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a  b  s  t  r  a  c  t

Gold  nanoparticles  (AuNPs)  represent  an  effective  choice  for topical  drug  delivery  systems  thanks  to
their  small  size,  general  non-toxicity,  ease  of  functionalization  and  high  surface  to  volume  ratio.  Even
if  systemic,  methotrexate  still  plays  an important  role  in  psoriasis  treatment:  its  topical  use  shows
insufficient  percutaneus  penetration  owing  to limited  passive  diffusion,  high molecular  weight  and
dissociation  at physiological  pH.  The  aim of  our study  was to  design  a new  drug  delivery  nanocarrier
for  Methotrexate  and  to improve  its solubility,  stability  and  biodistribution.  AuNPs  were  on  purpose
prepared  with  a hydrophilic  stabilizing  layer,  in order  to improve  the  colloidal  stability  in  water.  Water-
soluble  gold  nanoparticles  functionalized  by  sodium  3-mercapto-1-propansulfonate  (Au-3MPS)  were
prepared  and  loaded  with  methotrexate  (MTX).  The  loading  efficiency  of  MTX  on Au-3MPS  was  assessed
in the  range  70–80%,  with  a  fast  release  (80%  in  one  hour).  The  release  was  studied  up  to 24  h  reaching
the  value  of  95%.  The  Au-3MPS@MTX  conjugate  was  fully  characterized  by spectroscopic  techniques
(UV–vis,  FTIR)  and  DLS.  Preliminary  toxicity  tests  in the  presence  of  keratinocytes  monolayers  allowed
to  assess  that the  used  Au-3MPS  are  not  toxic.  The  conjugate  was  then  topically  used  on  C57BL/6  mouse
normal  skin  in  order  to trace  the  absorption  behavior.  STEM  images  clearly  revealed  the  distribution  of
gold nanoparticles  inside  the cells.  In vitro  studies  showed  that  Methotrexate  conjugated  with  Au-3MPS
is  much  more  efficient  than  Methotrexate  alone.  Moreover,  DL50,  based  on MTT  analysis,  is  20  folds
reduced  at 48  h,  by  the  presence  of nanoparticles  conjugation.  UV–vis  spectra  for in vivo  tracing  of  the
conjugate  on  bare  mouse  skin  after  24  h  of application,  show  increased  delivery  of  Methotrexate  in the

epidermis  and  dermis  using  Au-3MPS@MTX  conjugate,  compared  to MTX  alone.  Moreover  we observed
absence  of  the  Au-3MPS  in  the dermis  and  in  the  epidermis,  suggesting  that  these  layers  of  the  skin  do
not  retain  the  nanoparticles.  Based  on our  data,  we  found  that  the  novel  Au-3MPS@MTX  conjugate  is  an
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effective  non-toxic  carrie
in possible  topical  treatm

. Introduction

Nanoparticle research is a fascinating branch of science that
xpressed an increasing interest due to a vast variety of promis-
ng applications in key impact technological areas. Among others,

old nanoparticles (AuNPs) exhibit a range of chemical-physical
roperties suitable for advanced applications such as sensing, [1–3]
ptoelectonics [4–6] biotechnology and nanomedicine from diag-
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E-mail address: ilaria.fratoddi@uniroma1.it (I. Fratoddi).
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the  satisfactory  percutaneous  absorption  of  Methotrexate  and  could  help
f psoriasis.

©  2016  Elsevier  B.V.  All  rights  reserved.

nosis to therapeutics, [7,8] and drug delivery systems, [9,10] also
considering their possible toxicity. [11,12]

One of the main feature of AuNPs is that it is possible a fine con-
trol on their size, composition and functionality and among others
stabilizing layers, thiol based ligands lead to a covalent, stable and
chemically tunable layer. [13–15] In this context, the use of thiol
stabilized AuNPs as drug delivery system is challenging.

One of the most common dermatological diseases is represented

by psoriasis. Psoriasis is a common chronic persistent immune
mediated inflammatory skin condition, affecting 2% of popula-
tion, that leads to hyperproliferation of keratinocytes [16–18]. That

dx.doi.org/10.1016/j.colsurfb.2016.01.021
http://www.sciencedirect.com/science/journal/09277765
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Fig. 1. Methotrexate (MTX) chemical structure.
yper proliferative keratinocytes effect in thick epidermis clinically
ppears as thick, silvery scales and itchy, dry, salmon pink patches,
ostly on elbows, knees and scalp but also in other cutaneous sites

19,20] giving rise to tiresome diseases; for example, a 5–8% of
atients complains from psoriatic arthritis, which can be painful
nd greatly limits mobility [21].

