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Abstract
With the aim of improving the topical delivery of the antineoplastic drug 5-fluorouracil (5FU), it was loaded into ultradeformable
liposomes composed of soy phosphatidylcholine and sodium cholate (UDL-5FU). The liposome populations had a mean size of
70 nm without significant changes in 56 days, and the ultradeformable formulations were up to 324-fold more elastic than
conventional liposomes. The interaction between 5FU and the liposomal membrane was studied by three methods, and also
release profile was obtained. UDL-5FU did penetrate the stratum corneum of human skin. At in vitro experiments, the formu-
lation wasmore toxic on a humanmelanoma-derived than on a human keratinocyte-derived cell line. Cells captured liposomes by
metabolically active processes. In vivo toxicity experiments were carried out in zebrafish (Danio rerio) larvae by studying the
swimming activity, morphological changes, and alterations in the heart rate after incubation. UDL-5FU was more toxic than free
5FU. Therefore, this nano-formulation could be useful for topical application in deep skin precancerous lesions with advantages
over current treatments. This is the first work that assessed the induction of apoptosis, skin penetration in a Saarbrücken
penetration model, and the toxicological effects in vivo of an ultradeformable 5FU-loaded formulation.
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Introduction

Skin cancer, melanoma and non-melanoma, is the most com-
mon type of malignancy in the Caucasian population [1].

Conventional treatment includes surgery and chemotherapy,
but many of the chemotherapeutic agents used present unde-
sirable effects [2]. Nano-technology provides alternatives to
traditional therapies and complementary treatments. The en-
capsulation of antineoplastic agents into nano-drug delivery
systems could result in advantages such as high stability, re-
duction of the total dose required, minimizing the toxic side
effects, and reducing the treatment cost significantly [2, 3].
Transdermal drug delivery offers many advantages over other
traditional routes of administration. Transdermal systems are
non-invasive, can be self-administered, and enable to bypass
the premature metabolism of the drugs in the liver [4].

The stratum corneum (SC) of the human skin is considered
as the limiting barrier in transdermal permeation of most mol-
ecules [5]. It consists of 10–25 layers of dead, elongated, fully
keratinized corneocytes, which are embedded in a matrix of
non-phospholipid lipid bilayers, with approximately 10–
20-μm thickness and is considered as metabolically inactive
[6, 7]. The SC is the outermost layer of the epidermis and is
the final product of epidermal differentiation [8].

Ultradeformable liposomes (UDL) are highly elastic lipo-
somes capable to penetrate the SC because they are able to pass
through pores much smaller than their own size [8]. This
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property is due to the presence of an edge activator that in-
creases the deformability of the bilayer by affecting the interfa-
cial tension of these vesicles [9]. Therefore, UDL are able to
penetrate the skin driven by the transdermal osmotic gradient
[10], transporting the encapsulated actives through the epider-
mal lipid layers [11–13].

5-Fluorouracil (5FU), a hydrophilic anticancer drug
used in the treatment of various forms of skin cancer,
showed a suitable antitumor effect in the topical treatment
of lesions related to squamous cell carcinoma such as ac-
tinic keratosis, Bowen’s disease, and keratoacanthoma
[14]. Moreover, since the ‘70s, diverse articles reported
the effectiveness of 5FU in the treatment of basal cell car-
cinoma but only when it was superficial [15, 16]. 5FU per
se shows a poor percutaneous permeation thus reducing its
anticancer effectiveness following topical administration in
deep lesions. Therefore, an increased percutaneous perme-
ation of 5FU could improve the effectiveness of the topical
therapeutic approach.

Zebrafish (Danio rerio) develop most of the main or-
gan systems present in mammals during the first week of
life; some organs and tissues have been shown to be
similar to those of mammals at anatomic, physiological,
and molecular levels [17]. As zebrafish larvae develop in
a short period of time, ex utero, and are transparent, they
are ideal for nano-particle and drug analysis with non-
invasive techniques [18].

In this work, a UDL formulation of 5FU for topical
therapy of deep skin precancerous and cancerous lesions
was obtained and characterized. The skin penetration pro-
file was studied with the Saarbrücken penetration model
(SPM). The antitumor activity and cytotoxicity were
assessed in two cell lines of human origin by three com-
plementary biochemical assays. In addition, uptake of the
nano-formulation and induced cell death mechanisms (in
terms of apoptosis and necrosis) were studied. Finally,
developmental toxicity assays were carried out on
zebrafish model in vivo.

Materials and methods

Materials

Soybean phosphatidylcholine (SPC) was purchased from
Avanti® Polar Lipids. 5FU was an injectable solution from
Laboratorios Filaxis (Buenos Aires, Argentina); sodium cho-
l a t e (NaCho l ) , 1 , 2 - d imy r i s t o y l - s n - g l y c e r o - 3 -
phosphoethanolamine-N-(Lissamine™ rhodamine B sulfo-
nyl), fluorescein isothiocyanate, merocyanine 540, and
sephadex G-50 were purchased from Sigma-Aldrich
(Buenos Aires, Argentina). Sodium carboxymethylcellulose
was from Fluka-BioChemika (Sigma-Aldrich, Argentina). 6-

Dodecanoyl-2-dimethylaminonaphthalene was purchased
from Thermo Fisher Scientific (Buenos Aires, Argentina).
Crystal violet, neutral red (NR), ethanol, and methanol were
from BioPack (Buenos Aires, Argentina). Chloroform was
from J.T.Baker®. 3-[4,5-Dimethylthiazol-2-yl]-3,5-diphenyl-
tetrazolium bromide salt was obtained from Life
Technologies™ (Thermo Fisher Scientific Inc., Argentina).
Minimum essential medium, RPMI 1640 medium, fetal bo-
vine serum, glutamine, pyruvate, penicillin, and streptomycin
were obtained from Gibco (Waltham, MA, USA). Brine
shrimp (Artemia persimilis) was from Biosima SRL (Buenos
Aires, Argentina). All other reagents used were from analyti-
cal grade.

Ultradeformable liposome preparation

UDL were prepared by mixing SPC and NaChol, as bor-
der activator (6:1 w/w ratio). The mixture was solubilized
in CHCl3:CH3OH (1:1 v/v). It was rotary evaporated at
40 °C in round bottom flask until organic solvent elim-
ination. The thin lipid film was flushed with N2 and
rehydrated with 10-mM Tris–HCl buffer plus NaCl
0.9% w/v, pH 7.4 (Tris buffer), up to a final concentra-
tion of 40 mg SPC/ml. The resultant liposomal suspen-
sion was reduced in size and lamellarity by three soni-
cation cycles of 30 s with a tip displacement of 10 μm
and 17.5 W of power (titanium probe-type ultrasonic ho-
mogenizer, Malvern Mastersizer), separated by periods of
30 s at room temperature. Conventional liposomes (CL),
non-ultradeformable, were prepared by the same proce-
dure than UDL but without NaChol.

An ethanolic extract from blueberry (Vaccinium
myrtillus, BMillenia^ variety) rich in antioxidants was
obtained as described by Montanari et al. [19]. The
blueberries were harvested in December 2015 at latitude
33° 45′ S, longitude 59° 45′ W, and elevation 36 m.
The blueberry extract was solubilized in Tris buffer in a
concentration of 6.13 mg/ml (BE).

