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a  b  s  t r  a  c  t

New  therapies  are  urgently  needed  against  melanoma,  one  of  the  most  aggressive  tumors.  Melanoma
cells  are  resistant  to  the antifolate  methotrexate  (MTX),  since  MTX  is  taken  up  by the  folate  receptor-�
(FR�),  sequestered  in melanosomes  and  exported  out  of  the  cell.  The  bisphosphonate  zoledronic  acid
(ZOL)  is active  in  several  non-skeletal  tumors;  however,  its  antitumoral  activity  is hampered  by  its
long-term  accumulation  in bones  and  low  cellular  permeability.  Recently,  we showed  that  core–shell
tecto-dendrimers  made  of  amine-terminated  polyamidoamine  generation  5 dendrimer  (G5)  as  core  and
carboxyl-terminated  G2.5  dendrimer  as shell  (G5G2.5)  had selective  cytotoxicity  to melanoma  cells.  We
hypothesized  here  that  the  activity  of  MTX  and  ZOL  on  melanoma  cells could  be  enhanced  when  loaded
within  G5G2.5.

MTX  and ZOL  were  loaded  within  G5 cores,  which  were  coated  by  a covalently  bound  shell  of
G2.5  dendrimers  (drug-sandwiches).  12  nm  mean  diameter  and  −12  mV  Z potential  drug-sandwiches
incorporating  6  and 31  molecules  of  MTX  and  ZOL,  respectively,  per  G5G2.5,  showed  higher  cyto-
toxicity  (by  MTT  and apoptosis/necrosis  assays)  to melanoma  (Sk-Mel-28)  cells  than  free  drugs  and
G5G2.5.  Only  MTX-sandwich  was  cytotoxic  to  Sk-Mel-28  cells  and  harmless  to  keratinocytes  (HaCaT

cells).  The  intracellular  pathway  of G5G2.5  was  followed  using  chemical  inhibitors  of  endocytosis.
The  increased  cytotoxicity  of MTX-sandwich  could  be due  to  its  uptake  by macropinocytosis  instead
of  by  FR�, avoiding  MTX  exocytosis.  The  increased  cytotoxicity  of ZOL-sandwich  could  be due  to  an
increased  intracellular  accumulation  of  ZOL,  owed  by  its  endocytic  uptake  instead  of diffusing  as  free
drug.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Malignant melanoma is a tumor of the melanocytes, specialized
igment cells located amongst the basal layer of the epider-
is, hair bulb, eyes, ears, and meninges [1–4]. Once detected,

rimary melanomas are surgically removed and chemotherapy
ocuses on metastasis control. There are four drugs approved by
he Food and Drug Administration for melanoma (dacarbazine,
nterleukin-2, ipilimumab and vemurafenib). Since 1975 dacar-
azine remains the gold standard in chemotherapy, in spite of its
esponse rate of about 10% and a median survival of 8–9 months.

igh doses of interleukin-2 on the other hand, induce complete and
urable responses only in one of twenty patients, while ipilimumab
nd vemurafenib have raised many hopes in the last few years

∗ Corresponding author. Tel.: +54 1143657100; fax: +54 1143657132.
E-mail address: jmorilla@unq.edu.ar (M.J. Morilla).

ttp://dx.doi.org/10.1016/j.colsurfb.2014.06.033
927-7765/© 2014 Elsevier B.V. All rights reserved.
[5]. However, melanoma remains as one of the most aggressive
malignancies in human and is responsible for almost 60% of lethal
skin cancer [6]. This scenario clearly highlights the need for alter-
native therapies against this type of tumor [7].

One complication of melanoma chemotherapy is the limited
effectiveness of antifolates. Although methotrexate (MTX), the
most frequently used antifolate, is an effective drug against sev-
eral types of cancer [8,9], it is not active against melanoma [10].
MTX  blocks the folate-dependent enzyme dihydrofolate reductase
(DHFR), which is a pivotal enzyme in providing purines and pyrim-
idine precursors for the biosynthesis of DNA, RNA and amino acids.
The mechanism of MTX  resistance in melanoma cells involves its
sequestration in specialized organelles known as melanosomes
where melanin synthesis occurs, and the subsequent exportation

of MTX-containing melanosomes out of the cell [11]. This mech-
anism, also described for cisplatin [12,13], is mediated by the
uptake of MTX  by a glycosylphosphatidylinositol (GPI)-anchored
protein, the folate receptor-� (FR�). The subsequent expulsion of

dx.doi.org/10.1016/j.colsurfb.2014.06.033
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2014.06.033&domain=pdf
mailto:jmorilla@unq.edu.ar
dx.doi.org/10.1016/j.colsurfb.2014.06.033
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TX  reduces its accumulation in the cytosol of melanoma cells
nd impedes the FR� recycling to the cell membrane, making
elanoma cells impermeable to folates. We  hypothesize that a
TX  delivery system, capable of modifying its uptake pathway
ithin melanoma cells by avoiding its expulsion, could enhance its

oxicity.
On the other hand, the nitrogenous-containing bisphospho-

ate zoledronic acid (ZOL) is a potent inhibitor of the farnesyl
yrophosphate synthase, interfering with the mevalonate pathway
nd related critical processes in cell signaling and growth [14,15].
OL has high affinity for the bone mineral matrix and is a potent
nhibitor of osteoclast proliferation. Additionally, ZOL has anti-
ngiogenic and anti-tumoral effect in several non-skeletal tumor
odels, including breast cancer and myeloma. Currently, ZOL is in