Psoriasis is a multifactorial disease, with a polygenic back-
round. It is believed that dendritic cells (DCs), keratinocytes and

 cells play a major role in the pathogenesis of psoriasis. Indeed
hese cells are principally responsible for the production of a great
ariety of pro-inflammatory cytokines and chemokines, mainly
nterleukin (IL)-6, IL-23, IL-17, IL-21, tumor necrosis factor alpha.
hese inflammatory stimuli lead to keratinocytes hyperprolifer-
tion and autoamplification loop, with the formation of psoriasis
laques [22,23].

Treatment options depend on severity of psoriasis [24]. The
ain goal of treatment is to slowdown keratinocytes hyper

roliferation and decrease inflammation by blocking specific
nflammatory pathways. Many topical treatments are used with
r without combination of other systemic treatments. Topical
herapeutics include coal tar, corticosteroids, anthralin, retinoids,
itamin D3 analogues and tacrolimus plus several formulations
hich are expected to be used in enhancing approaches for drug
elivery strategies [25].

Among others, methotrexate (MTX, reported in Fig. 1), is a
olate antagonist, an allosteric inhibititor of dihydrofolate reduc-
ase (DHFR), well-known as an adjuvant for the treatment of various
ancers and suited to inhibit dihydrofolate reductase in DHFR-
ased protein expression systems [26,27]. MTX  is also effective in
reatment of pyrimethamine-resistant Plasmodium vivax malaria
arasites and shows immunosuppressive effects in, e.g., rheuma-
oid arthritis [28]. However clinical studies have revealed that its
ffect was limited because it led to toxic dose-related side effects
nd because of the drug resistance of the tumor cells [29].

Stewart et al. and McCullough et al. suggested that localized
ethotrexate has a limited passive diffusion, sufficient to affect

soriatic plaque when applied topically. This drug is characterized
y high molecular weight and is mostly in dissociated form at
hysiological pH, with insufficient penetration into the basal layer
f epidermis [30]. In vivo studies using topical MTX  drug, revealed
hat the skin penetration of MTX  is weak and the rate of absorption
n rat skin of a MTX  1% acqueous solution is very low [31]. Biologic
gents have been approved by the FDA to treat moderate to severe
soriasis that not responded to an adequate trial of one or more
f the traditional drugs. Biologic therapies are most effective in
he treatment of psorisis [32], but a percentage of no-responder
atients still exists. Moreover, disadvantages are represented by
heir possible side effects and limited availability of long-term
afety data. Based on PASI (Psoriasis Area and Severity Index)
core, psoriasis can be classified in mild, moderate and severe
33–35]. The most frequent type is a mild psoriasis, which mainly
equires topical treatment. In this context, methotrexate still has
 golden role in psoriasis treatment [36–40].
An approach thus far is to design a drug delivery system for MTX

n order to improve its solubility, in vivo stability and biodistribu-
ion [41,42].
Biointerfaces 141 (2016) 141–147

Only few papers report on the therapeutic effects of AuNPs
as carriers of MTX  and in particular in psoriasis treatment; one
approach is based on the immobilization of the drug on AuNPs sur-
face by means of a direct synthesis approach: the MTX  can be used
as a ligand and reducing agent for a one pot procedure, demonstrat-
ing an enhanced therapeutic effect of conjugated MTX, with cyto-
toxic effects in choriocarcinoma cell lines [43]. Alternatively, pro-
cesses based on post-synthesis immobilization can be used and the
conjugate shows an higher efficiency compared with an equal dose
of free MTX  with cytotoxic effects; in particular it inhibits tumor
growth in a mouse ascites model of Lewis lung carcinoma [44].

The present study aims at in vitro and in vivo investigation
of the efficacy of the nanoparticles therapy in comparison to
methotrexate as a standard chemotherapeutic agent for treatment
of psoriasis using keratinocytes cell models and organotypic raft
cultures. In this work the use of functionalized gold nanoparticels
as MTX  drug delivery system is proposed for topical psoriasis
treatment. Considering the studies reported in the literature on
the correlation between the size of AuNPs and penetration across
human skin, and in particular on the barrier effect occurring for
nanoparticles in the range 10–60 nm,  [45] AuNPs with size below
10 nm have been selected.

In this context, MTX  drug was  immobilized onto functionalized
gold nanoparticles; the loading and release kinetics were assessed
and the new conjugate was tested on keratinocytes monolayer
cell culture in order to evaluate the toxicity and proper dose. The
conjugate, Au-3MPS and MTX  alone were topically applied on
C57BL/6 mouse normal skin in order to trace cutaneous absorption
and drug delivery.

