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N
owadays, the use of nanoparticles
in medicine is one of the most im-
portant directions of nanotech-

nology.1 There is a great deal of interest in
the development of nanomaterials for
photothermal therapy, a minimally invasive
selective treatment of cancer.2 Photother-
mal therapy utilizes nanoparticles that ab-
sorb light in the near-infrared (NIR) region,
where tissue (hemoglobin and water) has
the highest transmissivity.3�5 The nanopar-
ticles convert the absorbed photons into
thermal energy, causing tumor cell destruc-
tion.2 The strong optical absorption of
gold nanostructures makes them attractive
as photothermal agents for cancer
therapy.6 Different types of gold nanoparti-
cles (nanoshells, nanorods, nanocages) have
already been evaluated for photothermal
therapy.1,2,6�12 A new type of gold nano-
material that strongly absorbs NIR irradia-
tion is branched gold nanoparticles.13,14

Because of their irregular shape and their
very high surface-to-volume ratio, heat pro-
duction is drastically enhanced. Elongated
or sharp nanoparticles appear to be much
more efficient heaters than massive nano-
structures because the incoming electric
field penetrates more easily inside the thin
nanostructures making the whole amount
of goldmatter involved in heating.15�17 This
makes branched gold nanoparticles poten-
tial candidates as photothermal therapeutic
agents.
Such applications only become effective

when the gold nanostructures have the
capability to selectively target cancer cells

without affecting the healthy ones.18

Achieving this specific targeting is particu-
larly important when laser irradiation is
used for medical applications. The laser
power that is needed to achieve therapeutic
effects in cancers can be reduced in order to
not exceed the medical safety standards.2

To increase the photothermal effectiveness
of gold nanostructures, their physico-
chemical properties have to be carefully
controlled. These properties include size,
shape, morphology, charge, and surface
chemistry.5 Aside from these physicochem-
ical properties of the nanoparticles, high
specificity is generally introduced by taking
advantage of the physiological differences
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ABSTRACT Branched gold nanoparticles are potential photothermal therapy agents because of

their large absorption cross section in the near-infrared window. Upon laser irradiation they produce

enough heat to destroy tumor cells. In this work, branched gold nanoparticles are biofunctionalized

with nanobodies, the smallest fully functional antigen-binding fragments evolved from the variable

domain, the VHH, of a camel heavy chain-only antibody. These nanobodies bind to the HER2 antigen

which is highly expressed on breast and ovarian cancer cells. Flow cytometric analysis and dark field

images of HER2 positive SKOV3 cells incubated with anti-HER2 conjugated branched gold

nanoparticles show specific cell targeting. Laser irradiation studies reveal that HER2 positive SKOV3

cells exposed to the anti-HER2 targeted branched gold nanoparticles are destroyed after five minutes

of laser treatment at 38 W/cm2 using a 690 nm continuous wave laser. Starting from a nanoparticle

optical density of 4, cell death is observed, whereas the control samples, nanoparticles with anti-PSA

nanobodies, nanoparticles only, and laser only, do not show any cell death. These results suggest

that this new type of bioconjugated branched gold nanoparticles are effective antigen-targeted

photothermal therapeutic agents for cancer treatment.

KEYWORDS: branched gold nanoparticles . nanobody conjugation . specific cell
targeting . photothermal therapy
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between malignant and normal cells.2 In general,
nanoparticles may accumulate in the target tissues
through two mechanisms, passive and active target-
ing. Passive targeting is the nonspecific accumulation
of nanoparticles in the tumors owing to the unique
properties of the tumor microenvironment.5,19 Tumors
have a leaky vasculature allowing nanoparticles with a
small size to pass through and concentrate in the
tumor through the enhanced permeability and reten-
tion effect.20,21 The size of the nanoparticles should be
small enough (<100 nm) to go through the vasculature
pores but large enough (>5 nm) to avoid rapid
clearance.5,22 As a result of these characteristics, the
concentration of nanoparticles found in tumor tissue
can be up to 100 times higher than those in normal
tissue.19 Active targeting is ligand-directed, site-speci-
fic accumulation of nanoparticles in tumors owing to
an increased expression of specific cell surfacemarkers
on cancer cells.5,23,24 These markers can be recognized
by specific ligands conjugated on the surface of the
nanoparticles.5,19 Antibodies represent a class of com-
monly used ligands that can be easily conjugated to
the surface of gold nanostructures.18 Molecular target-
ing of the nanoparticles to cancer cells via antibodies
to their cell surface markers may further enhance the
accumulation of the nanoparticles in tumors, prolong
their retention, and potentially allow the use of lower
nanoparticle dosages.23,24 Among the many known
cell surface markers for targeting, human epidermal
growth factor receptor 2 (HER2) has been identified as
a promising target for antibody-based therapy. HER2 is
a transmembrane receptor protein involved in the
signal transduction pathways which control cell
growth and differentiation.25 In tumors overexpressing
thismarker, roughly 106 HER2 receptors per cellmay be
present.26 HER2 has been used to target breast cancer
cells because of its stable overexpression on 30% of
breast cancers.27,28 Aside from breast cancer, also 25%
of the ovarian cancer cells show an overexpression of
the HER2 receptor.24,25,29,30

