
TOPETE ET AL. VOL. 8 ’ NO. 3 ’ 2725–2738 ’ 2014

www.acsnano.org

2725

February 26, 2014

C 2014 American Chemical Society

Fluorescent Drug-Loaded, Polymeric-
Based, Branched Gold Nanoshells for
Localized Multimodal Therapy and
Imaging of Tumoral Cells
Antonio Topete,† Manuel Alatorre-Meda,†,§,^ Pablo Iglesias,‡ Eva M. Villar-Alvarez,† Silvia Barbosa,†,*

José A. Costoya,‡ Pablo Taboada,†,* and Vı́ctor Mosquera†

†Grupo de Física de Coloides y Polímeros, Departamento de Física de la Materia Condensada, Universidad de Santiago de Compostela, Santiago de Compostela
15782, Spain and ‡Grupo de Oncología Molecular, Centro de Investigación en Medicina Molecular y Enfermedades Crónicas (CIMUS), Universidad de Santiago de
Compostela, Santiago de Compostela 15782, Spain. §Present address: 3B's Research Group-Biomaterials, Biodegradables and Biomimetics, University of Minho,
Headquarters of the European Institute of Excellence on Tissue Engineering and Regenerative Medicine, AvePark, Zona Idustrial da Gandra, S. Claudio do Barco,
Caldas das Taipas, Guimar~aes, 48-909, Portugal. ^Present address: ICVS/3B's-PT Government Associate Laboratory, Braga, Guimar~aes, Portugal.

O
ne of the areas of nanotechnology
that has captured great interest by
scientific community worldwide is

the development of nanoengineered multi-
functional systems, which may be poten-
tially used in a clinical strategy that simul-
taneously combine a (multi)diagnostic test
and single or combined therapies based on
the test results, the so-called nanotheranos-
tic devices.1�7 Nanoengineering of materi-
als for this purpose involves the design,
fabrication, and testing of nanosystems that
must combine several features such as bio-
compatibility, stealthness, long-circulating

blood times, drug transport and its trigger-
able release, imaging capabilities, and/or
targetability, among others.8�12 Improve-
ment and suitable conjunction of all these
characteristics would allow the early diag-
nosis of cancer and other diseases, the
significant reduction of the therapeutic
drug doses and subsequent reduction of
adverse side effects, or the simultaneous
combination of several therapeutic treat-
ments with a real-time monitorization of
their effectiveness.1,3,9,10

Among all the different diagnostic imag-
ing techniques, fluorescence imaging offers
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ABSTRACT Here we report the synthesis of PLGA/DOXO-core Au-branched shell

nanostructures (BGNSHs) functionalized with a human serum albumin/indocyanine

green/folic acid complex (HSA-ICG-FA) to configure a multifunctional nano-

theranostic platform. First, branched gold nanoshells (BGNSHs) were obtained

through a seeded-growth surfactant-less method. These BGNSHs were loaded during the synthetic process with the chemotherapeutic drug doxorubicin, a

DNA intercalating agent and topoisomerase II inhibitior. In parallel, the fluorescent near-infrared (NIR) dye indocyanine green (ICG) was conjugated to the

protein human serum albumin (HSA) by electrostatic and hydrophobic interactions. Subsequently, folic acid was covalently attached to the HSA-ICG

complex. In this way, we created a protein complex with targeting specificity and fluorescent imaging capability. The resulting HSA-ICG-FA complex was

adsorbed to the gold nanostructures surface (BGNSH-HSA-ICG-FA) in a straightforward incubation process thanks to the high affinity of HSA to gold surface.

In this manner, BGNSH-HSA-ICG-FA platforms were featured with multifunctional abilities: the possibility of fluorescence imaging for diagnosis and therapy

monitoring by exploiting the inherent fluorescence of the dye, and a multimodal therapy approach consisting of the simultaneous combination of

chemotherapy, provided by the loaded drug, and the potential cytotoxic effect of photodynamic and photothermal therapies provided by the dye and the

gold nanolayer of the hybrid structure, respectively, upon NIR light irradiation of suitable wavelength. The combination of this trimodal approach was

observed to exert a synergistic effect on the cytotoxicity of tumoral cells in vitro. Furthermore, FA was proved to enhance the internalization of

nanoplatform. The ability of the nanoplatforms as fluorescence imaging contrast agents was tested by preliminary analyzing their biodistribution in vivo in

a tumor-bearing mice model.

KEYWORDS: nanotheranosis . photodynamic therapy . photothermal therapy . light-triggered drug release .
in vivo fluorescence imaging

A
RTIC

LE



TOPETE ET AL. VOL. 8 ’ NO. 3 ’ 2725–2738 ’ 2014

www.acsnano.org

2726

a unique approach for visualizing morphological
details in tissue with subcellular resolution, and be-
comes a powerful noninvasive tool for visualizing the
full range of biospecies from living cells to animals.
Most of the conventional fluorescence probes for
bioimaging are based on single-photon excitation,
emitting low energy fluorescence when excited by
high energy light. These probes have some limitations:
(i) DNA damage and cell death due to long-term
exposure to high energy excitation, (ii) low signal-to-
noise ratio caused by significant autofluorescence
from the biological tissues, (iii) and low penetration
depth in the biological tissues. Compared with visible
light excitation, near-infrared (NIR) light excitation of
NIR contrast agents for in vivo imaging provides several
advantages such as deep penetration, weak autofluor-
escence, reduced photobleaching, and low photo-
toxicity.13,14 In addition, these NIR probes can be
simultaneously used under exposition to NIR light as
phototherapeutic agents, acting as efficient photosen-
sitizers transforming endogeneous oxygen to singlet
oxygen (1O2) to kill cancer cells, the so-called photo-
dynamic therapy (PDT).15�17 Because this therapy is
based on direct light administration to tumors/tissues,
PDT treatment has remarkably improved tumor selec-
tivity and reported side effects as compared to con-
ventional chemo- and radiotherapies.18,19 However,
PDT efficacy in tumors is largely limited by different
factors such as the inadequate selectivity and poor
water solubility of most photosensitizers,18,20�24 the
self-destruction of photosensitizers upon light irra-
diation,25,26 the depletion of tissue oxygen, and the
disruption of tumor blood flow, which causes severe
local hypoxia and cease the production of 1O2,

27,28

hindering the therapeutic efficacy of PDT and restrict-
ing its potential application in clinics.29

On the other hand, novel plasmonic photothermal
effects of gold nanostructures such as gold nano-
rods and nanostars,30�34 nanoshells,35�37 carbon
nanotubes38�41 or graphene oxide42�44 activated by
NIR light illumination are being actively studied for
their tumoricidal efficacies. Nevertheless, while these
nanomaterials can certainly increase the local tem-
perature around cancerous regions upon exposition
to NIR light, it is not entirely evident that the photo-
thermal effect is sufficient to achieve the desired level
of cancer-cell cytotoxicity with a wide range.45,46 Thus,
for patient compliance, the development of nanosys-
tems for largely enhancing the tumoricidal efficacy by
combination of different therapeutic approaches is
vital and can allow to overcome current limitations of
single available therapies and lead to synergistic cyto-
toxic effects.47�49

