
BASIC SCIENCE

Nanomedicine: Nanotechnology, Biology, and Medicine
9 (2013) 1214–1222
Research Article

Enhanced drug delivery via hyperthermal membrane disruption using
targeted gold nanoparticles with PEGylated Protein-G as a cofactor

Xinghua Sun, PhD, Guandong Zhang, PhD, Robert S. Keynton, PhD, Martin G. O'Toole, PhD,
Dhruvinkumar Patel, MEng, Andre M. Gobin, PhD⁎

Department of Bioengineering, University of Louisville, Louisville, KY, USA

Received 16 November 2012; accepted 6 April 2013

nanomedjournal.com
Abstract

Gold nanoparticles (GNPs) with near infrared (NIR) plasmon resonance have been promisingly used in photothermal cancer therapy as a less
invasive treatment. Recombinant Protein-G (ProG) was PEGylated to act as a cofactor to immobilize immunoglobulins (IgGs) on GNPs by the Fc
region, resulting in optimal orientation of IgGs for efficient cancer targeting. In-vitro studies showed that HER-2 overexpressing breast cancer cells,
SK-BR-3, were efficiently targeted and ablated at a laser power of 900 J/cm2 (5 W/cm2 for 3 min). However, as a means of enhancing treatment
efficacy by increasing cellular sensitivity to chemotherapeutic agents, we showed that GNP exposure to lower power laser resulted in small
disruptions of cell membrane due to localized hyperthermia. This did not lead to cell death but provided a mechanism for killing cancer cells by
providing enhanced uptake of drug molecules thus leading to a new avenue for hyperthermia-anticancer drug combined cancer therapeutics.

From the Clinical Editor: PEGylated recombinant Protein-G was used as a cofactor to optimize the orientation of IgGs providing “target
seeking” properties to gold nanoparticles used in photothermal cancer therapy. The system demonstrated excellent properties in cancer
therapy, with the hope and expectation of future clinical translation.
© 2013 Elsevier Inc. All rights reserved.
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Gold nanoparticles (GNPs) that have unique near infrared
(NIR) plasmon resonance are excellent agents for early-stage
cancer diagnosis and photothermal cancer therapy resulting from
light-induced localized hyperthermia thus leading to cell death
and tumor regression.1-5 The significance of the NIR region
(650 nm-950 nm) to medicine is due to the high transmission
and low absorption of these wavelengths of light by native tissue
components.1,6,7 To impart such unique optical characteristics,
nanoparticles are specifically tuned by controlling the particle's
size, crystal structure and geometry. For example, silica-gold
nanoshells, nanorods, hollow nanocages can all be tuned by
manipulating size and geometry of the particles.6,8,9 Gold-gold
sulfide nanoparticles (GGS-NPs or GNPs) with controllable NIR
absorption have also been shown to be promising early-stage
diagnostic and photothermal therapeutic agents.1,10 For cancer
targeting, immobilized biomolecules like antibodies (Abs) on
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GNPs should retain their optimal activities, which is especially
important to the active targeted imaging and therapy where the
bioconjugated GNPs can target specific cells. However, the
function of conjugated biomolecules is determined by several
factors including particle morphology, protein structure and
conjugation strategy.11-13 The commonly accepted strategies for
bioconjugation of GNPs are physical adsorption (by hydrophobic
or electrostatic interaction), covalent immobilization directly to
the surface or specific binding using a cofactor.12,13 For efficient
cell targeting, conjugating Abs to the GNPs with optimal
orientation can enhance the targeting functionality by reducing
the potent partial loss of antigen-binding activities of modified/
conjugated Abs. Therefore, immobilization of immunoglobulins
(IgGs) on GNPs by Fc region via a cofactor can yield versatile
and highly efficient immunoconjugated GNPs. IgG-binding
proteins like Protein-A (ProA) and Protein-G (ProG) are valuable
candidates for ordered antibody-immobilization.14 ProG has a
strong binding affinity to some kinds of IgGs, especially to
mouse IgGs. Additionally, recombinant ProG (for simplicity,
ProG is used in the following text) is a small single-chain protein
(MW: ~21,600) that is genetically expressed in Escherichia coli
without albumin-binding domains found in wild-type ProG,15,16