Nanoparticle size is not the only important factor in
determining the efficiency of the targeted delivery of
gold nanostructures. The size of the targeting ligand
attached on the surface of the nanoparticle must also
be considered.5 There is an increasing interest in using
antibody fragments that retain high antigen binding
specificity to improve tumor penetration.19 Minimizing
the size of antigen-binding proteins to a single immu-
noglobulin domain with high affinity for a target
antigen has been one of the major goals of antibody
engineering over the past decade.31 Nanobodies are
the smallest fully functional antigen-binding frag-
ments derived from the variable domain (VHH) of
naturally occurring heavy-chain-only antibodies (HC-
Abs) present in species of the camelidae.19,32�35 Nano-
bodies are distinguished from other conventional anti-
body formats by their unique properties of size (2.5 nm

in diameter and 4 nm high), intrinsic stability, and
ease of manufacture (recombinant production).31,36,37

Given their high affinity and specificity, the small size of
nanobodies (15 kDa) makes them particularly suitable
for targeting antigens in obstructed locations, such as
tumors, where penetration into poorly vascularized
tissue is crucial.38 A striking property of nanobodies is
their high thermal and conformational stability.39 It has
been shown that nanobodies retain >80% of their
binding activity after 1 week of incubation at 37 �C.
In addition, nanobodies regain antigen-binding speci-
ficity after prolonged incubation at elevated tempera-
tures in the hyperthermia range (40�47 �C) and even
up to 90 �C. This indicates that nanobodies can be
useful for hyperthermia therapy since they are stable
upon prolonged incubation with cells at 37 �C and at
elevated temperatures relevant for therapeutic appli-
cations. Moreover, nanobodies have a faster blood
clearance and an extremely low immunogenic re-
sponse compared to the complete antibody.31,32 These
properties open perspectives for the use of nanobo-
dies as tumor-targeting vehicles for therapeutic pur-
poses such as hyperthermic treatment of cancer.38

In this work, we demonstrate the potential use of
branched gold nanoparticles with a strong optical
absorption in theNIRwindow as photothermal therapy
agents. We have developed amethod to conjugate the
nanoparticles with anti-HER2 nanobodies to actively
target HER2-expressing SKOV3 carcinoma cells. The
specificity of these conjugated nanoparticles is
evaluated in vitro by flow cytometry and dark field
microscopy. Moreover, specific nanoparticle-induced
photothermal destruction of the cells upon laser irra-
diation is established. The minimal nanoparticle con-
centration to achieve cell destruction is determined.
Control samples such as nonspecific nanoparticles,
laser only, and nanoparticles only are evaluated upon
cell death.

RESULTS AND DISCUSSION

Synthesis and Biofunctionalization of Branched Gold Nano-
particles with anti-HER2 and anti-PSA Nanobodies. The
branched gold nanoparticles were synthesized by a
procedure based on Hao et al.13 and subsequently
characterized with UV�vis absorption spectroscopy
and TEM. They show a plasmon absorption band at
628 nm (Figure 1) and an average size of 60.4( 9.7 nm
(Figure 1 inset).13 Further tuning of the LSPR band in
the biological window is possible via electroless plating
with gold.40 These particles were stabilized and che-
mically functionalized by an exchange reaction that
replaces the initial citrate capping layer with the
maleimide�PEO�disulfide.41 The incorporation of
PEO units is necessary to stabilize the nanoparticles
in physiological environments.10 The maleimide is a
preactivated end group, which allows a site-directed

A
RTIC

LE



VAN DE BROEK ET AL . VOL. 5 ’ NO. 6 ’ 4319–4328 ’ 2011

www.acsnano.org

4321

one-step reaction with free thiol groups present in the
biomolecules.42,43 The resulting nanoparticles were
characterized with UV�vis absorption spectroscopy.
Their plasmon absorption band is shifted to 635 nm
(Figure 1) and they have an optical density of 1. With
inductively coupled plasma-optical emission spectros-
copy (ICP�OES) the concentration of these branched
gold nanoparticles was determined. Using gold stan-
dards, a total gold concentration of 38.6 ppm was
measured for a sample of branched gold nanoparticles
with OD 1 (see Supporting Information). The number of
nanoparticles permilliliter was calculated by dividing this
total gold concentration by the mass of gold in a single
branched gold nanoparticle, which resulted in 2.3� 1010

NP/mL for OD 1 (see Supporting Information).
In this study, anti-HER2 nanobodies and anti-PSA

nanobodies (negative control) were conjugated to the
branched gold nanoparticles to evaluate specific cell
interactions. Hereto, the nanobodies were modified
during production with a C-terminal cysteine which
can form a thioether bond with the maleimide end
group of the nanoparticle surface. To reduce possible
binding of the N-terminal amine group with the gold
surface of the nanoparticles, a glutamate was inserted
at the N-terminal site. The carboxyl group of glutamate
can cyclisizewith theN-terminal amine group to form a
pyroglutamate, which prevents the amine group from
binding directly to the gold nanoparticles.