Hence, with the aim to simultaneously combine
chemo-, photo-, and thermotherapies with fluores-
cence imaging capability for diagnosis under NIR
light illumination, we here developed amultifunctional

nanoplatform consisting of a poly(lactic-co-glycolic
acid) (PLGA) biodegradable matrix loaded with the
anticancer drug doxorubicin (DOXO). The polymeric
PLGA nanoparticle (NP) was covered with a porous
gold shell, which provides the nanoplatform the ability
of NIR light absorption and subsequent efficient en-
ergy transduction in the form of localized heat due to
NIR resonance of the metal shell, and also accelerates
drug release from the nanoplatform.50 The nanoshell
surface was functionalized with the plasma protein
human serum albumin (HSA) for stealthiness to which
the fluorescent dye indocyanine green (ICG) was non-
covalently conjugated to provide the nanoplatform
with fluorescence imaging and singlet oxygen produc-
tion capabilities. ICG is a tricarbocyanine dye with
absorbing properties exclusively in the NIR electro-
magnetic spectrum, and currently used as a diagnostic
agent for blood volume determination, ophtalmic
angiography, cardiac output, and hepatic function.51,52

In addition, folic acid was also covalently conjugated to
the protein surface to provide the nanoplatform with
specific targetability. In this way, heat, singlet oxygen
species, and drug could be simultaneously delivered to
the selected tumor region. We demonstrated that the
present nanoplatforms showed synergistic therapeutic
effects in vitro by combination of chemo-, photo-, and
thermotherapies, and can simultaneously act as effec-
tive contrast agents for in vivo optical imaging by
exploiting the fluorescence enhancement of the dye
upon positioning near the metal surface while tuning
the plasmon resonance of the nanoshell to the emis-
sion wavelength of the fluorophore.53

RESULTS AND DISCUSSION

The fabrication procedure of the hybrid nanoplat-
forms is represented in Supporting Information Figure S1.
DOXO-loaded PLGA NPs stabilized with low molec-
ular weight chitosan biopolymer were prepared by a
modified nanoprecipitation method (see Methods sec-
tion for details). The drug loading capacity, defined as
the amount of drug loaded inside the loaded poly-
meric matrix, was estimated to be 3.9% (w/w). Next,
citrated stabilized Au seeds (4 nm) were deposited
onto the surface of chitosan-modified DOXO-loaded
PLGA NPs, and a full and porous metal shell structure
was obtained in the presence of a growth solution
exclusively composed of HAuCl4, K2CO3, and ascorbic
acid (AA).54 Trasmission and scanning electron micro-
scopies confirmed the morphology of the hybrid
gold nanoshells (BGNSHs), which resemble a virus
capside (Figure 1a,b) with a size of ca. 85 ( 15 nm.
The ultraviolet�visible/NIR absorption spectrum of
BGNSHs exhibited a pronounced surface plasmon
absorption in the NIR region (λ ≈ 770 nm, Figure 1c)
consistent with a reticular Au shell formed around the
dielectric polymeric core of the nanoplatform. In the
absence of themetal shell, the DOXO-loaded PLGANPs
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exhibited absorption maxima at λ≈ 490 nm, in agree-
ment with the absorbance peak of free DOXO. Electron
diffraction X-ray spectroscopy (EDX) showed traces of
C and O elements from the polymeric inner compo-
nents and Au corresponding to the metal shell, which
was a first evidence of the porous nature of the metal
shell (Supporting Information Figure S2). This was ad-
ditionally confirmed while examining high-resolution
TEM (HR-TEM) images, where the existence of voids or
pores on the metal layer could be observed (Figure 1d).
The Au surface of the hybrid BGNSHs was function-

alized with HSA-ICG or HSA-ICG-FA (when corre-
sponding) complexes to improve the stability and
impart full stealthiness to these nanoplatforms under
physiological conditions.55�57 HSA possess a great
affinity for gold surfaces and it tends to spontaneously
adsorb onto them. This strong adsorption can originate
from the combination of electrostatic, van der Waals
and thiol-Au bonding, the latter provided by the thiol
groups of the protein's cysteine residues. Besides the
stabilizing effect, the protein layer can also act as a bio-
compatible cover which reduces the nonspecific ad-
sorption of opsonines and macrophage recogni-
tion.58,59 To configure the HSA-ICG-FA complexes, ICG
was noncovalently attached to the protein. Subse-
quently, FA was covalently conjugated by carbodiimide
chemistry to the amine groups of the surface lysine

residues of the proteinmolecules (Supporting Informa-
tion Figure S3). The successful anchoring of ICG to HSA
was easily evidenced by the presence of absorbance
peaks at ca. 780 nm corresponding to the protein
complex (in the absence of BGNSHs), and arising from
the dye fluorescence, and at 278 and 385 nm (Figure 2)
corresponding to FA UV�vis absorption. Changes in
ζ-potential of the protein from �5.6 ( 2.3 to �27.6 (
4.6 mV were observed at different stages of the con-
jugation process (Supporting Information Table S1).

Figure 1. (a) TEM image of BGNSHs nanoplatforms. The inset shows a virus particle confirming the biomimetic shape of the
synthesized nanoplatforms. (b) SEM image of BGNSHS. (c) UV�vis absorption spectrum of BGNSHs. (d) HRTEM image of
BGNSHs showing the existence of voids in the Au shell structure.

Figure 2. UV�vis spectra of free ICG, free FA, and HSA-ICG
and HSA-ICG-FA complexes after 24 h of dialysis showing
the ICG and FA characteristic peaks.
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Incubation of the protein complexes in the presence
of the hybrid gold nanoshells led to the formation of
BGNSH-HSA-ICG-FA nanoplatforms. The successful
conjugation of the HSA-ICG-FA complex to BGNSHs
was confirmed, on one hand, by a slight red-shift and
broadening of the LSPR band of the metal nanoshell
due to the higher refractive index of HSA60,61 and the
light absorbance of bounded ICG (Figure 3a) and, on
the other, by the increase and blue-shift of the ICG
fluorescence peak upon protein complex adsorption
onto the nanoplatform surface (Figure 3b). The sizes of
BGNSH-HSA-ICG-FA nanoplatforms were determined
by dynamic light scattering (DLS) approximately to be
∼135( 25 nm,with an effective ζ-potential of�16.3(
1.7 mV (Supporting Information Table S2). The 30 nm
increase in size if compared with bare BGNSHs is
consistent with the formation of a protein multilayer
onto the gold surfaces, in agreement with previous
reports.62 We then determined the gold concentration
of BGNHS-HSA-ICG-FA (or BGNHS-HSA-ICG) by induc-
tively coupled plasma�mass spectroscopy (ICP-MS).
Combination of ICP-MS (to determine the nanoshell
concentration in solution) and UV�vis spectroscopy
data (to determine the ICG complexed concentration)
showed that ca. 450 ICG molecules were anchored per
BGNSHS nanoplatform.
BGNSH-HSA-ICG-FA nanoplatforms exhibited excel-