2. Materials and methods

2.1. Instruments

UV–vis spectra were run in H2O solutions by using quartz cells,
with a Varian Cary 100 Scan UV–vis spectrophotometer. Size dis-
tribution of AuNPs in H2O solution have been investigated at the
temperature of 25 ◦C by means of dynamic light scattering (DLS)
technique by using a Malvern Nano ZS90 scattering apparatus
(Malvern Zetasizer Nanoseries Instruments Ltd., Worcestershire,
UK) on nanoparticle aqueous suspensions (0.01–0.20 mg/mL). [46].
Zeta potential has been measured by using Malvern NanoZS90
apparatus with disposable folded capillary cuvettes, provided
with electrodes. [47,48] FTIR spectra have been recorded on cast
deposited films from ethanol solutions using KRS-5 cells, with a
Bruker Vertex 70 spectrophotometer. Field Emission Scanning Elec-
tron Microscopy (FE-SEM) images have been acquired with the
Auriga Zeiss instrument (resolution 1 nm,  applied voltage 6–12 kV)
on freshly prepared films drop casted from H2O solution on a
metallic sample holder. Atomic Force Microscopy (AFM) images
have been acquired with Veeco Instrument, model Icon with con-
troller and Nanoscope 5Harmonix integrated system on freshly
drop casted sample on Si/SiO2 substrate. Scanvac-CoolSafe55-4
Lyophilizer has been used to dry samples. A Mini Spin–Eppendorf
centrifuge was used for purification of AuNPs samples (13000 rpm,
20 min, 5× with deionized water). pH measurements were done
with a CyberScan pH 600 (Eutech Instruments). Deionized water
was obtained from Zeener Power I Scholar-UV (18.2 M�).

2.2. Materials

Deionized water has been degassed for 30 min  with
Argon, before use. Solvents: CH2Cl2, MeOH, EtOH, ace-

tone, CHCl3, HCl (Aldrich reagent grade) have been
used as received. Sodium 3-mercapto-1-propanesulfonate
(HS(CH2)3SO3Na, 3MPS), 2-Diethylaminoethanethiol hydrochlo-
ride (HSCH2CH2N(CH2CH3)2·HCl, DEA), tetrachloroauric(III) acid
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rihydrate (HAuCl4·3H2O), sodium borohydride (NaBH4) have
een used as received (Aldrich reagent grade). Methotrexate
Sigma–Aldrich, M 8407, 4-Amino-10-methylfolic acid hydrate,

TX, C20H22N8O5 molecular weight is 545.44 g/mol) was pur-
hased from Sigma–Aldrich. Methotrexate is practically insoluble
n water. It dissolves in solutions of mineral acids (such as HCl) and
n dilute solutions of alkali hydroxides. MTX  solution was  freshly
repared in water at pH 5.5 and stored in the dark at 4 ◦C until
se. Locobase cream was purchased from Astellas Pharma Europe
.V. Gold nanoparticles functionalized with 3-mercaptopropane
ulphonate (Au-3MPS) or 2-Diethylaminoethanethiol hydrochlo-
ide (Au-DEA), were prepared and characterized according to
iterature procedure [49,50]. Briefly, Au-3MPS and Au-DEA have
een prepared with Au/thiol (Au/S) molar ratio 1/4 and 1/10 and
he procedure is herein reported for Au/S 1/4 Au-3MPS sample.
tarting from 200 mg  of HAuCl4·3H2O in 20 mL  of deionized water,

 solution of 3MPS (340 mg  in 20 mL  of deionized water) was
dded. Under vigorous stirring the reducing agent NaBH4 (190 mg
n 20 mL  of deionized water) has been added. The mixture was
llowed to react at room temperature for 3 h and at the end,
he brown solid was recovered and purified by centrifugation
13,000 rpm, 20 min, 5× with deionized water).

Au-3MPS (1/4) main characterizations: UV (�max [nm], H2O):
30 nm;  DLS (2RH [nm], H2O): 4 ± 1 nm.  FT-IR � (cm−1): �as

S O)2 = 1352, �a (S O)2 = 1190, � (C S) = 603. Yield (w/w)  31%.
Au-3MPS (1/10) main characterizations: UV (�max [nm], H2O):

33 nm;  DLS (2RH [nm], H2O): 5 ± 1 nm.  FT-IR � (cm−1): �as

S O)2 = 1352, �a (S O)2 = 1190, � (C S) = 603. Yield (w/w)  22%.