The optimal concentration to couple the anti-HER2
nanobodies to the branched gold nanoparticles was
determined in two steps. Hereto, both the nanoparti-
cles and the nanobodies were dissolved in HEPES
buffer (10 mM, pH 7.0). First, a broad concentration
range of the nanobodies (0.1, 1, 10, and 100 μg/mL)
was used for coupling and evaluated with UV�vis
absorption spectroscopy. The spectra show aggrega-
tion of the nanoparticles upon coupling of 10 and

100 μg of nanobodies/mL. For 0.1 and 1 μg/mL
no aggregation was induced (see Supporting Informa-
tion). As such, the optimal concentration to couple the
nanobodies is situated between 1 and 10 μg/mL.
Therefore, a second concentration range (0.625, 1.25,
2.5, 5, and 10 μg/mL) was conducted, which shows that
5 μg/mL is the highest concentration of HER2 nano-
bodies that can be coupled to the nanoparticles with-
out inducing aggregation (see Supporting Informa-
tion). A similar optimization procedure was performed
to couple the anti-PSA nanobodies to the branched
gold nanoparticles. For this nanobody a higher con-
centration (10 μg/mL) could be coupled (see Support-
ing Information) but for further experiments 5 μg/mL
of nanobodies was used to allow a good comparison
with the anti-HER2 conjugated branched gold nano-
particles. Figure 1 shows the UV�vis absorption spec-
tra for branched gold nanoparticles biofunctionalized
with 5 μg/mL anti-HER2 and anti-PSA nanobodies,
indicating a shift of their plasmon absorption band to
637 and 640 nm, respectively.

Flow Cytometric and Dark Field Analysis of Specific Cell�
Nanoparticle Interactions. To further evaluate the effec-
tiveness of the biofunctionalization of the branched
gold nanoparticles with anti-HER2 nanobodies, their
specific interaction with cells was evaluated. The free
anti-HER2 nanobody has a high affinity to the HER2-
receptor, but it is important to determine whether the
nanobodies still interact with the receptor after cou-
pling to the nanoparticles. Two cell lines were used for
this experiment, a human ovarian epithelial carcinoma
cell line (SKOV3), which is HER2-positive, and a Chinese
hamster ovary cell line (CHO), which is HER2-negative
(see Supporting Information).44 The specific interaction
of these nanobody-conjugated branched gold nano-
particles with HER2þ cells was evaluated in vitro with
fluorescence activated cell sorting (FACS) using a
fluorescent sandwich assay. The branched gold nano-
particles conjugated with the anti-HER2 nanobodies
recognize the HER2 receptor on the cells. The nano-
bodies contain a hexahistidine-tagwhich is recognized
by a primary anti-His monoclonal mouse IgG1. This
primary antibody is recognized by a rat anti-mouse
IgG1, labeled with a fluorescent dye, phycoerythrin
(PE), which emits at 570 nm. The signal of this second
antibody is measured with FACS (Figure 2). For this
fluorescent assay, one could question the possibility of
quenching of the fluorescent signal due to the proxi-
mity of a gold nanoparticle near a fluorescent dye.
Efficient quenching only occurs when several require-
ments are fulfilled. First, the dye should emit at a
wavelength that is absorbed by the nanoparticle. In
our case, there is only slight overlap between the
emission of the dye (570 nm) and the absorption of
the nanoparticles (637 nm). Second, quenching expli-
citly occurs when the distance between the nanopar-
ticle and the fluorescent dye is within 10 nm and

Figure 1. UV�vis absorption spectra of unmodified
branched gold nanoparticles (plasmon absorption band
at 628 nm), branched gold nanoparticles chemically func-
tionalized with the maleimide�PEO�disulfide (plasmon
absorption band at 635 nm), branched gold nanoparticles
coupled with 5 μg/mL anti-HER2 nanobodies (plasmon
absorption band at 637 nm), and anti-PSA nanobodies
(plasmon absorption band at 640 nm). Inset: TEM
image of unmodified branched gold nanoparticles (size:
60.4 ( 9.7 nm).
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decreases significantly with increasing distance.45,46 In
our assay, the distance is approximately 40 nm, deter-
mined by the presence of the maleimide disulfide
(5 nm), two monoclonal antibodies (15 nm each), and
a nanobody (5 nm), and therefore quenching is less
likely to occur. Finally, quenching decreases with in-
creasing nanoparticle diameter, with a reduced
quenching for 50 nm gold nanoparticles compared
to 20 nm gold nanoparticles.46 Since our nanoparticles
are about 60 nm in size, quenching isminimized aswell
in our case. These different aspects were taken into
account when setting up the experiment and allowed
us to have a significant fluorescent signal without too
much quenching.