which can be used to engineer versatile bioconjugated GNPs for
al membrane disruption using targeted gold nanoparticles with PEGylated
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Figure 1. Schematic representation of targeted cancer therapy using immunoconjugated GNPs with PEGylated ProG as a co-factor.
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antibody capture with maximal antigen-binding activity. ProG
has no available free-thiol groups for binding to gold surfaces and
only physical adsorption of them results in weakly random
coating and partial IgG-binding activity loss. Therefore, more
ordered immobilization of antibodies on gold surfaces was
reported by pre-coating a thiolated ProG to gold surfaces or using
more complex genetically modified ProG-DNA conjugates.17,18

In our previous work, PEGylated ProG (OPSS-PEG-ProG or
PEG-ProG for simplicity) was selected to act as a cofactor coated
on GNPs to immobilize antibodies for targeted cancer therapy, as
shown in Figure 1.19 GNPswith NIR absorption at around 850 nm
were prepared and purified from a reaction between chloroauric
acid and sodium thiosulfate as previously reported.20 The final
assembly of the immunoconjugated GNPs was accomplished by
immobilizing IgGs on the GNPs via the PEGylated ProG for
recognizing the antigens on the targeted cell membranes. By
utilizing this method, rather than permanently attaching a specific
antibody to the nanoparticle, the versatility of the system is
increased and the activity of immobilized IgG is maximized. HER-
2 overexpressing breast cancer cells, SK-BR-3, were efficiently
targeted and ablated at suitable laser exposure.19

For the interactions of plasmon resonant GNPs with cancer
cells, there are usually twomodes: first binding to cell membranes
occurs, followed by cellular uptake (internalization), which can
lead to membrane disruption and nucleus damage that can be
triggered by light.21 Membrane disruption is suggested to play
the key role for photothermal ablation of cancer cells.21 Hirsch et
al demonstrated serious disruption of cell membrane integrity by
observing cellular uptake of fluorescein labeled Dextran (MW
10,000) after laser exposure to cancer cells incubated with gold
nanoshells.22 Additionally, Day et al recently observed regions of
membrane blebbing by localized hyperthermia of GNPs.1 These
results showed that the cell membrane integrity loss was induced
by localized hyperthermia of the GNP/light interaction when
GNPs were bound to cell membranes. In all these cases the loss of
integrity of cell membrane led to targeted cell death.1,21,22 On the
other hand, cellular uptake/internalization of GNPs (from several
nanometers up to hundred nanometers) has been confirmed to be
related to particle size, shape, surface coating, incubation time,
etc.23-27 The internerlization of GNPs has been utilized to deliver
genes/drugs into cells, in which case GNPs work as the
nanocarriers. The release of drugs can be light-trigered using
plasmon resonant GNPs preloaded with genes/drugs for a
combined cancer treatment.28-31

In the present work, we test the hypothesis that increased
sensitivity of cells to chemotherapeutic agents could be induced by
the application of NIR light. The goal would be to eliminate as
much of the malignancy as possible by low laser power ablation
and enhancing the cell membrane permeability to small drug
molecules. Thus, targeted cells will take up higher doses of drug,
leading to further destruction of any residual malignancy. We
show that low laser light incident on cells exposed to
immunoconjugated GNPs using PEGylated ProG as a cofactor
leads to small membrane openings, which are not inherently
deleterious to the vitality of the cells. However, when an
anticancer drug is present, enhanced uptake of that drug is
achieved which leads to cell death. Characterization of PEGylation
of ProG, assembly of biomolecules on GNPs, and cell uptake of
GNPs are presented. Additionally, membrane damage during laser
ablation was investigated by small fluorescent molecule, Lucifer
Yellow (LY, MW 444), as well as large molecule, Texas Red-
labeled Dextran (TexR-Dextran, MW 10,000), to characterize the
extent of cellular damage at varying laser power and time
exposure. This was followed by application of a model medicine
thiostrepton (MW 1664) that selectively targets breast cancer cells.
The results show a potential new path to developing treatments for
refractory cancers whereby drug resistance may be overcome.
Methods

