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therapy. ECFCs have the capacity to home, invade, 
migrate within, and incorporate into tumor structures. 
Moreover, ubiquitously available autologous blood 
is conveniently procured, can be easily expanded and 
does not induce immunological intolerance problems. 
For these reasons, ECFCs have been recently elicited 
as ideal candidates for tumor cell therapy [21, 22]. We 

have proved that they can be massively loaded with NIR-
absorbing chitosan-capped nanoparticles without losing 
their phenotypical features. Rather, quite unexpectedly, 
we found a significant increase of CXCR4 expression 
along with a greater migration of Au enriched cells toward 
SDF1α. Moreover, the nanoparticles mix that we used has 
been prepared with a simple one-step protocol without 

Figure 5: Photothermal effects of AuNPs on melanoma cells. (A) (Left side) Thermographic images of the liquid mixtures of 
unloaded A375 and unloaded ECFCs or ECFCs(100,150), irradiated with a 808 nm wavelength laser source at the intensity of 4.8 W cm−2.  
While the temperature of the mixtures of unloaded cells doesn’t raise significantly, hyperthermic regimes are reached when ECFCs 
(100,150) are present, reaching maximum temperatures of 47°C and 65°C, for the two enrichments respectively. Correspondent massive 
cells death is observed (right side) with microscope inspection and (B) confirmed by flow cytometry analysis of melanoma cells.
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the use of capping agents or pre-formed seeds and then 
stabilized with chitosan, a highly biocompatible and cheap 
polysaccharide widely used, for instance, in food industry. 
In spite of the inherent lack of homogeneity in the shapes/
dimensions of the produced GNPs, these colloids contain a 
considerable number of NIR-absorbing nanoparticles that 
prove effective in heat production. Other kinds of popular 

NIR-tuned single-shaped GNPs, like Au-nanorods and Au-
nanostars, show higher MHRs [27] about 7-fold higher as, 
for instance, in the favorable case of nanohexapods [32]. 

However, the better performances of purified ChAumix 
and of other NIR-tuned GNPs are paid with non-trivial 
issues in their preparation (i.e. multi-steps procedures, 
lossy purification steps, use of toxic surfactants). As a final 

Figure 6: Photothermal ablation of human melanoma xenograft with Au-rich ECFCs. (A) Thermographic images of the 
irradiated tumors treated with ChAumix-enriched EFCFs (upper part) or vehicle (lower part) and (B) the corresponding   temperature 
growth measured with the FLIR thermocamera (red  points) and with a temperature gauge (dashed black lines), placed at approximately 
6 mm below the skin surface. The continuous red lines represent the exponential best fits of the experimental data. The initial growth rate 
of the upper curve, used to evaluate the MHR of the tumor-hosted Au-enriched ECFCs (see text), is 0.54°C s−1. Upper traces: temperature 
increase of the tumor treated with ChAumix-enriched ECFCs and with vehicle ECFCs (lower traces). (C) Histological Assessments of 
tumor tissues before and after NIR irradiation (1 W cm−2). (Pink: cytoplasm stained with eosin, Dark blue: nuclei stained with hematoxylin) 
(D) Gold amount in liver, spleen and kidney normalized to that one found in tumor mass.
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remark, if from one side the presence of broadly dispersed 
ChAumix limits the absorption at a given excitation 
wavelength to a restricted number of tuned particles, on 
the other side the absorbance remains higher than the 90% 
of the maximum value in a wide band (~ 100 nm), and 
thus may comply more easily with laser users, hopefully 
in hospital. We measured Au loadings as high as 220 pg/
cell, a cell enrichment that, at our knowledge, has not been 
reached so far [2, 29, 32]. This is due to the high efficiency 
of the enriching process, likely driven by the attractive 
forces between positively charged Au nanoparticles and 
negatively charged cells membranes in agreement with 
the observations reported by M. Pérez-Hernández [35]. 
Our findings show for the first time differential uptake 
between human melanoma and ECFC cells exposed 
to the same kind colloid at equal Au concentrations, 
confirming that, besides the complexity of the EPR effect 
and tumor heterogeneity, tumor cells have lower ability to 
accumulate gold in the cancer tissues compared to ECFCs 
and are thus more resistant to cell death induced by NIR 
exposure. Based on these results we can speculate that 
systemic administration of free ChAumix, in vivo will not 
be taken efficiently by tumor cells. Of note Au enrichment 
of A375 cells are of the same order of the highest ones 
reported for other kinds of tumor cells, that span in a wide 
range (from ~10-3 to ~10 pg/cell) [36–39] because of  the 
multiplicity of factors that influence the GNPs uptake. It is 
worth noticing that the highest reported values of ~10 pg/
cell [39] refer to Au-nanorods and chitosan-capped Au-
nanostars, a circumstance that once more seems to confirm 
the increased GNP-cell membrane interaction due to the 
cationic decoration of nanoparticles.

