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Abstract—Gold–gold sulﬁde nanoparticles (GGS-NPs) fabricated from chloroauric acid and sodium thiosulfate show
unique near infrared (NIR) absorption that renders them as a
promising candidate for photothermal cancer therapy. To
improve targeting efﬁciency, we developed a versatile method
to allow ordered immunoconjugation of antibodies on the
surfaces of these nanoparticles via a PEGylated recombinant
Protein G (ProG). The PEGylated ProG was prepared with
orthopyridyldisulﬁde-polyethylene glycol-succinimidyl valerate, average MW 2000 (OPSS-PEG-SVA), to ﬁrst allow the
self-assembly of ProG on the nanoparticles, subsequently
antibodies were added to this construct to enable active
targeting. The bioconjugated GGS-NPs were characterized
by TEM, NIR-spectra, dynamic light scattering and modiﬁed
immunoassay. In in vitro studies, the ProG-conjugated GGSNPs with bound mouse anti c-erbB-2 (HER-2) immunoglobulin G (IgG) successfully targeted the HER-2 overexpressing
breast cancer cell, SK-BR-3. Extensive cell death was
observed for the targeted SK-BR-3 line at a low laser power
of 540 J (3 W cm22 for 3 min) while the control breast
cancer cell (low expressing HER-2), HTB-22 survived. Using
PEGylated ProG as a cofactor for immobilization of
antibodies offers a promising strategy to functionalize
various IgGs on nanoparticles for engineering their biomedical applications in cancer therapeutics.

INTRODUCTION
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Metal nanoparticles (NPs) have currently attracted
more and more research interest because of the innovative ﬁndings in both bioengineering and biomedical
ﬁelds. Bioconjugated nanoparticles are one of the most
interesting nanobiotechnology thrusts with respect to
potential breakthroughs in both in vitro and in vivo
applications.3,11,26 As great building blocks for
numerous nano architectures, protein-functionalized
gold nanoparticles (GNPs) have been widely used in
sensing, targeted delivery, imaging and therapy due to
their unique properties such as surface plasmon resonance which can be tuned by precise fabrication for the
desired GNP morphology.8,21,28
One essential optical characteristic that allows
biomedical usage of GNPs such as silica-gold
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nanoshells,13,15,16 nanorods17–19 and nanocages,2,6,7 is
the near infrared (NIR) resonance, which usually results from the unique morphology or geometry of GNP
crystals. The signiﬁcance of the NIR region to medicine
is due to the high transmission and low absorption of
light, between 650 and 900 nm, by native tissue components such as water and hemoglobin, enabling minimally invasive imaging and treatment modalities.9,13,29
GNPs can be used to diagnose and photo-thermally
treat tumors by localized hyperthermia with the combination of speciﬁc NIR lasers matching the peak resonance of the nanoparticles.12,17,25 Considering the
easy-fabrication properties, gold–gold sulﬁde nanoparticles (GGS-NPs) have been proven to be a promising early-stage diagnostic and photothermal
therapeutic agent.9,12 However, conjugating antibodies
to the GGS-NPs plays a crucial role in active targeted
imaging and therapy. For the greatest efﬁcacy, the
antibody immobilized on GGS-NPS should retain its
optimal activity toward the antigen after the conjugation. To improve the targeting efﬁciency, a suitable
conjugation strategy focusing on speciﬁc proteins and
GNPs needs to be carefully considered. There are
usually three key strategies for bioconjugation to
GNPs: physical adsorption (by hydrophobic or electrostatic interaction), covalent immobilization, and
speciﬁc binding using a cofactor.3,26 For each method,
denaturation and orientation of the protein on the solid
surfaces are critical to their subsequent application.11,27
The ideal immobilization of antibodies on GNPs is
by the Fc region with their antigen recognition sites
(Fab regions) easily accessible to the targeted antigens.
Protein G (ProG) is a group C and G Streptococcal
bacteria-expressing protein capable of speciﬁcally
binding to an immunoglobulin (Ig) at the constant Fc
region, and recombinant ProG short of albuminbinding domains can be genetically expressed in