lent dispersivity and stability in, for example, PBS

containing 10% (v/v) FBS (Figure 3c and Supporting
Information Figure S4), with no aggregates observed
by the naked eye or optical microscopy.
To know whether the nanoplatform structure en-

ables a simultaneous effective DOXO release through
the porous Au layer and photodynamic- and photo-
thermal-induced tumoricidal effects using NIR light
(because of minimal absorption by water and hemo-
globin at this wavelength range), we explored the
photophysical and photochemical properties of
BGNSH-HSA-ICG-FA nanoplatforms. As a first step, we
compared the fluorescence intensity of BGNSH-HSA-
ICG-FA particles and free ICG molecules. We observed
that the fluorescence of ICG was enhanced once
adsorbed onto the metal shell surface (as a part of
the protein complex) due to a metal enhanced fluo-
rescence effect (Figure 3b). It has been previously
shown that ICG fluorescence enhancement takes place
upon dye adsorption onto a metal surface at separa-
tion distances between 7 and 50 nm.53 This enhace-
ment suggested the formation of a multilayer protein
structure on the BGNSHs nanoplatforms, which effi-
ciently separated the dye molecules from the metal
surface avoiding their fluorescence quenching by the
strong BGNSHs surface plasmonic effect.
To evaluate the potential hyperthermic potential of

the nanoplatforms, temperature increases generated
by NIR laser irradiation (808 nm and 2 W cm�2 for

Figure 3. (a) UV�vis spectra of bare (i) BGNSHSand (ii) BGNSH-HSA-ICG-FA in PBSwith 10% (v/v) FBS. (b) Fluorescence spectra
of (i) BGNSH-HSA-ICG-FA (with 5 μM of conjugated ICG) and free (ii) ICG (5 μM). (c) UV�vis spectra of BGNSH-HSA-ICG-FA in
PBS with 10% (v/v) FBS (i) right after incubation and (ii) after 96 h of storage at room temperature.
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10 min) of the present hybrid nanoplatforms were
measured (Figure 4a). The temperature of BGNSH-
HSA-ICG-FA solutions increased by ca. 19 �C after
5 min of irradiation, compared to ca. 15, 6, and 1 �C
of BGNSH-HSA particles, free ICGmolecules, and buffer
solutions, respectively. We also noted that the tem-
perature rose rapidly within 3�4 min of irradiation,
lying in a quasiplateau region afterward. These results
demonstrated the latent capability of the present
nanoplatforms for hyperthermia or ablation of cancer
cells, which can be additionally enhanced thanks to the
suitable selection of the shell material and thickness
(the HSA layer doped with ICG) with strong absorption
in the NIR region.63 Moreover, the heat generated by
the nanoplatforms under NIR irradiation was sufficient
to overcome the glass transition temperature of PLGA
(ca. 45 �C) to induce a sudden drug release of DOXO
from nanoplatforms followed by a slower diffusion re-
lease phase. The amount of drug released was steeply
increased (Figure 4b), coincident with NIR laser irradia-
tion, which is certainly useful for increasing the tumor-
icidal effect of the present nanoplatforms.
The possibility of using the BGNSH-HSA-ICG-FA nano-

platforms as potential PDT agents was tested by
measuring their 1O2 generation capability under laser
irradiation at 808 nm. Given that photodegradation
may greatly restrict the efficiency of the nanoplatforms
as potential PDT and PPT agents, we investigated the
photostability of free ICG, BGNSH-HSA and BGNSH-
HSA-ICG-FA nanoparticles. First, the stability of the
fluorescence signal corresponding to ICG complexed
to the nanoplatform was greatly enhanced if com-
pared with that of free ICG at a similar concentration
(5 μM): While free ICG fluorescence intensity decreases
up to 50% in two days and 7% in one week, complexed
ICG maintained∼55% of its original fluorescence after
almost one month under storage (Figure 5a). As com-
mented previously, ICG complexation with HSA pro-
tein involves an enhancement of dye's steric stabi-
lization which reduces the mobility of the fluorophore
in aqueous solution, hence resulting in a higher dye

stability and a decreased in fluorescence lifetime and
increase in quantum yield.37,64 NIR irradiation of the
nanoplatforms for different time periods showed that
the fluorescence of ICG at ca. 810 nm decreased
immediately after NIR illumination and almost disap-
peared after 15 min at 4 and 6 W cm�2 power density,
while it barely changed after 30 min of persistent
irradiation at 2 W cm�2 (Figure 5b). It is worth noting
that both LSPR of BGNSHs at 770 nmand nanoplatform
morphology did not change under the latter irradiation
conditions (Figure 5c). These facts evidenced that
BGNSHs were very stable upon continuous wave
(CW) laser irradiation at the selected NIR irradiation
power and duration, while complexed ICG molecules
undergo certain photobleaching regardless anchored
on BGNSHs. At larger irradiation powers, a melting of
the spikes (Figure 5d) leads to a progressive smooth-
ness of the particle surfaces due to the high localized
temperature increment on their surroundings, which
can even give rise to a complete breakage of the nano-
platforms (Supporting Information Figure S5). There-
fore, on the basis of both photothermal and fluores-
cence stability responses, it seems that an irradiation
power of 2 W cm�2 might be potentially suitable to
achieve a combinatorial approach to enhance enhance
cytotoxicity through the stimulated and controlled
drug release under irradiation, the photothermal effect
of the nanoplatforms and their potential photody-
namic activity while avoiding drawbacks associated
with larger irradiation intensities and/or exposure
times such as nanoplatform instability.
The generation of 1O2 was quantitatively deter-

mined by following the absorbance intensity decay
of 1,3-diphenylisobenzofurane (DPIBF) at 420 nm,
which is a specific singlet oxygen trap.65 On the basis
of the photostability results, we tested the 1O2 produc-
tion after a maximum time of 30 min of illumination.
1O2 production was observed to increase (DPIBF ab-
sorbance decrease) until 20 min of continuous laser
irradiation and then, it reaches a quasi plateau region,
which certainly indicates that an effective reduction in