Both HER2þ SKOV3 cells and HER2� CHO cells
were incubated with four different samples. The first
sample contains the branched gold nanoparticles
conjugated with the anti-HER2 nanobodies. The sec-
ond sample is a positive control, free anti-HER2 nano-
bodies that are not coupled to the nanoparticles. The
two last samples are negative controls, the branched
gold nanoparticles with anti-PSA nanobodies and
free anti-PSA nanobodies. After incubation, the cells
were labeled with the primary anti-His monoclonal
mouse IgG1 and the secondary rat anti-mouse IgG1
antibody. As a reference for all these samples, the
cells were incubated with the primary and secondary
antibody without nanoparticles or nanobodies. The
FACS results are illustrated in Figure 3. The percentage
ofmeasured live cells is plotted versus the fluorescence
signal intensity. A significant shift influorescence signal
is observed when HER2þ SKOV3 cells are incubated
with anti-HER2 conjugated nanoparticles compared to
the cellswithout nanoparticles (Figure 3a). This indicates
that these nanoparticles have a high affinity for the
HER2þ cells and that the nanobodies do not lose their
binding affinity upon conjugation to the branched gold
nanoparticles. Although, not only do the nanobodies
present on the nanoparticles that interact with the cells
contribute to this fluorescence signal shift, but also the
free nonbinding nanobodies on the nanoparticles
contribute, which makes it difficult to determine the
amount of cell-bound nanobodies. A slightly larger
shift to higher intensities is observed for the interaction

of the SKOV3 cells with the positive control, the anti-
HER2 nanobodies (Figure 3b). This signal comes from
nanobodies that are all directly bound to the cells. This
implies that the number of cell-bound free nanobodies
is slightly larger than the number of nanobodies pre-
sent on the cell-bound nanoparticles, but no conclu-
sions can be drawn regarding the difference in affinity
of the free nanobodies and the nanoparticle-bound
nanobodies. The high specificity of these anti-HER2
conjugated branched gold nanoparticles is confirmed
upon evaluation of the negative controls. Incubation of
the HER2þ cells with the first negative control, anti-
PSA conjugated nanoparticles, only shows a low bind-
ing signal indicating a small amount of nonspecific
binding to the cells (Figure 3c). The second negative
control, free anti-PSA nanobodies, shows negligible
binding to the HER2þ cells confirming that this
nanobody has very low affinity for the HER2 receptor
(Figure 3d). For the HER2� CHO cells (negative
controls) the nanoparticles with anti-HER2 nanobodies
show a limited shift in the fluorescence signal indicat-
ing a small amount of nonspecific binding to these
cells. The anti-HER2 nanobodies alone show no in-
creased fluorescence signal confirming that they do
not bind to the HER2� cells. For the anti-PSA nanobo-
dies similar results are obtained: the anti-PSA conju-
gated nanoparticles show a low binding signal
indicating a small amount of nonspecific binding and
the free anti-PSA nanobodies have no affinity for the
HER2� cells. These results clearly prove the specific
interaction of the anti-HER2 conjugated branched gold
nanoparticles with HER2þ cells.

This specific interaction between the nanobody-
functionalized nanoparticles and the cells was also
confirmed using dark field microscopy. Hereto, the
same samples were used as for the FACS analysis. For
this type of microscopy, the light beam direction is
optimized so that the center illumination beam does
not enter the collection cone of the microscope
objective. Only the scattered light from the sample is
collected which presents an image of a bright
object in a dark background.47 Figure 4 shows the
light scattering images of the HER2þ SKOV3 cells
and the HER2� CHO cells incubated with the four
different samples. All the cells show white scat-
tered light, which is due to autofluorescence and
scattered light from the cell organelles. The branched
gold nanoparticles scatter orange light due to their
strong optical absorption at the onset of the NIR
window.47 For the SKOV3 cells a strong interaction is
observed with the anti-HER2 conjugated nanoparticles
(Figure 4a). A high density of nanoparticles is clearly
visible on the cells from the high amount of
orange scattered light. This result confirms the specific
binding of anti-HER2 conjugated nanoparticles as pre-
viously seen by the large shift in fluorescence intensity
in the FACS analysis. Interaction with the anti-PSA

Figure 2. Schematic representation of the fluorescent assay
used for the FACS experiment.
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conjugated nanoparticles only shows a limited binding
as a small amount of orange scattering from the
nanoparticles can be observed (Figure 4c). This is due
to nonspecific binding that is also observed in the FACS
analysis as a small shift in the fluorescence intensity.
For the interaction with the free anti-HER2 (Figure 4b)
and anti-PSA (Figure 4d) nanobodies no orange scat-
tering is observed as no nanoparticles are added to the
cells. For the CHO cells only a small amount of non-
specific binding is observed for the anti-HER2 conju-
gated nanoparticles (Figure 4e) as well as for the anti-
PSA conjugated nanoparticles (Figure 4g). This is in
agreement with the small shift in fluorescence inten-
sity observed in the FACS analysis. The interaction with
the free nanobodies (Figure 4f,h) shows no orange
light scattering as no nanoparticles are introduced.

From these FACS data and dark field images we
conclude that the anti-HER2 conjugated nanoparticles
show a highly specific interaction with the HER2þ
SKOV3 cells. For the negative controls with free

nanobodies (SKOV3 cells with anti-PSA, CHO cells with
anti-HER2 and anti-PSA) no binding is observed. The
negative controls with nonspecific nanoparticles
(SKOV3 cells with anti-PSA NP, CHO cells with anti-
HER2 NP and anti-PSA NP) show a small amount of
nonspecific binding, which is attributed to the small
amount of free reactive maleimide groups that are still
present on the nanoparticle surface. This nonspecific
binding can be reduced by blocking these maleimide
groups before incubation.