linical use against osteoporosis, breast cancer patients with bone
etastases and Paget’s disease [16–19]. Nonetheless, the antitumor

fficacy of ZOL on tumors other than those from skeletal origin is
imited by its fast blood clearance, long-term accumulation in bone
issues and low cellular permeability. In contrast to MTX, ZOL does
ot employ specific transporters to enter the cells. Therefore, a ZOL
elivery system that overcomes its low permeability could enhance

ts toxicity in melanoma cells.
We  have recently shown that in vitro, core–shell tecto-

endrimers made of amine-terminated polyamidoamine (PAMAM)
eneration 5 (G5) as core and carboxyl-terminated PAMAM gener-
tion 2.5 (G2.5) as shell (G5G2.5), are cytotoxic to melanoma cells
nd not to keratinocytes [20]. On these bases, in this work we inves-
igated if the low activity against melanoma cell of MTX  and ZOL
ould be enhanced when loaded within G5G2.5. To that aim, we
repared and characterized non-covalent drug-tecto-dendrimer
omplexes (sandwiches) by incorporating MTX  and ZOL within
5 cores, which were further coated with a covalently bound
hell of G2.5 dendrimers. The cytotoxicity of these sandwiches on
elanoma cells (Sk-Mel-28) and keratinocytes (HaCaT cells) was

ested by MTT  and apoptosis/necrosis assays. Additionally, a set of
hemical inhibitors of endocytosis was used to assess the uptake
echanism of G5G2.5 by melanoma cells.

. Material and methods

.1. Materials

Ethylendiamine core PAMAM G5, G2.5 and G6.5 dendrimers
ere purchased from Sigma-Aldrich (St Louis, MO). Methotrexate,

iCl, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochlo-
ide (EDC), fluorescein isothiocyanate isomer I (FITC), 3-(4,5-
imethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide) (MTT),
ropidium iodide, Sephadex G25, chloroquine diphosphate salt,
ytochalasin D from Zygosporium mansonii, genistein and wort-
annin from Penicillium funiculosum were purchased from Sigma-
ldrich. Nocodazole and methyl-�-cyclodextrin were acquired

rom Fluka (Buenos Aires, Argentina). Chlorpromazine and zole-
ronic acid were a gift from Laboratorios Ceballos and Laboratorios
ador SA, Argentina, respectively.

LysoTracker Red DND-99, BODIPY® FL C5-lactosylceramide
omplexed to bovin serum albumin (LacCer), Alexa Fluor 568 con-
ugated dextran of 10.000 molecular weight (Dex-Alexa 568) and
lexa Fluor 555 conjugated human serum transferrin (Tf-Alexa-
55) were from Molecular Probes (Eugene, OR). Modified Eagle’s
edium (MEM)  and l-glutamine were from Gibco, Life Technolo-
ies (Eugene, OR). Fetal bovine serum (FBS), trypsin-EDTA solution
nd antibiotic/antimycotic solution were obtained from PAA Labo-
atories (Pasching, Austria). The other reagents were analytic grade
rom Anedra, Research AG (Buenos Aires, Argentina).
B: Biointerfaces 122 (2014) 19–29

2.2. Preparation and characterization of MTX- and
ZOL-sandwiches

2.2.1. Preparation
G5G2.5 was  synthesized and purified as described in Shilr-

reff et al. [20]. To obtain MTX- and ZOL-sandwiches, drugs were
incubated with G5 before the covalent linkage of G5G2.5. First,
increasing amount of drugs (1 and 2 mg  of MTX  and 2, 4 and 8 mg
of ZOL) dissolved in two  different media (MilliQ water or 23 mg/ml
LiCl aqueous solution) was  incubated with 1 mg  (0.04 �mol) G5
for 15 h under stirring at 250 rpm. The samples were centrifuged
at 10,000 rpm, and MTX  and ZOL in supernatant were quantified
as described in the following section. Sandwiches were prepared
employing the medium rendering highest drug payload. Hence,
2 mg  MTX  (4.4 �mol) or 4 mg  ZOL (13.8 �mol) were incubated with
1 mg  of G5 (0.04 �mol) in 23 mg/ml  LiCl for 15 h under stirring at
250 rpm. Thereafter, 7.5 mg  (1.2 �mol) of G2.5 in MilliQ water was
added at a 1:30. G5:G2.5 molar ratio. The mixture was allowed to
equilibrate for 20 h at room temperature. Subsequently, the link-
ing reagent EDC (11.5 mg)  was  added and the reaction mixture
was incubated by 6 h. Finally, each mixture was  dialyzed using a
12,000-Da cutoff cellulose membrane against 80 volumes of 10 mM
Tris–HCl pH 7.4 buffer (Tris–HCl buffer) for 5 h and fractionated
on Sephadex G25 chromatographic column to separate free drugs
from that in G5-drug-G2.5 sandwiches. Samples were collected,
lyophilized (−50 ◦C, 10−3 mbar) and stored at 4 ◦C.

2.2.2. MTX and ZOL quantification
MTX  was  quantified by measuring its absorbance at 304 nm.

The calibration curve of MTX  in 250 mM carbonate buffer pH 9.1
was linear in a concentration range of 25–8 �g/ml (r2 = 0.9907). ZOL
contains two  phosphorus atoms per molecule, and was  quantified
by measuring phosphate content by Bötcher assay [21]. The calibra-
tion curve of ZOL in Tris–HCl buffer was  linear in a concentration
range of 20–2 �g/ml (r2 = 0.9971).