Basically, the same steps mentioned above were follow-
ed to incorporate in the aqueous phase, during the film
hydration, 5FU 0.25% w/v (UDL-5FU and CL-5FU) and
5FU plus BE (UDL-5FU-BE). Double-labeled fluorescent
UDL-5FU (FUDL-5FU) and CL-5FU (FCL-5FU) were
prepared by adding fluorescein isothiocyanate (FITC)
1 mM to the hydration buffer and co-solubilizing with
lipids in the organic solution 1,2-dimyristoyl-sn-glycero-3-
phosphoethanolamine-N-(Lissamine™ rhodamine B sulfo-
nyl) (Rh-DPPE), in a molar ratio Rh-DPPE:SPC of
1:1000. In all cases, non-incorporated 5FU, BE, and
FITC were separated by gel permeation chromatography
in a Shepadex G-50 column using minicolumn centrifuga-
tion method adapted from Fry et al. [20].
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Entrapment efficiency and drug lipid ratio

Concentration of encapsulated 5FU was determined by spec-
trophotometry at 266 nm (Jasco V-550, Tokyo, Japan) after
complete disruption of one volume of liposomal suspension in
two volumes of ethanol. The entrapment efficiency (EE%)
was determined as the percentage of the mass incorporated
within the UDL (ED) and the initial mass of drug added
(TD), according to the following equation:

EE% ¼ ED
TD

*100: ð1Þ

Liposomal phospholipids were quantified by a colorimetric
determination method with ammonium ferrothiocyanate as
described by Stewart [21]. The drug:phospholipid ratio of
UDL-5FU was determined.

Determination of size, surface charge, and stability

To assess mean vesicle size and superficial charge, dy-
namic light scattering (DLS) and zeta potential were
performed with a particle size analyzer 90 Plus
(Brookhaven Instruments Corporation). These parame-
ters were measured just after preparation and followed
through time to determine stability. Negative staining
transmission electron microscopy images of liposomes
upon uranyl acetate staining were obtained (Zeiss EM
109T transmission microscope, Germany).

The stability of UDL and UDL-5FU was also assessed
using Turbiscan Lab® Expert (Formulaction, L’Union,
France). The variation of their backscattering (ΔBS) and
transmission (ΔT) profiles as a function of time was analyzed.
Briefly, the samples were diluted 1/10 in Tris buffer and were
placed in a cylindrical glass cell, which was scanned from
bottom to top. The measurements were performed for 1 h at
4° (storage temperature), 25° (room temperature), and 37 °C
(body temperature). For the comprehensive evaluation of
global stability, the Turbiscan Stability Index (TSI) was cal-
culated with Turbiscan Easy Soft, according to Eq. (2).

TSI ¼ ∑
i

∑│SCAN i hð Þ−SCAN i−1 hð Þ│
H

ð2Þ

where SCANi (h) is the average backscattering for each time (i)
of measurement, SCANi − 1 (h) is the average backscattering
for the i − 1 time of measurement, and H is the sample height.
The TSI takes into account all single scan during the experi-
ment and its value is obtained from their average. Lower
values of TSI correspond to a more stable system [22].

Drug-membrane interaction

The interaction of 5FU with the liposomal membrane was
assessed by three complementary methods: differential scan-
ning calorimetry (DSC), merocyanine 540 (MC540), and 6-
dodecanoyl-2-dimethylaminonaphthalene (Lauran) probes.

Temperature of phase transition (Tm) and associated change of
enthalpy (ΔHcal) of UDL and UDL-5FU were determined by
DSC from − 50 to 30 °C at 10 °C/min rate with an isotherm at −
50 °C of 10 min, in a DSC Q200 (TA-Instruments). Samples
(10 mg) were weighed in TA hermetic alodined pans and tightly
sealed with a TA hermetic alodined lid. Thermodynamic param-
eters were calculated with TA Universal Analysis software.

MC540 is a lipophilic dye that can be used quantitatively to
study phospholipid packing of lipid vesicles [23]. In water, the
MC540 shows two spectrum maximum (the dimer form at
500 nm and the monomer form at 530 nm), whereas in hydro-
phobic environments the maximum are shifted toward 530
(dimer) and 570 nm (monomer) [24]. The hydrophobicity
factor (HF) is the ratio of the absorbance at 570 nm respect
to 500 nm. Liposome formulations were diluted with Tris
buffer until a concentration of 172.04 μM of SPC. MC540
was added in aliquots to give a final concentration of
0.768 μM until a probe:lipid ratio 1:200 mol:mol. The sample
was allowed to equilibrate for 2 min and then a scan between
400 and 600 nm was obtained with a UV–Vis spectrophotom-
eter. Measurements were performed at room temperature and
baseline correction was done to avoid scattering with lipo-
somes without MC540 [25]. HF was calculated as:

HF ¼ A570
A500

ð3Þ

The analysis with Laurdan probe was based on the fluores-
cence spectral shift of Laurdan which can be attributed to
dipolar relaxation phenomena, originating from the sensitivity
of the probe to the polarity of its environment [26]. Laurdan
concentration was 0.33 mol% with respect to the total lipids
[27]. The probe was added to the lipids with the organic sol-
vent prior to evaporation and the samples were measured by
fluorescence spectroscopy (FluoroMate FS2, SCINCO,
Korea). When lipids are in the gel phase, Laurdan maximum
is located at 440 nm; and when lipids are in the liquid crystal-
line phase, the maximum emission of this probe is at 490 mm
[28]. Emission intensity was then acquired at 443 (I443) and
485 nm (I485) (excitation wavelength of 340 nm) at room
temperature [27]. Generalized polarization (GP) was calculat-
ed from the emission intensities using the following equation
adapted from the work of Hollmann et al. 2010:

GP ¼ I443−I485
I443þ I485

ð4Þ
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Deformability test

The deformability of UDL, UDL-5FU, and CL-5FU (with
similar size) was determined driving 2 ml of each formulation
by an external pressure of 1 MPa of N2, through one 50-nm
pore size polycarbonate membrane, in a Lipex 10-ml
Thermobarrel Extruder (Transferra Nanosciences,
Vancouver, Canada) [29]. Extruded volume was collected ev-
ery minute along 15 min and percentage of phospholipid was
determined for each fraction.