E. coli.1,14 This speciﬁc antibody-binding ability of recombinant ProG makes it a great candidate exploited as
a cofactor to engineer a versatile bio-conjugated NP for
antibody capture with maximal antigen-binding activity. ProG has a strong binding afﬁnity to immunoglobulin G (IgG), especially to mouse IgGs. Binding the
recombinant ProG that has no free-thiol groups to
GNPs through physical adsorption leads to random
coating and partial IgG-binding activity loss. More
ordered immobilization of antibodies on GNPs can be
achieved by pre-coating a genetically modiﬁed ProG
with a cysteine tail to gold surfaces or more complex
ProG-DNA conjugates.10,22,23
In this work, we attached a bi-functional PEG to
ProG for the immobilization of ProG on the GGS-NPs
with NIR absorption at around 860 nm. These nanoparticles were prepared from a simple reaction between
chloroauric acid and sodium thiosulfate that we have
previously reported.30 The PEG-ProG conjugated
GNPs are stable in a variety of saline environments used
to evaluate the targeting. ProG was PEGylated with
orthopyridyldisulﬁde-polyethylene-glycol-succinimidyl
valerate, average MW 2000 (OPSS-PEG-SVA), and
subsequently conjugated these to the nanoparticle surface. The ProG-PEG-GGS-NPs were then used to
immobilize IgGs, by the Fc region, for recognizing the
antigens on the targeted cell membranes for further laser
therapy. The aim was to be able to develop a platform
for the immobilization of various IgGs for targeted
therapy of different cells as shown in Fig. 1, rather than
attaching a speciﬁc antibody to the nanoparticle,
increasing versatility of the system. Two human breast
cancer cell lines were utilized. SK-BR-3 cells, that
overexpress human epidermal growth factor receptor-2
(c-erbB-2 or HER-2), and HTB-22 cells with low HER-2
expression were selected as the positive target and
negative control, respectively. SK-BR-3 cells were

FIGURE 1. The schematic strategy of the PEGylation of ProG with OPSS-PEG-SVA and targeted therapy of breast cancer using
the immunoconjugated GGS-NPs via ProG.
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efﬁciently targeted and ablated by the as-prepared immunoconjugated GGS-NPs at the suitable conditions.

