
o develop a simple and unique hydrophilic formulation for topical
soriasis treatment. MTX  was loaded into SLNs and etanercept-
onjugated SLNs by hot ultrasonication method and characterized
or particles size, polydispersity, surface potential, protein coupling
fficiency, drug entrapment efficiency, biocompatibility and drug
n vitro release. Both types of SLNs were further incorporated into a
arbopol hydrogel for ease topical application and the rheological
roperties were assessed. The in vitro skin permeation was  evalu-
ted in pig ear skin as a model, and human biopsies from healthy
nd psoriatic skin to determine the potential skin deposition and
ermeation.

. Experimental section

.1. Materials

The methotrexate was kindly provided by Excella (Feucht,
ermany) and the etanercept was a courtesy from FairJourney Bio-

ogics (Porto, Portugal). Cetyl palmitate was a kind gift by Gatefossé
France). All other chemicals and solvents were of analytical grade

cquired from Sigma-Aldrich (St Louis, USA) unless stated oth-
rwise. Aqueous solutions were prepared with double-deionized
ater (Arium Pro, Sartorius AG, Göttingen, Germany), which pos-

esses conductivity values lower than 0.1 �S cm−1. Fetal bovine
: Biointerfaces 159 (2017) 23–29

serum (FBS), penicillin-streptomycin antibiotics mixture and Dul-
becco’s Modified Eagle’s Medium (DMEM) were purchased from
Gibco

®
(Invitrogen Corpora-tion, UK). L929 mouse fibroblast cell

line was obtained from ATCC-LGC Standards (Barcelona, Spain) and
HaCaT keratinocyte cell line was  obtained from CLS (Eppelheim,
Germany).

2.2. Methods

2.2.1. Production of solid lipid nanoparticles containing MTX
SLNs were produced using hot ultrasonication method [18].

Briefly, melted cetyl palmitate (150 mg)  was  dispersed in 7 mL pre-
heated water containing 47 mg  of polysorbate 80, in a water bath
set to 10◦ above the melting point of the solid lipid. Methotrexate
(10% (w/w)) was  incorporated upon addition to the lipid phase.
Then, the coarse emulsion was  sonicated using a probe sonica-
tor (VCX130, Sonics & Materials, 115 Newtown, CT, USA) with
amplitude frequency of 70% during 10 min, in order to obtain a
nanoemulsion (Fig. S1). The formulations were left to cool down
and stored at room temperature until further use.

2.2.2. Functionalization of lipid nanoparticles for psoriasis
targeting

Etanercept was selected as a targeting protein due to its biolog-
ical effect in the therapy of psoriasis. For the functionalization of
SLNs with the monoclonal antibody etanercept, 5 mg  of DSPE-PEG-
NH2 were added to the lipid phase during the production process.
Upon ultrasonication the DSPE-PEG-NH2 containing SLNs were
incubated with 100 �g of 1-ethyl-3-(3 dimethylaminopropyl) car-
bodiimide (EDC) in 20 mL  of phosphate buffered saline (PBS), mixed
and incubate for 30 min  at 4 ◦C (Fig. S1). Then, 10 �L of etanercept
were added and activated by the EDC in solution to allow the car-
bodiimide reaction with the SLNs. After overnight dialysis against
phosphate buffered saline using a specific membrane (molecular
weight cut off 6000–8,000 Da, CelluSep1 T2; Membrane Filtration
Products Inc., Frilabo, Portugal) to remove remaining reagents and
uncoupled etanercept, functionalized SLNs were placed at 4 ◦C until
further use [19]. The protein coupling efficiency was determined in
the previously dialyzed sample using a BioRad protein assay (Bio-
Rad Laboratories, Inc., Amadora, Portugal) and quantification at
750 nm in a BioTek (Sinergy HT, BioTek Instruments Inc., Winooski,
VT, USA) microplate reader, as recommended by the manufacturer.