Drug release

Drug release was evaluated in duplicate in vitro using
centricons (Amicon® Ultra-0.5 Centrifugal Filter Devices,
Merck, Darmstadt, Germany) with membrane of cellulose
with molecular cutoff of 3 kDa. Within a period of 24 h,
3 ml of UDL-5FU, UDL and 5FU were placed into polypro-
pylene tubes, which were constantly stirred (120 rpm) and
warmed to 37 ± 1 °C. At predetermined time intervals (0,
0.5, 1, 2, 4, 8, 12, and 24 h), 200 μl of the sample was with-
drawn and replaced with an equal volume of fresh Tris buffer.
Samples were centrifuged 40 min in centricons at 14,000 g at
4 °C. The filtrates (drug release from the liposomes) were
analyzed by UV-Visible absorbance (NanoDrop 2000,
Thermo Scientific, Waltham, MA, USA). The absence of li-
posomes in the filtrates was confirmed by phospholipid quan-
tification [21]. The percentage of released drug was calculated
according to the following equation:

Drug release %ð Þ ¼ mean cumulative mass in the filtrate
initial mass of drug

*100: ð5Þ

In vitro skin penetration studies

Samples of a healthy adult human skin were obtained from
abdominal reduction surgery of a Caucasian woman (39 years
old). After excision, the subcutaneous fatty tissue was re-
moved; the SC surface was cleaned with water, wrapped in
aluminum foil, and stored in polyethylene bags at − 20 °C
until use [30, 31].

Disks of 24 mm in diameter were punched out from frozen
skin, thawed, cleaned with Tris Buffer, and transferred directly
into the SPM device [31]. The skin was put onto a filter paper
soakedwith Tris buffer and placed into the cavity of the Teflon
block of the SPM. Avolume of 50 μl of free 5FU, UDL-5FU,
FUDL-5FU, and FCL-5FU were applied under non-occlusive
conditions to the skin surface and incubated for 1 h at 35 ±
1 °C.

Tape stripping

After the incubation in the SPM device, five skin specimens
were segmented using tape stripping method as described by
Montanari et al. [12]. The formulation was wiped off from the
skin surface using cotton. Then the skin piece was mounted on
aluminum using small pins to stretch the tissue and succes-
sively stripped with 20 pieces of adhesive tape (Doble A®,
Abrasivos Argentinos SAIC), covering the whole surface of
the skin segments. Each tape was charged with a weight of
2 kg per 10 s and rapidly removed. After the tape stripping the
remaining skin below the SC, the viable epidermis and the
dermis were cut into small pieces and homogenized. The ex-
traction of 5FU from the tapes and VED was done with
ethanol:water (1:1 v/v), stirred for 1 h at 190 rpm at 37 °C.
Tapes were grouped as 1–10 (upper SC), 11–20 (lower SC),
and VED (viable epidermis and dermis). The tape stripping
was done by quintuplicate, and blanks from tapes and VED
from non-incubated samples were subtracted. The presence of
5FU was determined by UV-Vis spectroscopy at 266 nm. The
5FU quantified was relativized to the initial concentration of
5FU in each condition and reported as the percentage of this
ratio.

The same procedure was carried out with five skin speci-
mens incubated with FUDL-5FU and FCL-5FU. In this case,
each individual tape and VED were extracted with
ethanol:water solution, and the penetration profile was mea-
sured by fluorescence spectroscopy.

Optical scanning

After incubation with FUDL-5FU, the full skin thickness was
optically scanned at 6-μm increments through the z-axis by
confocal laser scanning microscopy (CLSM) equipped with a
laser diode ( exc 488 nm for FITC excitation) and a He–Ne
laser ( exc 543 nm for Rh-DPPE excitation) (Olympus
FluoView FV300). Fluorescence intensity of each layer was
analyzed by ImageJ software.

Skin cryosectioning

After incubation with FUDL-5FU, the skin was rapidly
frozen, embedded in OCT, and sliced at − 20 °C in sec-
tions of 30-μm thickness perpendicular to the skin sur-
f a ce , w i th a Le i ca CM 1850 c ryos t a t (Le i c a
Microsystems, Nussloch, Germany). Skin slices were ob-
served by CLSM. The penetrance of both labels into the
skin was measured by ImageJ software. The same spec-
imens were also subjected to hematoxylin and eosin
staining in order to detect the possible presence of histo-
logical alterations.
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Evaluation of antitumor activity

Cell viability upon 4 and 24 h of incubation with UDL, ULD-
5FU,UDL-5FU-BE, and 5FUwas determined by three different
biochemical assays on immortalized human non-tumorigenic
keratinocytes HaCaT and human melanoma cells SK-Mel-28.
Both cell l ines were obtained from the Insti tuto
Multidisciplinario de Biología Celular (IMBICE-CIC-
CONICET, Argentina). Cells were maintained at 37 °C with
5% CO2 in medium supplemented with 10% heat-inactivated
fetal bovine serum (FBS), 2-mM glutamine and 100-UI/ml pen-
icillin, 100-μg/ml streptomycin, and 0.25-μg/ml amphotericin
B. HaCaT was maintained in RPMI 1640 and SK-Mel-28 in
MEM supplemented with 1-mM sodium pyruvate.

Cells were seeded at a density of 1 × 104 cells/well in 96-
well flat bottom microplates. After 24 h of incubation at 37 °C,
the medium was replaced with 100 μl of UDL, UDL-5FU,
UDL-5FU-BE, and 5FU diluted in cell medium. The 5FU con-
centration assessed ranged from 0.18 to 114.4 μM and
corresponded to concentrations of SPC from 0.033 to 20.6mM.

After incubation, the media with the treatments were re-
moved. Cell monolayers were washed twice with PBS, and
the MTT, crystal violet (CV), or NR assays were performed.

For MTT, fresh medium containing 0.5 mg/ml of tetrazo-
lium salt [3-(4,5-dimethyl-thiazol-2-il)-2,5-diphenyl tetrazoli-
um] was added and removed after 2 h of incubation at 37 °C.
The formazan crystals formed were dissolved in 200 μl of
DMSO, and absorbance at 570 nm was measured by using a
Rayto RT-2100C microplate reader (Nashan, Shenzhen,
China).

For CV, 100 μl of crystal violet solution was added and
cells were incubated 15 min at 37 °C in a humidified chamber.
CV was removed and the plate was immersed into distillated
water. Then 100 μl/well of a 30% acetic acid solution was
added to dissolve the crystals and absorbance was measured
at 530 nm in a microplate reader.

For NR assay, 200 μl of 50-μg/ml neutral red solution was
added and cells were incubated 3 h at 37 °C. Then, 200 μl of
fixation solution of formaldehyde 1%was added and removed
after 2 min washing with saline solution (NaCl 0.9%). 200 mi-
croliters of revealing solution that consisted in ethanol 50%
and glacial acetic acid 1% was added to each well, homoge-
nized, and the absorbance was read in a microplate reader at
540 nm.

The percentage of cell viability was calculated according to
the following equation:

Cell viability %ð Þ ¼ Abs T
Abs C

� 100 ð6Þ

where Abs T is the absorbance of treated cells and Abs C is the
absorbance of control (untreated) cells. The formazan, CV,

and NR concentration are directly proportional to the cell vi-
ability that was reported as the mean of three different exper-
iments ± SD.

