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Introduction

Atopic dermatitis (AD) is a chronic inflammatory skin 
condition that affects mostly lower age groups.[1,2] AD 
has acute flare-ups and periods of remission, which 
have a significant impact on mobility and quality of life. 
Patients may suffer from itching, associated with sleep 
disturbances, daytime tiredness, social stigma caused 
by the visible skin condition, and all of these symptoms 
can only be mitigated with frequent application of topical 
ointments.[1,3–5] Besides nonpharmacological measures, 
essential to the control of AD,[4] topical corticosteroids 
(TC) are the oldest and most commonly used treatment. 
However, these strategies generally lead to several sys-
temic side effects, such as tachyphylaxis, hypothalamic–
pituitary–adrenal suppression, hypertension, glaucoma 
and also local adverse effects like skin atrophy, rosacea, 
erythema, striae and skin thinning.[1,6,7]

For the past several years, nanotechnology has gained 
an important role in developing innovative drug delivery 
systems.[8] Polymeric nanoparticles (NPs) are generally 
made of biocompatible and biodegradable polymers, 
which allow drug bioavailability increase, better drug 
release over time, optimized therapy for specific targets, 
reduced toxicity and undesirable effects.[9–14] Poly 
(ɛ-caprolactone) (PCL) is a hydrophobic polymer 
and a good candidate for controlled and long-
term drug delivery due to its high stability and slow 
degradation.[14,15] In addition, PCL NPs appear to improve 
drug residence in the skin and reduce its permeation 
through deeper skin layers.[16,17] In order to reduce the 
majority of the corticosteroids side effects, we propose 
hydrocortisone acetate (HCA)-loaded PCL NPs using 
solvent displacement method. This preparation 
method is generally very simple, relatively safe and 
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allows high drug encapsulation efficiency.[18] Other 
studies have showed promising results in encapsulating 
hydrocortisone.[19–25] The main purpose of this study was 
to obtain and characterize PCL NPs loaded with HCA, 
assess the application of this system to the treatment of 
a local pathology aiming a prolonged drug release and a 
reduction in side effects. Ideally, patients would no longer 
need to apply corticosteroids several times per day, 
since the nanosystem would improve drug residence at 
epidermal and dermal layers, lead to prolonged targeting 
and highly local drug concentrations, allied with reduced 
systemic distribution.[16,26] In addition, encapsulation 
in NPs can potentially lead to an improvement in the 
sensorial characteristics of TC conventional formulations, 
such as in greasiness or stickiness, which may enhance 
the patient compliance with added efficient action and 
safety.[27]

Since chronic skin diseases like AD involve long-term 
glucocorticoid treatment, fear of adverse effects may lead 
to underutilization of drugs, especially in children.[1,28,29] 
Patient adherence is, therefore, crucial for successful 
clinical outcomes.[28,29] Advances in AD treatment include 
the use of systemic immunosuppressants, such as cyclo-
sporine, methotrexate and IFN-γ; however, these drugs 
are only adequate for a severe and refractory state of the 
disease and arise some concerns when administrated in 
young infants.[30] In addition, PCL NPs and nanosystems 
can be applied to delivery other drugs such as potent 
immunosuppressants,[27] lowering the dose of drug 
administered and entrapped into the NPs. This property 
may allow the minimization of the side effects and the 
improvement of clinical effectiveness and safety.

Materials and methods

HCA (MW: 404.50 g.mol−1), Pluronic® F-68 (Poloxamer 
188), sodium chloride, disodium hydrogen phosphate 
dihydrate and stearic acid and PCL, (MW: 14,000 g.mol−1) 
were supplied by Sigma-Aldrich (Steinheim, Germany). 
Polysorbate 80 was obtained from Fluka (Steinheim, 
Germany). Acetone and methanol were purchased 
from José Manuel Gomes dos Santos Lda. (Lisbon, 
Portugal) and Valente e Ribeiro Lda. (Lisbon, Portugal), 
respectively. Sodium lauryl sulfate (SLS), methylpara-
ben, propylparaben and cetyl alcohol were purchased 
from José M. Vaz Pereira SA (Lisbon, Portugal). Sodium 
dihydrogen phosphate dehydrate was purchased from 
Riedel-de-Haen (Seelze, Germany). White wax was pur-
chased from Farma-Quimica Sur SL (Magala, India) and 
petrolatum was supplied by Fagron Iberica SA (Terrassa, 
Spain). Polydimethylsiloxane (PDMS) membranes with a 
thickness of 75 µm were kindly donated by Dow Corning 
Europe S.A. (Seneffe, Belgium).