After having been incorporated by ECFCs, chitosan-
capped nanoparticles are closely packed in endosomes, so 
they can benefit of the efficient automatism that prevent 
their ejection from the cells via the lysosomal exocytic 
pathway, as clearly proved for chitosan-capped iron-oxide 
nanoparticles [31].

Both in vitro and in vivo tests have shown the 
excellent thermotransductive properties of enriched 
ECFCs and their ability to kill cancer cells at moderate 
NIR light intensities (in vivo: 1 Wcm−2). At our knowledge, 
we can favorably compare the heating performances of 
Au-rich ECFCs only with the data reported by Li et al. 
[32]; in such case, the MHR of Au-rich ECFCs is clearly 
higher. Based on these findings, doped ECFC might 
be triggered to induce death of tumor cells in vivo.The 
therapeutic impact of these results are relevant for the 
control of melanoma, which is one of the most aggressive 
skin cancer, notorious for its high multidrug resistance, 
easy to relapse and low survival rate.

As ECFCs have been found to avoid the 
accumulation in RES organs and specifically locate 
within tumors, the future opportunity of targeting enriched 
vectors via bloodstream seems a reasonable task. In this 
case, labeled cells with magnetic resonance imaging 

contrast agents, such as iron oxides super-paramagnetic 
nanoparticles (SPIONs) or gadolinium, can work as 
diagnostic probes used in nuclear medicine or optical 
imaging. Thus, a new “theranostic” strategy based on 
specific enriched ECFCs might help clinicians to contrast 
tumor progression and early metastases.

MATERIALS AND METHODS

Cell lines

 Endothelial Colony-Forming-Cells (ECFCs), 
a subpopulation of EPCs, were isolated from > 50 ml 
human umbilical cord blood (UCB) of healthy newborns, 
as described in [40] after maternal informed consent and 
in compliance with Italian legislation, and analyzed for 
the expression of surface antigens (CD45, CD34, CD31, 
CD105, ULEX, vWF, KDR, uPAR) by flow-cytometry. 
The melanoma cell line A375 was obtained from American 
Type Culture Collection (Manassas, VA) and grown in 
Dulbecco’s modified Eagle’s medium (DMEM) with 10% 
FBS (Euroclone).

Preparation and characterization of ChAumix

Gold nanoparticles were prepared by chemical 
reduction of HAuCl4, following the recipe of [24]. 
Basically, 3 mM Na2S2O3 solution was added to 1.7 mM 
HAuCl4 solution and vortexed for 20 seconds at room 
temperature. The molar ratio was adjusted in order to 
obtain a plasmonic band close to 800 nm. The solution was 
then left to react undisturbed and the extinction spectrum 
was checked via UV-Vis absorption spectroscopy. The 
colloidal solution was then stabilized by adding a 1% 
acetic acid solution of chitosan (Au/chitosan molar 
ratio = 5) and incubated overnight with gentle shaking. 
Apart from the mandatory sterilization procedure with 
standard autoclave treatments before biological tests, 
the colloid wasn’t subjected to further handling. The 
final Au concentration in the colloidal solutions was 1.4 
mM equivalent to a mass concentration of 280 mg/mL. 
Ultrapure Millipore water (resistivity 18 MW × cm) MilliQ 
water was used as solvent. The sample ChAumix solution, 
used to verify with UV-Vis spectroscopy the nanoparticles 
capping, was purified from chitosan excess by 
centrifugating 2 mL of the prepared solution at 10000 rpm 
for 5 minutes. The surnatant was then removed and the 
remaining colloid was resuspended in ultrapure water and 
used for spectroscopic tests. Tetrachloroauric(III) acid 
(HAuCl4) and thiosulphate (Na2S2O3) were purchased 
from Sigma Aldrich and used as received. High-molecular 
weight chitosan (~106 Da; 79% deacetylation degree) was 
obtained from Heppe Medical. All glassware was cleaned 
with piranha solution (H2SO4 : H2O2 3:1 v/v).