Photothermal Therapy of HER2 Positive Cells with Specific
anti-HER2 Branched Gold Nanoparticles. Finally, the effi-
ciency of these highly specific branched gold nano-
particles as photothermal agents to destroy the
targeted cancer cells was evaluated in vitro. Hereto,
SKOV3 cells were incubatedwith anti-HER2 conjugated
branched gold nanoparticles with different concentra-
tions (OD 6 (1.4 � 1011 NP/mL), OD 4 (9.2 � 1010 NP/
mL), OD 2 (4.6� 1010 NP/mL), OD 1 (2.3� 1010 NP/mL))
for 1 h. After washing three times with PBS, the cells

Figure 3. FACS analysis of SKOV3 cells incubated with (a) anti-HER2 NP, (b) anti-HER2 nanobodies (positive control),
(c) anti-PSANP (negative control), (d) anti-PSAnanobodies (negative control) andof CHOcells incubatedwith (e) anti-HER2NP
(negative control), (f) anti-HER2 nanobodies (negative control), (g) anti-PSA NP (negative control), (h) anti-PSA nanobodies
(negative control) compared to the cells without NP or nanobody.

Figure 4. Dark field images of SKOV3 cells incubated with (a) anti-HER2 NP, (b) anti-HER2 nanobodies, (c) anti-PSA NP,
(d) anti-PSA nanobodies and of CHO cells incubated with (e) anti-HER2 NP, (f) anti-HER2 nanobodies, (g) anti-PSA NP,
(h) anti-PSA nanobodies.
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were irradiated with a 690 nm laser (38 W/cm2, 5 min).
After 2 h of incubation post-treatment, the viability of
the cells was assessed using a live/dead staining.
Calcein AM, a live cell stain, is a nonfluorescent dye
that permeates the cell membrane and that is hydro-
lyzed by intracellular esterases to a green fluorescent
calcein dye in live cells. Propidium iodide (PI), a dead
cell staining, is membrane nonpermeable and gener-
ally excluded from viable cells. It binds to the DNA of
dead cells by intrabase intercalation, generating red
fluorescence.2,28 The cells stained with calcein/PI after
laser irradiation are shown in Figure 5. The anti-HER2
conjugated branched gold nanoparticles were specifi-
cally bound to the SKOV3 cells. For low nanoparticle
concentrations (OD 1 and 2) no cell death was ob-
served (Figure 5a,b). All cells show green fluorescence
from the live cell staining. Higher nanoparticle con-
centrations (OD 4 and 6) produced hyperthermia
induced cell death upon laser irradiation. The in-
creased PI uptake by the dead cells within the 1 mm
laser spot is clearly observed by red fluorescence
(Figure 5c,d).

The irradiation specifications used in this experi-
ment (38 W/cm2, 5 min) are of the same order of
magnitude as used by Hirsch et al. (35 W/cm2, 7 min).10

The laser power density could still be decreased by
using higher nanoparticle concentrations. To induce cell
death, the temperature has to be increased from 37 �C
to the hyperthermia temperature range (40�47 �C)
according to literature.48 In contrast, earlier studies in
the literature have revealed that an in vitro tempera-
ture increase of 10 �C is not sufficient to induce cell
death.8,10 In vitro, a large amount of heat is dissipated
to the surrounding environment so that a minimum
nanoparticle temperature increase of 20 �C is required
to obtain hyperthermic cell death. Experimental
temperature measurements of the branched gold

nanoparticles were performed in suspension with a
thermocouple upon laser irradiation (38 W/cm2). This
resulted in a temperature increase of 11 �C for OD 1,
16 �C for OD 2, 24 �C for OD 4 and 28 �C for OD 6. At low
OD values a fast temperature increase occurs followed
by a slow saturation at higher OD values. With increas-
ing OD, the suspension volume absorbing the light
decreases due to the higher nanoparticle density pre-
sent in the suspension. As a result, the laser power
decreases as a function of the path distance, causing a
heating saturation. A temperature increase of more
than 20 �C was only obtained for the nanoparticle
suspensions with OD 4 and 6, which was sufficient to
obtain photothermal cell death as was demonstrated
above. This threshold nanoparticle concentration is
only valid for our experimental conditions.

After determination of the optimal nanoparticle
concentration (OD 4) to induce hyperthermic cell
death, the specific character of this type of therapy
was demonstrated by including the appropriate nega-
tive controls in the experiment. Hereto, the cells were
incubated with the anti-PSA conjugated nanoparticles
(negative control) and irradiated with the laser. In
addition, the cells were also exposed to only laser
irradiation without nanoparticles and to only HER2
conjugated nanoparticles without laser irradiation as
a control. For the negative control, anti-PSA conju-
gated nanoparticles, no cell death is observed upon
laser irradiation (Figure 6a). Cells irradiated with high
dosages of NIR light without nanoparticles did not
show any photodamage either (Figure 6b). Likewise,
cells incubated with anti-HER2 conjugated nanoparti-
cles in the absence of laser light maintained viability
(Figure 6c), suggesting that neither laser light nor the
nanoparticles by itself are cytotoxic. On laser exposure
the anti-HER2 conjugated nanoparticle treated cells
underwent photothermal destruction within the laser

Figure 5. SKOV3 cells incubatedwith anti-HER2 conjugated branched gold nanoparticles at different concentrations (a) OD1,
(b) OD 2, (c) OD 4, (d) OD 6 after laser irradiation and live/dead staining.