Preparation of the PCL NPs
Blank and HCA-loaded PCL-NPs were prepared by a 
modified technique of the solvent displacement method 
previously described.[25] Briefly, 125 mg of PCL dissolved 

in 25 mL of acetone and 5 mg of HCA suspended in 
methanol were added to an aqueous phase consisting of 
50 mL of distilled water containing 2% (v/v of the aque-
ous phase) of Polysorbate 80. The emulsion was stirred at 
100 rpm using a mixer equipped with a marine impeller. 
The obtained suspension was then concentrated by sol-
vent removal under reduced pressure in a rotary evapora-
tor. The NPs were then centrifuged at 41,200 x g for 40 min 
(High Speed Centrifuge Z36HK, Hermle Labortechnik, 
Germany). The supernatant was withdrawn and the 
NPs were dried and stored at refrigeration temperature 
around 4ºC. Firstly, different parameters were tested 
with batches of empty PCL NPs, such as the stirring rate, 
the type and the concentration of the stabilizer used  
(Table 1). For these studies, water soluble surfactants, with 
FDA approval, such as Poloxamer 188 and Polysorbate 80 
(nonionic surfactants), and also SLS (anionic surfactant) 
were used for improving NPs properties[13] such as drug 
release enhancement and control of the particle size.

Particle size analysis
The mean particle size, polydispersity index (PI) and zeta 
potential of the NPs were measured with a Coulter Nano-
sizer Delsa Nano™C (Fullerton, CA, USA). Experiments 
were made in triplicate. A low value of PI factor indicates 
a more stable and less dispersed NP distribution in size.

Morphology
The morphological assay of the HCA-loaded NPs was 
conducted by using transmission electron microscopy 
(TEM, CM12 Philips, the Netherlands). The samples 
were stained with 2% phosphotungstic acid, and placed 
on copper grids with Formvar® films for viewing by TEM.

Determination of HCA content and  
entrapment efficiency
A sample of the nanoparticulate suspension centrifuged 
at 41,200 x g for 40 min were weighted and redispersed 
in 20 mL of methanol. The dispersed NP were then lysed 
after heating (>60ºC) and sonicated every 10–15 min 
during 60 min. Samples were collected at appropriated 
time intervals and centrifuged at 68,600 x g for 30 min. 
The amount of HCA entrapped within polymeric NPs 
was determined spectrophotometrically at 242 nm 

Table 1.   Formulation and processing conditions of HCA-loaded 
PCL NPs (means ± SD, n = 3).

Formulation
Stirring rate 

(rpm)
Surfactant  

(%) Type of surfactant
I 100 0 None
II 100 2 Polysorbate 80
III 100 2 Poloxamer 188
IV 100 2 Sodium lauryl sulfate
V 100 3 Polysorbate 80
VI 100 4 Polysorbate 80
VII 200 3 Polysorbate 80
VIII 400 3 Polysorbate 80
IX 600 3 Polysorbate 80
X 800 3 Polysorbate 80
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(UV-visible spectrophotometer, Evolution 600, UK), by 
measuring the drug content in the supernatant solution 
(nonencapsulated drug). Measurements were made in 
triplicate. A standard calibration curve was performed 
with the HCA solution in methanol and the entrapment 
efficiency (EE) was then calculated. The established  
linearity range was 1–20 µg/mL (R2 = 0.9992).