GNP synthesis and characterization

GNPs were synthesized according to our previously reported
method.19,20 Briefly, 1.7 mM HAuCl4 (Alfa Aesar, Ward Hill,



Figure 2. Normalized activity of PEGylated ProG to mouse anti-HER-2 IgGs detected by solid surface ELISA (Mean ± Standard Deviation, n = 3) (A). STEM
images and high-resolution TEM images (inset) of bare GNPs (B) and PEG-ProG conjugated GNPs (C).
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MA) solution was mixed with 3 mM Na2S2O3 (Sigma, St Louis,
MO) solution at the volumetric ratio of 2.8 for 1 hour. The
synthesized GNPs were then centrifuged (1200 × g for 20 min) to
remove most of the gold colloid by-products and increase purity of
the NIR absorbing fraction of nanoparticles.10 The pellets were
collected (termed as bare GNPs) and the corresponding superna-
tants were spun down again to increase yield. This process was
triply performed to maximally obtain NIR resonant GNPs.

The NIR spectra of GNPs were characterized using a Cary-50
UV-Visible-IR spectrophotometer (Varian, Walnut Creek, CA),
while the size and zeta potential were measured using a Zetasizer
Nano-ZS90 (Malvern, Worcestershire, UK). A FEI Tecnai F20
transmission electron microscope (TEM, FEI Co., Hillsboro,
OR) operated at 200 kV was used to determine GNP shapes. The
TEM samples were prepared by dropping 20 μL of aqueous gold
particle suspension onto C-flat Holey carbon film enhanced
TEM grids followed by a room temperature drying.

PEGylation of ProG and solid surface enzyme-linked
immuno-sorbent assay (SS-ELISA)

ProG (Sigma, St. Louis, MO) was PEGylated with orthopyr-
idyldisulfide-polyethylene glycol-succinimidyl valerate, average
MW 2000 (OPSS-PEG-SVA, Laysan Bio, Arab, AL) by
modifying the method reported by Chattopadhyay et al.32 Briefly,
0.5 ml of ProG (2 mg/mL) in pH 7.4 PBSwas mixed with 0.5 mL
of OPSS-PEG-SVA in 100 mM NaHCO3 solution (pH ~8.5) to
achieve molar ratio of 10:1, 15:1 or 25:1 (PEG:ProG) and was
gently magnetically stirred for 3 hours at room temperature. The
mixture was then stored overnight at 4 °C. The final reaction
mixture was purified to remove excess PEG using membrane
ultrafiltration (MWCO 10 kDa, Pall). The purified OPSS-PEG-
ProG was collected into 10 mM phosphate buffer, pH 7.4 and the
final concentration was estimated using Bradford reagent (Sigma).

The IgG-binding activity of PEGylated ProG was investigat-
ed by developing a solid surface enzyme-linked immuno-sorbent
assay (SS-ELISA) in a 48-well microplate. In detail, 0.5 μg/mL
unpurified PEGylated ProG was used to pre-coat the microplate
well for 1 hour. Next, each well was blocked with 3% BSA in
PBS (PBSA) for 3 hours. Monoclonal mouse anti-HER-2 IgG
(Sigma) at 1 μg/mL was then incubated for 1 hour, followed by
incubation with 0.1 μg/mL goat anti-mouse IgG antibody-
horseradish peroxidase (HRP) (Sigma) for 1 hour. The volume
used for incubation was 0.5 mL per well and wells were
thoroughly rinsed with PBS for the subsequent incubations.
Finally, the coloration was developed for 10-15 min using
3,3′,5,5′-tetramethylbenzidine dihydrochloride (TMB, Sigma)
with H2O2 in phosphate citrate buffer and stopped with 2 M
H2SO4 solution, after which the absorbance at 450 nm was
recorded. The IgG-binding activity of PEGylated ProG was
normalized based on the calibrated activity of intact ProG using 5
concentration points (0.0625-1 μg/mL).