MATERIALS AND METHODS
Materials
Hydrogen tetrachloroaurate(III) trihydrate was
purchased from Alfa Aesar (36400, Ward Hill, MA).
Sodium thiosulfate (380016), 3,3¢,5,5¢-tetramethylbenzidine dihydrochloride (TMB, T3405), hydrogen
peroxide solution (H3410), bovine serum albumin
(BSA, A7906), Bradford reagent (B6916), monoclonal
anti-HER-2 antibody produced in mouse (E2777),
recombinant Protein G (P4689, MW 21600), and anti
mouse IgG-peroxidase produced in goat (A4416) were
all purchased from Sigma-Aldrich (St. Louis, MO).
Fetal bovine serum (FBS) was purchased from Atlanta
Biologics (Lawrenceville, GA). Penicillin–streptomycin-glutamine (PSG) solution was purchased from
Thermo Scientiﬁc (Logan, UT). Orthopyridyldisulﬁdepolyethylene glycol-succinimidyl valerate, average
MW2000 (OPSS-PEG-SVA) and mPEG-SH (MW1000)
were purchased from Laysan Bio (Arab, AL).
McCoy’s 5A modiﬁed medium (McCoy) and Minimum essential medium eagle (EMEM) were purchased
from ATCC (Manassas, VA). Deionized (DI) water
used was 18.2 MX cm (Thermo Scientiﬁc).
GGS-NP Synthesis and Characterization
GGS-NPs with NIR resonance were synthesized by
directly adding 3 mM Na2S2O3 solution into 1.7 mM
HAuCl4 solution with the volumetric ratio of 2.8
(HAuCl4:Na2S2O3) and gently shaken for 15 s then
allowed to react for 1 h. The as-synthesized GGS-NPs
were then centrifuged (12009g for 20 min) to remove
most of the gold colloid by-products and increase
purity of the NIR absorbing fraction of nanoparticles.12 The pellets were collected and the corresponding
supernatants were spun down again to increase yield.
This method of puriﬁcation by centrifugation was
performed three times.
The optical properties of GNPs were characterized
using a UV–Visible–IR spectrophotometer (Cary-50,
Varian, Walnut Creek, CA), and the size and zeta
potential were measured using a Zetasizer (NanoZS90, Malvern). A FEI Tecnai F20 transmission
electron microscope (TEM) operated at 200 kV was
used to determine the shape and size of GNPs. The
TEM samples were prepared by dropping 20 lL of
gold particle suspension in DI water onto Holey carbon ﬁlm enhanced TEM grids (C-ﬂat) followed by a
room temperature drying.
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PEGylation and Conjugation of Protein G on GGS-NPs
ProG was PEGylated by OPSS-PEG-SVA using a
modiﬁcation of the method reported by Chattopadhyay et al.5 Brieﬂy, 0.5 mL of ProG (1 mg mL21) in pH
7.4 PBS was mixed with 0.5 mL of OPSS-PEG-SVA in
100 mM NaHCO3 solutions to achieve molar ratios of
1:10 and 1:25 (ProG:OPSS-PEG-SVA) and was magnetically stirred for 3 h at room temperature. The
mixture was then stored overnight at 4 C. The products were puriﬁed to remove unreacted PEG using
membrane ultraﬁltration (10 kDa MWCO, Pall, Ann
Arbor, MI). The puriﬁed PEGylated ProG was collected into 10 mM phosphate buffer, pH 7.4 and the
concentration was assayed using Bradford reagent with
suitable dilution range. The conjugation efﬁciency was
analyzed in a size exclusion column (SEC, Superose 12,
GE Healthcare Bioscience) equipped in a Waters
HPLC system (Milford, MA). Samples were eluted
using PBS consisting of 10 mM phosphate, 10 mM
KCl and 140 mM NaCl at ﬂow rate of 0.3 mL min21.
To conjugate the cofactor, ProG to GGS-NPs, the
bare GGS-NPs dispersed in DI water were ﬁrst mixed
with the PEGylated ProG at a molar ratio of 500:1
(ProG:NP) on an orbital rotator (Boekel Scientiﬁc,
Feasterville, PA) for 1 h at room temperature and
continuing overnight at 4 C. To then block any
remaining exposed gold surface, mPEG-SH (MW1000)
was added to the conjugated nanoparticles at a molar
ratio of 500:1 (mPEG-SH:NP) overnight at 4 C. The
ProG-conjugated NPs were then centrifuged twice at
20009g for 20 min to remove the excess ProG and
mPEG. Lastly, pellets were re-dispersed in PBS at a
desired optical density.
The IgG captured by ProG-conjugated GGS
nanoparticles was quantitatively assayed by modifying
the ELISA reported by Day et al.9 Brieﬂy, ProGconjugated nanoparticles were ﬁrst incubated with
anti-HER-2 IgGs at a molar ratio of 200:1 (IgG:NP)
for 20 min at room temperature and centrifuged twice
at 20009g for 20 min to remove unbound antibodies.
The GGS-NP-PEG-ProG-anti HER-2 and control
(mPEG-SH only) nanoparticles were incubated with
100 lg mL21 horseradish peroxidase (HRP)-conjugated
goat anti-mouse IgG in 3% solution of BSA in PBS
(PBSA) for 1 h at room temperature. The nanoparticles were centrifuged twice at 20009g for 7 min to
remove the excess HRP-conjugated anti-mouse IgGs
and the pellets were re-suspended in PBSA. The HRPbound GNPs were developed using TMB with H2O2
for 15 min and the reaction was stopped by the addition of 2 M sulfuric acid. The count of anti-mouse
IgG was calculated by comparison to a standard
absorption curve of the appropriate HRP-conjugated
anti-mouse IgG at 450 nm. The concentration of
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nanoparticles was calculated from the Beer–Lambert
law with the extinction coefﬁcient of GGS-NPs derived
from Mie theory as described by Averitt et al.4
Cell Culture and Laser Ablation
HER-2 overexpressing SK-BR-3 and control HTB22 carcinoma cells were cultured in a 75 cm2 (T-75)
ﬂasks using McCoy containing 10% FBS and 1%
PSG, and EMEM containing 10% FBS, 1% PSG and
0.1% insulin, respectively. When cells were conﬂuent,
they were detached by Trypsin-EDTA (Mediatech,
Manassas, VA). 50 lL of the cell suspension per well
was then seeded with 1 mL cell media in a ﬂat bottom
24-well microplate (353047, Becton, Franklin Lakes,
NJ) to facilitate efﬁcient laser irradiation by alternating plates thus subjecting cells to minimal disturbances
in environment. Cells in wells were cultured at 5% CO2
in an incubator for ~3 days prior to exposure to laser
light at 3 W cm22.
When the cells were 80% conﬂuent, the cell media
was removed and the adherent cells were washed with
PBS. A suspension of GGS-NP-PEG-ProG was incubated with anti-HER-2 antibody at the optical intensity of 3.5 OD (~6.8 9 1011 particles mL21) at a molar
ratio of 60:1 (anti-HER-2:NP) for 20 min at room
temperature. 0.5 mL of antibody-conjugated GGSNPs were then pipetted into each well. After incubation for 60 min, the GNP suspension was removed and
cells were thoroughly washed with PBS. 0.3 mL of cell
media was pipetted into each well and the cells were
irradiated with an 817 nm laser (Coherent, Santa
Clara, CA) using designed power by controlling power
density and duration. The same ablation power was
performed in multiple wells to establish repeatability in
the procedure as assayed by staining.
The cells were incubated overnight and rinsed with
PBS and tested for cell viability/cytotoxicity using a
live/dead cell assay kit (Invitrogen, Eugene, OR).
0.5 mL of assay PBS solution consisting of 0.5 lL of
Calcein AM and 1 lL of Ethidium homodimer-1
(EthD-1) was pipetted into each well and incubated for
30 min. The cells were then rinsed with PBS and
imaged using an Accu-scope 3032 ﬂuorescence microscope (New York Microscope, Hicksville, NY) equipped with a Nikon Sight DS-Qi/Mc digital camera
(Nikon instruments, Melville, NY). Images were analyzed using NIS-Elements AR 3.2 software (Nikon
instruments). Calcein AM stains live cells ﬂuorescent
green while EthD-1 stains dead cells ﬂuorescent red.
Silver Enhancement Stain
To assist the observation of the binding of nanoparticles on the targeted cells, cells incubated with the