In vitro drug release
HCA-loaded NPs (10 mg) were placed in a recipient 
containing 20 mL of PBS (pH 7.4) (USP XXX) without 
enzymes and incubated at room temperature under 
constant stirring (130 rpm). At appropriated time inter-
vals, aliquots of the release medium were collected and 
replaced immediately with fresh solution. A clear super-
natant was obtained after an ultrafiltration centrifugation 
technique (68,600 × g for 30 min). HCA concentration 
in the supernatant was determined in triplicate using a 
UV-visible spectrophotometer. A standard calibration 
curve was performed with the HCA solution in PBS 7.4. 
The established range was 1– 25 µg/mL (R2 = 0.9992).

Stability studies and interaction analysis by fourier 
transform infrared spectroscopy
Drug stability was assessed for 7 days, at 37 ± 1ºC, under 
constant stirring (130 rpm), in the same medium as used 
for the in vitro release studies, by measuring the size and 
zeta potential over time and by analyzing interactions of 
both polymer and drug into the nanoparticulate formu-
lation by fourier transform infrared (FT-IR) spectroscopy. 
At appropriate time intervals, a sample of the NPs was 
collected and freeze-dried in order to obtain a powder 
for FT-IR analysis. The sample analysis was performed by 
comparing the raw polymer, the raw drug, the blank NPs, 
the HCA-loaded NP and a physical mixture of blank NPs 
and HCA (1:1). The KBr pellet method was chosen for 
this assay and the FT-IR was recorded by using a Bruker 
Spectrometer IFS-66V (Karlsruche, Germany).

Preparation of semi solid formulations
In order to study the permeation profile of HCA from 
several vehicles, two traditional formulations were used 
for comparative purposes. A conventional oil-in-water 
(O/W) type cream containing 1% (w/w) HCA was pre-
pared as follows. Firstly, methylparaben and propylpara-
ben were dissolved with SLS in water (75ºC). Secondly, a 
mixture of cetyl alcohol and stearic acid was added to the 
solution, gently and with constant stirring, at the same 
temperature. An ointment containing 1% (w/w) of HCA 
was prepared as described. First, white wax was merged 
(70–75ºC). Then, petrolatum was added to the mixture, 
as the temperature of the two excipients was identical 
and they were completely merged. The formulation was 
removed from the bath and mixed until solidification.

In vitro drug permeation studies
Samples of 1% of HCA-loaded NPs were suspended in 
200 µL of oleic acid. A hydrophobic ointment, an O/W 

emulsion and a solution of HCA in oleic acid were 
used as controls for this experiment. In vitro diffusion  
studies with Franz cells were first conducted using a 
PDMS membrane as a simplified model of human epi-
dermis. PDMS membranes have been used extensively in 
preliminary permeation studies because of their simple 
structure and reproducible nature.[31–33] Equal amounts 
of drug in the different formulations were placed in the 
donor compartment of the diffusion cells. The effective 
diffusion area was 0.95 cm2 and the mean volume of the 
receptor chamber was approximately 3.9 mL. The recep-
tor chamber was filled with PBS at pH 7.4 and stirred 
constantly at 130 rpm. The receptor compartments of the 
diffusion cells were maintained at 37ºC using a recircu-
lating water bath. Donor compartments were covered by 
glass slips. Samples were taken at regular intervals for UV 
spectrophotometry assay at 242 nm and replaced imme-
diately with an equal volume of fresh PBS. A standard 
calibration curve was performed with the HCA solution 
in PBS 7.4. All experiments were performed fivefold. The 
multiple steady-state fluxes of HCA and the percentage 
of drug permeation were determined.