2.2.3. Physicochemical characterization
The particle size, polydispersity index (PDI) and zeta potential of

the nanoformulations were analyzed using a ZetaPALS zeta poten-
tial analyzer (Brookhaven Instruments Corporation, Holtsville, NY,
USA). Particle size and PDI were evaluated by dynamic light scat-
tering (DLS) and zeta potential was determined by electrophoretic
light scattering (ELS). All samples were diluted (1:400) with dou-
ble distilled water and analyses were carried out of 25 ◦C with
a fixed light incidence angle of 90 ◦C. For each sample, the cor-
responding mean standard deviation values were obtained from
six runs of ten cycles and calculated by the multimodal analysis.
The determination of MTX  entrapment efficiency followed previ-
ous reports [18,20]. Briefly, standard MTX  solutions were prepared
at 0.75, 1.5, 3, 6, 12.5 and 25 �g mL−1 in mobile phase and in per-
meation buffer enriched upon pig skin contact for defined times
(0, 1, 3, 5 and 8 h). For the HPLC analysis a Chromolith 4.6-mm
reversed-phase monolithic column (Merck, Darmstadt, Germany)
was used as a stationary phase. The HPLC system included MD-2015
multi-wavelength detector (Jasco, Easton, MD, USA) programmed

for peak detection at 303 nm,  a high-pressure pump (PU-2089), an
autosampler (AS-2057) and a controller (LC-Net II/ADC) mastered
by ChromNAV software. For the morphological (surface structure
and shape) characterization the SLNs and functionalized SLNs were
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nalyzed by TEM (TEM Jeol JEM-1400, Tokyo, Japan). TEM images
ere acquired after sample staining with uranyl acetate for 30 s

n the surface of carbon coated copper grid and under accelerating
oltage of 60 kV.

.2.4. In vitro drug release
The MTX  in vitro release from the lipid nanoparticles was inves-

igated using a dialysis technique under sink condition. PBS pH 7.4
r acetate buffer at pH 5.0 were used as dissolution medium (main-
ained at 37 ± 0.5 ◦C and 32 ± 0.5 ◦C, to mimic  physiological and skin
emperature, respectively), which is equivalent to the pH of the
kin and inflamed skin respectively. MTX-loaded SLNs dispersion
1.5 mL)  containing 250 �g of MTX  was first poured into the dialysis
ag (molecular weight cut off 6000–8000 Da, CelluSep1 T2; Mem-
rane Filtration Products Inc., Frilabo, Portugal) with the two  ends
xed by thread and placed into the preheated dissolution media.
he suspension was stirred at defined temperatures, using a heat-
ng and magnetic stirring plate (IKAMAG1, Staufen, Germany) at
50 rpm. One mL  of the sample was withdrawn at fixed time inter-
als and the same volume of fresh medium was added accordingly.
he drug content was determined spectrophotometrically (Jasco
-660 spectrophotometer, Easton, MD,  USA), and several mathe-
atical models for evaluation of drug release kinetics (zero order,

rst order, Higuchi, Peppas-Korsmeyer and Hixon-Crowell) were
tted to the experimental data [21]. Regression coefficient (r2) was
alculated to determine the best-fit model.

.2.5. Hydrogel-enriched SLNs
Hydrogels were produced using Carbopol

®
934: a certain

mount of polymer (0.5, 1, 1.5 or 2% (w/w)) was hydrated in 25 mL
f double-distilled water using a stirrer at a speed of 150 rpm
vernight. NaOH solution (10%) was added dropwise to neutral-
ze the solution until it turned into a transparent gel, conferring a
H value within the range to 5.5–7.4, similar to the dermal condi-
ions. The pH was confirmed with universal pH strips. The gel with
he concentration of carbopol that had the best consistency con-
idering its spreadability and rheological behavior was selected for
he incorporation of the empty or drug-loaded lipid nanoparticles.