.3. Loading of MTX  on Au-3MPS

Bioconjugation was carried out following the non-covalent
rocedure already assessed in the literature [51], for similar com-
ounds either on the 1/4 and 1/10 Au/S Au-3MPS samples [52,53].

n order to assess the loading, a calibration curve was  done for
TX  in H2O (pH 5.5), with solutions in the concentration range

.0 × 10−7–5.0 × 10−5 M and the extinction coefficient at wave-
ength 302 nm was calculated equal to 19330 M−1 cm−1. (UV–vis
pectrum is reported in the Supporting Information, Fig. S1).

The loading was assessed on three separate tests and a mean
alue and SD were calculated. The procedure is briefly reported for
he 1/4 sample: Au-3MPS nanoparticles (10 mg)  were dissolved in
ater (4 mL  pH 5.5) and vigorously stirred for 4 h at room tem-
erature in the presence of MTX  (2 mg)  in order to have a weight
atio AuNPs/drug = 5/1. The reaction mixture was maintained in the
ark to avoid MTX  degradation with light. After 4 h, the mixture
as purified by centrifugation (at room temperature, 13,000 rpm,

0 min) in order to separate the Au-3MPS@MTX conjugate from
he free MTX  in solution. Then 1 mL  of the supernatant separated
rom the sediment was diluted in 100 mL  of H2O at pH 5.5 and
nalyzed for the drug content using UV–vis spectrophotometer at
02 nm [54]. By using the calibration curve it was possible to calcu-

ate the free MTX  content and by difference the MTX  loaded on the
u-3MPS m(MTXloaded) = m(MTXweighed) − m(MTXfree). The loading
fficiency was calculated as � = m(MTXloaded)/m(MTXweighed) × 100,
ccording to literature [55].

.4. Release of MTX  from Au-3MPS

The Au-3MPS@MTX conjugate was dried at 30 ◦C and the release
as studied. 1 mg  of the conjugate was dissolved in 100 mL  of
2O pH 5.5, and stirred at 37 ◦C. Withdrawal at different reac-
ion times (30 min, 2, 4 and 24 h) were centrifuged (13,000 rpm,
5 min) and allowed to quantify MTX  free drug in the surnatant
y UV–vis spectroscopy. Experiments were carried out in triple
nd mean and SD values assessed. The release was also studied
Biointerfaces 141 (2016) 141–147 143

in the presence of Locobase cream, following this protocol: 2 mg
of the conjugated mixed with 2 mg  of Locobase cream under con-
stant stirring (at room temperature, avoiding light irradiation) for
15 min  until appearance of homogenous mixture; the mixture was
dissolved in 20 mL  of H2O pH 5.5 and stirred at 37 ◦C. Withdrawal
at different reaction times (30 min, 2, 4 and 24 h) were centrifuged
(13,000 rpm, 15 min) and allowed to quantify MTX  free drug in the
surnatant by UV–vis spectroscopy.

2.5. In vitro skin permeation tests

2.5.1. Preparation of reagents
Methotrexate was dissolved in sodium carbonate buffer (pH 9.1)

in order to obtain a 1 M solution suitable for cell tests (solution
A). Then the solution A was diluted in buffered culture medium
containing the phenol red indicator, till 100 mM concentration in
order to form solution B. Then serial concentration from 100 �M to
6 mM were prepared from solution B.

Two  different types of AuNPs were tested: Au-3MPS and Au-
DEA. These were dissolved in 15 mL  culture medium serum free.
Prior to the in vitro test, the solution was passed through a 0.22 �m
membrane filter. After filtration the concentration was 50 �g/mL.
The Au-3MPS@MTX conjugate was dissolved as described before
and filtration the concentration corresponded to 100 �M of MTX.

2.5.2. Primary keratinocytes culture
Normal human keratinocytes, obtained after excision of skin

specimens from plastic surgery procedures, were prepared accord-
ing to the method of Rheinwald and Green [56]. Skin was
minced and trypsinized (0.25% trypsin, 0.02% EDTA) at 37 ◦C for
15 min  after overnight incubation with dispase (Roche, Mannheim,
Germany). Keratinocytes were grown in 75 cm2 culture flasks
(Costar, Cambridge, MA)  with mitomycin-treated 3T3 mouse
fibroblasts (10 mg/mL  for 2 h at 37 ◦C; Sigma). The cells were cul-
tured in Dulbecco’s Modified Eagle’s Medium/Ham’s F12 Medium
(DMEM/F12, 3:1) (Seromed-Biochrom KG, Berlin, Germany) con-
taining insulin (5 �g/mL, Sigma), transferrin (5 �g/mL, Sigma),
triiodothyronine (2 nM,  Sigma), hydrocortisone (0.4 �g/mL, Sigma),
adenine (180 mM,  Sigma), mouse epidermal growth factors (EGF,
10 ng/mL, Sigma) 10% fetal calf serum (FCS, Serumed Biochrom)
and 1.8 mM calcium. Subconfluent primary cultures were passed
in secondary cultures for the following experiments.