Evaluation of cell apoptosis

The evaluation of the apoptotic and necrotic induction was
carried out with the Annexin V-FITC apoptosis detection kit
(BD Pharmingen™). Cells were seeded at a density of 3 × 105

cells/well in 6-well plates and allowed to grow for 24 h. The
medium was then replaced with fresh medium without FBS
containing UDL-5FU, UDL-5FU-NB, and 5FU (114.4 μM of
5FU) and cells were incubated at 37 °C with 5% CO2. After
6 h of exposure, the media were removed; cells were washed
three times with PBS and trypsinized. Trypsin was inactivated
with FBS; cells were centrifuged at 125 ×g and cell density
adjusted to 1 × 106 cells/ml in 1× binding buffer. The staining
was performed according to the manufacturer’s instruction.
Briefly, 100 μl (1 × 105 cells) of the cell suspension was
stained with 5 μl of Annexin V-FITC and/or 5 μl PI, gently
vortex, and incubated for 15 min at room temperature in the
dark. Then, 400 μl of 1× binding buffer were added. A total of
1.9 × 104 cells was analyzed within 1 h by flow cytometry
(Becton Dickinson FACSCalibur). Data was processed using
CellQuest Pro software.

Liposomal cell uptake

Cell uptake of the FUDL-5FU was followed upon incubation
on HaCaT and SK-Mel-28 cells by fluorescence microscopy.
Liposomal cell uptake was determined on both cell types
grown 24 h on coverslips in 6-well plates. After 3 h of incu-
bation in the dark at 37 °C (optimum temperature of growth)
and at 4 °C (temperature at which internalization by endocytic
uptake is absent due to reduced metabolism of cells [12]),
liposomal suspensions were removed, cells were washed,
and coverslips were mounted on a fluorescence microscope
(Nikon Alphaphot-2 YS2, Japan). RAW 264.7 cell line was
used as a positive control of phagocytosis. The image merge
was carried out using ImageJ software (US NIH, Bethesda,
Maryland, USA).

In vivo toxicity evaluation

Studies were carried out on zebrafish larvae between 4 and
7 days post-fecundation (dpf). Wild-type adult zebrafish were
maintained in tanks at 26 ± 1 °C with a cycle of 14/10 h of
light/dark. Adult zebrafish were fed with dry fake food
(TetraMin PRO®) three times a day and once with live brine
shrimp (A. persimilis). Water was constantly aerated and
maintained at pH 7.0–8.0. After spawning and fertilization,
the embryos were collected and conserved in E3 medium
(NaCl 0.29 g/l, KCl 0.012 g/l, CaCl2 0.036 g/l, MgSO4
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0.039 g/l in deionized water, and 50-ppb methylene blue to
inhibit fungal growth). Only fertilized eggs in good conditions
were selected for further treatments. After 1 dpf, three
zebrafish embryos were placed in each well of a 96-well mi-
croplate containing E3 medium and maintained at 28 ± 1 °C
until 4 dpf in the same conditions of light than adults.

Zebrafish exposure

At 4 dpf, the medium was removed and replaced with 250 μl
of the serial dilutions in E3 medium of 5FU, UDL-5FU, or
with E3 for control. The treatment solution was not removed
during the study and larvae were maintained at 28 ± 1 °C with
a 14/10-h light/dark cycle. The range of 5FU concentration
tested was 1.25–20 mM for free 5FU and 1.83–117 μM
(0.825–52.8-mM SPC) for UDL-5FU. Different concentra-
tions of free or encapsulated 5FU were tested in order to study
the range of concentrations that produce detectable effects.

Swimming activity, alterations in heart rate, and morpho-
logical changes were assessed in the same group of larvae.

Measurement of the swimming activity

Activity events were recorded for 15min at 4, 24, 48, and 72 h
post-incubation (hpi) at room temperature with an automated
device with a system of infrared detection (WMicrotracker,
Designplus SRL, Buenos Aires, Argentina) [32]. Swimming
activity was determined as the number of interruptions of the
infrared microbeam arrangement for 15 min and data were
relativized to the control [33]. A total of eight wells per con-
dition were analyzed by triplicate.

Measurement of the heart rate and morphological
changes

The heart rate and morphological changes were assessed at
72 hpi as described by Igartúa et al. 2015. Briefly, control
and treated zebrafish larvae were individually transferred into
a well of a 96-well microplate and immobilized with sodium
carboxymethylcellulose. Eight larvae per condition were
photographed and a video was recorded with a Microsoft
LifeCam Studio camera coupled to a trinocular microscope
Nikon SMZ800 (NikonCorporation, Tokyo, Japan). The heart
rate was measured by counting the number of beats over 15 s
and reported as beats per minute (bpm). Larval eye area,
rostrocaudal length, spinal cord length, uninflated swim blad-
der, arched body, tissue ulceration, and pericardial edema
were analyzed with ImageJ Software [34, 35].

Statistical analysis

GraphPad Prism 6.0 was used to conduct all statistical analy-
ses. One-way ANOVA and Dunnett’s multiple comparisons

post-test were used for statistical analysis. To compare only
two cond i t ions , the S tuden t ’s t t e s t was used .
Homoscedasticity was determined with Bartlett’s test. For
non-normally distributed data or when homoscedasticity was
not supported, Kruskal-Wallis test was performed. Only
values with p < 0.05 were accepted as significant.

Results and discussion

Physicochemical characterization of UDL-5FU

The preparation method rendered empty UDL of 70 nm in
mean size, with unimodal distribution and negative value of
zeta potential. As shown in Table 1, 5FU incorporation did not
modify the mean sizes, remaining in the order of 70 nm.
Additionally, the liposomal suspensions showed good colloi-
dal stability after storage at 4 °C for at least 56 days, with no
significant changes of size distribution nor polydispersity.
Figure 1 depicts electron micrograph of UDL-5FU, which
appears as vesicles.

To confirm the results of DLS and zeta potential analysis
over time, the stability of UDL and UDL-5FU was studied
using the Turbiscan Lab® Expert. This equipment is able to
correlate the colloidal and storage stability of the formulations
at different temperatures with their backscattering and trans-
mission as a function of time [36]. The principle of this mea-
surement is based on the variation of the droplet volume frac-
tion (migration) or mean size (coalescence), resulting in the
variation of backscattering and transmission signals. Thus, it
provides information about the kind of destabilization process
going on such as creaming or sedimentation (migration
events) and coalescence. In addition, with the TSI profile, it
is possible to monitor the stability kinetics of the formulations
versus aging time. The ΔBS and ΔT signals of the formula-
tions were close to the baseline during analysis. A variation of

Table 1 Physicochemical parameters over time of UDL prepared both
in presence and absence of 5FU

Sample Days Mean size (nm)a PDIb Zeta potential (mV)c

UDL 0 70.0 ± 0.73 0.261 − 36.97 ± 5.85
30 76.1 ± 0.99 0.354 − 35.57 ± 1.87

UDL-5FU 0 68.6 ± 0.80 0.280 − 25.13 ± 0.31
30 66.8 ± 1.56 0.318 − 34.60 ± 0.57
56 83.6 ± 1.30 0.262 –

a Liposomal suspensions were suitably diluted and analysis was carried
out at 20 °C. Mean ± SD (n = 3)
b Polydispersity index
c Liposomal suspensions were suitably diluted and analysis was carried
out at 20 °C. Mean ± SD (n = 10)
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the ΔBS profile within the interval ± 5% evidences a suitable
stability of the formulation [37]. Therefore, there was no evi-
dence of instability phenomena on UDL and UDL-5FU at 4,
25, and 37 °C. The TSI profiles were similar between UDL
and UDL-5FU and showed a linear kinetic with a low final
TSI value at 25 and 37 °C (Fig. 2). Even though, there was no

significant changes in theΔBS andΔT profiles at 4 °C, there
was a slight discrepancy in the stability kinetic for both for-
mulations and a higher TSI value in comparison to 25 and
37 °C.