2.2.3. G5G2.5 quantification
The yield of each batch was  determined by densitometry using

G6.5 as standard. Increasing amounts of G6.5 (1–8 �g), G5G2.5 and
drug-sandwiches were run in 15% PAGE using TBE buffer pH 8.3
(0.089 M Tris, 0.089 boric acid, 2 mM EDTA). Gels were run at a
constant voltage of 200 V. Gels were stained with 0.1% Coomassie
brilliant blue R-250 in 20% (v/v) methanol and 10% (v/v) acetic
acid and destained in the same solution (without the dye) to visu-
alize polymers bands. Images were obtained and band intensity
was determined by ImageJ software (National Institute of Health,
Bethesda, MD). A plot of G6.5 mass (in micrograms) versus band
intensity was fitted by linear regression.

2.2.4. Size and Z potential
Size and zeta potential of drug-sandwiches in Hank’s balanced

salt solution (HBSS) were determined by dynamic light scattering
and phase analysis light scattering, respectively, using a Nanosizer
(ZEN 3600; Malvern Instruments, Malvern, UK).

2.2.5. FTIR spectroscopy
FTIR spectra of MTX, ZOL, G5G2.5, G5, G2.5, MTX- and ZOL-

sanwiches were measured using a FTIR Nicolet 8700 spectrometer
equipped with a single reflection diamond Attenuated Total
Reflectance (ATR) accessory. Samples were prepared by dispersion

of lyophilized solids in potassium bromide followed by vacuum
press. Spectra were run between 525 and 4000 cm−1 with a resolu-
tion of 4 cm−1, at 64 scans per sample. Spectra were analyzed with
OMNIC version 7.3 Thermo Electron Corporation.
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.3. Cytotoxicity of MTX- and ZOL-sandwiches

.3.1. Cells
Human melanoma cells Sk-Mel-28 (ATCC, HTB-72TM), were

btained from the Asociación Banco Argentino de Células. Dr.
dgardo Salvatierra, Instituto Leloir, Argentina, kindly provided
mmortalized human nontumorigenic keratinocites HaCaT. Cells

ere routinely culture in MEM  supplemented with 10% (v/v) FBS,
% (v/v) antibiotic/antimycotic solution and 2 mM glutamine, at
7 ◦C in 5% CO2 and 95% humidity.

.3.2. MTT  assay
Cell viability upon treatment with G5G2.5, MTX, ZOL, MTX- and

OL-sandwiches was measured by MTT  assay. Cells were seeded
t a density of 3 × 104 cells/well in 96-well plates and allowed
o attach overnight. The medium was then replaced with fresh

edium with 5% FBS containing increasing concentrations of:
5G2.5 from 2 to 16 �M;  MTX  from 12 to 100 �M;  ZOL from 62

o 500 �M;  MTX-sandwich from 12 to 100 �M MTX  and 2 to 16 �M
5G2.5; and ZOL-sandwich from 62 to 500 �M ZOL and 2 to 16 �M
5G2.5. Upon incubating 24 h at 37 ◦C, the medium was  removed
nd replaced by 0.5 mg/ml  of MTT. Four hours later, MTT  solution
as removed, the insoluble formazan crystals were dissolved in
MSO and absorbance was measured at 570 nm in a microplate

eader (Dynex Technologies, modelo MRX  tc). The cells viability was
xpressed as a percentage of the cells grown in medium viability.
ssays were carried out in triplicate. Additionally, cellular mor-
hology was examined with an inverted microscope Leica DMI6000
.

.3.3. Apoptosis/Necrosis assay
A double staining with YO-PRO-1® and propidium iodide (PI)

as used to distinguish between apoptotic and necrotic Sk-
el-28 cells upon treatment with G5G2.5, MTX, ZOL, MTX- and

OL-sandwiches. This assay detects changes in cell membrane per-
eability with YO-PRO-1® dye, a green-fluorescent nucleic acid

tain that is permeant to apoptotic cells but not to live cells. Necrotic
ells were stained with red fluorescent PI.

Cells were seeded at a density of 3 × 105 cells/well in 6-
ell plates and allowed to grow for 24 h. The medium was then

eplaced with fresh medium with 10% FBS containing 50 �M MTX,
 �M G5G2.5, 50–8 �M MTX-sandwiches (50 �M MTX and 8 �M
5G2.5), 250 �M ZOL or 250–8 �M ZOL-sandwiches (250 �M ZOL
nd 8 �M G5G2.5), and cells were incubated at 37 ◦C in a 5% CO2
umidified incubator. After 7 and 15 h of exposure to MTX  and
TX-sandwiches, or 24 and 48 h of exposure to ZOL and ZOL-

andwiches, the media were removed, cells washed with PBS and
ollected into Eppendorf tubes by trypsin treatment. Then trypsin
as inactivated, the cells washed twice with PBS by centrifuga-

ion (1000 × g for 5 min  at 4 ◦C), and cell density adjusted to 1 × 106

ells/mL in PBS. The cells were incubated with 1 �l of YO-PRO-1®

00 �M for 15 min  and 1 �l of PI 0.01 mg/mL  for 2 min. The stained
ells were analyzed within 1 h by flow cytometry (FACSCAlibur),
sing 488 nm excitation with green fluorescence emission for YO-
RO-1® (530 nm FL1) and red fluorescence emission for PI (575 nm,
L3). A total of 1 × 104 cells were analyzed, and data processed using
inMDI 2.9 software. Assay was carried out in triplicate.