.2.6. Cell culture studies: viability assessment
Fibroblasts (L929 cell line) and keratinocytes (HaCaT cell

ine) were cultivated in DMEM medium supplemented with 2%
lutamine (v/v), 10% fetal bovine serum (v/v), and 1% strepto-
ycin/penicillin. Cells were maintained in a humidified chamber

t 37 ◦C and 5% CO2, and when reaching 80% confluence they were
etached using trypsin 0.25% (w/w). L929 and HaCaT cells were
ultured in 96-well plates at 5 × 104 cell mL−1 density and after
0 h incubated with the lipid nanoparticles at different concentra-
ions (ranging from 0.1–100 �g mL−1 in MTX). Empty SLNs were
dded at equivalent lipid concentration to the MTX-loaded SLNs
15–250 �g mL−1) in order to expose all cells to the same amount
f SLNs. Upon 24 or 48 h of incubation, the culture medium was
emoved and replaced by 100 �L of MTT  at 0.5 mg mL−1 in fresh
ulture medium. After 3 h at 37 ◦C the formazan crystals were sol-
bilized using 100 �L of DMSO and absorbance (590 nm,  630 nm)
as read using a SynergyTM HT Multi-mode microplate reader.

.2.7. Ex vivo pig ear skin permeation studies
To assess MTX  permeation through the skin, pig ear skin was

ounted on standard Franz diffusion cells (9 mm unjacketed Franz
iffusion cell with 5 mL  acceptor volume, o-ring joint, clear 216
lass, clamp and stir-bar; PermeGear, Inc., Hellertown, PA, USA).

or the skin permeation of free MTX, and MTX-loaded in SLNs
r in SLNs-etanercept, an equivalent amount of 250 �g in drug
as added to the donor medium. The receptor medium (5 mL)
as composed by PBS pH 7.4 with 10% DMSO, added to maintain
: Biointerfaces 159 (2017) 23–29 25

sink conditions. The stirring rate and temperature of receptor were
respectively kept at 600 rpm and 32.0 ± 0.5 ◦C, and at appropriate
intervals, 500 �L aliquots of the acceptor medium were withdrawn
and immediately replaced with equal volumes of fresh buffer. The
samples were kept at −20 ◦C until further HPLC quantification.

2.2.8. Ex vivo human skin permeation studies
Healthy and psoriatic human skin biopsies samples were col-

lected from three donors from the Dermatology Service at Centro
Hospitalar do Porto (Porto, Portugal). The study was approved by
the Committee for Ethics in Research (Ref: 2015.090 (084 DEFI/079-
CES)). Hypodermis and fatty tissue were removed and discs with
a thickness of ca. 0.8 mm were used for the permeation studies.
One hundred �g of drug as free solution and incorporated in lipid
nanoparticles (SLNs and SLNs-etanercept) were added to the donor
compartment. The receptor compartment (PBS pH 7.4 with 10%
(v/v) DMSO) was  agitated at room temperature during 1, 4, 6 and
8 h. At each time point, the donor and receptor compartments
were withdrawn to quantify permeation of MTX. Samples were
centrifuged 10,000 rpm, 15 min  prior HPLC analysis, as previously
described. The skin samples were carefully washed for 15 s under
running water to remove the residual formulation from the stra-
tum corneum surface and then cut into small pieces. The deposited
MTX  was extracted by soaking the skin in 2 mL  of acetonitrile, for
4 h with continuous stirring at room temperature.

2.2.9. Statistical analysis
Data is expressed as the mean ± standard deviation, for a min-

imum of three independent experiments. Statistical comparisons
of the means were performed using one-way analysis of vari-
ance or Student’s t-test with Welch’s correction, Mean ± SD (n = 3);
*P < 0.05, **P < 0.01 obtained with one-way ANOVA analysis with
GraphPad Prism 6 software (La Jolla, California, USA). The differ-
ences were considered to be significant when the P-value was <0.05.