Overall results showed that the UDL-5FU was stable over
time and the incorporation of 5FU did not alter the own sta-
bility of the system. UDL and UDL-5FU were less stable at
4 °C in comparison to 25 and 37 °C but could be maintained at
least 30 days 4 °C without significant destabilization
phenomena.

Concentration of 5FU encapsulated was determined as
0.2868 ± 0.0008 mM (mean ± SD, n = 3) after gel permeation
chromatography by UV-Vis absorbance by triplicate.
Moreover, the drug:lipid ratio after chromatography was
1:865 (μg/μg).

The entrapment efficiency was 1.4%. UDL-5FU showed
EE% values inversely proportional to the drug initially added
for their preparation, highest drug concentrations favored a
lower entrapment efficiency (data not shown), as observed
by Cosco et al. (2015). This low EE%was expected according
to other efforts to encapsulate 5FU in previous works [38–40].
Kaiser et al. [41] argued that this effect depends on the lipid
composition, the packing of the acyl chains, and particularly
applies to water-soluble compounds in small liposomes, due
to the small ratio between the inner and external volume. Also,
Elmeshad et al. [42], observed that there was a directly pro-
portional relationship between the size of the vesicle, the sub-
sequent aqueous space, and the amount of 5FU encapsulated.

Fig. 1 Transmission electron microscopy of UDL-5FU following
negative staining (×100,000). Inset ×200,000

Fig. 2 Kinetic stability profiles of
UDL (a) and UDL-5FU (b) at 4,
25, and 37 °C measured by
Turbiscan Lab® Expert
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Otherwise, Elorza et al. [43] suggested a tendency of 5FU to
remain adsorbed at the outer lipid-water interface. 5FU could
be entrapped within the vesicles and could be adsorbed in the
inner and outer membrane surface. Thus, another reason of the
low EE% could be the more or less rapid leakage of 5FU that
there was out of the liposomes weakly retained after removal
of the non-entrapped drug. The first evidence to thought in
5FU adsorption was the significant difference between the
zeta potential of the UDL empty and 5FU-loaded. The
UDL-5FU reached a similar surface charge than UDL after
the passage of time that could be related to the interaction of
neutral molecules of 5FU at pH 7.4 (pKa 8–13), with the head
groups of phospholipids. As time goes by and 5FU was re-
leased, the surface charge decreased (more negative).

Interaction of 5FU with the liposomal membrane

The determination of the location of 5FU within UDL and its
interaction with the lipid bilayer was carried out by DSC and
by MC540 and Laurdan probes.

DSC was used to determine the effect of the incorporation
of 5FU in the thermotropic behavior of the liposomal bilayer
in aqueous suspension. Thermotropic profiles showed two
endothermic peaks, one close to 0 °C corresponding to fusion
of aqueous medium and other, below 0 °C (Fig. 3).
Thermodynamic parameters corresponding to each thermo-
gram are shown in Table 2. The transition temperature obtain-
ed showed no significant differences due to incorporation of
5FU in comparison to empty UDL. However, the incorpora-
tion of 5FU into liposomes strongly decreased the phase tran-
sition enthalpy and the sharpness of the phase transition tem-
perature peak. These results indicated that 5FU interacted with
the bilayer, therefore produced significant changes in the bi-
layer organization, decreasing its cooperativity [44, 45].

The HF of MC540 probe is a parameter that relates the
concentration of monomer in non-polar environment with re-
spect to monomer in an aqueous phase [46]. Thus, the HF

reflects the degree of hydrophobic sites exposed and the orga-
nization of liposomal surface. The increase in the HF is related
to the exposure of hydrophobic sites in the lipid-water inter-
face, because the MC540 locates as monomer slightly above
the domain of the glycerol of backbone of neutral and charged
phospholipids [24]. This explains the sensitivity of MC540 to
structural variations in the head group region. Significant dif-
ferences between the HF of UDL and UDL-5FU were ob-
served over time (Table 3). The encapsulation of 5FU resulted
in a significantly higher HF value with respect to the empty
UDL at 0, 7, and 32 days (p < 0.0001). The 5FU could favor
the entry of MC540 to the lipid-water interface because of the
interaction with the phosphate head of phospholipids, altering
the membrane organization. Although MC540 is an external
probe, it would be expected to observe a similar effect at the
inner surface of the bilayer.

The excitation and emission fluorescence spectra of
Laurdan depend strongly on the phase state of the membrane
where it is inserted [47]. Laurdan is located at the hydrophilic-
hydrophobic interface of the bilayer with the lauric acid tail
anchored in the phospholipid acyl chain region [26]. Parasassi
et al. [48] demonstrated that Laurdan is sensitive to the dy-
namics as well as to the polarity of the surroundingmembrane.
Laurdan GP spectra in liposomes allow the determination of
the membrane phase state, gel or liquid-crystalline, as well as
coexisting phases. The GP value reflects the spectral shift
related to differences in the level of hydration between the
gel and liquid-crystalline phases [26, 49]. The GP values for
the gel and liquid-crystalline phases are 0.6 and − 0.2, respec-
tively, using an excitation wavelength of 340 nm and emission
wavelengths of 440 and 490 nm [48]. A high GP value indi-
cates less dipolar relaxation, which corresponds to a rigid en-
vironment [28]. Because the GP value is independent of the
pH and the type of polar head group, the process of dipolar
relaxation which sets the spectral properties is related to the

Fig. 3 Differential scanning calorimetry of empty and 5FU-loaded
ultradeformable liposomes

Table 2 Effect of
incorporation of 5FU on
thermodynamic
parameters of the
liposomal membrane
followed by DSC

Sample Tm
a (°C) ΔHcal

b (J/g)

UDL − 22.9 3.815

UDL-5FU − 22.2 0.258

a Temperature corresponding to the mini-
mum of the calorimetric peak
b Calorimetric enthalpy calculated as the
area under the curve

Table 3 Hydrophobicity factor of empty and 5FU-loaded
ultradeformable liposomes over time at 20 °C. Mean ± SD (n = 3)

Sample HF 0 days HF 7 days HF 32 days

UDL 2.289 ± 0.014 2.115 ± 0.075 1.705 ± 0.041

UDL-5FU 2.552 ± 0.012 2.376 ± 0.029 2.525 ± 0.010
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number of water molecules around Laurdan [26]. Therefore, it
is the water dipolar relaxation process that produces the spec-
tral shift, as a consequence of the interaction between the
probe excited state dipole and the surrounding solvent dipole
[26]. Laurdan excitation and emission GP spectra of UDL and
UDL-5FU corresponded to liquid-crystalline phase mem-
branes (Fig. 4). However, there was a significant difference
between GP value obtained for UDL, − 0.188 ± 0.003, and
UDL-5FU, − 0.200 ± 0.002 (p < 0.01). Low values of GP
can be attributed to water penetrating the head groups of mem-
brane phospholipids. Therefore, 5FU could contribute to the
disorganization of the membrane, altering the packing of
phosphate groups but not affecting the phase state. While,
the higher GP value of UDL than UDL-5FU, indicated a less
dipolar relaxation, which corresponds to a more rigid
environment.