.4. Uptake and intracellular traffic of G5G.25

.4.1. Cytotoxicity of inhibitors of endocytosis
Cell viability upon treatment with inhibitors of endocytosis and
5G2.5 or G6.5 was measured by MTT  assay. Cells were seeded at a
ensity of 3 × 104 cells/well in 96-well plates and allowed to attach
vernight. The medium was then replaced with HBSS containing
he following inhibitors: (i) chlorpromazine (Cpz) 5, 10, 30 �M;
B: Biointerfaces 122 (2014) 19–29 21

(ii) genistein (Gen) 20, 50, 100 �M for Sk-Mel-28 cells and 150,
200, 300 �M for HaCaT cells; (iii) methyl-�-cyclodextrin (M�CD)
0.5, 5, 10 mM for Sk-Mel-28 cells and 7.5, 10 mM for HaCaT cells;
(iv) chloroquine (CQ) 5, 10, 50 �M for Sk-Mel-28 and 75, 150 �M
for HaCaT cells; (v) nocodazole (Noc) 5, 10, 50 �M for Sk-Mel-28
and 10, 30, 50 �M for HaCaT cells; (vi) cytochalasin D (CytD) 5, 10,
25 �M;  (vii) wortmannin (Wort) 50, 200, 500 nM.  After 30 min  of
incubation at 37 ◦C, G5G2.5 or G6.5 at 7.5 �M were added, followed
by 2 h incubation. After that, the medium was  removed and cells
were processed for MTT  assay as described in Section 2.3.2.

2.4.2. Uptake of G5G2.5-FITC and G6.5-FITC in presence of
inhibitors of endocytosis

G5G2.5 and G6.5 were labeled with FITC (G5G2.5-FITC or G6.5-
FITC), purified and characterized, as described by Schilrreff et al.
[20]. HaCaT and Sk-Mel-28 cells were seeded at a density of 1 × 105

cells/well in 24-well plates and allowed to attach overnight. The
medium was then replaced with fresh HBSS containing endocytic
inhibitors at nontoxic concentrations. The cells were incubated
30 min  at 37 ◦C, then 7.5 �M G5G2.5-FITC or G6.5-FITC was  added
and the cells were incubated for another 2 h. After incubation, the
medium was removed, the cells were washed with phosphate-
buffered saline pH 7.4 (PBS), and harvested by trypsinization. After
washing with PBS, a total of 1 × 104 cells were analyzed by flow
cytometry (Becton Dickinson FACSCalibur, San Jose, CA). Data were
analyzed using WinMDI 2.9 software. To read the fluorescence of
internalized polymers only, the cells were previously treated with
trypan blue in order to quench the external fluorescence.

The percentage of cellular internalization was  calcu-
lated on the basis of the geometric mean (Gm), as follows:
(Gmobs/Gmcontrol) × 100; where Gmobs is the Gm of cells incu-
bated with inhibitors and G5G2.5-FITC or G6.5-FITC and Gmcontrol
is the Gm of cells incubated with G5G2.5-FITC or G6.5-FITC.

The activity of the inhibitors chlorpromazine and wortmannin
was checked by measuring the uptake of Tf-Alexa-555 (40 �g/ml)
and Dex-Alexa-568 (500 �g/ml), as markers of clathrin-dependent
endocytosis and macropinocytosis, respectively. The activity of the
inhibitors nocodazole and chloroquine could not be checked since
commercial markers of microtubules and lysosomal disruption
respectively are not available.

2.4.3. Co-localization of G5G2.5-FITC with dextran and
lysotracker

Co-localization of G5G2.5-FITC with Dex-Alexa-568 and Lyso-
Tracker Red was followed by confocal laser scanning microscopy.
Sk-Mel-28 cells were seeded at a density of 1 × 105 cells/well in 24-
well plates with rounded cover slips on the bottom and allowed to
attach overnight. Then, the medium was replaced with HBSS con-
taining 7.5 �M G5G2.5-FITC and 500 �g/ml Dex-Alexa-568. After
1 h of incubation at 37 ◦C, the medium was  removed; cells were
washed twice with PBS and fixed with 4% formaldehyde in PBS for
25 min  at 4 ◦C. The cells were then washed, the cover slips were
mounted on slides with 5 �l of mounting medium, and samples
were observed with a Nikon confocal laser microscope.

On the other hand, cells were incubated with 7.5 �M G5G2.5-
FITC for 1 h at 37 ◦C. Thereafter suspensions were removed; cells
were washed with PBS, fresh medium with 5% FBS was added and
cells were incubated for 3, 5 and 12 h. For endosomal-lysosomal
staining, 60 min  before incubations were finished 5 �l of 38 �M
LysoTracker Red were added. Then cells were processed as stated
before.

Pearson’s correlation coefficient, which describes the correla-

tion of intensity distribution between channels, and is independent
of the intensity of signals, was calculated using Mac  Biophotonics
MBFImage J software (http://www.macbiophotonics.ca/imagej).
Pearson’s correlation coefficient values between 0.5 and 1

http://www.macbiophotonics.ca/imagej
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Table  1
Properties of G5G2.5, MTX- and ZOL-sandwiches. Values are expressed as mean ± S.D of three independent measurements.