Figure 4. (a) Temperature increases as a function of time under NIR light irradiation (808 nm at 2 W cm�2) of (1) PBS buffer
solution with 10% (v/v) FBS, (b) BGNSHs, (2) free ICG, and (9) BGNSH-HSA-ICG-FA. (b) Release profile of DOXO from DOXO-
loaded BGNSH-HSA-ICG-FA nanoplatforms in the (b) absence and (9) presence of NIR irradiation (10 min).
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the singlet oxygen production took place (Figure 6a).
Also, 1O2 production was enhanced as the irradiated
energy input was larger. Interestingly, the 1O2 produc-
tion of BGNSH-HSA-ICG-FA nanoplatforms was slightly
lower than that of free ICG at similar concentration
provided that the effective laser energy for the produc-
tion of singlet oxygen was lower in the former case
than in the latter; that is, for BNSH-HSA-ICG-FA nano-
platforms laser energy is simultaneously absorbed by
ICG and the metal shell to simultaneously produce
singlet oxygen and heat, in agreement with previous
works.34,43,48 The 1O2 generation rate of free ICG and
BGNSH-HSA-ICG-FA nanoplatforms also decreased

after first 10 min of irradiation, which is consistent with
the change in fluorescence intensity of ICG and HSA-
ICG-FA complex (Figure 6b).
To determine the potential use of this kind of

nanoplatforms as potential fluorescence imaging
contrast agents, in vitro and in vivo localization/
biodistribution experiments were performed. Fluores-
cenceNIR images provided by ICG fluorescence showed
internalization of the nanoplatforms with an homoge-
neous distribution in the cytoplasm of HeLa cervical
(Figure 7a�c) and MDA-MB-231 breast cancer cells
(Supporting Information Figure S6) and, probably oc-
curring via a receptor-mediated endocytosis pathway

Figure 5. (a) Temporal evolution of fluorescence intensity of (9) free ICG and (b) ICG complexed to BGNSH-HSA-ICG-FA
nanoplatforms. Lines are to guide the eye. (b) Photostability of BGNSH-HSA-ICG-FA nanoplatforms after continuous
illumination with NIR-light. (c) TEM image of one BGNSH-HSA-ICG-FA after 30 min of irradiation at 2 W cm�2 and (d) after
5 min at 4 W cm�2. Scale bar in (c) is 100 nm.

Figure 6. (a) Absorbance decay of DPIBF after illumination of pure water, BGNSH-HSA, BGNSH-HSA-ICG-FA and ICG solutions
with NIR light (808 nm) at 2 W cm�2. (b) Decay of DPIBF absorbance at 420 nm discarding the contribution of
photodegradation by laser and the contribution of thermodegradation induced by BGNSH-HSA at 2, 4, and 6 W cm�2. Stars
denoted statistically significant data (P < 0.05).
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assuming that both kind of cells overexpressed folate
receptors on their surface (see below).66,67

To analyze the potential use of the present nanoplat-
forms as imaging probes, a preliminary in vivo target-
ing visualization of the nanoplatforms was tested by
implanting MDA-MB-231 cells subcutaneously into
BALB/c nude mice. When the tumor reached approxi-
mately 100 mm3 in size, intravenous administration of
10mg/kgofBGNSH-HSA-ICG-FA into themouse tail vein
was performed. For comparison, FA-HSA/ICG-loaded
PLGA NPs with the same dye concentration were also
administered as a control. Monitorization of the nano-
platforms by measuring time-lapse in vivo NIR images
with an IVIS Spectrum Imaging System revealed that
the fluorescence intensity changed in the tumor region
already after 2 h postinjection due to the localization of
the nanoplatforms in the tumor by the combination of
an enhanced permeation and retention effect (EPR ef-
fect) and a receptor-mediated endocytosis process if
compared to BGNSH-HSA-ICG nanoplatforms (see dif-
ferences in fluorescence signal intensities in Figure 8a
and Supporting Information Figure S7). A gradual
increase in fluorescence intensity observed in the
tumor area with time indicated that the nanoplatforms
progressively accumulated in such region, but a com-
plete and absolute retention of the nanoplatforms
seemed to be not completely achieved, as observed
from some spreading of the fluorescence signal
(Figure 8a). Hence, these observations suggest the
need of an additional optimization of FA functionaliza-
tion and/or the choice of an alternative ligand which
would bind with larger affinity to other overexpressed
receptors such as epidermal growth factor receptor,
CD44, Rvβ3 integrin, or transforming growth factor
alpha (TGF-R).68,69 In addition, nanoplatforms were
observed to be extensively retained at the tumor area
for at least 48 h, as denoted by the larger fluorescence
intensity if compared with that of FA-HSA/ICG-loaded
PLGA NPs used also as additional control to qualitatively
observe thepotential role of themetal shell onbiodistribu-
tion (Figure 8b). In the latter case, theprogressivedecrease

in fluorescence intensity in the tumor site originated from
the clearance of thedye released from thePLGANPs upon
diffusion and matrix erosion.70

On the other hand, 3-D image reconstruction of the
fluorescence images (Supporting Information Figure S8)
also enabled us to determine that the nanoplat-
forms are eliminated through the reticuloendothelial
system (RES), in particular, these are observed to be
exclusively accumulated in the spleen, with almost no
traces apparently in liver or lungs after 12 h postinjec-
tion. At longer circulation times, the nanoplatform
accumulation was progressively reduced until com-
pletely disappeared. In addition, it is worth mention-
ing that a relatively intense fluorescence signal was

Figure 7. (a) Transmission, (b) fluorescence, and (c) merged confocal NIR images of BGNSH-HSA-ICG-FA nanoplatform
internalization inside HeLa cells. Nuclei were stained with DAPI (blue channel, λexc = 355 nm), and ICG localization around
nuclei was colored in green (λexc = 712 nm).

Figure 8. (a) Biodistribution and localization of BGNSH-
HSA-ICG-FA nanoplatforms at the tumor site (denoted by
the green-squared region in the images) at different times
after injection. (b) Biodistribution and localization of
BGNSH-HSA-ICG-FA nanoplatforms (left) and FA-HSA/ICG-
PLGA NPs (right) at the tumor site (green-squared region)
after 96 h of injection. (c) Fluorescence image showing
nanoplatform accumulation at the brain area. Fluorescence
images were taken at λexc = 710 nm and λem = 840 nm.
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unexpectedly observed around the brain area in the
time scale of the experiments, which suggests the
possible accumulation of the present nanoplatforms
in such region (Figure 8). However, additional and
more detailed tests are required to confirm this hy-
pothesis and analyze the potential extent of nano-
platform accumulation, clearance mechanisms, and
nanoplatform activity in order to explore later on
potential uses of these nanomaterials as specific ther-
anostic nanodevices for the treatment of brain
pathologies.
Finally, we further evaluated in vitro themultidimen-

sional therapeutic potential of the present BGNSH-
HSA-ICG-FA nanoplatforms on systemic chemotherapy
(DOXO), localized hyperthermia from the Au shell, and
photodynamic activity provided by ICG molecules
in the absence and presence of NIR laser irradiation
through the cell-counting kit-8 cell proliferation
assay (CCK-8). This test is based on the bioreduction
of 2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-
disulfophenyl)-2H-tetrazoliummonosodium salt (WST-
8), which produces awater-soluble formazan dye in the
presence of an electron carrier, 1-methoxy phenazine
methosulfate (PMS).
Cell viabilities (CV) of HeLa and MDA-MB-231 cells