By means of the analysis of DSC, MC540, and Laurdan, it
was observed that 5FU interacted with the membrane of the
UDL. The molecules of 5FU could be adsorbed at the lipid-
water interface with constant access to the aqueous phase.
This molecular interaction was assessed previously by Lopes
et al. [50] in large unilamellar vesicles of 2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC), who also observed some
degree of penetration into the lipid domain based on nuclear
magnetic resonance spectroscopy and steady-state fluores-
cence anisotropy [50]. Lopes et al. [50] observed time-
dependent changes in the liposome diffusivity of 5FU, indi-
cating that the drug transport through the membrane was re-
versible, but the retention within the membrane was poor.
Drug-liposome interaction depends on the partition coefficient
of the drug, functional groups, size, and polar surface area that
is the sum of surfaces of polar atoms in a molecule [51]. 5FU
is a partially lipophilic drug with moderate value of partition
coefficient, log P = − 0.824, and a polar surface area of
65.7 Å2 [51]. These two parameters correlate with passive
molecular transport through membranes and the possibility

of superficial adsorption of 5FU in the inner and outer mem-
brane surface [50, 51]. Furthermore, at pH 7.4, 5FU (pKa 8–
13) is in neutral form and behaves as a surface-active drug
with an estimated critical micelle concentration CMC= 8.0 ×
10−10 M [52]. Then, the interaction of 5FU with the water-
bilayer interface in UDL-5FU could result in a disorganization
and fluidification of the liposomal membrane and could alter
the distance between the phospholipids affecting the phase
transition enthalpy of the membrane. The results also were
consistent with data published about 5FU binding and mobil-
ity in bilayer membranes of egg phosphatidylcholine,
l a r g e u n i l a m e l l a r v e s i c l e s o f DMPC , a n d
dipalmitoylphosphatidylcholine [50, 51, 53, 54].

Deformability test

Liposome passage across 50-nm pore size membrane under an
external pressure of 1 MPa of N2 is shown in Fig. 5. The
profiles of UDL and UDL-5FU showed a biphasic mode,
characterized by a fast passage during the first minute follow-
ed by a slow passage the rest 15 min. Conversely, no phos-
pholipid passage was registered for CL-5FU during the first
13 min with only 1% recovered phospholipids at the end of
the period time.

As a parameter of deformability, the elasticity of liposome
bilayers (D) was calculated according to van den Bergh et al.
[55], where D = J (rv/rp)

2. The flux (J) of liposomes through a
nano-porous barrier was calculated as the area under the curve
from the plot of liposomal phospholipids passage versus time,
rv is the vesicle size after passage, and rp is the membrane pore
diameter. The results indicated that empty UDL had an elas-
ticity of D = 645.8, whereas UDL-5FU had an elasticity of
D = 486.2.

ULD resulted 430-fold and UDL-5FU resulted 324-fold
more elastic than CL-5FU (D = 1.5). Although UDL-5FU
had a lower elasticity than UDL, it had a similar behavior
when passing through the membrane and the difference is

Fig. 4 Laurdan excitation and emission GP spectra of UDL and UDL-
5FU at 20 °C. Average of three independent measurements
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Fig. 5 Profile of phospholipid passage through 50-nm pore size vs. time
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very significant in comparison to the CL-5FU. The reduction
of the deformability after the incorporation of 5FU could be
related to the interaction of the 5FU with the liposomal mem-
brane observed in this work. Nevertheless, UDL-5FU con-
served the capacity to cross the skin as observed in the
in vitro penetration studies (see below).

Drug release

The release profile of 5FU from UDL-5FU was studied over
time (Fig. 6). During the first 2 h, almost 60% of the drug was
released. This initial burst release could be related to the drug
adsorbed in the outer surface of UDL-5FU as observed in the
studies with MC540 and Laurdan probes. Around 80% of the
entrapped 5FUwas released after 12 h. This behavior was also
observed by Cosco et al. [56] in 5FU-loaded UDL with a
similar composition. Finally, overall content of UDL-5FU
was released during the first 24 h. The 5FU entrapped in the
aqueous core of the liposome was passing through the mem-
brane possibly by passive diffusion because of its moderate
partition coefficient, small size, and polar surface area [50,
51].

In vitro skin penetration studies

Skin penetration profile of the hydrosoluble fluorescent dye
FITC, co-encapsulated with 5FU in UDL and CL, together
with the hydrophobic probe Rh-DPPE, was determined using
the SPM followed by segmentation by tape stripping or opti-
cal scanning by CLSM up to 60-μm depth. Skin penetration
also was studied by cryosectioning and CLSM. Finally, the
presence of 5FU in the SC and the VED upon incubation as
free 5FU or UDL-5FU was quantified by UV-Vis
spectroscopy.

SPM was employed under non-occlusive conditions, in
order to maintain the transdermal hydration gradient, that it
is proposed to be the locomotive force for UDL penetration
[10, 57]. The SPM, coupled to segmentation techniques such
as tape stripping or cryosectioning, allows the measurement of
penetration profile of drugs along the skin. The use of SPM
ensured that the pass through the skin was exclusively owed to
the penetration from top (SC) to lower layers of the epidermis
and dermis. The experiments were carried out with the same
skin donor, repeated five times, and the distance and geometry
of skin stretching during tape stripping were kept constant.

After 1-h incubation in SPM with 5FU solubilized in Tris
buffer, followed by removal of material remaining on the skin
surface and tape stripping, 5FU was almost not found in quan-
titative amounts in the tapes and VED (Fig. 7). This result was
in concordance with other studies which observed a poor per-
cutaneous permeation of free 5FU, reducing its anticancer ef-
fectiveness by topical administration [58, 59]. On the contrary,
after incubation with UDL-5FU, it was found that the 5FU
reached deep layers of the SC and arrived to the VED (Fig. 7).

Penetration profiles of FUDL-5FU and FCL-5FUwere sig-
nificantly different for both fluorescent labels (Fig. 8A). The
cumulative of fluorescence of FITC and Rh-DPPE in the 20
strips (corresponding to the total SC) was around 7.2 folds and
3.9 folds higher, respectively, for FUDL-5FU than for FCL-
5FU (Fig. 8B). Because in this procedure each removed cell
layer had nearly the same thickness, the number of tape strips
is linearly correlated with the remaining thickness of the SC
[12]. According to this, FUDL-5FU penetrated deeper into the
SC than FCL-5FU that remained on the skin surface.

The optical scanning along the z-axis of the skin pieces
(Fig. 9) showed that FITC and Rh-DPPE labels were distrib-
uted through the SC layers, particularly in the intercellular
space. This result was in concordance with the penetration
profile though the SC of FUDL-5FU determined by tape strip-
ping (Fig. 8).