Figure 6. (a) SKOV3 cells incubated with anti-PSA conjugated branched gold nanoparticles (negative control) after laser
irradiation (38 W/cm2, 5 min). (b) SKOV3 cells after laser irradiation without nanoparticles. (c) SKOV3 cells with anti-HER2
conjugated nanoparticles without laser irradiation. (d) SKOV3 cells incubated with anti-HER2 conjugated branched gold
nanoparticles after laser irradiation (38 W/cm2, 5 min).
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spot as determined by the viability staining (Figure 6d).
A circular region of cell death is seen in the fluores-
cence microscopy image. The diameter of the region
matches the laser spot size, confirming that cell death
was confined to the laser/nanoparticle treatment area.

Although the therapeutic effect of heated branched
gold nanoparticles has been proven in this work, the
relationship between the generated heat and cell
injury needs to be investigated in more detail. It is
known from literature that the position of the nano-
particles with relation to the cell plays an important
role. It has been proven that for cell internalized gold
nanoparticles a higher laser power density is required
to induce photothermal cell death compared to gold
nanoparticles attached onto the cell membrane.49,50

Cell damage is easily achieved by disruption of the cell
membrane with heated nanoparticles which focus
their thermal effect into a confined area when they
are accumulated on this membrane. In our experi-
ments it is difficult to locate the nanoparticles, but
the dark field images suggest that the nanoparticles
are on the outer cell surface. This can explain the
relatively low laser power density that was used to
obtain photothermal cell death in our experiments. To
havemore evidence, themechanisms of cell death due
to the heat generation should be further evaluated.
Not only the temperature increase itself can cause cell
injury but as a consequence of this heat generation
also cell membrane disruption and the subsequent
influx of ions can cause cell death.50

Now that we have proven the potential of branched
gold nanoparticles for photothermal therapy in vitro by

determining the nanoparticle dosage and the laser
power density, a transfer to in vivo tumor therapy is
possible. Hereto, it is important to use branched gold
nanoparticles with an absorption band tuned further
into the biological window to minimize light absorp-
tion by the tissue.

CONCLUSIONS

We have successfully conjugated anti-HER2 nano-
bodies to branched gold nanoparticles and demon-
strated their specific interaction with HER2þ SKOV3
cells. The FACS data and the dark field images clearly
reveal that the anti-HER2 conjugated nanoparticles
specifically bind to the cells while almost no binding
was observed for the controls. The nanobodies main-
tained their specificity upon nanoparticle conjugation
demonstrating their potential as tumor targeting li-
gands. Furthermore, we have achieved specific photo-
thermal destruction of tumor cells in vitro by using two
independent harmless moieties, that is, laser light and
branched gold nanoparticles. Exposing the cells to
either NIR light or nanoparticles did not affect cell
viability. The combination of these two moieties,
however, produced specific cell death confined to
the laser/nanoparticle treatment area. Different nano-
particle concentrations were evaluated for this therapy
and resulted in an optimal nanoparticle concentra-
tion of OD 4. Nonspecific nanoparticles conjugated
with anti-PSA nanobodies did not show any cell death
upon laser exposure, demonstrating the high specifi-
city of these anti-HER2 conjugated branched gold
nanoparticles.

METHODS
Materials. All materials and reagents were used as commer-

cially obtained. Hydrogen tetrachloroaureate (HAuCl4) and
sodium citrate were purchased from Acros Organics. Bis(p-
sulfonatophenyl) phenylphosphine dihydrate dipotassium
(BSPP) was supplied by Strem Chemicals. Hydrogen peroxide
(H2O2) 30% (v/v) was purchased from Air Products and sodium
hydroxide (NaOH) from Merck. Hydrogen chloride (HCl) and
nitric acid (HNO3) were supplied by Honeywell. (S�(CH2)11�
(O�CH2�CH2)6�O�CH2�CO�NH�(CH2)2�maleimide)2 (malei-
mide�PEO�disulfide) was obtained from Prochimia. (4-(2-
Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), bovine
serum albumin (BSA), sodium chloride (NaCl), magnesium
chloride hexahydrate (MgCl2 3 6H2O), calcium chloride dihydrate
(CaCl2 3 2H2O) and glucose were supplied by Sigma. Anti-HER2
(2Rb18a) and anti-PSA (N7) nanobodies were generated and
produced according to standard protocols.33 Nanobodies to
conjugate to maleimide-derivatized NPs are modified by repla-
cing their N-terminal glutamine with glutamic acid and by
adding residues SPSTPPTPSPSTPPC at the C-terminus, after
the hexahistidine tag. Human ovarian epithelial carcinoma cells
(SKOV3) and Chinese hamster ovary cells (CHO)were purchased
from ATCC. RPMI 1640 cell culture medium, McCoy's 5A cell
culture medium, fetal calf serum (FCS), penicillin/streptomycin
(PEN/STREPT), L-glutamine, and phosphate buffered saline (PBS)
were obtained from GIBCO. 24-Well plates were obtained from
Nunc. Anti-His monoclonal mouse IgG1 was purchased
from Serotec. Phycoerythrin (PE)-labeled rat anti-mouse IgG1,

anti-HER2 and isotype control antibodies were supplied by BD
biosciences. Calcein AM and propidium iodide were obtained
from Invitrogen. Potassium chloride (KCl) was purchased from
VWR.