bioconjugated GGS-NPs were stained using a silverenhancement stain at the same time as the laser ablation
study in parallel wells. After the binding of GNPs, cells
were washed three times with PBS, and were stained
using a silver-enhancer kit that bound to GNPs
(enhancer A and B, Sigma). The stained cells bound
with GGS-NPs were ﬁxed using 10% buﬀered formalin
solution (SF100-4, Fisher Scientiﬁc, Fair lawn, NJ) for
6 min and pictures were taken using a Olympus CKX41
microscopic equipped with a Nikon D90 camera.

RESULTS
Figure 2 shows the typical SEC-HPLC chromatograms of the ultraﬁltrated PEGylated ProG at two
different molar ratios of 10:1 and 25:1 (OPSS-PEGSVA:ProG). Compared with the intact recombinant
ProG, the peaks of the PEGylated ProG were shifted
to the large molecule side (eluted earlier from the
SEC). This shift indicates that the OPSS-PEGs were
efﬁciently coupled to ProG by an amide bond, providing disulﬁde groups for the interaction with gold
surfaces. Higher molar ratio of OPSS-PEG-SVA to
ProG resulted in more PEG molecules attached per
ProG molecule.
As shown in Fig. 3e, the as-synthesized bare GGSNPs have a NIR absorption peak at about 860 nm
with a weak accompanying peak at 530 nm. Scanning
TEM (STEM) images conﬁrmed that the controlled
NIR absorption at 860 nm was due to the multiple
shapes of GGS-NP crystals such as truncated polyhedra, triangle nanoplates and nanorods (Figs. 3a, 3c).
After ProG conjugation and puriﬁcation, the NIR
absorption peak slightly red-shifted in wavelength and