The transversal skin cryosections showed a maximal fluo-
rescence intensity of Rh-DPPE from FUDL-5FU at a depth of
24 μm (Fig. 10). Upon hydration, the abdominal SC has a
thickness about 40 μm [6]; therefore, the lipids were accumu-
lated in the SC. The hydrophilic FITC however was found
entering the viable epidermis with a maximal fluorescence
intensity at a depth of 120 μm (Fig. 10). The same specimens
were also subjected to hematoxylin-eosin staining in order to
confirm the absence of histological alterations (data not
shown). Therefore, the labeled lipids (Rh-DPPE) were distrib-
uted through the SC and the fluorescent probe that locates in
the liposome aqueous core (FITC) was found both in SC and
VED. It is possible that FITC had been released from lipo-
some during the penetration, allowing its diffusion to deeper
layers of the skin. In a similar way to the FITC fate after
penetration, the 5FU accumulated in the VED after topical
application, only when it was loaded into UDL (Fig. 7).

Fig. 6 Release profile of 5FU fromUDL-5FU. Experiments were carried
out at 37 °C. Mean ± SD (n = 2)
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In sum, ultradeformability seems to be a key factor in the
successful delivery of 5FU through the SC. Lamellarity and
size are also factors that will determine whether a liposomal
formulation can trespass the skin barrier through the
intercorneocytic way: when the same lipid mixture used for
the ultradeformable matrix in this work was used to prepare
multilamellar, bigger liposomes, in another work [60], the
formulation did not penetrate the skin. In the past decade, an
article proposed a multilamellar, non-ultradeformable liposo-
mal formulation of nearly 5 μm in mean size for delivery of
5FU [61]; such a formulation could be good to act as a drug

depot on the outer side of the SC, but it would fail to transport
5FU to deep epidermis.

This achieved delivery of 5FU to deep skin layers by top-
ical application of UDL-5FU could allow the use of this drug
for the treatment of non-superficial precancerous and cancer-
ous lesions, since the effectiveness of free 5FU is limited by its
lack of access to the viable epidermis.

In vitro evaluation of antitumor activity

Cytotoxic effects, uptake, and induction of apoptosis of UDL,
UDL-5FU, UDL-5FU-BE, and 5FU were evaluated on the
cell lines HaCaT (as a control of a non-tumor cell line) and
SK-Mel-28 (melanoma-derived). BE exhibits antioxidant ac-
tivity, due to the presence of a polyphenol fraction reach in
anthocyanins, in a non-cytotoxic concentration for HaCaT
cells [19]. For this reason, BE was incorporated to the UDL-
5FU formulation with the aim of obtaining a synergistic effect
in terms of reducing oxidative stress on non-target cells and
collaborating in 5FU-mediated apoptosis processes [37].

The cell viability was measured by the MTT, CV, and NR
assays after 4 and 24 h of treatment (Fig. 11). While the MTT
assay is based on the measurement of the mitochondrial suc-
cinate dehydrogenase activity of cells, NR and CV stain pri-
marily the lysosomes and the membrane of viable cells, re-
spectively. Since these dyes measure cell viability by different
mechanisms, it was thought to be desirable to combine all
these assays to obtain a better understanding of the interaction
between the formulations and cells. UDL-5FU and UDL-
5FU-BE at the maximum concentration tested were more

Fig. 8 Skin penetration profile by
tape stripping of Rh-DPPE and
FITC after 1 h of non-occlusive
application of FUDL-5FU and
FCL-5FU (a). Cumulative
fluorescence in the 20 strips,
**p < 0.007 and ***p < 0.0005
(b). Mean ± SD (n = 5)

Fig. 7 Penetration profile through the skin by tape stripping. The
presence of 5FU was determined in the upper SC (tapes 1–10), lower
SC (tapes 11–20), and viable epidermis and dermis (VED). Results are
shown as the percentage of 5FU quantified in relation to the incubation
concentration. Mean ± SD (n = 5)
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cytotoxic on SK-Mel-28 than on HaCaT at 4 h, while both
formulations were more toxic than free 5FU on SK-Mel-28 at
24 h of treatment (Fig. 11).

On SK-Mel-28, UDL-5FU and UDL-5FU-BE reduced
around 70% with respect to untreated control of the metabolic
activity in mitochondria after 4 and 24 h of treatment.
Moreover, both formulations reduced significantly the meta-
bolic activity, about 70% after 4 h and 40% after 24 h in
comparison to free 5FU. The uptake of the NR depends on
the capacity of cell to maintain pH gradients, through the
production of ATP [26]. At physiological pH, the dye presents
a net charge close to zero, enabling it to penetrate the mem-
branes of the cell. Inside the lysosomes, the dye becomes
charged because there is a proton gradient that maintains a
pH lower than that of the cytoplasm and is retained inside
by electrostatic interactions with the lysosomal matrix.
Therefore, substances that damage the membranes result in a
decrease of the uptake and union of NR. The treatment with
UDL-5FU and UDL-5FU-BE at 5FU 114.4 μM induced a
higher membrane damage in comparison to control and free
5FU after 4 and 24 h of treatment. Nevertheless, this effect did
not affect the cell attachment at 4 h, as evidenced by CV. Only
UDL-5FU-BE reduced the attachment around 20% on SK-
Mel-28 and both formulations reduced the attachment around
40% on HaCaT at 24 h. The increased toxicity of the encap-
sulated 5FU could be related to the liposomal matrix. The

UDL 20.6 mM (SPC) presented higher toxicity rates than
formulations and free drugs in all conditions tested (Fig. 11).
The reduction of the cytotoxicity after incorporation of 5FU
and BE could be related to the interaction detected in this work
between the 5FU and the liposomal membrane.

To study the uptake, both cell lines were incubated with a
sublethal concentration of FUDL-5FU during 3 h, a time pe-
riod long enough to allow uptake and processing of UDL by
the two cell lines [62]. To determine if the internalization was
achieved by an endocytic pathway, the incubation was real-
ized at 37 and 4 °C [12]. RAW 264.7 was used as a positive
control of phagocytosis (data not shown). SK-Mel-28 showed
a higher uptake of FUDL-5FU than HaCaT at 4 and 37 °C
(Fig. 12). The fluorescence intensity on SK-Mel-28 was lower
at 4 °C and no fluorescence could be observed at 4 °C on
HaCaT. These results could suggest that FUDL-5FU was in-
ternalized by both cell lines by endocytic uptake.