Instrumentation. The optical properties of gold nanoparticles
were characterized with UV�vis absorption spectroscopy using
a Shimadzu UV-1601PC instrument with a slit width of 2 nm and
a data interval of 0.5 nm. Transmission electron microscopy
(TEM) images of the nanoparticles were obtained using a Tecnai
F30 instrument operating at 300 kV. The samples were prepared
by deposition of a few droplets of the nanoparticle suspension
on a carbon-coated copper grid. The gold concentration of the
nanoparticles was determined with inductively coupled plas-
ma�optical emission spectroscopy (ICP�OES) using an
ICP�OES 3300 DV of Perkin-Elmer. The interaction between
the nanoparticle�nanobody conjugate and the cells was ana-
lyzed with fluorescence activated cell sorting (FACS Canto Flow
Cytometer (Becton Dickinson)) and darkfield microscopy
(Olympus). The cells were irradiated using a home-built laser
setup. In this setup a red diode laser emitting at 690 nm
(800 mW, Opto Engine LLC) was coupled to an optical fiber
with a collimating lens (74-ACR, OceanOptics) on the other side.
The laser power was adjusted using different optical density
filters (2.0, 1.5, 1.0, 0.5) in a filter wheel (5213-a, Newport). A
converging lens (ac254-050-b-ml, Thorlabs) was placed after
the filter to focus the laser beam via a mirror onto the cells. The
live and dead cells after laser illumination were imaged with a
fluorescence microscope (CellR system, Olympus).
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Synthesis and Chemical Functionalization of Branched Gold Nanopar-
ticles. Branched gold nanoparticles were prepared based on the
procedure described by Hao et al.13 A 2 mg portion of BSPP and
100 μL of H2O2 (30% v/v) were added to 50 mL of an aqueous
sodium citrate solution (6.8 � 10�3 M). Under constant stirring
100 μL of HAuCl4 (0.075 M) was added slowly at room tempera-
ture. After 30 s the color of the suspension changed from
colorless to blue, indicating the formation of branched Au
nanoparticles. A 50 mL portion of the nanoparticle suspension
was centrifuged at 4000 rpm for 1 h, the supernatant was
discarded, and the pellet was resuspended in 10 mL of water.

As these branched shaped nanoparticles were not stable
over time, they were stabilized by chemical functionalization
with a disulfidemolecule according to themethod of Lin et al.41

A 2 mL portion of the concentrated suspension was mixed with
20 μL of NaOH (0.5 M) and 200 μL of the maleimi-
de�PEO�disulfide (1.2 mM). By addition of NaOH the pH of
the suspension increased to a value of 11 resulting in an
enhanced electrostatic stabilization during functionalization.
After 90 min of shaking the mixture was centrifuged at
4000 rpm for 30 min and resuspended in 6 mL of water. The
nanoparticles with a final optical density around 1 at plasmon
resonance were characterized using UV�vis absorption spec-
troscopy and transmission electron microscopy (TEM). Induc-
tively coupled plasma�optical emission spectroscopy (ICP�
OES) measurements were performed to quantify the Au
concentration and the number of nanoparticles per milliliter.
Hereto, standards were prepared from a HAuCl4 solution with
concentrations between 0.1 and 2 ppm. Before measurement,
different concentrations of the branched gold nanoparticles
(OD 0.4, 0.8, 1, 1.3, 2) and the standards were dissolved in
10 times diluted aqua regia (HCl:HNO3/3:1 (v/v)). With ICP�OES
the gold concentration was determined (see Supporting Infor-
mation) and together with the average size of the nanoparticles
(determined by TEM), these data were used to calculate the
number of NPs/mL.

Biofunctionalization of Branched Gold Nanoparticles with anti-HER2
and anti-PSA Nanobodies. Six milliliters of branched gold nanopar-
ticles suspended inwater with OD 1were centrifuged for 40min
at 4000 rpm. The supernatant was removed and the particles
were resuspended in 6 mL of HEPES buffer (10 mM, pH 7). A
500 μL aliquot of branched gold nanoparticles was mixed with
500 μL of nanobodies in 1.5 mL eppendorf tubes. The nano-
bodies were diluted in HEPES buffer at different concentrations.
First a broad concentration range of nanobodies (0.1, 1, 10,
100 μg/mL) was used. After 1 h of incubation on a shaking
device, the nanoparticles were centrifuged at 1500 rpm for
90 min. The supernatant was removed and the pellet was
resuspended in 500 μL of HEPES buffer. After evaluation with
UV�vis absorption spectroscopy a smaller concentration range
(0.625, 1.25, 2.5, 5, 10 μg/mL) was tested using the same
protocol.