In vitro toxicity studies
Cell viability of HCA-loaded PCL NPs was evaluated based 
on the Saccharomyces cerevisiae model.[34–36] This model 
consists of the inoculation of yeast cell cultures in com-
plete medium YPD (yeast extract 1%, peptone 0.5% and 
glucose 2%) containing 1.5% agar in a 3 mL cuvettes. After 
inoculation, the cultures were placed in the LEEC incu-
bator (LEEC Automatic CO2 Incubator Model GA3010) 
to grow at 30ºC, under constant agitation (130 rpm). Cells 
were incubated with HCA-loaded NPs suspension from 
0.0018 to 0.09 mg/mL. Control experiments were carried 
out for the equivalent HCA concentrations of free drug 
solution, as well as for empty PCL NPs from 0.009 mg/mL 
to 0.45 mg/mL. Different ranges were conducted in order 
to establish a relation between the system’s toxicity and 
the cellular response. At designated time intervals, the 
cultures were vortexed and cell density was determined 
spectrophotometrically. The absorbance was measured 
at 525 nm and the number of cells/mL was calculated by 
the previously described standard curve Y = 6.8219E-8X 
+ 0.0327.[36] Each sample was measured in fourfold. Cell 
viability for each concentration was calculated by the fol-
lowing equation:

Cell viability (%)  
Abss

Abscontrol
  100= ×

where Abss is the absorbance of the cells incubated with 
the HCA-loaded NPs, the free drug solution and the 
empty PCL NPs, and Abscontrol is the absorbance of the 
cells incubated with the culture medium only.

The number of inoculated cells and the incubation 
time, up to 6 h, were adjusted in order to include a linear 
part of the log phase. The log phase appeared after 2 h of 
incubation at 30ºC.
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Statistical methodology
Results are expressed as mean ± SD. The significance 
of differences was assessed using One-way ANOVA 
(Tukey’s Test) for multiple comparisons between the 
physicochemical parameters of the formulation control, 
the in vitro drug permeation assay and the in vitro toxic-
ity evaluation. A 0.05 significance level was adopted.

Results and discussion

Effect of processing conditions on the physical 
properties of HCA-loaded PCL NP
Several batches of empty PCL NPs were prepared by 
varying parameters such as the stirring rate and the 
type and concentration of the stabilizer used. The influ-
ence of manufacturing conditions on the PCL NPs main 
physical parameters such as particle size and mean 
diameter, zeta potential and polydispersity was assessed  
(Table 2). Measurement analysis of the particle size 
indicated a significant decrease of the mean particle  
diameter in the presence of a surfactant agent in the exter-
nal phase (p< 0.05). NPs prepared in the absence of sur-
factant were significantly larger. Previous studies reported 
that this effect may be caused by a decrease in the inter-
facial tension developed at the surface of the globules 
formed in the emulsifying medium.[37] Polysorbate 80 pro-
duced the smallest NP. Also as expected, the addition of a 
surfactant increased the mean value of the zeta potential 
and decreased the polydispersity value, contributing for 
the NPs increased stability. No precipitate was observed 
after NPs preparation. Change in the surfactant type did 
not show an effect on the mean particle diameter as well 
as demonstrated with the increase of the surfactant con-
centration from range 2% to 4%. Furthermore, no influ-
ence on the zeta potential or on the polydispersity was 
demonstrated. Apart from this fact, NPs prepared with 
SLS increased the absolute value of zeta potential (com-
pared with the NPs prepared without surfactant), ensur-
ing the particles stability and avoiding their aggregation. 
Besides, formulations I (no surfactant) and IV (with SLS) 
demonstrated a similar charge value, which may suggest 
a low fixation of this surfactant at the NPs surface. Since 

the polymer shows also an anionic character,[15] weak 
electrostatic interactions may lead to small adhesion of 
the negative charged surfactant to the NPs, reducing its 
value. However, SLS is considered a disrupting substance 
for the skin barrier, exacerbating the skin contact eczema 
which may intensify the inflammatory response[38,39] and 
because of this the referred excipient was not included 
for further studies. Finally, increasing the speed of stirring 
from 100 to 800 rpm showed no change on the mean par-
ticle size, zeta potential or PI (Table 2).