2.5.3. MTT Test:
3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, a
tetrazole test

The MTT  assay is a colorimetric test for activity measurement
of cellular enzymes widely used to measure cytotoxicity (loss of
viable cells) or cytostatic activity (shift from proliferative to resting
status) of potential medicinal agents.

2.5.3.1. Monolayer cultures. In this model keratinocytes from
primary cultures are grown in serum-free and feeder-free condi-
tions. Extracellular calcium supplementation at low concentration
(0.1 mM)  retain keratinocytes ability to form stratified epidermis.
Cells from primary cultures were plated at 4.5 × 103/well in a 96
wells plate and grown in a serum free medium containing 0.4%
bovine pituitary extract (BPE) (KGM, Lonza, Basel, Switzerland)
until near confluence. At this time the cells were exposed with MTX
at different concentrations (from 100 �M to 6 mM). Au-3MPS@MTX
suspension was  applied (from 0.05 �g/mL to 50 �g/mL) for 2 h, then
rinsed with KGM and incubated at 37 ◦C for 46 additional hours.

After 48 and 72 h MTT  test was performed: the cells were incu-

bated with MTT  solution (0.8 mg/mL) at 37 ◦C for 4 h. After this time
they were dissolved in DMSO (200 �L/well) and the formazan dye
formation was  evaluated by scanning multiwell spectrophotome-
ter at 550 nm.  The results were expressed as viability percentage
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Fig. 2. a) reaction scheme; b) UV–vis spectrum in water of Au-3MPS nanoparticles.
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espect of control. Results are calculated as the mean ± SD of three
ifferent experiments.

.6. Sample preparation for Scanning Transmission Electron
icroscopy

After being co-cultured with gold nanoparticles for 48 and 72 h,
he cells were washed twice with PBS, harvested by trypsin treat-

ent, fixed in 2.5% (v/v) glutaraldehyde solution and post fixed
n aqueous osmium tetroxide. The samples were then dehydrated
n a graded series of ethanol and embedded in DURCUPAN ACM
poxy resin. Ultrathin sections (60 nm)  were contrasted with uranyl
cetate and lead citrate and imaged by Nova NanoSEM 450, Scan-
ing Transmission Electron Microscopy (STEM, Houston, TX 77084,
SA) at an accelerating voltage of 30 kV.

.7. Preparation of cream formulation

The Locobase cream was mixed with freshly prepared Au-
MPS@MTX conjugate following this procedure: 100 �g of the
onjugate (containing 16 �g of MTX) were mixed with 1 mg  of
ocobase cream under constant manual stirring at room temper-
ture avoiding light irradiation for 15 min  until appearance of
omogenous mixture. The MTX  was mixed with the Locobase by

ollowing the same procedure, by mixing 16 �g of MTX  with 1 mg
f Locobase cream. The formulations were then preserved at −20 ◦C

.8. In vivo mice skin permeation

Eight-week-old wild-type mice (Harlan, Udine, Italy), all on
57BL/6 background, were used for the in vivo experiments. Mice
ere maintained in standard animal cages under specific pathogen-

ree conditions in the animal facility. Experiments were approved
y the local ethics committee.

Mice were shaved on both flanks and used for application of the
ream containing Au-3MPS@MTX conjugate on one flank while the
ther flank was treated by the same amount of cream containing
u-3MPS alone or Au-3MPS@MTX conjugate and cream contain-

ng MTX  alone. The treated parts were covered with and adhesive
ape to allow contact time. After 24 h mice were sacrificed and two
kin biopsies were taken from both treated areas. One biopsy was
sed to trace MTX  in the whole skin. The other biopsy was enzy-
atically separated by overnight incubation with dispase II (Roche
iagnostics, Milan, Italy) to obtain epidermis and dermis in order to

race the drug in both compartments, separately. The supernatant
rom the skin treated with Au-3MPS@MTX and reacted for 24 h with
he dispase II enzyme was tested by UV–vis spectrophotometer for
racing the presence of MTX  and AuNPs. Moreover, epidermis and
ermis samples were incubated in acidic solution (1 mL  of HCl 2 M)
or 30 min, centrifuged (10 min, 13,000 rpm) and tested by UV–vis
pectrophotometer for tracing the presence of MTX. Each part was
aken separately for UV–vis measurements.