Size (nm) Polydispersity (Pdi) Z-potential (mV) Drug concentration in sandwiches (�g/ml) Drug/G5G2.5 molar ratio

G5G2.5 10.56 ± 1.98 0.70 −4.0 ± 0.76 – –
G5G2.5-MTX 12.00 ± 4.29 0.53 −15.08 ± 5.12 140 ± 21 6.3 ± 2.3
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in the free form was  innocuous to Sk-Mel-28 cells. The 50–8 �M
MTX-sandwich cytotoxicity was not only three folds higher than the
G5G2.5 cytotoxicity, but also enabled MTX  to exert its cytotoxicity.

25

50

75

100
MTX-G5G2.5

ZOL-G5G2.5

D
ru

g 
re

le
as

e 
(%

)

G5G2.5-ZOL 12.51 ± 2.77 0.62 −12.26 ± 3.1
G6.5-MTX 11.5 ± 0.7 0.56 −9.0 ± 1.2
G6.5-ZOL 10.8 ± 1.5 0.54 −9.8 ± 1.8

ndicate colocalization, while values between 0 and 0.5 indicate
o colocalization [22].

.5. Statistical analysis

Statistical analyses were performed by one-way analysis of vari-
nce, followed by Dunnett’s test using Prisma software (v 4.00;
raphpad Software Corporation, San Diego, CA). Significance levels
re shown in the figure legends.

. Results

.1. Characterization of MTX- and ZOL-sandwiches

Two strategies were used to load MTX  and ZOL within tecto-
endrimers. By the direct one, the co-incubation of drugs dissolved

n LiCl or pure water with G5G2.5 did not lead to drug association.
y the indirect one, different amounts of drugs were co-incubated
ith the core dendrimer G5, which was then coated by a covalently

inked G2.5 shell. We  found that the sandwiches structures trapped
 higher proportion of drugs dissolved in LiCl than in pure water.
he amount of drugs loaded into sandwiches increased with the
ncubation ratio up to 2 mg  MTX  and 4 mg  ZOL per 1 mg  of G5. These
atios where used for further sandwiches preparation.

When the drugs were incubated with the commercial dendrimer
6.5 (of size and Z potential similar to G5G2.5), nearly one drug
olecule remained associated per dendrimer molecule. The high

urface group congestion of the G6.5 probably hindered the drug
ntry to the inner pockets. Because of this the anti-melanoma activ-
ty of drugs-G6.5 complexes was not determined.

PAGE analysis of MTX- and ZOL-sandwiches showed them run-
ing as a diffuse band of relative mobility comparable to that
f G5G2.5. Their hydrodynamic radii were also similar to that of
5G2.5, but with a negative Z potential slightly lower than that of
5G2.5. Remarkably, the drug/G5G2.5 molar ratio of ZOL-sandwich
as five folds higher than that of MTX-sandwich (Table 1). A pos-

ible reason could the difference in size and shape of both drugs.
he molecular weight of ZOL is 290.1 and is a planar molecule;
eanwhile the molecular weight of MTX  is 454.5 and is an angular
olecule. Hence MTX  could have more restriction to enter to the G5

ockets. On the other hand, the release kinetics of MTX-sandwich
howed a burst relase, beeing around of 60% of MTX  released in the
rst 30 min  (Fig. 1). Besides, the ZOL-sandwich showed a sustained
elase, beeing only 25% of ZOL release in the first 30 min.

The FTIR spectra of G5G2.5 (Fig. 2) showed the peaks charac-
eristic of G5 and G2.5 dendrimers (the N H stretching vibration
t 3255 cm−1; the CH2 asymmetric and symmetric stretching
ibration at 2948 cm−1; the amide I mode at 1636 cm−1; the amide
I mode at 1541 and the CH2 scissoring vibrations at 1458 cm−1).
he most remarkable feature was the presence of the asymmet-
ic stretching peak of the COO− at 1375 cm−1, that was absent
n the cationic G5. The FTIR spectra of MTX  and ZOL showed

he peaks characteristics of the two drugs. Remarkably, the FTIR
pectra of the sandwiches presented the same peaks than G5G2.5,
ut not those of the free drugs. This could be due to superposi-
ion of MTX  (1539 cm−1) and ZOL peaks (1050 cm−1, 950 cm−1)
500 ± 35 31.3 ± 9.3
20 ± 18 1 ± 1
15 ± 12 1 ± 1

observed in the spectra of G5-MTX and G5-ZOL complexes (data
not shown), with the amide II peak at 1556 cm−1 and the broad
peak at 1050 cm−1 of G5G2.5. The peaks of the amide II and of
the symmetric stretching of COO− of the sandwiches were shifted
to higher wavenumbers (1556–1552 cm−1 and 1382 cm−1, respec-
tively), suggesting the presence of ionic interaction between drugs
and tecto-dendrimer molecules.

3.2. Cytotoxicity

The viability of HaCaT and Sk-Mel-28 cells after 24 h incubation
with free drugs, G5G2.5, MTX- and ZOL-sandwiches was determined
by measuring the activity of the mitochondrial enzyme succinate
dehydrogenase by employing a tetrazolium salt (MTT).

As previously reported between 2 and 12 �M G5G2.5 the viabil-
ity of HaCaT cells was not significantly reduced, but the viability of
Sk-Mel-28 cells was  decreased in a concentration dependent fash-
ion [20] (Fig. 3A and B). Sk-Mel-28 cells experienced also important
morphological changes such as reduction of cellular volume and
loss of the tapering shape of the cells (Fig. 3D).

On the other hand, neither MTX  nor its sandwich reduced the
viability of HaCaT cells. Nonetheless, at 50 �M the MTX-sandwich
reduced 80% the viability of Sk-Mel-28 cells, accompanied by the
already described morphological changes (Fig. 3F). In contrast,
100 �M MTX  did not significantly decrease (15%) the viability of
Sk-Mel-28 cells and not cause morphological changes (Fig. 3E).