Cell Culture Maintenance. SKOV3 (HER2þ) cells were main-
tained in RPMI 1640 cell culturemedium (500mL) supplemented
with 10% FCS (50 mL), 100 units/mL penicillin and 0.1 mg/mL
streptomycin (5 mL of PEN/STREPT) and 2 mM L-glutamine
(5 mL). CHO (HER2�) cells were maintained in McCoy's 5A
medium (500 mL) supplemented with 10% FCS (50 mL),
100 units/mL penicillin and 0.1 mg/mL streptomycin (5 mL of
PEN/STREPT) and 2 mM L-glutamine (5 mL). Cells were incu-
bated at 37 �C in a 5% CO2 environment.

Flow Cytometric Analysis of Specific Nanoparticle Cell Interaction.
Nanoparticles with anti-HER2 and anti-PSA nanobodies were
prepared according to the method described above. For each
nanobody, 6 mL of maleimide�PEO�disulfide functionalized
branched gold nanoparticles suspended in HEPES buffer were
mixed with 6 mL of nanobodies at a concentration of 5 μg/mL
for 1 h in 12 aliquots of 1 mL each. The nanoparticles were
centrifuged for 90 min at 1500 rpm and the pellets were
collected and resuspended in 100 μL of HEPES buffer to obtain
a final OD of 25. For the FACS experiment, aliquots of 400 000
SKOV3 (HER2þ) and CHO (HER2�) cells were incubated with
50 μL of the test sample (branched gold nanoparticles with anti-
HER2 nanobodies) and with 50 μL of the negative control
(branched gold nanoparticles with anti-PSA nanobodies). As a

positive control, 10 μL of the anti-HER2 nanobodies (100 μg/mL)
were added to 400 000 SKOV3 and CHO cells, and, as an extra
negative control, 10 μL of the anti-PSA nanobodies (100 μg/mL)
were added to the same amount of HER2þ and HER2� cells.
After 1 h of incubation on ice, the suspensions were washed 3
times with 2.5 mL PBS (150 mM, pH 7.4) þ 0.5% BSA by
centrifugation for 8 min at 1400 rpm. Next, the cells were
incubated with 1 μL of anti-His monoclonal mouse IgG1 (1
μg/μL, primary antibody) for 1 h on ice and again washed three
times with 2.5mL PBSþ 0.5% BSA. In the last step, the cells were
incubated with 1 μL PE rat anti-mouse IgG1 (200 μg/mL,
secondary antibody) for 30 min on ice. After three washing
steps using centrifugation, the cells were mixed for FACS
analysis. As a reference, the HER2þ and HER2� cells were only
incubated with the primary and secondary antibody. After FACS
analysis, all samples were characterized with dark field micro-
scopy at 100� magnification.

Photothermal Therapy. Nanoparticles with anti-HER2 and anti-
PSA nanobodies were prepared according to the method
described above. For each nanobody, 8 mL of maleimide�
PEO�disulfide functionalized branched gold nanoparticles,
suspended in HEPES buffer, were mixed with 8 mL of nanobo-
dies at a concentration of 5 μg/mL for 1 h in 48 aliquots of 1 mL
each. The nanoparticles were centrifuged for 90 min at
1500 rpm, and the pellets were collected and resuspended in
HEPES buffer to obtain a final OD of 12. The nanoparticles with
anti-HER2 nanobodies were diluted in HEPES buffer to obtain a
concentration rangewith ODs of 12, 8, 4, and 2. A 250 μL portion
of these nanoparticles was mixed with 250 μL of SKOV3 cell
culture medium to obtain final ODs of 6, 4, 2, and 1. The
nanoparticles with anti-PSA nanobodies were diluted in HEPES
to an OD of 8 and mixed with SKOV3 cell culture medium to a
final OD of 4. SKOV3 (HER2þ) cells were seeded in 24well plates
at 100 000 cells per well and cultured overnight. The medium
was removed and 500 μL of nanoparticles was added to the
HER2þ cells. After 1 h of incubation at 37 �C, the excess of
unbound nanoparticles was removed bywashing the cells three
times with PBS and covering them with SKOV3 cell culture
medium. The cells were exposed to laser irradiation (690 nm,
38 W/cm2, 5 min) and incubated for 2 h at 37 �C. The cells were
washed with Krebs buffer (135 mM NaCl, 5.9 mM KCl, 1.5 mM
CaCl2 3 2H2O, 1.2 mM MgCl2 3 6H2O, 11.6 mM HEPES, 11.5 mM
Glucose, pH 7.4). Cell viability after laser irradiationwas assessed
using a live/dead staining. Calcein AM was used as a live cell
stain. The dye permeates the cell membrane and is digested to
produce a green fluorescent calcein dye. Propidium iodide was
used as a dead cell stain, which binds to the DNA of dead cells. A
60 μL aliquot of calcein AM (1 mg/mL) and 6 μL of propidium
iodide (1 mg/mL) were mixed with 5934 μL of Krebs buffer (pH
7.4). A 500 μL aliquot of this mixture was added to eachwell and
incubated for 40 min. The cells were imaged using a fluores-
cence microscope at 5� magnification.
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