. Results and discussion

Few literature reports deal with gold nanoparticles effects on
ultures of skin-derived cell lines [57] and gold nanoparticle pen-
tration (less than 15 nm)  in thawed human skin [58,59]. In our
esearch, colloidal stable gold nanoparticles have been prepared
ith 3MPS thiol as functionalizing layer, following the hereafter

eported synthetic scheme (see Fig. 2a); the purification steps
llowed to obtain gold nanoparticles with a narrow mean hydrody-
amic diameter equal to 4 ± 1 nm,  as confirmed by DLS technique

Fig. S2).

The UV–vis spectrum (Fig. 2b) of the Au-3MPS nanoparticles
howed a Plasmon resonance at about 530 nm,  typical of low diam-
ter gold nanoparticles [60,61].
Fig. 3. Loading efficiency for Au-3MPS samples prepared with Au/S = 1/4 and 1/10.
The error bar represent the SD value calculated on three different samples.

Au-3MPS@MTX conjugate was  prepared and characterized in
order to assess the interaction between AuNPs and MTX  drug.
The synthetic protocol is based on a non-covalent interaction
and UV–vis spectroscopy was  used to obtain quantitative loading
data. In general, non-covalent methods (electrostatic adsorption
or hydrophobic interactions) are reported as simple and effective
approaches for drugs bioconjugation, in the presence of func-
tionalized AuNPs. Thanks to the relatively weak affinity of the
gold surface and/or the presence of thiol stabilizing layer, several
drugs can be adsorbed, with a general retention of the therapeutic
activities [62–64].

A weight ratio between Au-3MPS and MTX  drug equal to 5/1
was chosen on the basis of literature report on different loaded
drugs [65] and on our previous studies on similar nanoparticles
[51] and the obtained mixture was  deeply purified in order to
remove the free drug. The loading was  carried out either on 1/4 and
1/10 Au/S samples in order to compare and optimize the loading
process. The loading efficiency was calculated on three different
samples for Au-3MPS 1/4 sample equal to � = 75 ± 4%, value higher
if compared with other carriers reported in the literature [66,67].
In the case of Au-3MPS 1/10 sample an higher loading efficiency
was obtained (� = 83 ± 2%) and in Fig. 3 the loading efficiency of the
samples is compared. It can be observed that within the standard
deviation values, an higher loading efficiency occurs for the more
functionalized Au/S 1/10 sample, even though the purification
steps became more tedious when high quantities of thiol are
used. The stability of the conjugate was  assessed for a period as
long as 6 months by means of DLS and Z-potential techniques
on lyophilized samples maintained at 4 ◦C (Au-3MPS@MTX fresh
sample Z-potential –32 ± 1 mV;  Au-3MPS@MTX after 6 month
Z-potential −30 ± 2 mV).

Au-3MPS@MTX was studied through FT-IR spectroscopy and an
interaction was evidenced from the peaks analysis. The FT-IR spec-
tra (reported in Fig. S3 for MTX  drug and Au-3MPS@MTX conjugate,
respectively) confirmed the presence of MTX  in the conjugate with
the typical absorption peaks at 3059 and 2951 cm−1 due to the

carboxylic group and the C N and NH2 vibrational modes at 1685,
1616, 1389 and 1073 cm−1. In particular the amide groups was
observed at 1684 cm−1 for the free MTX  [68] and at 1614 cm−1 in
the conjugate. Zeta potential studies on the conjugate were carried
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ig. 4. a) FESEM image of Au-3MPS@MTX bioconjugate; b) and c) AFM images of
u-3MPS@MTX bioconjugate.

ut to achieve information on the stability By comparing the data
f Au-3MPS and Au-3MPS@MTX, the Z-potential value evidenced a
mall decrease (from −27 ± 3 mV  in the Au-3MPS to −32 ± 1 mV in
he conjugate), as a result of water stable samples up to 6 months
see Fig. S5).

The morphology of the conjugate was observed by FE-SEM and
FM microscopies and no modifications in the Au-3MPS morphol-
gy upon interaction with MTX  was observed. It is noteworthy that
o aggregated structures were observed. In Fig. 4a–c the FE-SEM
nd AFM images of the Au-3MPS@MTX conjugate are reported. It
an be noticed that quite regular size nanoparticles with diame-
ers of about 5 nm are obtained at the solid state, confirming the
ydrodynamic DLS data.