ZOL did not reduce the cell viability neither of HaCaT nor of Sk-
Mel-28 cells at any tested concentrations. Nonetheless, at 500 �M
the ZOL-sandwich decreased 50% and 85% the viability of HaCat and
Sk-Mel-28 cells respectively, accompanied by the already described
morphological changes (Fig. 3G and H).

At 8 �M concentration G5G2.5, 250–8 �M ZOL-sandwich slightly
decreased (25%) the viability of both HaCat and Sk-Mel-28 cells.
The 50–8 �M MTX-sandwich however, showed a pronounced dele-
terious effect only on Sk-Mel-28 cells. Its cytotoxicity was not only
selective to the malignant cells but owed to the trapped MTX, which
0 1 2 3 4 5
0

Time (h)

Fig. 1. Drug release kinetic from MTX-and ZOL-sandwiches.
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Simple mixtures of tecto-dendrimers and drugs showed the
ame cytotoxicity as tecto-dendrimers alone but lower than that of
rug-sandwiches on SK-Mel-28 cells (Fig. 3C). These results showed
hat activity of the drug-loaded tecto-dendrimers is due to greater
ptake of each drug-sandwich and not due to any additive effect
rom both tecto-dendrimers and drugs.

In this context, the relative contribution of apoptosis and necro-
is, caused by the 50–8 �M MTX- and 250–8 �M ZOL-sandwiches on
k-Mel-28 cells, was measured by double staining with YOPRO and
I. Since the 50–8 �M MTX-sandwich reduced 80% the viability of
k-Mel-28 cells after 24 h incubation, the assay was carried out at
horter incubation times (7 and 15 h) to detect intermediate stages
f cell death process. On the other hand, since the 250–8 �M ZOL-
andwich was  not cytotoxic, the incubation time was extended for
8 h.

As shown in Fig. 4, 8 �M G5G2.5 reduced 50% cell viability
y necrosis, a condition that remained stable in time, with low
ontribution of apoptosis. However, although MTX  did not induce

ignificant cell death, at 50–8 �M MTX-sandwich eliminated most
iable cells (∼ 6% viable cells) and the remaining cells were in
ate apoptosis or necrosis after 15 h. This was a significantly higher
amage than the produced by G5G2.5. Finally, ZOL did not induce
B: Biointerfaces 122 (2014) 19–29 23

significant cell death and the 250–8 �M ZOL-sandwich induced the
same damage than G5G2.5. These results were in accordance with
the MTT  assay and suggested that the death mechanism mainly
owed to necrosis.

3.3. Uptake of G5G2.5-FITC in presence of inhibitors of
endocytosis and co-localization with biomarkers

The internalization mechanism of G5G2.5-FITC by Sk-Mel-28
and HaCaT cells was screened employing a set of inhibitors of
endocytosis: M�CD, a cholesterol-depleting cyclic oligomer of gly-
copiranoside was  used as a general endocytosis inhibitor [23]; Cpz,
a cationic amphipathic molecule, was used to inhibits formation of
clathrin-coated pits [24]; Gen, a specific tyrosine kinase inhibitor
that causes local disruption of the actin cytoskeleton and avoids
recruiting of dynamin II, was used as caveolin-mediated endocy-
tosis and Rho-mediated endocytosis inhibitor [25,26]; Wort that
blocks PI3-kinase and inhibits the fusion of membrane protru-
sions, was used as macropinocytosis and phagocytosis inhibitor
[27]; CytD, that disrupts actin filaments and inhibits actin poly-
merization and membrane ruffling, was  used as phagocytosis and
pinocytosis inhibitor [28]; CQ, a weak base that increases endo-
somal and lysosomal pH, cause lysosomal disruption [29] and
reduction of clathrin-dependent endocytosis [30]; and Noc, that
disrupts microtubules and inhibits translocation of endosomes
and lysosomes [31], blocking clathrin-dependent endocytosis, not
affecting SV40 uptake to caveosomes, but affects vesicular move-
ments into the cell [32]. However, the inhibitors of endocytosis are
also cytotoxic drugs, for example M�CD destroys the cell mem-
brane, Noc is an anti-neoplastic agent and Wort inhibits DNA repair
and cell proliferation. Hence, before starting with the inhibition
assay, their cytotoxicity as function of concentration and incubation
time must be screened on each cell type. Our preliminary findings
showed that M�CD, Gen, CQ and Noc were more toxic on Sk-Mel-
28 cells than on HaCaT cells, therefore the assay on Sk-Me-28 cells
was carried out at lower inhibitors concentrations that the used in
HaCaT cells.

According to the cytoxicity of inhibitors on both cell types
(Fig. 5), the inhibition assay was  performed at the maximal inhibitor
concentration rendering viability higher than 75–80%. Sk-Mel-28
cells resulted extremely sensitive to the combination of G5G2.5
and M�CD or Gen, being these inhibitors excluded from the assay.

Our findings showed that in Sk-Mel-28 cells, the uptake of
G5G2.5 and G6.5 significantly decreased when the endocytic pro-
cesses were inhibited at 4 ◦C. CytD, Noc and Wort decreased 40, 20
and 45%, respectively, the uptake of G5G2.5. CQ and CytD decreased
30 and 20% respectively the uptake of G6.5 (Fig. 6B). Cpz did not
affect the polymers uptake; however it decreased the uptake of the
marker of clathrin-dependent endocytosis, Tf-Alexa-555. G5G2.5-
FITC was seen as homogeneously distributed cytoplasmic dots
(Fig. 7) of high (Pearson’s correlation coefficient >0.5) (Fig. 8) co-
localization with the macropinocytosis marker Dex-Alexa-568 and
the lysosomal marker Lysotracker Red.