3. Results and discussion

3.1. Characterization of SLNs for co-delivery of MTX  and
etanercept

Cetyl palmitate SLNs loaded with MTX  were produced by hot
ultrasonication technique, with polysorbate 80 as surfactant. The
incorporation of an amine-terminated DSPE allows conjugation
with antibodies, such as etanercept, on the surface through a cova-
lent carboxyl-amine linkage. Co-delivery of etanercept through
functionalized SLNs will also allow a targeted delivery of nanopar-
ticles to the immune system involved in the psoriasis pathology
[15].

The dynamic laser scattering data demonstrates that the average
diameter of SLNs-etanercept-MTX is 356 ± 2 nm which was  signifi-
cantly larger than SLNs-MTX (292 ± 4 nm). Etanercept conjugation
also increased significantly the average size of SLNs (Table 1).

MTX incorporation did not affect the average size of SLNs or
SLNs-etanercept. The SLNs had a PDI in the range of 0.187 (SLNs)
to 0.214 (SLNs-etanercept-MTX) and maintained colloidal stability
up to 72 h under physiological pH. The PDI values suggest that the
lipid nanoparticles suspension is homogenous with low tendency
for aggregation [22]. The determination of zeta potential values on
the SLNs and conjugated-SLNs were carried out to achieve more
information on the nanoparticles stability. Data obtained evidenced
zeta potential values around −30 mV  (from −31 mV  to −27 mV),
ascertain for the nanoparticles stability and revealing that they

do not tend to form aggregates [23]. MTX  incorporation and the
etanercept-conjugation did not have significant interference in the
zeta potential values and consequently in the stability of the formu-
lations (Table 1). The entrapment efficiency of methotrexate was
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Table 1
Physicochemical characterization of lipid nanoparticles for co-delivery of MTX  and etanercept.

Size (nm) PDI �-potential (mV) EE (%)

SLNs 298 ± 5 0.187 ± 0.009 −30 ± 2
SLNs-MTX 292 ± 4 0.191 ± 0.011 −28 ± 3 85 ± 1
SLNs-etanercept 349 ± 3* 0.212 ± 0.008 −31 ± 2
SLNs-etanercept-MTX 356 ± 2* 0.214

Mean ± SD (n = 3); * P < 0.5 obtained with one-way ANOVA analysis applying Dunett’ test 
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ig. 1. Characterization of SLNs for co-delivery of MTX  and etanercept. Trans-
ission electron microscopy of SLNs (A), SLNs-etanercept (B), SLNs-MTX (C) and

LNs-etanercept-MTX; the scale is of 200 nm.

bout 85% for SLNs and 88% for SLNs-etanercept, which indicate
hat functionalization process did not affect the drug incorporation.

The larger size of etanercept-conjugated lipid nanoparticles was
lso verified by transmission electron microscopy (Fig. 1). These
mages confirm the nanometer range of the SLNs as determined
y DLS (Table 1) and also show the increase in size observed with
he addition of MTX  and etanercept (Fig. 1B/C vs Fig. 1D). The data
as confirmed in a minimum of three batches and the successful

ntibody conjugation to SLNs was shown by protein quantifica-
ion. SLNs-etanercept and SLNs-etanercept-MTX presented higher
rotein levels when compared to SLNs and SLNs-MTX, due to the
ntibody conjugation (Fig. S2).

Storage stability at 25 ◦C was analyzed by changes in particle
ize, PDI, zeta potential and drug content of lipid nanoparticles as
ompared with freshly prepared formulations. No visual changes
r aggregation were observed. Data gathered for 8 weeks is repre-
ented on Fig. S2 and reveals no statistically significant alterations
n the assessed parameters. Moreover, drug content remained con-
tant at levels around 15 mg  of MTX, equivalent to 85% (w/w) drug
ontent, in the lipid nanoparticles suspension.