The UV-Vis analysis of the fabricated colloids was 
performed by illuminating a 2 mL liquid sample (optical 
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thickness: 2 mm) placed in a quartz cuvette with a couple 
of deuterium and halogen lamps (Avantes Avalight-DH-
S-BAL), and by recording the absorbance spectra with 
an Avanspec-3648 spectrometer. The z-potential of the 
colloidal solutions was measured with a Malvern Zetasizer 
Nanoseries apparatus. The morphology and dimensions of 
the nanoparticles were checked with a Philips CM12 cryo-
Gatan UHRST 500 @ 100 kV transmission electronic 
microscope (TEM). The sample was prepared by dropping 
the colloidal solutions onto carbon-coated Cu grids and 
letting them dry.

TEM analysis of Au-enriched ECFCs

The ECFCs were seeded in 6-well plates at a density 
of 1.5 × 105 cells per well and allowed to attain 70% 
confluence. The cells were then incubated with a culture 
medium (2 mL per well) containing diluted Au-colloidal 
solutions at a concentration of 50 µM. The cells were 
collected by trypsin treatment after 24 h of incubation, and 
centrifuged at 1000 rpm for 5 min in a 1.5 mL Eppendorf 
tube. The cell pellet was then fixed in isotonic 4% 
glutaraldehyde and 1% OsO4, dehydrated, and embedded 
in Epon epoxy resin (Fluka, Buchs, Switzerland) for 
electron microscopic studies. Ultrathin sections were 
stained with aqueous uranyl acetate and alkaline bismuth 
subnitrate, viewed and photographed under a JEM 1010 
transmission electron microscope (Jeol, Tokyo, Japan) 
equipped with a MegaView III high-resolution digital 
camera and imaging software (Jeol).

Inductively coupled plasma atomic emission 
spectroscopy (ICP-AES)

The ECFCs were seeded in 6-well plates at a 
density of 1.5 × 105 cells per well and then incubated with 
a culture medium (2 mL per well) containing ChAumix 
at increasing concentrations 50, 100 and 150 µM  
for 24 h. The cells were then washed 2 times with 
phosphate buffered saline (PBS, Invitrogen), detached 
with a trypsin treatment and the cell number was counted 
using a hemocytometer. The cell pellets were collected 
by centrifugation, lyophilized, and placed in centrifuge 
tubes (one pellet per tube). Then 400 µL of aqua regia 
were added to each tube to completely dissolve the cells 
and their gold content. The amount of Au was measured 
by Elan DRC II ICP-MS (Perkin Elmer, Waltham, MA).

Cell viability determination 

The viability of ECFCs was determined by i) 
trypan blue staining and ii) cell proliferation assay using 
WST-1 reagent (Roche). Cells (1.5 × 105) were seeded in 
6-well plates and allowed to attach overnight. On the next 
day Au colloidal solutions were added at the indicated 
concentrations. 24 h later 20 µL of cells was aseptically 

transferred to a 1.5 mL clear Eppendorf tube and incubated 
for 3 min at room temperature with an equal volume of 
0.4% (w/v) trypan blue solution prepared in 0.81% NaCl 
and 0.06% (w/v) dibasic potassium phosphate. Viable 
and nonviable cells (trypan blue positive) were counted 
separately using a dual-chamber hemocytometer and a 
light microscope. The means of three independent cell 
counts were pooled for analysis. WST-1 is a water-soluble 
sulfonated tetrazolium salt that is cleaved by cellular 
succinate-dehydrogenases in living cells, yielding dark 
blue formazan. Damaged or dead cells exhibit reduced or 
no dehydrogenase activity. Briefly, cells were seeded into 
the wells of a 96-well plate at a density of 5 × 104 cells 
per well, incubated with AuNPs at various concentrations 
for 24 h. 10 µL of WST-1 in PBS was added to each well, 
and incubated at 37°C for 1 h. Absorbance at 450 nm 
(reference at 630 nm) was measured by a Multiskan JX 
microplate reader.