In HaCat cells, the uptake of G5G2.5 and G6.5 also significantly
decreased when the endocytic processes were inhibited at 4 ◦C,
but only CytD decreased 30% the uptake of G5G2.5. Wort, which
decreased the uptake of the macropinocytosis marker dextran, and
nocodazole, did not affect the uptake of none of the polymers
(Fig. 6A). Cpz and CQ increased – instead of decreased – the uptake
of both polymers. Other authors have reported that inhibition of
clatrhin coated uptake may  upregulate other pathways on the other
hand, chlorpromazine, an amphipathic molecule, could affect the

fluidity of the membrane in a positive way and therefore facil-
itating endocytosis. Additionally, Cpz did not reduce the uptake
of Tf-Alexa-555; therefore the mediation of clathrin-dependent
endocytosis could not be assessed. These results indicated that the
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Fig. 3. Cytotoxicity of G5G2.5, free drugs, MTX- and ZOL-sandwiches on HaCaT (A) and Sk-Mel-28 cells (B). Cytotoxicity of simple mixtures of G5G2.5 and drugs on Sk-Mel-
2  16 �M
5  each 

u
t

4

M
t
[
e

8  cells (C). Phase contrast microscopic images of Sk-Mel-28 cells incubated with
00–16  �M ZOL-sandwich (H). Three independent experiments were completed for

ptake of G5G2.5 depended on the dynamics of the actin cytoskele-
on and excluded the mediation of macropinocytosis.

. Discussion

In several pre-clinical approaches the covalent conjugation of

TX to different dendrimers was shown to be a suitable strategy

o increase the plasma half-life and tumor accumulation of MTX
33,34]. Modifying pharmacokinetics and biodistribution how-
ver, may  not be the unique ways of improving the antitumoral
 G5G2.5 (D); 100 �M MTX  (E); 50–8 �M MTX-sandwich (F); 500 �M ZOL (G) and
measurement. Values are expressed as means ± S.D, **p < 0.01, *p < 0.05.

activity of MTX. For instance, Baker’s group developed multifunc-
tional PAMAM G5 dendrimers by conjugating MTX  and folic acid
(as a ligand of the folate receptor that it is over-expressed in
different tumors, such as ovary, breast, colon and lung). When
intravenously administered, these dendrimers reduce the tumoral
growth, increase the animal survival and reduce the toxic effects

of MTX  in a murine model of tumor induced with epidermoid car-
cinoma KB cells [35,36]. Not all tumors, however, respond in the
same way to the dendritic polymers. For instance, recent studies
showed that murine B16-F10 melanoma cells are sensitive to MTX
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ig. 4. Representative density plot diagrams of apoptosis/necrosis assay on SK-Me
5G2.5  for 7, 15, 24 and 48 h; 50 �M MTX  and 50–8 �M MTX-sandwiches for 7 and 

300 nM reduce 80% cell viability) but these cells are incapable of
aking up dendrimers, resulting these dendrimer-MTX conjugates
ot cytotoxic [37]. The cytotoxicity to melanoma cells, on the other
and, strongly depends on the origin of the cell line. For instance,
TX  is not cytotoxic to human melanoma cells SK-Mel-1 [38]. Sim-
larly, 20 �M MTX  inhibits proliferation (it is cytostatic) but does
ot induce morphological changes associated to cell death (it is not
ytotoxic) on Sk-Mel-28 cells, which recovered after the treatment
s discontinued [11]. Here, we found that up to 100 �M,  MTX  was
ells. Cells were incubated with buffer (Control cells) for 7, 15, 24 and 48 h; 8 �M
250 �M ZOL and 250–8 �M ZOL-sandwiches for 24 and 48 h.

neither cytostatic nor cytotoxic (it did not inhibit cell prolifera-
tion, did not produce morphological changes up to 50 �M and did
not induce apoptosis/necrosis) to Sk-Mel-28 cells. However, the
cytotoxicity of the 50–8 �M MTX-sandwich increased from 25 to
80–100% (by MTT  and YOPRO/IP) the intrinsic cytotoxicity of 8 �M

G5G2.5. The cytotoxicity was only induced on melanoma cells since
the same sandwich did not affect the viability of HaCaT cells.

ZOL on the other hand, has been loaded in pegilated lipo-
somes that after intravenous administration increased its tumoral
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ccumulation mostly due to the enhanced permeation and reten-

ion (EPR) effect [39,40]. To the best of our knowledge, this is the
rst time that ZOL is loaded within dendritic polymers. The cyto-
oxicity of ZOL is strongly dependent on the melanoma cell line.
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For instance, its IC50 is 100 �M after 24 h incubation with A375
and M186 human melanoma cells [41], whereas their IC50 are 48
and 20 �M after 72 h incubation with M14  and M14+ cells, respec-
tively [40]. Here, we found that up to 500 �M ZOL was  not cytotoxic
to Sk-Mel-28 cells after 24 h incubation. However, the cytotoxicity
of the 500–16 �M ZOL-sandwich was  85%, nearly 30% higher than
the intrinsic cytotoxicity of 16 �M G5G2.5. And finally, altough the
ZOL-sandwich was  35% more cytotoxic to Sk-Mel-28 cells than to
HaCaT cells, the cytotoxicity to HaCaT cells was also high (50%).