.2. In vitro methotrexate release studies

A relevant issue for dermatological applications is the drug
elease kinetics [24]. Hence, in vitro release profile of MTX  from
LNs and SLNs-etanercept was evaluated by drug diffusion through

ialysis membrane for 8 h in different pH and temperature condi-
ions simulating the physiological (pH 7.4, 37 ◦C) and the skin (pH
.0, 32 ◦C) environments. Data shown in Fig. 2 exhibits the obtained
rofiles of MTX  released from the lipid nanoparticles as a function
 ± 0.012 −27 ± 4 88 ± 2

for comparison among lipid nanoparticles and conjugated lipid nanoparticles.

of time. The cumulative MTX  release from SLNs was similar under
skin environment and physiological conditions, reaching ca. 50%
release in 8 h period. A biphasic pattern was  observed for all the
lipid nanoparticles studied, exhibiting an initial fast release of ca.
15% in the initial 30 min  and then a slow phase reaching values
of 51 ± 5% and 44 ± 3%, for SLNs and SLNs-etanercept, respectively
after 8 h under skin-simulated environmental. Similar profile was
observed at physiological-simulated conditions, with SLNs releas-
ing about 44 ± 4% and SLNs-etanercept 52 ± 4% of MTX  in 8 h. The
co-delivery of both antipsoriatic agents by SLNs did not influence
the release of MTX  under the studied conditions. In dermatological
application, an initial fast release phase can enhance drug pene-
tration while a sustained release allows the presence of drug for a
longer period of time. A fast drug release with zero order kinetics
was observed for free MTX, under both studied conditions (Fig. 2).

For both types of lipid nanoparticles containing MTX, the release
kinetics followed the Peppas-Korsmeyer pattern (r2: 0.9205 and
0.9345, for physiological, and 0.9890 and 0.9912 for skin sim-
ulated environments). The Peppas-Korsmeyer model describes a
diffusion-controlled drug release profile for lipid nanoparticles
[25–27]. Moreover, Table S1 shows that n values, release com-
ponent indicative of drug release mechanism, found for each
condition are around 0.5, suggesting that quasi Fickian diffusion
occurs by the usual molecular diffusion of the drug [28]. Similar
results attributing diffusion-controlled release of MTX  from nanos-
tructured lipid carriers were obtained by Ferreira et al. [29], but
with higher n values defining a non Fickian diffusion, as a combina-
tion of both diffusion and erosion controlled rate release probably
related to the different structure, lipid and surfactant composition
of the nanoparticles.

3.3. Influence of lipid nanoparticles on cell viability

Biocompatibility of SLNs and conjugated SLNs were tested in
the presence of human keratinocytes (HaCaT cell line) and L929
fibroblasts, as recommended for the safety assessment (ISO 10993-
5, 2009). Cells do not display changes after treatment with empty
SLNs when compared to the control group (Fig. S3). Human HaCaT
keratinocytes viability was  affect by free MTX, as cellular viability
decreased to 75% with 250 �g mL−1 of drug. The presence of MTX
on the SLNs reduced to 80% the cell viability, at a 250 �g mL−1 drug
concentration. Etanercept conjugation did not influence the cells
viability in relation to non-treated cells. Cell viability above 80%
indicates that the treatment is not toxic. The biocompatibility data
indicate that the lipid nanoparticles have potential for delivery of
MTX, as concentrations of drug close to 125 �g mL−1 of MTX  do not
affect cell viability, confirming the safety of the delivery system.

3.4. Rheological properties of hydrogel-enriched nanoparticles

The effect of different amounts (0.5; 1; 1.5 and 2% (w/w)) of
Carbopol

®
934 to produce 25 g of hydrogel was  screened. For lipid
nanoparticles incorporation the 1.5% (w/w) carbopol hydrogel was
selected due to its better spreadability properties as observed in
Fig. S4 with a lower value of shear stress when compared to 2%
(w/w) carbopol hydrogel.