Capillary morphogenesis 

In vitro capillary morphogenesis was performed 
as described in [41] in tissue culture wells coated 
with Matrigel. Cultures were pre-treated with/without 
nanoparticles (50–150 µM) for 24 h and then aliquots 
of ECFCs (1.8 × 104) were plated in EBM-2 medium, 
supplemented with 2% FCS and incubated at 37°C-5% 
CO2. Morphogenesis was evaluated taking pictures at 
different times with the aid of a Nikon E 4500 photocamera 
(Nikon) on a Nikon TMS-F phase-contrast microscope 
(Nikon Instruments). Six to nine photographic fields from 
three plates were scanned for each point. Results were 
quantified by manually counting the number of networks 
branching out from a branch point/node per field expressed 
as percentage in respect to control set as 100%.

Invasion assay

The Boyden chambers were used to evaluate 
spontaneous and stimulated invasion (chemoinvasion) 
of cells through Matrigel-coated 13mm diameter 
polycarbonate filters with 8 μm–pore size. Matrigel 
(BD, Biosciences ) was diluted to the desired final 
concentration (50 μg/filter) with cold distilled water, 
applied to the filters, dried under a hood, and reconstituted 
with serum-free medium. ECFCs were pre-treated with/
without nanoparticles (50–150 µM) for 24 h and then 
aliquots of cells (2 × 104) were resuspended in EBM-
2 medium containing 2% of FBS and placed in the 
upper compartment of the chamber. For assessment of 
spontaneous invasion, same medium was added to the 
lower compartment.  For assessment of chemoinvasion, 
100 ng/ml of SDF1α was dissolved in EBM-2 containing 
2% of FBS and placed in the lower wells. After 6 h 
incubation at 37°C in a humidified atmosphere containing 
5% CO2, the filters were recovered, cells on the upper 
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surface mechanically removed while cells adhered to the 
lower filter surface were fixed with absolute methanol and 
stained with Diff-Quick staining solution. The number of 
cells moving across the filter was used as the measure of 
mobilization. Cells were counted in a double-blind manner 
in five different microscopic fields for each condition with 
a light microscope. All experiments were performed three 
times in triplicate. Migration has been expressed as the 
mean ± SD of the number of total cells counted per well.

Western blot analysis

 Harvested cells were resuspended in 20 mM 
RIPA buffer (pH 7.4) containing a cocktail of proteinase 
inhibitors (Calbiochem, Merck, Darmstadt, Germany) 
and treated by sonication (Microson XL-2000, Minisonix, 
Farmingdale, NY, USA). Proteins were assayed by the 
BCA Protein Assay (Thermo Scientific, Rockford, IL, 
USA), analyzed by SDS-PAGE and western blotting. 
Membranes were probed with primary antibodies against: 
CXCR4 (Santa Cruz Biotechnology, Santa Cruz, CA, 
USA) anti-GAPDH (mAbcam 9484) as loading control. 
Suitable peroxidase-conjugated IgG preparations (Sigma-
Aldrich) have been used as secondary antibodies; the ECL 
procedure was employed for development.

Photothermal properties of the ChAumix colloid 

 150 mL of the produced colloid (optical density = 0.7)  
were placed into one well of a 96-wells plate, and were 
irradiated with a CW-operating laser diode emitting at 
808 nm wavelength with three different light intensities, 
namely 0.5, 1, 2 W cm−2. Laser light was delivered through 
a multimode optical fiber and collimated in a spot size of 
5  mm diameter. The temperature raise was monitored 
during the irradiation with a thermocamera FLIR B335 
(Spectral range 7.5–13 mm, sensitivity: 50 mK) equipped 
with a 18 mm focal length objective and a field of view 
(FOV) of 25° × 19° and recorded each 2 minutes. The 
images were elaborated with InfraRecorder software 
(version 0.52.0.0).