In the presence of the drug, mean particle size 
increased slightly after loading, with a range between 
190 and 230 nm. In terms of the zeta potential, the par-
ticles were negatively charged (between −3 and −5 mV) 
and PI (0.010–0.030) indicated a higher stability for the 
loaded NPs, when comparing with the blank NPs. EE for 
HCA-loaded NPs was around 62%. In spite of the great 
capacity of PCL to enhance encapsulation of lipophilic 
drugs, through hydrophobic interactions, the entrap-
ment of HCA is still limited, as demonstrated in other 
studies.[23,24,40] In the present study, HCA initial loading 
was 80 µg per mg of polymer. Although higher EE was 
expected, lower values were obtained probably due 
to the PCL highly hydrophobic domains that increase 
the instability of the primary emulsion, during the NP’ 
formation[40] or, most likely, because of the HCA diffu-
sion from the polymer matrix, before acetone evapora-
tion, since the drug has a high affinity for this organic 
solvent.[41,42] Finally, electrostatic charge may modulate 
the interactions between the NPs and the skin, thereby 
providing specific attachment to the desired local 
action.[43–45] Since the human skin has zeta potential 
around +23 mV as previously described[46], opposite 
charge may increase contact time between drug and 
skin, and this electrostatic interaction could be a tech-
nological advantage. However, skin hair follicles are also 
reported to have a negative charge.[44] Thus, this subject 
is still controversial. On the one hand, cationic nano-
carriers such as liposomes[47] are described as capable 
of penetrating deeply the skin, reaching high follicular 
depths but on the other hand, another study conducted 
by Kholi and coworker showed that negatively charged 
particles were capable of skin permeation independently 
from their size, while neutral and positive charged par-
ticles were not[48]. The authors propose that this outcome 
is a consequence of repulsive forces between the skin 
lipids and the NPs, permitting drug permeation through 
the formation of transitory channels. Indeed, Raiman  
et al.[43] suggest that skin surface may vary from a nega-
tive charge at higher pH values (~6–7), to a neutral one 
at pH ~4. According to the literature,[49] the skin surface 
is considered acidic with a normal pH range between 4.2 
and 5.6, and this acidic character might also interfere 
with the penetration of NP through the skin by decreas-
ing the electrostatic forces and creating aggregates of 
the NPs[49]. Further, recent studies report some local skin 
toxicity associated with the induction of keratinocytes 
apoptosis by empty cationic lipid vesicles.[49,50]

Table 2.   Effect of formulation and processing conditions on the 
properties of PCL NPs (mean ± SD, n = 3).

Formulation
Particle diameter 

(nm)
Polydispersity 

index (PI)
Zeta potential 

(mv)
I 471.4 ± 66.1 0.121 ± 0.11 −42.09 ± 22.6
II 201.5 ± 23.2 0.068 ± 0.04 −10.10 ± 0.9
III 262.6 ± 9.8 0.059 ± 0.02 −8.91 ± 15.2
IV 210.0 ± 11.2 0.022 ± 0.02 −58.68 ± 13.5
V 204.9 ± 7.7 0.074 ± 0.01 −8.32 ± 0.6
VI 213.4 ± 11.8 0.077 ± 0.01 −7.06 ± 1.2
VII 216.6 ± 16.5 0.085 ± 0.02 −4.42 ± 12.8
VIII 203.2 ± 15.1 0.071 ± 0.02 −7.02 ± 4.2
IX 210.9 ± 11.8 0.037 ± 0.01 −10.42 ± 3.5
X 204.1 ± 19.0 0.090 ± 0.03 −3.70 ± 3.6
PI, polydispersity index.
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Morphology
The morphological appearance of the loaded PCL NPs was 
assessed by TEM. The images shown in Figure 1 demon-
strate that the nanosystems have a spherical shape and have 
a size near 200 nm (a). General background also evidence 

that there is a heterogeneous population of NPs but also 
show approximately the same type of structure (b).

In vitro drug release studies
Drug release profiles from PCL NPs in the release medium 
showed a prolonged release profile from the PCL NPs, as 
demonstrated in Figure 2. After 24 h, approximately 7% of 
the drug was released from the NPs Such low value for the 
cumulative amount of released HCA may be explained 
by the ability of PCL, as a hydrophobic polymer, to retain 
mostly highly hydrophobic drugs like HCA, which may 
lead to the drug slow release or by some degradation of 
the drug over the time.