M. Ferreira et al. / Colloids and Surfaces B: Biointerfaces 159 (2017) 23–29 27

F es) an
s ata rep

3
c

f
b
t
t
r
i
o
c
h
i
S
v
s
t
c
a

3

e
t
w
e
p
o
h
l
a
s
t
t
i
W
i
t
r
t

3

3

f
a

ig. 2. MTX  in vitro release. Cumulative drug release from free MTX  (closed triangl
kin  (32 ◦C, pH 5) and physiologic (37 ◦C, pH 7.4) simulated environments for 8 h. D

.4.1. Incorporation of SLN co-delivering MTX  and etanercept in
arbopol hydrogel

The 1.5% (w/w) carbopol hydrogel was enriched with 6 mg  of
ree MTX  and the rheological properties were evaluated. It is possi-
le to observe that the hydrogel enriched with MTX  did not retained
hixotrophy, as flow curves are totally overlapped which indicates
hat MTX  completely changes the hydrogel structure (Fig. S5). This
esult hampers the use of carbopol 1.5% (w/w) as carrier of free MTX
n topical applications because it changes the thixotropic properties
f the hydrogel base [30]. Empty SLNs and MTX-loaded SLNs and
onjugated-SLNs were incorporated into the 1.5% (w/w) carbopol
ydrogel, resulting in nanoparticles-enriched hydrogels. Rheolog-

cal assessment revealed that the flow curse do not overlap (Fig.
5B–D), thus the hydrogels maintain thixotropy. As observed pre-
iously, the presence of MTX  lowers the hydrogel thixotropy and
preadability, translating a decreased ability to return of their ini-
ial properties, after application of shear stress. It is possible that
onjugated SLNs increase the viscosity of nanoparticles due to the
ggregation of protein contributing to the observed outcome [31].

.4.2. Storage stability of hydrogel enriched nanoparticles
Storage stability of 1.5% (w/w) carbopol hydrogel and hydrogel

nriched nanoparticles was assessed after 2 weeks of prepara-
ion. All of hydrogels appeared transparent, glossy and uniform
ithin this period of time. Furthermore, their rheological param-

ters were measured in order to investigate any changes in the
seudoplastic properties and thixotropy and no differences were
bserved after 2 weeks storage at room temperature. Moreover, for
ydrogel enriched nanoparticles (protein-conjugated or not) simi-

ar pseudoplastic behavior was observed as upon preparation, thus
ll formulations presented thixotropy. However, a decrease in shear
tress value was detected along time, which meant a small shear in
he gel to cause the gel to flow. This behavior could be explained by
he existence of certain internal structures that change with flow-
ng; as particles aggregates, formed by hydrogen bonds or van der

aals interactions, that could break and promote a small decrease
n its consistency [32,33]. For these reasons it seems that although
he formulations presented a small decrease in shear stress they
emained a good option for topical application, due to pseudoplas-
ic and thixotropy properties.

.5. Skin permeation studies
.5.1. Pig ear permeation assay
Skin permeation study is a crucial step in the characterization of

ormulations for topical administration [34]. The skin penetration
ssessment of MTX  and etanercept co-delivered through SLNs was
d MTX-loaded in SLNs (open squares) and SLNs-etanercept (closed squares) under
resent mean ± SD (n = 3).

conducted using Franz diffusion cells. Pig ear skin was chosen as
a model barrier, due to its similarity, in morphology and function,
to its human counterpart. As can be seen from Fig. 3A, MTX deliv-
ered from the SLNs permeated through the pig ear skin at a higher
extent as compared to free MTX. Upon 8 h, 1.7 ± 0.1%, 3.1 ± 0.1%
and 3.8 ± 0.2% of MTX  permeated the skin delivery as free, loaded
in protein-conjugated SLNs and loaded in SLNs, respectively. As it
has been described, lipid nanoparticles improve drug skin perme-
ation in relation to free drug [35,36]. Hence, lipid nanoparticles
play an important role in controlling the MTX  delivery through
the skin. Protein-conjugated SLNs permeated the skin, according to
MTX  quantification and DLS measurements, but at non-detectable
protein levels (Fig. 3B). Protein conjugation to SLNs could act as a
double barrier for the drug diffusion process mediated by the struc-
tural integrity conferred by protein coupling, thus decreasing drug
penetration profile [19].