treated with free DOXO, free ICG, BGNSH-HSA-FA,
BGNSH-HSA-ICG-FA, DOXO-loaded BGNSH-HSA-FA,
and DOXO-loaded BGNSH-HSA-ICG-FA in the absence

and presence of NIR laser illumination after 24 h of
incubation are shown in Figure 9a,b. The HSA-BGNSHs
particles were completely nontoxic; DOXO-loaded
BGNSH-HSA and DOXO-loaded BGNHS-HSAICG nano-
platforms also displayed low toxicities as a result of, on
one hand, the slow diffusion of the drug through the
metal shell which cannot inhibit tumor-cell prolifera-
tion (if compared with the largest cytoxicity of free
DOXO) and, on the other, the low cytotoxicity of ICG, as
observed from the reduced cytotoxicity values ob-
served for the free dye. In comparison, NIR laser illu-
mination (808 nm and 2W cm�2 for 3 intervals of 5min
each, see Methods section for details) of the nanoplat-
forms led to a noticeable increase. BGNHS-HSA-FA
nanoplatforms decreased cell viability upon NIR irra-
diation as a consequence of the generation of the
hyperthermic effect from the metal nanolayer, which
led to protein denaturation and subsequent inhibition
of normal cellular growth and proliferation71 if com-
pared to the nonirradiated samples. It should be
stressed that BGNSH-HSA-ICG-FA nanoplatforms led
to larger cell mortalities than either free ICG or BGNSH-
HSA-FA after irradiation (Figure 9).
Given that the cytotoxicity of BGNSH-HSA-FA and

free ICG was negligible in the absence of irradiation,
this improved efficiencymight be attributed to a possi-
ble enhanced cellular uptake of BGNSH-HSA-ICG-FA
nanoplatforms and/or to a synergistic PDT/PTT effect.

Figure 9. Cell viability of (a) HeLa and (b) MDA-MB-231cells after 24 h of incubation in the absence and presence of NIR light
irradiation (2 W cm�2 at 808 nm in 3 intervals of 5 min each). Color code: yellow, free DOXO; red, free ICG; cyan, BGNSH-HSA-
FA; green, BGNSH-HSA-ICG-FA; violet, DOXO-loaded BGNSH-HSA-FA; orange, DOXO-loaded BGNSH-HSA-ICG-FA nanoplat-
forms. (c) Cell viability of HeLa cells under irradiation in the presence of DOXO-loaded BGNSH-HSA-ICG-FA (orange), BGNSH-
HSA-ICG-FA (green), BGNSH-HSA-ICG-FA þ NaN3 (magenta), BGNHS-HSA-FA (cyan), BGNHS-HSA-ICG-FA þ 1 mM free FA
(brown), and BGNSH-HSA-ICG (gray). Stars denoted statistically significant data (P < 0.05).
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To confirm that the synergistic PDT/PTT effect contrib-
uted to cell cytotoxicity, we incubated BGNSH-HSA-
ICG-FA particles with HeLa cells in the presence of
100 mM sodium azide (NaN3) for 30 min before
irradiation provided that NaN3 protects cells against
PDT damage.34 We observed that the phototoxicity of
BGNSH-HSA-ICG-FA in the presence of NaN3 turned to
be quite similar to that of BGNSH-HSA-FA particles
(Figure 9c). The targeting ligand, FA, also played an
important role in improving the cell cytotoxic by
favoring the internalization of the nanoplatforms. This
can be directly observed when comparing the larger
cell toxicity provided by BGNSH-HSA-ICG-FA nanopar-
ticles regarding that of BGNSH-HSA-ICG ones. This fact
is additionally corroborated when blocking folate recep-
tors ofHeLa cellswith anexcess of free FAmolecules prior
incubation of BGNSH-HSA-ICG-FA nanoplatforms, which
led to similar cell toxicities as after incubation in the
presence of BGNSH-HSA-ICG nanoparticles.
Notably, for example, BGNSH-HSA-ICG-FA nanoplat-

forms exhibited a synergistic cytotoxic effect inHeLa cells
of 47.1% ((CVBGNSH‑HSA‑FAþlaser� CVBGNSH‑HSA‑ICG‑FAþlaser)/
CVBGNSH‑HSA‑FAþlaser) and 56.5% (CVfree ICGþlaser -
CVBGNSH‑HSA‑ICG‑FAþlaser)/CVfree ICGþlaser) if compared
with BGNSH-HSA-FA nanoplatforms and free ICG, re-
spectively. On the other hand, the chemotherapeutic
effect of DOXO also led to an enhanced cytotoxicity
when loaded inside BGNSH-HSA-ICG-FA if compared to
free DOXO and unloaded BGNSH-HSA-ICG-FA particles
as a consequence of the remote and sustained
controlled release of the chemotherapeutic drug,
which is favored by the partial melting of the polymeric
core, for additional cytotoxic activity against the target
cancer cell line. In this regard, DOXO-loaded BGNSH-
HSA-ICG-FA nanoplatforms exhibited an additional
cytotoxic effect of 74.0% ((CV BGNSH‑HSA‑ICG‑FAþlaser �
CVDOXO‑loaded BGNSH‑HSA‑ICG‑FAþlaser)/CVBGNSH‑HSA‑ICG‑FAþlaser)
compared with unloaded BGNSH-HSA-ICG-FA nano-
platforms.
The mechanism by which the present multifunc-

tional nanoplatforms cause toxicity to cells was eluci-
dated by the Annexin V/Dead Cell assay. Cell death by
apoptosis is accompanied by a change in cell mem-
brane, manifested by the exposition of phosphatidyl
serine (PS) on the surface while the membrane integ-
rity remains intact. PS molecules in the surface of
apoptotic cells can be detected by Annexin V, a protein
with high affinity to PS. The proportion of live, dead,

and apoptotic cells was quantified by flow cytometry
(Supporting Information Figure S9). Experimental data
(Table 1) confirmed that cell death caused by BGNSH-
HSA, BGNSH-HSA-ICG, BGNSH-HSA-ICG-FA, and DOXO-
BGNSH-HSA-ICG-FA under NIR irrradiation (808 nm,
2 W cm�2 for 15 min) was mainly through apoptosis,
which is a more suitable cell death pathway for treat-
ments inwhich a less inflammatory reaction is desired.9

CONCLUSIONS

In summary, we have successfully fabricated a po-
tential smart theranostic nanoplatform composed of a
chemotherapeutic agent (DOXO) and a polymer-based
gold shell which additionally combines localized
photothermal activity provided by the metal shell
and generation of singlet oxygen species by an incor-
porated ICG photosensitizer under NIR light illumina-
tion. The gold nanolayer was functionalized with an
HSA-ICG-FA complex to provide, on one hand, stealthi-
ness to the nanoplatform and, on the other, photo-
dynamic therapy, fluorescence-based imaging, and
targetability abilities. In addition, the thickness of the
protein layer was suitable to provide an enhancement
of the dye fluorescence by the plasmonic coupling of
the metal nanolayer. In vitro confocal fluorescence
imaging confirmed the successful cell internalization
of the hybrid nanoplatforms, while in vivo fluorescence
imaging demonstrated that nanoplatforms are loca-
lized and retained in the tumor region for long time.
The simultaneous combination of chemotherapy, hy-
perthermia, andoxygen reactive species led to enhanced
in vitro cell cytotoxicity, as measured in two different
cancer cell lines. Further studies are being developed to
minimize light irradiation doses and nanoplatform con-
centrations by optimization of the synthetic protocols, to
add new functionalities and to quantify the cytotoxic
potential of the nanoplatforms in vivo.