An important point to be assessed in view of dermatological
pplications is the release kinetic of the MTX  drug. From our studies
e found that about 80% of the MTX  was released from the Au/S

/4 Au-3MPS sample after one hour and that in 24 h the release
as up to 95% in PBS buffer (see Fig. S6). The release kinetics has

een also studied in the presence of Locobase cream evidencing a
lower release with respect to PBS buffer medium: about 70% in
4 h. By comparison, the release kinetic was also studied for the
u/S 1/10 sample and a quite similar release was  observed. Au-
MPS prepared with the Au/S molar ratio 1/4 sample have then
een used for the in vitro skin permeation and in vivo mice skin
ermeation tests considering the better yield in the preparation
nd purification steps.

.1. In vitro skin permeation tests

In order to exclude the toxic conditions of nanoparticles during
eratinocytes treatment and to ensure the optimum low doses, we
rst investigated different concentrations by application of a series
f control experiments.

.2. Morphology of keratinocytes after Au-3MPS and Au-DEA
reatment
Two types of AuNPs were tested in the presence of keratinocytes
or possible toxicity and to select the non or less nanocarrier toxi-
ity [69]. As shown in Fig. 5 the cells do not display changes after
reatment with Au-3MPS nanoparticles when compared (Fig. 5b)
Fig. 5. Normal human Keratinocytes cultured for 48 h: (a) Control untreated; (b)
cultured with 40 �g/mL Au-3MPS; (c) cultured with 40 �g/mL Au-DEA (10× mag-
nification).

to the control group (Fig. 5a). Keratinocytes were normal in shape,
suggesting that the Au-3MPS alone are not toxic for the cells. Simi-
larly, results of the MTT  test, regarding the incubation of cells with
different concentration of Au-3MPS ranging from 0.05 �g/mL to
50 �g/mL, for 48 h, had no significant changes on cell viability in
comparison to the untreated negative control (Fig. 6a).

The morphology of keratinocytes was  observed also in the pres-
ence of different concentration of Au-DEA nanoparticles; in that
case, some toxic effects were observed and this prompted us to
select the Au-3MPS system for further investigations. The effect
on normal human keratinocytes cultured for 48 h with 40 �g/mL
Au-DEA is shown in Fig. 5c.

3.3. Growth inhibitory effect of methotrexate and tests on
Au-3MPS@MTX

Preliminary studies were carried out to choose the proper
solvent for the drug. Therefore, the MTX  was dissolved in sodium
carbonate buffer (pH 9.1) in order to obtain a solution suitable for
cell tests. The effect of MTX  on normal human keratinocytes was
studied after 48 and 72 h at different concentrations. As shown in
Fig. 6b the inhibitory effect of MTX  showed a significant decrease
in the percentage of viability at 48 h with a DL50 (Median Lethal
Dose) 750 �M.  After 72 h (Fig. 6b) treatment the DL50 was 200 �M.
These results show that the MTX  growth inhibition has been
observed after 48 and 72 h. At 24 h no toxic effect was  observed
(data not shown).

Our studies were performed to carefully select the most appro-
priate conditions for preparing MTX  loaded Au-3MPS. Moreover,
investigations were carried out to choose the sonication time that
was fixed at 1 min. As the nanoparticles have a capacity to release
the MTX  in about two  hours, we have set up our experiments tak-
ing into account this fact. Therefore, two  sets of experiments were
made. For the preliminary keratinocytes experiment, we treated
the cells with different concentrations of Au-3MPS@MTX for two

hours. At the end of this time the medium was removed and
replaced with fresh medium. The cells were then left in culture until
they reached 48 and 72 h. The results, shown in Fig. 6c highlighted
that MTX  conjugated with Au-3MPS is much more efficient than
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Fig. 6. MTT  tests: (a) Viability of keratinocytes incubated with different concentra-
tions of Au-3MPS after 48 h compared with untreated keratinocytes. The results are
expressed as viability percentage respect of control; (b) inhibition of cell vitality
of  MTX  at different concentrations after 48 h show a DL50 corresponding to 1 mM.
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fter 72 h DL50 was  450 �M;  (c) Au-3MPS@MTX was applied for 2 h, then removed
nd the cells incubated with fresh medium for an additional time of 46 h and 70 h.
L50 resulted 50 �g/mL and 10 �g/mL at 48 and 72 respectively. Error bars quote

he  standard deviation of at least three independent measurements.

TX  alone. Moreover DL50 is twenty folds reduced at 72 h by the
resence of nanoparticles conjugation. This result is in agreement
ith data reported by Chen et al. for tumor cell lines [43] and for

he first time we demonstrated the same behavior also on normal
uman keratinocytes.

.4. 10Cell morphology observed by STEM

STEM study has been carried out on Au-3MPS@MTX and con-
rol in order to assess the cell internalization of gold nanoparticles
n human keratinocytes. As reported in Fig. 7a and b, where the
ontrol cultured cell is compared with cell treated with the bio-
onjugate, the Au-3MPS@MTX are internalized as indicated by
he black arrows. The cell shows mitochondrial vacuolization and
laments fragmentation demonstrating that is enough only one
pplication of 2 h of NP to allow them to penetrate inside the cells.