At the end of the permeation assay, the formulation that
remained on top of the skin was recovered and the skin washed
twice for quantification of non-permeated drug. About 38% of the
initial added amount of MTX  did not penetrate or permeate the
skin, while 22% and 15% were found for the conjugated-SLNs and
SLNs formulations, respectively. When incorporated in the lipid
nanoparticles, MTX  accumulated in skin in significantly higher
amounts when compared to its free solution. However, only few
studies were performed using porcine skin for topical assessment
of MTX  combination therapy. Nanostructured lipid carriers of Pre-
cirol ATO 5 and squalene used for co-delivery of calcipotriol and
methotrexate were described by Lin et al., and exhibited perme-
ation rates around 1 �g/cm2/h for MTX  [37].

Gathering the permeation assay information, it can be taken that
a low amount of MTX  and non-detectable amount of etanercept was
permeated through pig ear skin up to 8 h (Fig. 3) suggesting that
SLNs were mainly confined to the epidermal, dermal and SC of the
skin. Hence, negligible drug permeation will further minimize the
systemic side effects due to insignificant absorption into systemic
circulation [38].

Skin permeation studies were also performed for the 1.5% (w/w)
carbopol hydrogel-enriched with lipid nanoparticles. The drug flux
rate was determined after 8 h of skin permeation and compared
with the lipid nanoparticles in suspension (Table S2). Reflecting the
data shown on Fig. 3A, the incorporation of MTX  in lipid nanopar-
ticles resulted in an increase of the drug flux rate through the
skin of 1.7-fold and 2.3-fold for protein-conjugated SLNs and SLNs,
respectively. Free MTX  incorporated in the carbopol hydrogel per-

meated 1.7-fold more in relation to drug in solution. This data
correlates with the rheological properties described previously, and
may  account for the changes in the hydrogel structure induced by
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Fig. 3. Characterization of the MTX  permeation through pig ear skin. (A) Drug permeation over 8 h assay as free MTX  (open circles), SLNs-etanercept-MTX (black square)
and  SLNs-MTX (black square), data represent mean ± SD (n = 4), ** P < 0.01 and *** P < 0.001 in relation to free MTX. (B) Characterization of SLNs collected on the receptor
compartment of the Franz cell diffusion system after 8 h by DLS assessment.

Fig. 4. MTX  skin deposition in human healthy and psoriatic skin. (A) Accumulation of MTX  after 8 h permeation in healthy and psoriatic skin, after application of free MTX
a d the 

*  after 

S

t
s

n
0
i
a
d
t
o

nd  MTX-loaded in SLNs and in SLNs-etanercept. (B) Amount of MTX  that permeate
**P  < 0.001. (D) Visual appearance of the human skin samples prior (control) and
LNs-etanercept.

he MTX  with consequent loss of consistency that could facilitate
kin drug permeation.

For the formulations of carbopol hydrogel enriched with lipid
anoparticles (SLNs-etanercept and SLNs) the flux rate value were
.75 ± 0.08 and 1.07 ± 0.11 �g cm−2 h−1, respectively, correspond-

ng to a 35–39% decrease in comparison to MTX  loaded in SLNs

nd etanercept-conjugated SLNs. SLNs enriched hydrogels released
rug slower when compared with SLNs dispersions, accounted for
he time drug takes to diffuse through the gel. The slower release
f drug from hydrogels-enriched SLNs maintained the drug con-
human skin as a function of time up to 8 h. Data expressed as mean ± SD, **P < 0.01,
8 h in contact with the formulations of free MTX  and MTX-loaded in SLNs and in

centration for longer period of time in the skin, as observed by
others [39]. When lipid nanoparticles are embedded in the carbopol
hydrogel a smaller amount of MTX  permeates, perhaps related
to the mucoadhesive properties of the hydrogel that enhance the
retention time of MTX. Similarly, Gonzalez-Mira and co-authors
observed that the delivery of flurbiprofen in lipid nanoparticles-