FIGURE 2. SEC-HPLC chromatograms of the PEGylated
ProG with OPSS-PEG-SVA at two different molar ratios of
OPSS-PEG-SVA to ProG: 10:1 and 25:1. ProG was used for
comparison with PEGylated ProG. The elution buffer was pH
7.4 PBS consisting of 5 mM phosphates, 10 mM KCl and
140 mM NaCl. The elution flow rate was 0.3 mL min21.
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~5 nm PEGylated ProG layer was observed around
some of the GGS-NPs (Figs. 3b, 3d).
Compared with the bare GGS-NPs, the NIR
absorption, hydrodynamic diameter and zeta potential
of bioconjugated GNPs were all changed. The data is
summarized in Table 1. The modiﬁed ELISA used to
determine the number of anti-HER-2 IgG captured by
immobilized ProG showed 52.0 ± 7.4 IgGs per particle for ProG-conjugated GGS-NPs while 4.0 ± 0.4
IgGs per particle for mPEG-SH blocked particles. This
data supports that the conjugated ProG on NP retains
the activity to capture mouse anti-HER-2 IgGs.
Immunohisto-staining on the HER-2 overexpressing
human breast cancer cells used in this work showed a high
positive result for SK-BR-3 with low HER-2 expressed by
control cell of HTB-22 (data are not shown). Figure 4
shows the silver enhancement stain images using HTB-22
and ProG-conjugated GGS-NP as the negative controls
for cancer cell and nanoparticles, respectively. Higher
nanoparticle binding on the HER-2 overexpressing
SK-BR-3 cells is indicated by increased silver enhance-
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ment, suggesting the recognition of the anti-HER-2 IgG
conjugated by the GNP-ProG to HER-2. In contrast,
there is lower enhancement (lighter staining) where fewer
particles are bound on both control samples.
Figure 5 shows the cell viability after laser ablation
of cells incubated with the antibody conjugated GGSNPs. It is seen that 3 W cm22 laser density and 3 min
exposure (540 J) killed HER-2 overexpressing SK-BR3 cells. Lower power, 3 W cm22 for 2 min (360 J)
showed poor ablation efﬁciency.
As a control, high viability of HTB-22 cells with
less HER-2 expression was observed at the 540 J
(3 W cm22 for 3 min) treatment. Another negative
control using PBS also gave high cell viability as a
result of 540 J exposure. This suggests evidence for the
targeted delivery of GGS-NPs to SK-BR-3 cells and
cell-speciﬁc ablation. For the ProG-conjugated GGSNPs with no anti-HER-2 IgGs, both SK-BR-3 and
HTB-22 cells decreased viability by 10–20% as some
ProG-conjugated GGS-NPs might have attached to
cells due to nonspeciﬁc binding.

FIGURE 3. STEM (a, c) and high resolution TEM (b, d) images of the bare GGS-NPs and ProG-conjugated GGS-NPs: (a) and (b)
Bare GGS-NPs. (c) and (d) Purified ProG-conjugated GGS-NPs. The NIR spectra of the bare and bioconjugated GGS-NPs (e).

TABLE 1. Changes in the parameters of GGS-NPs before and after the bioconjugation.