Stability studies and interaction analysis by FT-IR 
spectroscopy
The stability of the HCA-loaded NPs by measuring 
their size and zeta potential for up to one week. The 
results (Figure 3) showed a slight decrease in the NPs 
zeta potential after one week. In addition, the values of 
the size remained constant during the period of study. 
Typical FT-IR spectra of raw HCA, PCL and NPs (blank 
and physical mixture 1:1) are represented in Figure 4 (a, 
b, c, d). Also in this figure, HCA-loaded NP’s stability over 
7 days was compared (e, f, g, h). It can be seen that the 
FT-IR spectrum of raw HCA shows specific absorption at 
3429, 3339, 1747, 1723, 1630 and 1374 cm−1[51], in which 
the bands corresponding to the three carbonyl groups 
(C=O) of HCA are 1747, 1723 and 1630 cm−1 and the ones 
corresponding to the hydroxyl groups (OH-) are 3429 and 
3339 cm−1[52]. As for raw PCL characteristic absorption 
spectra, bands positions are: 1189 (O-C-O stretching), 
1726 (C=O stretching) cm−1[53] and 2945 and 2866 cm−1[54]. 
Blank NPs show some differences from the polymer as the 
band 2945 cm−1 and suffered a shift to 2926 cm−1; the other 
bands overlap, in exception of the band concentrated at 
1189 cm−1, which maintained constant but turn out more 
enlarged. Entrapment of HCA resulted in alterations in 
the spectrum transmittance with intensity attenuation 
after the NPs drug loading. HCA spectrum at 1747 cm−1 
and PCL (and blank NPs) spectrum at 1726 cm−1 are 
shifted to 1730 cm−1 after the drug entrapment. This loca-
tion is, actually, a probable site for interaction since it can 
form hydrogen bond with OH- of HCA[53]. In contrast, the 
bands correspondents to the physical mixture of blank 
NPs and HCA (1:1) show characteristics of both features. 

Figure 1.    Electron transmission micrographs of (A) HCA-loaded 
PCL NPs; (B) general background of HCA-loaded PCL NPs.

Figure 2.    Kinetics of in vitro percent cumulative release 
profiles of HCA from PCL NPs suspended in PBS buffer (pH 7.4)  
(Mean ± SD, n = 3).

Figure 3.   NP size (▲) and zeta potential (◼) measured at 37ºC at  
pH 7.4 over one week (mean ± SD, n = 3).

Ph
ar

m
ac

eu
tic

al
 D

ev
el

op
m

en
t a

nd
 T

ec
hn

ol
og

y 
D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

L
iv

er
po

ol
 o

n 
11

/1
5/

14
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



Transdermal delivery of nanoparticles  715

© 2013 Informa Healthcare USA, Inc.�  

Finally, HCA-loaded NPs spectrum showed little varia-
tion over time (7 days) with general intensity decay in the 
specific bands and also new absorption bands appear 
at lower wavelengths. In addition, the bands for HCA 
hydroxyl groups suffer a shift to 3352 cm−1 (after loading) 
with an increase to 3438 cm−1 over time, also present in 
the specific polymer spectra. The FT-IR may indicate 
that the NPs are stable for one week and reorientated the 
original structures as the drug is released.

In vitro drug permeation studies
Diffusion patterns of the permeation of HCA through 
PDMS in each formulation are shown on Figure 5. 
Depending on the formulation system, different flux 
values were obtained (Table 3), but the steady-state was 
quickly reached in all cases and the cumulative amount 

of diffused drug increased along with the permeation 
profile. The highest fluxes were obtained with the O/W 
cream and the HCA solution. On the other hand, the low-
est value was found for the ointment and HCA-loaded 
NPs. In fact, the nanosystem showed a diffusion pattern 
similar to the ointment (p > 0.05), as demonstrated in 

Figure 4.    FT-IR spectra of (a) HCA; (b) PCL; (c) Blank NPs; (d) 
Blank nanoparticles: HCA physical mixture (1:1); (e) HCA-loaded 
nanoparticles (0 h); (f ) HCA-loaded nanoparticles (48 h to 2 days); 
(g) HCA-loaded nanoparticles (72 h to 3 days) and (h) HCA-loaded 
nanoparticles (168 h to 7 days).