METHODS

Materials. Human serum albumin (HSA), indocyanine green
(ICG), doxorubicin (DOXO), folic acid (FA), poly(D,L-lactide-co-
glycolide) (PLGA) of 7�17 kDa with 50:50 lactide�glycolide
ratio, Pluronic F127, hydrogen tetrachloroaureate(III) trihydrate
(HAuCl3 3 3H2O), N-(3-dimethylamniopropyl)-3-ethylcarbodiimide
hydrochloride (EDC), sulfo-N-hydroxysuccinimide (Sulfo-NHS),

1,3-diphenylisobenzofuran (DPIBF), low molecular weight chit-
osan (LMW-chitosan, MW = 111 kDa), potassium carbonate
anhydrous, sodium borohydride, sodium azide, sodium citrate
tribasic, and ascorbic acid were purchased from Sigma�Aldrich
(St. Louis, MO). ProLong Gold antifade reagent with DAPI
was purchased from Invitrogen (Carlsbad, CA). DOXO HCl,
fetal bovine serum (FBS), Dulbecco's modified Eagle's medium

TABLE 1. Proportion of Live, Debris, and Apoptotic Cells

after Incubation and Illumination with NIR Laser (808 nm,

2 W cm�2 for 5 min)a

sample live (%) dead (%) EA (%) LA (%) TA (%)

BGNSH-HSA 57.62 3.79 19.04 19.55 38.59
BGNSH-HSA-ICG 33.83 5.23 19.09 41.85 60.94
BGNSH-HSA-ICG-FA 31.76 3.35 25.17 39.72 64.89
DOXO-BGNSH-HSA-ICG-FA 17.80 3.41 14.30 64.48 78.78

a EA, early apoptotic; LA, late apoptotic; TA, total apoptotic.
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(DMEM), fetal bovine serum (FBS), L-glutamine, penicillin/
streptomycin, sodium pyruvate, and MEM nonessential amino
acids (NEAA) were purchased from Fisher Scientific (Pittsburgh,
PA). Dialysismembrane tubing (molecular weight cutoff∼3500)
was purchased from Spectrum Laboratories, Inc. (Rancho
Dominguez, CA). All other chemicals and solvents were of
reagent grade (purchased from Sigma�Aldrich). Milli-Q water
was used for all aqueous solutions. All glassware was washed
with aqua regia and HF 5% (v/v) and extensively rinsed with
water. All the chemicals were of analytical grade and used
without further purification.

Synthesis of BGNSHs. PLGA-core gold-shell nanoconstructs
(BGNSHs) were synthesized following a seeded-growth proto-
col based on previously protocols but with modifications.72

First, PLGA NPs were synthesized by a nanoprecipitation pro-
cess, using acetone as the organic solvent and F127 as a
stabilizer agent. Briefly, in a typical preparation 25 mg of PLGA
was dissolved in 2.5 mL of acetone. Subsequently, a suitable
amount of DOXO (previously converted to its hydrophobic base
form by addition of triethylamine, as reported in literature)73

was added. This organic solution was added dropwise at
0.166 mL/min to 50 mL of F127 1% (w/v) in water at 10 �C with
moderate stirring at 250 rpm. The mixed solution was homo-
genized with a sonicating tip at 100 W in an ice bath for 15 min.
Acetone, nonencapsulated DOXO, and excess stabilizer were
eliminated by stirring for 4 h and subsequent centrifugation
twice at 9000 rpm for 30 min. DOXO concentration in the
supernatant was measured by UV�vis spectroscopy by using
a previously obtained-drug calibration curve. The final pellet
was dispersed in 25 mL of water by vortexing for 30 s and
filtered through 0.45 μm filters (Merck Millipore). PLGA NPs had
a hydrodynamic diameter and ζ-potential of 100 ( 20 nm and
�39 ( 8 mV, respectively.

To grow the gold nanolayer around the PLGA dielectric NP
core, 5 mL of PLGA NPs (∼1.7 � 1013 NPs mL�1) was incubated
for 4 h with 0.25 mL of chitosan. Chitosan, a biocompatible
polycation, was adsorbed on the negative surface of PLGA NPs
by electrostatic attraction, inverting the NPs surface charge to
þ4 mV. Excess of chitosan was eliminated by centrifugation
twice at 9000 rpm for 15min and 20 �C. Then, positively charged
PLGANPswere incubated for 4 hwith 5mL of citrate-capped Au
seeds prepared following a methodology previously reported
by Jana et al.74 Nonattached gold seedswere eliminated by cen-
trifugation twice at 7000 rpm for 15 min at 20 �C. Subsequently,
an Au growth solution was prepared by dissolving 0.05 g of
potassium carbonate in 98 mL of DI water and subsequent
addition of 2 mL of 0.025 M HAuCl4 3 3H2O; the solution was
aged 24 h prior use. The growth of the Au shell was achieved by
mixing 1 mL of PLGA NPs-seed precursor with 20 mL of the Au
growth solution and subsequent reduction with 25 μL of 0.5 M
ascorbic acid. PGNHs were immediately formed, as noticed
by the blue coloration of the mixture solution. BGNSHs were
left stand overnight and washed twice by centrifugation at
3500 rpm for 15 min and 20 �C

HSA-ICG Complex. Indocyanine green (ICG) was noncovalently
conjugated to human serum albumin (HSA) by mixing both
reactants under ambient conditions. Typically, 10 mL of 5 μM
HSA, previously incubated in an excess of glutathione (50 mM)
to destabilize intramolecular disulfide bridges and purified by
dyalisis, and 10mL of 30 μM ICGboth in 50mMMES buffer at pH
6 were mixed and shaken for 4 h at ambient temperature. Then,
to remove unbound ICG, the mixture was dialyzed for 24 h
against MES buffer with a cellulose dialysis membrane with
MWCO of 3500 Da. Absorbance peaks of the protein-dye
complex (λmax = 780 nm) and bare protein (λmax = 280 nm)
were monitored to account for free-dye removal. The concen-
tration of bound ICG was determined after subtraction of the
ICG concentration in the supernatant to that initially added. The
HSA-ICG solution complex was stored at 4 �C and protected
from light before use within next 12 h.