NIR absorbance, nm
Diameter, nm
Zeta potential, mV

Bare GGS-NP

Unpurified
GGS-NP-PEG-ProG
in DI water

Purified
GGS-NP-PEG-ProG
in PBS

GGS-NP-PEG-ProG-anti
HER-2 IgG

861 ± 16
47.4 ± 4.7
248.3 ± 2.9

874 ± 14
73.6 ± 5.0
223.8 ± 4.5

887 ± 23
71.4 ± 5.3
29.0 ± 1.8

889 ± 28
87.8 ± 7.3
23.5 ± 2.9

The bare GGS-NPs were suspended in DI water while the conjugated ones were in DI water or PBS. Data were given in mean ± STD for
three batch samples.
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FIGURE 4. Images of the silver-enhancement stain of SK-BR-3 and HTB-22 cancer cells incubated with the GGS-NP-OPSS-PEGProG with immobilized anti-HER-2 IgGs. (a) SK-BR-3 with GGS-NP-OPSS-PEG-ProG-anti HER-2 IgG. (b) SK-BR-3 with GGS-NPOPSS-PEG-ProG. (c) HTB-22 with GGS-NP-OPSS-PEG-ProG-anti HER-2 IgG. (d) HTB-22 with GGS-NP-OPSS-PEG-ProG.

FIGURE 5. Live/dead assay images of SK-BR-3 (a–d) and HTB-22 (e–h) cancer cells after laser ablation with different operation
conditions. (a) SK-BR-3 with GGS-NP-OPSS-PEG-ProG-anti HER-2 IgG at 540 J. (b) SK-BR-3 with GGS-NP-OPSS-PEG-ProG-anti
HER-2 IgG at 360 J. (c) SK-BR-3 with GGS-NP-OPSS-PEG-ProG at 540 J. (d) SK-BR-3 with PBS at 540 J. (e) HTB-22 with GGS-NPOPSS-PEG-ProG-anti HER-2 IgG at 540 J. (f) HTB-22 with GGS-NP-OPSS-PEG-ProG-anti HER-2 IgG at 360 J. (g) HTB-22 with GGSNP-OPSS-PEG-ProG at 540 J (h) HTB-22 with PBS at 540 J. Green stain shows live cells and red, dead ones. All scale bars
represent 100 microns, 3 W cm22 for 3 min equals to 540 J.

DISCUSSION
Recombinant ProG is a small single chain protein
(21.6 kDa) lacking the albumin binding regions, and
has much stronger binding aﬃnity to mouse IgGs than