.5. In vivo mouse skin permeation

The in vivo capability of Au-3MPS@MTX conjugate to penetrate
nd release MTX  in the skin, was evaluated separately in epidermal
nd dermal skin compartments. Control tests in in vivo studies of
TX  drug, reported in the literature revealed that the skin pen-

tration of MTX  is weak and the rate of absorption in rat skin
f a 1% acqueous solution of MTX  is low. [31] In order to study
TX  skin penetration, in vivo mice skin was topically treated with

u-3MPS@MTX conjugate or to MTX  aloneAfter 24 h skin biopsy
rom both treated areas was used for UV–vis analysis to trace
he MTX  content. We  made an investigation of the absorbance

eaks of the supranatants recovered from the skin treated with
u-3MPS@MTX or MTX  alone and reacted for 24 h with the dispase
nzyme, which allowed to separate epidermis from dermis. UV–vis
pectra analysis of the samples treated with the formulation based
Fig. 7. STEM images of normal human keratinocytes. a) control cells cultured for
72  h; b) treated cells with 50 mg/mL Au-3MPS@MTX. The photograph illustrates
the internalization of gold nanoparticles inside the cells (membrane, cytoplasm and
nuclear envelope and in the nucleus) as indicated by the arrows.

on Au-3MPS@MTX, show that MTX  drug can be observed both in
the epidermis and, at less intensity, also in the dermis. On the con-
trary, samples treated with the formulation based on MTX  alone,
show a MTX  peak in the epidermis while in dermis it was absent,
suggesting deeper penetration of the drug into the skin using the
gold nanoparticles as drug carrier (see Fig. S4a, c in the Supporting
Information). Considering the dispase enzymatic reaction done for
the skin separation, a quantitative determination was not possible
considering also the decomposition of the drug occurring during
the enzymatic treatment.

We also performed an experiment, by using the formulation
based on Au-3MPS@MTX or Au-3MPS alone; nanoparticles were
not observed by UV–vis spectra neither in the dermis nor in the
epidermis, suggesting that both layers of the skin do not retain the
nanoparticles. (see Fig. S4a, b in the Supporting Information).

In conclusion, these results confirm a deeper penetration of drug
into the skin using the gold nanoparticles as drug carrier than the
MTX  alone, opening fascinating perspective for the application of
Au-3MPS@MTX in cream formulation for dermatology diseases.

4. Conclusions

Nanoparticles skin penetration is a multifactorial and mul-
tistep process that involves a number of factors including the
skin model, skin barrier integrity and the inherent physio-
chemical attributes of NP (size, shape, surface charge, etc.) and
the vehicle of the formulation. However the evidence whether
nanoparticle can penetrate into underlying tissue is still conflict-
ing. Water-soluble gold nanoparticles functionalized by sodium
3-mercapto-1-propansulfonate (Au-3MPS) were prepared and
loaded with methotrexate (MTX). The loading efficiency of MTX  on
Au-3MPS was assessed in the range 70–80%, with a fast release (80%
in one hour). The release was studied up 24 h giving a value of 95%.
The Au-3MPS@MTX conjugate was fully characterized by spectro-
scopic techniques (UV–vis, FTIR) and DLS and preliminary toxicity
tests in the presence of keratinocytes allowed to assess the absence
of toxicity of the used Au-3MPS. The effect of Au-3MPS@MTX on
normal human keratinocytes in vitro has been investigated. Cells
were incubated with different doses of MTX-AuNP and free MTX.
Keratinocytes co-cultured with Au-3MPS@MTX did not exhibited
marked changes showing that this concentration was  not toxic

for keratinocytes. DL50 was  20-folds reduced at 48 h by the pres-
ence of AuNPs. Electron microscopy studies have demonstrated
that Au-3MPS@MTX are able to penetrate keratinocytes in culture.
Moreover in a mouse model, an absorption due to the MTX  drug
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an be observed either in the epidermis and, in less intensity, also
n the dermis. Overall results obtained in this work have shown that
u-3MPS are a promising carrier for MTX. This study has demon-
trated a preliminary proof of percutaneous adsorption of low size
old nanoparticles. Although further in vivo studies are necessary
o confirm the permeation of the skin barrier, the observation of

TX  penetration in dermis, where psoriasis inflammatory infiltrate
esides, suggests that Au-3MPS@MTX formulation could be suitable
s topical therapy in psoriasis patients.
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