Figure 5.   In vitro permeation profiles of HCA in PBS buffer at 37ºC 
and pH 7.4 after 12 h (mean ± SD, n = 5, except for the solution and 
O/W cream with n = 4).

Figure 6.    Relationship between the type of vehicle and the 
permeation fluxes (ns: p > 0.05, **p < 0.01, ***p < 0.001). Data 
are shown as mean ± SD (n = 5), except for the O/cream and the 
solution with n = 4.

Table 3.   Fluxes (µg/cm2/h) and cumulative drug amount (%) for the 
different delivery systems in the permeation assay after 12 h (mean ± 
SD, n = 5, except for the solution and O/W cream with n = 4).

System
PDMS membrane

Flux Amount
NPs 5.35 ± 0.37 6.19
O/W cream 9.66 ± 1.50 11.79
Solution 7.52 ± 0.61 8.64
Ointment 5.56 ± 0.28 6.24
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Figure 6. The same trend was observed in the % of drug 
that permeated after 12 h.

Such differences in permeation can be attributed 
to variations in the resistance opposed by the different 
formulations to the diffusion of the drug. This effect is 
very marked in the ointment, but almost negligible in the 
solution.

In vitro toxicity studies
Cytotoxicity experiments were carried out for HCA-
loaded NPs, as well as for blank NPs and free HCA  
(Figure 7). Higher concentrations were not conducted 
since early high absorbances enabled the reading of 
the continuous cell growth, within the detectable range. 
Experimental results show a significant reduction in the 
S. cerevisiae proliferation rate (p < 0.05), in a concen-
tration-dependent manner in the three systems. Moreover, 
there was a statistical significant difference between the 
loaded NPs initial concentration (C = 0.0018 mg/mL) 
and the other concentrations for the same system  
(C = 0.009 mg/mL and C = 0.9 mg/mL) (p < 0.05). No 
reduction of the toxicity level was obtained with the 
encapsulation of HCA into NPs. It is known that there 
is a correlation between NPs increased surface area, 

as a consequence of its small size, and the establish-
ment of induced inflammation (via oxidative stress) in 
human keratinocytes.[55] Further studies should assess in 
vitro toxicity in epidermal keratinocytes and LC, since 
these are the main targets of AD treatment and may 
be involved in this pathology.[56,57] Another important 
aspect in toxicity studies is the degradation time of the 
PCL NPs. PCL remains active during at least 1 year.[15,58,59] 
For this reason, slowly degradable particles used in drug 
delivery may show persistence and accumulation on 
the site of drug delivery, perhaps resulting in chronic 
inflammatory reactions.[60] Finally, further experiments 
should be made in animals for determination of NP’s 
systemic toxicity, both acute and subchronic.

Conclusions

Therapeutics with TC remains a challenge in many auto-
immune disorders, such as AD. This study describes the 
preparation of PCL NPs for the encapsulation of HCA. 
Experimental results allow the conclusion that the opti-
mization of the NPs procedure, by solvent displacement 
method, lead to the achievement of small size particles, 
with a homogeneous distribution and an average nega-
tively charged surface after loading, which may be crucial 
for in vivo interaction with the cell membrane. Based on 
particle size, zeta potential and polydispersity measure-
ments, the optimal conditions for the preparation of 
HCA-loaded PCL NPs occurred when the stirring velocity 
was 100 rpm and the surfactant was Polysorbate 80 at 2% 
(v/v). The encapsulation of HCA into PCL NPs may offer a 
potential system for local delivery to the skin surface and 
a controlled release of the drug, minimizing absorption 
of topically applied HCA. Work in progress confirmed 
that it is possible to reduce the HCA release from the NPs.

The overall conclusion confirms that PCL is a useful 
and safe polymer for drug delivery to the skin surface and 
for the potential application of nanotechnology in trans-
dermal delivery systems. Further studies should assess 
the accomplished results and further develop this work.
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