The induction of apoptosis and necrosis was followed by
flow cytometry after 6 h of treatment with 5FU, UDL-5FU,
and UDL-5FU-BE (Fig. 13). For the detection, the Annexin
V-FITC apoptosis kit was used. A differential effect between
both cell lines was observed. On SK-Mel-28, both formula-
tions induced a higher rate of apoptosis than free 5FU, while
on HaCaT, the induction of a slight percent of non-desirable
necrotic cells after incubation with UDL-5FU-BE was ob-
served. Therefore, not only the co-encapsulation with the BE

Fig. 10 CLSM images of
cryosectioned skin after 1 h
incubation with FUDL-5FU. Red
and green signals from Rh-DPPE
and FITC, respectively. The
figure on the left is the merge of
the images of both fluorophores
and the right one is the merge of
the first and the transmission
image of the skin explant
analyzed

Fig. 9 CLSM images obtained
horizontally at 24 μm (a), 42 μm
(b), and 60 μm (c) from skin
surface upon 1-h incubation with
FUDL-5FU. Red and green
signals from Rh-DPPE and FITC,
respectively
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did not alter the cytotoxic effects of 5FU on HaCaT and SK-
Mel-28 but also there was an undesirable effect of induction of
necrotic death in the non-melanoma cell line. On the view of
these results, the incorporation of the antioxidants present in
the BE to the formulation did not improve the overall

performance of the drug as in previous works [37]. On the
other hand, a short-term treatment with UDL-5FU remarkably
produced significant cytotoxic effect only on the melanoma-
derived line, whereas there were no significant alterations on
the non-tumor line.

Fig. 11 Cytotoxicity of empty UDL (white), UDL-5FU (light gray),
UDL-5FU-BE (dark gray), and free 5FU (black) on HaCaT and SK-
Mel-28 by MTT, NR, and CV at 4 and 24 h. Concentration values are

expressed both in mM (SPC) and μM (5FU). Data are shown as mean ±
SD (n = 3), *p < 0.05, **p < 0.004, ***p < 0.0006, ****p < 0.0001

Fig. 12 Cellular uptake of
FUDL-5FU after 3 h on HaCaT
and SK-Mel-28. Red and green
signals correspond to Rh-DPPE
and FITC, respectively. Left
column shows the FITC label, the
middle Rh-DPPE label, and the
right the merged labels using
ImageJ software
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In vivo toxicity evaluation

The aim of the studies on zebrafish was to determine the toxic-
ity of the nano-formulation as a preliminary step to further
in vivo studies in a mammal model, suitable for toxicity and
efficacy assessment after topical application. Zebrafish is a
model that offers whole-animal information, impossible to be
obtained from in vitro studies. In addition, it is able to predict
adverse effects as a previous step to studies in mammals [17].
For these reasons, it is a growing and increasingly accepted
model for prediction of non-desirable effects of nano-systems.

Larvae were incubated at 4 dpf with UDL-5FU and 5FU;
the treatment was maintained until 7 dpf. Swimming activity
was assessed with an automated infrared register system at 4,

24, 48, and 72 hpi. Eight larvae were taken randomly at 72 hpi
(7 dpf), were immobilized to be photographed, and filmed to
study morphological alterations and cardiac affection.

Free 5FU decreased the swimming activity, particularly
after 48 and 72 hpi, for all the concentrations tested
(Fig. 14). Larvae treated with 5FU 10 and 20 mM did not
present movement at 72 hpi. On the other hand, the treatment
with UDL-5FU showed an excitation effect in the swimming
activity at low concentrations, whereas at the high concentra-
tion tested, there was no detectable movement after 24 hpi
(Fig. 14). Exposition to 117 and 58.5 μM of UDL-5FU (con-
centration corresponds to 5FU encapsulated) induced high
mortality between 24 and 72 hpi and only at 72 hpi, respec-
tively (data not shown).

Fig. 13 Flow cytometry analysis for detection and comparison of the apoptotic and necrotic induction by 5FU, UDL-5FU, and UDL-5FU-BE on HaCaT
and SK-Mel-28 after 6 h of incubation. The events were detected by Annexin V-FITC and propidium iodide kit

Fig. 14 Percentage of swimming
activity of larvae with respect to
the control (untreated larvae) at 4,
24, 48, and 72 hpi. Data are
shown as mean ± SD (n = 24)
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It is important to consider that because the larvae were
randomly took for the study of heart rate and morphological
alterations, the absence of heart rate, an evidence of lethality,
did not imply that all larvae were death. Free 5FU 2.5 mM
produced arrhythmia and larvae had not beats at concentra-
tions higher than 5 mM (Fig. 15). These results are in concor-
dance to data obtained from swimming analysis. The same
range of concentrations that induce cardiac effect produced
significant swimming activity alterations. All larvae exposed

to 5FU 10 and 20 mMwere death after 72 hpi (did not present
heart beat). UDL-5FU treatment also produced heart rate al-
teration at 72 hpi. Low concentrations induced an increase of
heart rate, whereas high concentrations produced a decrease in
heart rate (Fig. 15). The effects observed between swimming
activity and heart rate analysis were directly proportional.
Concentrations that increased the heart rate are the same that
increase the swimming activity, while all larvae exposed to
117 μM were dead at 72 hpi (did not present heart beat).
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Fig. 15 Beats per minute at 72 hpi. Data are shown as mean ± SD (n = 8)

Fig. 16 Larval eye area,
rostrocaudal length, and spinal
cord length at 72 hpi measured by
ImageJ software. Mean ± SD (n =
8)
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Larvae incubated with concentrations higher than 5 mM of
free 5FU presented severe morphological alterations, whereas
those incubated with 2.5 mM presented light-middle effects
such as uninflated of swim bladder, presence of arched body,
and ulcerated tissue (Fig. 16 and Table 4). Larvae incubated
with UDL-5FU presented severe effects at concentrations
higher than 58.5 μM (Fig. 16 and Table 4). There was no
observed pericardial edema at the studied conditions.

Alterations in the swimming activity could be related to
morphological changes, alteration in the heart rate, and neu-
rotoxic effects in zebrafish larvae. High or low activity with
respect to the control could be indicative of adverse effects on
one or more components of the complex neuronal network
that governs the early locomotor system (spinal cord and hind-
brain) [63]. Because in vertebrates, serotonin plays a key role
in the modulation of locomotor movements [64], further stud-
ies of changes in the raphe populations of zebrafish brain
could give additional evidence of the neurotoxicity of the
treatment [33, 65].

UDL-5FU was more toxic than free 5FU, because the for-
mulation induced adverse effects at lower concentration in
larvae. This toxicity, in part, could be related to the liposomal
matrix and the differential uptake derived by the nature of
actives. In a previous study, we observed that empty UDL
induced larva toxicity under similar conditions and concentra-
tion range [60]. Moreover, it is possible that liposomal 5FU
was internalized more than free 5FU because the improved
drug delivery by liposomes. Liposomes are composed of bio-
compatible phospholipids that mimic the properties of biolog-
ical membranes [66]. Until now, Bucci et al. [60] and this
work are the first in studying the developmental toxicity in
zebrafish of formulations involving UDL [67].

Conclusion

The incorporation of 5FU to an UDL formulation could be a
way to improve the performance of this drug in topical treat-
ments for deep skin precancerous lesions. UDL-5FU skin
penetration was higher than other type of previously tested
liposomal formulations. Although the 5FU interacts with the
bilayer, ultradeformability is maintained. UDL-5FU induced
apoptosis in vitro in a human melanoma-derived cell line in a
higher rate than free 5FU. Besides, this work brings new in-
formation about toxicological effects of ultradeformable lipo-
somes in zebrafish, a growing model for prediction of non-
desirable effects of nano-systems.
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