In vitro photothermal treatment of Au-enriched 
cells and A375:ECFCs stoves mixture

To evaluate cell damage induced by NIR exposure, 
cells were labelled with carboxyfluorescein diacetate 
succinimidyl ester dye (Cell Trace CFSE; Molecular Probe, 
LifeTtechnology) which easily cross the plasma membrane 
and covalently binds to amine groups in proteins, resulting 
in long-term dye retention within the cell.

In a first test, we compared the photothermal 
behavior of Au-loaded A375/ECFCs. Cells were treated 
for 24 h with 100 µM ChAumix. After 24 h incubation, the 
growth medium was removed and the cells were washed 
several times with PBS to remove the free ChAumix that 

were not taken up by the cells. The cells were subsequently 
subjected to trypsin treatment and labeled with CFSE to 
evaluate the effect of cell loss after NIR exposure. 150 µl  
of cell suspension composed by 1.5 × 105 of CFSE 
stained A375 treated with vehicle or with ChAumix or by  
1.5 × 105 of CFSE-stained ECFCs treated with vehicle 
or ChAumix were exposed to a CW NIR light laser at 
808 nm (4.8 W cm−2) for 6 minutes. After laser exposure, 
the fluorescence retained by viable cells was measured 
by flow cytometry. In the cocolture experiment 150 µl of 
cell suspension composed by 1.0 × 106 of  CFSE stained 
A375 were mixed either with 5 × 104  vehicle-treated 

ECFC or with AuNPs loaded ECFC and were exposed to 
a continuous red light laser at 808 nm (4.8 W cm−2) for 
6 minutes. After laser exposure, the fluorescence retained 
by A375 viable cells was measured by flow cytometry. 
Morphological changes were microscopically examined 
either by phase contrast or methanol-fixed cells stained 
with May-Grunwald using a Digital Camera System 
Leica DC 200 (Leica Microsystems, Inc. Bannockburn, 
IL, USA). 

In vivo photothermal treatment of tumors 

All in vivo procedures were approved by the ethical 
committee of Animal Welfare Office of Italian Work 
Ministry and conformed to the legal mandates and Italian 
guidelines for the care and maintenance of laboratory 
animals. Six- to eight-week-old female athymic nude mice 
were purchased from Charles River. Evaluation of the 
therapeutic local effect of Au-laden ECFCFs on the tumor 
onset, were performed by co-injecting 1.5 × 106 A375 
cells in the flank of nude mice together with 0.3 × 106  
vehicle treated ECFCs (4 mice) or Au-laden ECFC  
(6 mice). In order to determine tumor volume, the greatest 
longitudinal diameter (length) and the greatest transverse 
diameter (width) were determined with external caliper. 
Tumor volume based on caliper measurements were 
calculated by the following formula; tumor volume = 
length × width2 × 0.5. Tumors reaching approximately 
100 mm3 in volume were selected for the study. During 
the procedure, mice were anesthetized with isoflurane. The 
vehicle-treated mice group and the AU-laden ECFCs were 
exposed to NIR light three times each other day. During 
heating, thermal images were collected for mice before 
heating, and at 12 seconds, 1, 2, 3, 4, 5 and 6 minutes into 
the heating process. Throughout heating, the temperature 
of the tumors was monitored by thermocamera FLIR B335 
as previously described. To prove that the effect on tumor 
was due to hyperthermia one group of tumor bearing mice 
inoculated with Au-doped ECFCs were not exposed to 
NIR irradiation. The animals were monitored daily and 
were sacrificed one week after the last NIR treatment. 
The histological analysis of tumor mass was performed 
as described below.  Removed tumors and RES organs 
were fixed overnight at 4°C in formalin (5% in PBS) for 
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histological analysis performed on paraffin-embedded 
sections (6 µm). The sections of tumor tissue was stained 
using hematoxylin and eosin and examined using an 
optical microscope.

To quantify the amount of gold in the tumor and 
organs, resected mouse tissues were prepared and analyzed 
using ICP-MS. Samples were frozen in liquid nitrogen 
and weighed, then digested in aqua regia and prepared as 
previously described.

Statistical analysis

Statistical analysis was performed using 1 
way ANOVA, Bonferroni post hoc test (**P < 0.01,  
***P < 0.001). Independent experiments were performed 
at least 3 times in triplicate. Graphical representations 
were performed using GraphPad Prism version 5 
(GraphPad Software, San Diego, CA).
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