These results suggested that above a minimal concentration, the
sandwiches were more cytotoxic than free drugs, tecto-dendrimers
alone and simple mixtures. Interestingly, the MTX-sandwich was
more cytotoxic only to melanoma cells, while the ZOL-sandwich
was more cytotoxic to melanoma cells and keratinocytes, as com-
pared to the free drugs and tecto-dendrimers alone.

Previous studies have shown that the nature of the surface
groups of dendrimers influences their uptake mechanism in dif-
ferent cell types [42]. Searching for a potential correlation between
the selective cytotoxicity of tecto-dendrimers (and sandwiches) and
their uptake mechanism, we screened the effect of a set of chem-
ical inhibitors of endocytosis on the uptake of G5G2.5 by HaCaT
and Sk-Mel-28 cells. In some cases, the relative technical simplic-
ity of this approach is out weighted by uncertainties, such as: the
opening of alternative uptake mechanism as a response to the inhi-
bition; the non-specificity of the inhibitors (which depend on the

cell type); and the intrinsic cytotoxicity of the inhibitors, lead-
ing to reducing the inhibitor concentration below their threshold
levels of activity [43]. Our results showed that each cell type inter-
nalized tecto-dendrimers and G6.5 by different mechanisms. The
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Fig. 7. Confocal laser scanning microscopic images of Sk-Mel-28 cells incubated with G5G2.5-FITC and FITC at 37 ◦C for 1 h.

Fig. 8. Confocal laser scanning microscopic images of Sk-Mel-28 cells incubated with G5G2.5-FITC and co-incubated with Dextran-Alexa-568 or with Lysotracker Red for 3,
5  and 12 h.



2 faces 

u
t
c
h
t
W
i
p
a
H
f
e
s
f
r

v
m
d
i
m
2
d
m
m
t
c
M
o
o
t
G
t
M
i
a
e
b
M
Z
m
o
t
i
s

5

o
c
w
t
s
t

A

S
h
i
M

[

[

[

[

[
[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

8 P. Schilrreff et al. / Colloids and Sur

ptake of G6.5 depended on the dynamics of the actin cytoskele-
on and lysosomal acidification, in spite of no being mediated by
lathrin-mediated endocytosis. The uptake of G5G2.5 on the other
and, depended on the dynamics of the actin cytoskeleton and on
he microtubular assembly, which together with the inhibition by

ort and co-localization studies suggested a mechanism compat-
ble with macropinocytosis in Sk-Mel-28 cells. Tecto-dendrimers
ossess a structure simmilar to G6.5 (simmilar molecular weight
nd hydrodynamic size 1,061,967 Da and 7–8 nm, respectively).
owever, theoretically 240 carboxylic groups would be at the sur-

ace of G5G2.5 if we assume that half of the surface groups of
ach PAMAM G2.5 are exposed. In comparison, the densely packed
urface of G6.5 exposes 512 surface carboxylic groups. Hence dif-
erence in suface groups’ density of G5G2.5 and G6.5 could be one
eason of difference in uptake mechanisms.

Macropinocytosis, fluid-phase uptake modality employed by
irtually any cell with exceptions of macrophages and brain
icrovessel endothelial cells [44,45], has been reported for den-

rimers that utilize multiple mechanisms for cellular entry. For
nstance G3 is taken up by caveolin-mediated endocytosis and

acropinocytosis in human intestinal adenocarcinoma cells (HT-
9) [42]. Moreover, G2, G4 and G6 (neutral, cationic and lipidated)
endrimers are taken up by clathrin-mediated endocytosis and
acropinocytosis in HeLa cells [46]. Although the macropinoso-
al  traffic differs with the cell type and the triggering ligand,

he macropinosomes maturate in a pathway parallel to classi-
al endosomes that involves acidification and marker proteins.
acropinosomes would fuse between each other, late endosomes

r lysosomes [47]. We  have previously shown that G5G2.5 induces
xidative stress in Sk-Mel-28 cells, a potential cause of the selec-
ive cytotoxicity on these cells [20]. Now our results suggested that
5G2.5 and not close similar polymers such as G6.5, could access

he macropinosomes. Probably part of the MTX  entered the SK-
el-28 cells by macropinocytosis of MTX-sandwiches and not by

nteraction with FR�.  This switch of internalization pathway would
llow deviating MTX  from its exocytosis within melanosomes,
nabling the cytoplasmic delivery of MTX  and subsequent inhi-
ition of DHFR. This would explain the higher cytotoxicity of the
TX sandwiches compared to the free drug. Different to MTX,

OL is not taken up by a specific receptor; in osteoclast and J774
acrophages, ZOL is taken up by pynocytic mechanisms while in

ther cells ZOL diffuse very poorly. We  propose that the higher
oxicity of ZOL-sandwich as compared to free ZOL was due to an
ncreased accumulation of ZOL, following its endocytic uptake as
andwich instead of free ZOL diffusion.

. Conclusion

MTX  and ZOL-sandwiches strongly increase the cytotoxicity
f the free drugs in a cell type dependent modality. A further
ost-benefit analysis would help to choose the more suitable sand-
ich for in vivo studies. The MTX-sandwiches were only toxic

o melanoma, but the death of keratinocytes caused by ZOL-
andwiches could be an acceptable cost to pay in order to eliminate
he malignant cells.
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