Folic Acid Activation and Conjugation to HSA-ICG Complexes. Folic
acid was reacted with EDC and sulfo-NHS to generate an active
species, FA*, and covalently attached to the HSA-ICG complex.
First, 1 mL of 5 mM folic acid in MES 50 mM (pH 6) was mixed
with 3 mg of N-(3-dimethylaminopropyl)-N0-ethylcarbodiimide

hydrochloride (EDC) and 3 mg of N-hydroxisulfosuccinimide
(sulfo-NHS). This mixture was reacted for 20 min at ambient
temperature and protected from light. FA* was reacted with
HSA-ICG in order to form a covalent bond between the acti-
vated FA* and amine groups of HSA. A total of 50 μL of 5mMFA*
was mixed with 10 mL of 5 μMHSA-ICG in a 5:1 molar ratio. The
product was dialyzed for 24 h against MES buffer with a
cellulose membrane (MWCO 3500 Da) to eliminate unreacted
FA* and remaining reaction byproducts. HSA-ICG complexes
displayed two new peaks at ca. 280 and 360 nm, which
correspond to FA (Supporting Information Figure S10) confirm-
ing the formation of HSA-ICG-FA complex. The number of FA
molecules conjugated to HSA was calculated with an UV�vis
calibration curve of FA (Supporting Information Figure S11). This
curve was prepared by making dilutions of a stock solution of
FA, andmeasuring their absorbance spectra. Absorbance at 280
and 360 nm was plotted against concentration and fitted to a
linear curve. The concentration of FA in the complexes was
found to be ca. 3 molecules of FA per HSA-ICG complex entity.

Adsorption of HSA-ICG-FA on BGNSHs. In a typical preparation,
2 mL of BGNSHs (∼1 � 1011 NPs mL�1) with an optical density
(OD) set to 1 at 800 nm was mixed with 0.5 mL of the HSA-ICG-
FA solution complex (2.4 μM HSA) previously obtained for 48 h
under stirring in the dark. Afterward, BGNSH-HSA-ICG-FA nano-
conjugates were centrifuged three times for 15min at 3500 rpm
and 20 �C in order to eliminate nonadsorbed complexes and
resuspended in PBS (pH 7.4) buffer solution. The absorbance of
the supernatant was closely monitored to account for unbound
HSA-ICG-FA concentration in the supernatant in order to calcu-
late the amount of ICG molecules on the nanoshells (set to ca.
∼5.0 ( 0.4 μM). Finally, to further stabilize the protein
coating, to 1 mL of BGNSH-HSA-ICG-FA nanoconjugates (5 �
1010 NPs mL�1) in PBS (pH 7.4) was added N-(3-dimethyl-
aminopropyl)-N-ethylcarbodiimide hydrochloride (5 mg, 25 mmol)
and N-sulfo-hydroxysulfosuccinimide (5 mg, 25 mmol). The
reaction was carried out for 2 h at room temperature. Cross-
linked BGNSH-HSA-ICG-FA complexes were purified with de-
salting zeba spin columns (Fisher Scientific).

Nanoplatform Characterization. Nanoplatform sizes were ob-
tained by dynamic light scattering (DLS) at 25 �C by means of
an ALV-5000F (ALV-GmbH, Germany) instrument with vertically
polarized incident light (λ = 488 nm) supplied by a diode-
pumped Nd:YAG solid-state laser (Coherent, Inc., CA) operated
at 2 W, and combined with an ALV SP-86 digital correlator
(sampling time 25 ns to 100 ms). NP sizes and morphologies
were also acquired by transmission and scanning electron
microscopy (TEM and SEM, respectively) by means of a Phillips
CM-12 and a Carl Zeiss Libra 200 Fm Omega (for TEM), and
FESEM ultra Plus electronic microscopes (for SEM) operating at
120 and 20 kV, respectively. Electron diffraction X-ray spectros-
copy (EDX)was also performedusing the same instrument as for
SEM imaging. Samples were prepared for analysis by evaporat-
ing a drop of the hybrid NP dispersion on a carbon-coated
copper grid without staining (TEM) or on a silicon wafer (SEM).
ζ-potentials were measured with a Zetasizer Nano ZS (Malvern,
U.K.) using disposable folded capillary cells. Samples were mea-
sured in triplicate in PBS (pH 7.4) at 25 �C. The gold concentra-
tion in solutionwas determinedby inductively coupling plasma�
mass spectrometry (ICP-MS) in a Varian 820-MS equipment
(Agilent Technologies). The corresponding concentration of
BGNSH-HSA-ICG-FA particles was calculated by assuming a
sphere model of ca. 100 nm diameter. UV�vis spectra were
measured in a Cary Bio 100 UV�vis spectrophotometer (Agilent
Technologies). Fluorescence spectra were monitored in a Cary
Eclipse spectrophotometer (Agilent Technologies).

NIR-Laser Induced Temperature Increase. Temperature increment
tests were performed with a continuous wave fiber-coupled
diode laser source of 808 nm wavelength (50 W, Oclaro, Inc.,
San Jose, CA). The laser was powered by a Newport 5700-80
regulated laser diode driver (Newport Corporation, Irvine, CA). A
200-μm-core optical fiber was used to transfer laser power from
the laser unit to the target solution, and equipped with a lens
telescope mounting accessory at the output, which allowed for
tuning of the laser spot size in the range 1�10 mm. The output
power was independently calibrated using an optical power
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meter (Newport 1916-C) and laser spot size was previously
measured with a laser beam profiler (Newport LBP-1-USB),
which was placed at the same distance (8 cm) between the
lens telescope output and the quartz cuvette (or the 96-well
plate). For measuring the temperature change mediated by the
present BGNSH-HSA-ICG-FA, 2 mL of BGNSH-HSA-ICG-FA con-
jugates, PBS buffer containing 10% (v/v) FBS, BGNSHS and free
ICG samples were placed in a quartz cuvette and irradiated for
10min at 2W cm�2. The temperature of samples wasmeasured
with a type J thermocouple linked to a digital thermometer
inserted into the solution.

NIR-Laser Triggered Release of DOXO. Release kinetics of DOXO
from BGNSH-HSA-ICG-FA was assessed in vitro at 37 �C in PBS
buffer (pH 7.4) containing 10% (v/v) fetal bovine serum. Briefly,
5 mL of DOXO-loaded BGNSH-HSA-ICG-FA with known DOXO
concentration (3 μM) was placed in centrifuge tubes (in trip-
licate). Samples were maintained in a 37 �C bath with constant
stirring. The samples were irradiated over a period of 10 min.
Each hour, 500 μL of sample was taken and centrifuged at
3500 rpm for 10 min at 20 �C. The supernatant was carefully
extracted and its fluorescence at 594 nm was measured in a
Cary Eclipse spectrophotometer (Agilent Technologies, Spain)
for quantification of released DOXO with a calibration curve.
After centrifugation and supernatant extraction, the settled
DOXO-loaded BGNSH-HSA-ICG-FA was resuspended in 500 μL
with fresh buffer and returned to the original sample.