Protein A. Since the anti-HER-2 IgG used in the
present targeting is mouse IgG1, the recombinant
ProG is an ideal cofactor for the preparation of
immunoconjugated GGS-NPs by immobilization of
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anti-HER-2 IgG through its constant Fc region. This
speciﬁcally oriented binding of IgGs may retain the
activity of the immobilized IgGs to the HER-2
overexpressed in SK-BR-3 cell membranes. As the
recombinant ProG is short of free thiol residues, a
PEG linker with disulﬁde group is induced to ProG
molecule by the modiﬁcation of the alpha-amine on the
lysine residues of ProG. There are two advantages of
the PEGylation: assistance of the immobilization of
ProG on the gold surfaces through the disulﬁde group
of OPSS-PEG, and isolation of ProG from GNP surface avoiding loss of the activity of IgG capture region.
Considering the binding of ProG to various IgGs,
cancer diagnosis and targeted therapy by immunoconjugated GGS-NPs via ProG provides a repeatable
platform method for antibody conjugation to gold
nanoparticles.
The molar ratio of OPSS-PEG-SVA to ProG was
optimized to be 25 in this work as it was observed that
high molar ratio was related to PEGylated ProG precipitation during the membrane ultraﬁltration with
possible IgG-binding activity loss of ProG due to the
complex conformation change (especially the IgG
binding regions) of the ProG molecule. The PEG-ProG
conjugated GGS-NPs showed good stability in PBS.
The unique NIR resonance qualiﬁes the GGS-NPs
as an ideal reagent for targeted therapy with lessinvasive and deep-penetrative laser radiation at 817 nm.
From the STEM images, as shown in Fig. 3, the shapes
of the NPs were not affected by centrifugation but more
of the smaller spherical particles were removed. High
resolution TEM images of bare GNPs indicated that a
very thin chemical layer (<2 nm) is present around the
GGS-NPs to stabilize the gold crystals. In contrast, a
much thicker layer of PEGylated ProG (>5 nm)
around the conjugated GGS-NPs was clearly observed,
demonstrating the successful self-assembly of PEGylated ProG on NPs. This result was in good agreement
with the stability of the conjugated GGS-NPs in
salt solution, while the bare GNPs showed very poor
stability.
Signiﬁcant changes of characteristic parameters
among the bioconjugated GGS-NPs were found. The
absorption peak wavelength shift of ~10–20 nm after
the ProG conjugation and puriﬁcation could be related
to PEG-ProG layer coated around particles, and the
puriﬁcation steps that removed more spherical NPs
from the ProG-conjugated samples at 2000 9 g. With
the 2 KDa OPSS-PEG (Stokes diameter ~6.5 nm)
linked onto ~7 nm ProG,1,5 the ~25 nm increase in
diameter demonstrated good attachment of PEGylated
ProG to GGS-NPs.20,24 The remarkable drop in
charge density characterized by zeta potential also
proved the successful conjugation of PEGylated
ProG on the gold surface through the disulﬁde groups.
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The ProG coated NPs showed a difference in zeta
potential between DI and PBS which could be the result of the ProG charge shift in a different pH and
ionic environment as is common with proteins. Further, the change in charge continues in the same
direction as the IgG is attached to form the ﬁnal
construct showing that larger diameter shields more of
the negative charge of the gold nanoparticle.
The parameter changes of the GGS-NPs with
bound IgGs (shown in Table 1) also demonstrated that
the immobilization of anti-HER-2 IgGs was achieved
via the capture of ProG on the particles. The ~15 nm
increase in diameter indicated the orientated binding of
IgGs to the PEGylated ProG immobilized on GGSNPs. The further decrease in charge density was related
to the neutral pH of PBS that was near the isoelectric
point of IgG. The promise of the versatility of the
layered approach on GNPs for multi-targeting tasks
using various antibodies was possible.
Using the silver enhancement stain, the comparison
showed that more immunoconjugated GNPs were
attached to SK-BR-3 cells. Both SK-BR-3 cells and
HTB-22 cells showed weak interaction to ProGconjugated GGS-NPs with no bound anti-HER-2
IgGs. This strongly conﬁrms the activity of captured
IgG to its antigen, validating the potential utilization
of the immunoconjugated GGS-NPs as therapeutic
agents for targeted breast cancer treatments.
Serious death of SK-BR-3 cells caused by 540 J
(3 W cm22 for 3 min) laser ablation, as shown in
Fig. 5, proved our hypothesis of the targeted photothermal cancer therapy using immunoconjugated
GGS-NPs via the PEGylated ProG. It should be noted
that some HTB-22 cells were found dead after the laser
ablation at 540 J. This can be explained by the differential expression levels of HER-2 in this cell line. There
are two known possible mechanisms for the interaction
between GNP and cells in localized photothermal
cancer therapy: NP attachment on cellular membranes
or NP uptake by cells. Under laser exposure, the GNPs
attached on cell membranes cause thermal damage of
the membrane, leading to cytoplasmic leakage and cell
death.15 However, internalized GNPs can result in cell
death related to DNA damage. We are continuing to
investigate to see which mechanism is dominant for
our immunoconjugated GGS-NPs, assisting us to
understand the fundamentals of photothermal ablation
and inspiring new thermal drug delivery method using
the ProG-conjugated GGS-NPs.

CONCLUSIONS
Immunoconjugated GNPs using a cofactor is
of importance to the preparation of versatile GNP
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platform for targeted therapy. The present conjugation
of the PEG-ProG on the GGS-NPs fabricated from
chloroauric acid and sodium thiosulfate oﬀers a practical protocol. In in vitro studies, the as-fabricated
ProG-conjugated GGS-NPs with bound mouse
monoclonal anti-erbB-2 (HER-2) IgGs were found to
target at HER-2 overexpressing breast cancer cell line,
SK-BR-3 and showed almost total ablation at the
selected laser power of 540 J (3 W cm22 over 3 min)
while most HTB-22 cells with low HER-2 expression
survived. The unique NIR absorption of GNPs and the
versatile antibody binding ability of the conjugated
ProG demonstrated the proof-of-concept of photothermal cancer therapy using immunoconjugated
GGS-NPs via PEG-ProG.
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