based hydrogels formulations increased the drug residence time in
the corneal tissue in relation to the lipid nanoparticles dispersions
[40].
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.5.2. Human skin permeation: healthy versus psoriatic
The promising results of skin permeation using pig ear skin

ersuaded to study the permeation of MTX-loaded in lipid nanopar-
icles and free MTX  formulation using human biopsies representing
ealthy and psoriatic skin. The MTX  accumulated within the skin
t a higher extent when incorporated in the lipid nanoparticles, in
elation to MTX  solution (Fig. 4A). About 70–85% of the applied dose
as deposited within the skin layer in the form of SLNs-MTX, for
ealthy and psoriatic skin, respectively (Fig. 4A). Etanercept con-

ugated SLNs retained MTX  in the skin around to 60% in healthy
kin and 75% in diseased skin. Thus dermal bioavailability of MTX
as increased significantly for SLNs dispersion in both healthy

nd psoriatic skin. The latter damaged skin facilitated the pene-
ration of drug to the skin layers. MTX  skin deposition after 8 h
rom SLNs formulations reached 70 ± 2 �g and 84 ± 3 �g for healthy
nd psoriatic skin from a dose of 100 �g, respectively (Fig. 4A). As
he skin barrier is compromised, due to pathological processes,
LNs penetration in psoriatic skin might be considerably facili-
ated. Indeed, the alteration of the stratum corneum associated
ith inflammation and keratinocyte hyperproliferation could aid

n the penetration of nanoparticles in psoriatic lesions [41]. The
ermeation study demonstrated identical profile as observed using
ig skin, since MTX-loaded SLNs permeated 1.7-fold more than free
rug after 8 h of study, in healthy skin (Fig. 4B). The assay using
soriatic skin revealed the same tendency but at a higher extent
Fig. 4C). At the end of the 8 h assay it was possible to observe differ-
nces at the applied dose, as the formulation of free MTX  was clearly
till on top of the skin, while SLNs-MTX and SLNs-etanercept-MTX
ormulations were absorbed through the skin (Fig. 4D).

. Conclusions

Cetyl palmitate based SLNs efficiently incorporated and deliv-
red MTX, a poorly water soluble drug. A combination therapy
pproach was implemented by etanercept conjugation to the SLNs.
ipid nanoparticles diameters, ranged from 292 nm for SLNs-MTX
o 356 nm for SLNs-etanercept-MTX, and were biocompatible with
uman keratinocytes and fibroblasts. In vitro studies revealed

 MTX  sustained release profile under physiological and skin-
imetic environment. Lipid nanoparticles containing MTX  and

tanercept were further incorporated into a 1.5% (w/w)  carbopol
ydrogel, resulting in a transparent, glossy, uniform and thixotropic
ydrogel. Rheological tests showed that all formulations are suit-
ble for topical drug delivery.

SLNs-MTX and SLNs-etanercept-MTX formulations significantly
nhanced the skin bioavailability of MTX  in relation to the appli-
ation of free drugs in solution, as demonstrated through the
ig ear skin permeation assays. Moreover the carbopol hydrogel
nriched with SLNs-MTX or SLNs-etanercept-MTX released drug
lower when compared with SLNs dispersions, thus maintaining
he drug concentration for longer period of time in the skin. The

ucoadhesive properties of the hydrogel increased the MTX  reten-
ion time within the skin which could improve drug therapeutic
ffect. Besides, a reduced amount (below 5%) of drug permeated
he skin, limiting MTX  and etanercept dispersion into systemic cir-
ulation, which is crucial when the diseased area is limited to the
kin. Preliminary studies using human skin biopsies from healthy
nd psoriatic regions validated the observations from studies using

ig ear skin as a model. The lipid nanoparticles were able to accu-
ulate MTX  within the skin layers at significant amounts in relation

o free MTX, and with reduced permeation. The outcomes of this
ork can build a path forward for combinational drug therapy using

[
[
[
[
[
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lipid nanoparticles and hydrogels for an effective and synergistic
treatment of psoriasis.
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