In Vitro Singlet Oxygen Generation. The generation of singlet
oxygen in vitro was performed by following the decay of the
absorbance peak at 420 nm of 1,3-diphenylisobenzofurane
(DPIBF), which is a specific singlet oxygen trap.25 Briefly, 2 mL
of sample (deionized water, free ICG, BGNSH-HSA, or BGNSH-
HSA-ICG-FA conjugates) was placed in a quartz cuvette, and
100 μL of 1 mM DPIBF in ethanol was added. Concentration of
free ICG and ICG bound to BGNSH-HSA-ICG-FAwas ca. 5μM. The
UV�vis spectrum of samples before illumination was recorded
and taken as the initial (100%) absorbance value. The sample
was magnetically stirred and illuminated with NIR-light
(808 nm) for 10 min; then, the UV�vis spectra was recorded
and the process was repeated two more times. The total
illumination time was 30 min. The singlet oxygen generation
was qualitatively determined at three different laser powers
densities: 2, 4, and 6 W cm�2.

Tumor Cells. MDA-MB-231 adenocarcinoma breast and HeLa
cervical cancer cells from Cell Biolabs (San Diego, CA) were used
for in vitro studies. Cells were grown at standard culture con-
ditions (5% CO2 at 37 �C) in Dulbecco's modified Eagle's medi-
um (DMEM) supplemented with 10% fetal bovine serum (FBS),
2 mM L-glutamine, 1% penicillin/streptomycin, 1 mM sodium
pyruvate, and 0.1 mM MEM nonessential amino acids (NEAA).

Cellular Uptake by Fluorescence Microscopy. Cellular uptake of
BGNSH-HSA-ICG-FA was followed by confocal fluorescence
microscopy by seeding MDA-MB-231 and HeLa cells on poly-
L-lysine coated glass coverslips (12 � 12 mm) placed inside
6-well plates (1.5 � 105 cells/well with 3 mL of DMEM), and
grown for 24 h at standard culture conditions. Then, the
conjugates were added to cells (200 μL in PBS, pH 7.4, 1 �
1010 particles/mL). After 6 h of incubation, the NP-containing
cells were washed three times with PBS, fixed with paraformal-
dehyde 4% (w/v) for 10 min, washed with PBS, pH 7.4, treated
with Triton X-100 (permeabilizer) for 10 min, and finally washed
again with PBS pH 7.4. Then, coverslips were mounted on
glass slides, stained with DAPI (Invitrogen), and cured for 24 h
at �20 �C. Samples were visualized at 63� using a wide field
fluorescence microscope (Leica DMI6000B, Leica Microsystems,
Germany) using blue channel for DAPI, λexc. 350 nm, red channel
for ICG (λexc. 760 nm), and transmitted light in differential
interference contrast (DIC) mode.

In Vitro Cell Cytotoxicity. Cytotoxicity of nanoplatforms was
tested in vitro by the CCK-8 cytotoxicity assay. Breast MDA-MB-
231 and cervical HeLa cancer cells with an optical confluence
of 80�90% were seeded into 96-well plates (100 μL, 1.5 �
104 cells/well) and grown for 24 h at standard culture conditions
in 100 μL growth medium. After 24 h of incubation at 37 �C and
5%CO2, 50 μL of free DOXO (3 μM), free ICG (5 μM), BGNSH-HSA-
FA, BGNSH-HSA-ICG (5 μM ICG), BGNSH-HSA-ICG-FA (5 μM ICG),

DOXO-loaded BGNSH-HSA-FA (3 μMDOXO), and DOXO-loaded
BGNSH-HSA-ICG-FA (3 μM DOXO, 5 μM ICG) was added to the
wells. Some wells were left without particles as a negative
control (blank) adding additional 50 μL of PBS. After 6 h of
incubation, the culture medium was discarded, the cells were
washed with 10 mM PBS, pH 7.4, several times, and new culture
medium (100 μL) was added (previously aerated for 2 min) and
incubated for 1 h. A set of cells was illuminated with 808 nm
laser at 2 W cm�2 for 5 min and then incubated 15 min. This
process was repeated twice more. Then, cells were left incu-
bated for additional 17 h. Another set of cells was left without
illumination in order to determine the intrinsic cytotoxicity of
the nanoplatforms. In some wells, 1 mM folic acid was added to
block the specific receptors on the cell surface. After 24 h total
incubation, 10 μL of CCK-8 reagent was added to each well,
and after 2 h the absorption at 450 nm of cell, samples was
measured with an UV�vis microplate absorbance reader (Bio-
Rad model 689). Cell viability was calculated as follows:

%CV ¼ Abssample

Absblank
� 100

where Abssample is absorbance at 450 nm for samples and
Absblank is absorbance for controls without nanoplatforms and
in the absence of illumination.

Annexin V/Dead Cell Apoptosis Assay. HeLa cells were treated
with BGNS-HSA, BGNSH-HSA-ICG, BGNSH-HSA-ICG-FA, DOXO-
BGNSH-HSA-ICG-FA and with 2 μg mL�1 DOXO as positive
control for apoptosis. Untreated cells were used as negative
(live) control. After 6 h of incubation with NPs or DOXO, the
medium was changed by fresh medium and cells were illumi-
nated with laser at 2 W cm�2 for 5 min. After 24 h, cells were
trypsinized and redispersed in 500 μL of fresh medium (7.5 �
104 cells mL�1). Then, 100 μL of cells was mixed with 100 μL of
Annexin V/Dead Cell reagent and incubated for 20 min in the
dark at ambient temperature. Finally, flow cytometry was
assayed using a Millipore Muse cell analyzer (Millipore).

Statistical Analysis. All values shown are in mean ( SD unless
otherwise stated. Analyses were done by unpaired Student's t
test and considered significant at P < 0.05.

In Vivo Imaging and Biodistribution. To assess the in vivo tracking
of the nanoplatforms, 3� 106 cells from aMDA-MB-231 cell line
were injected in the dorsal flank of immunodeficient BALB/c
nude mice.32 One week upon injection, cell implantation was
checked by registering the fluorescent activity of the cells. We
next injected 10 mg/kg of either HSA-ICG-FA/NGHSH nanoplat-
forms or ICG-loaded PLGA NPs (as a control) in the mice tail vein
and registered the in vivo fluorescent activity (λexc = 710 nm/
λem = 840 nm)with a IVIS Spectrum imaging system (Caliper Life
Sciences, Perkin-Elmer) at different time intervals.
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