Fluorescein isothiocyanate (FITC) labeling and PEGylation
of ProG

To study the cellular uptake of Ab-ProG-PEG-GNPs, ProG
was sequentially labeled by fluorescein isothiocyanate (FTIC,
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Table 1
Characteristic parameter shifts and mouse anti-HER-2 IgG capture efficiency by the PEG-ProG conjugated GNP. Bare and conjugated GNPs were suspended in
DI water and PBS, respectively.

Characteristic parameter Bare GNP GNP-PEG-ProG GNP-PEG-ProG-IgG

NIR peak absorption (λmax) 858 ± 14 nm 880 ± 23 nm 883 ± 26 nm
Diameter 46.8 ± 4.0 nm 70.6 ± 4.6 nm 89.3 ± 6.7 nm
Zeta potential −46.0 ± 5.2 mV −8.5 ± 1.8 mV −3.5 ± 2.4 mV
Maximum IgGs immobilized by GNP-PEG-ProG 52.0 ± 7.4 IgG/GNP (PEG:ProG = 25:1)

40.7 ± 4.7 IgG/GNP (PEG:ProG = 10:1)
4.0 ± 0.4 /GNP (mPEG-SH blocked GNPs)

Data were given in Mean ± Standard Deviation for n = 4 (for IgG immobilization data, n = 3).

1217X. Sun et al / Nanomedicine: Nanotechnology, Biology, and Medicine 9 (2013) 1214–1222
Sigma) and PEGylated by OPSS-PEG-SVA (2 kDa). In detail,
0.5 mL of 2 mg/mL ProG NaHCO3 (100 mM) solution was
gently stirred in an amber vial, and then 40 μL of 1 mg/mL FITC
dissolved in dimethyl sulfoxide (DMSO) was added. The
reaction was carried out for 1 hour at room temperature. The
production mixture was immediately purified to remove the
spare FITC by 4X washing with membrane filter (MWCO
10 kDa, Pall) at 8000 × g for 8 min. The FITC labeled ProG
(FITC-ProG) was then PEGylated using OPSS-PEG-SVA (PEG:
FITC-ProG = 10:1) as described above.

Conjugation of OPSS-PEG-ProG on GNPs and
IgG-capture assay

To conjugate the cofactor, PEG-ProG to GNPs, the bare
GNPs dispersed in deionized (DI) water were first mixed with
the PEG-ProG at a molar ratio of 500:1 (ProG:GNP) for 1 hour
at room temperature and continued overnight at 4 °C. Next,
to block any remaining exposed gold surfaces, mPEG-SH
(MW 1,000, Laysan Bio) was added to the ProG conjugated
nanoparticles at a molar ratio of 500:1 (mPEG-SH:GNP)
overnight at 4 °C. The ProG-PEG-GNPs were then centri-
fuged twice at 2000 × g for 20 min to remove the excess
PEG-ProG and mPEG-SH. Lastly, the high optical density
pellets were re-dispersed in DI water and diluted in PBS for
laser ablation studies.

To assess maximum antibody loading, average IgGs captured
by a ProG-conjugated GNP were quantitatively assayed by
modifying the ELISA reported by Day et al.1 The results were
used to incubate anti-HER-2 IgGs for laser ablation studies.
Briefly, ProG-PEG-GNPs were first incubated with mouse anti-
HER-2 IgGs (Sigma) at a molar ratio of 200:1 (IgG:GNP) for
20 min at room temperature and centrifuged twice to remove
unbound IgGs. The GNP-PEG-ProG-anti HER-2 Ab and control
(mPEG-SH only) GNPs were incubated with 100 μg/mL anti-
mouse IgG antibody-HRP (Sigma) in 3% PBSA for 1 hour at
room temperature. The GNPs were centrifuged twice to remove
the excess anti-mouse IgG Ab-HRP and the pellets were re-
suspended in PBS. The HRP-bound GNPs were developed using
TMB with H2O2 for 10-15 min and the reaction was stopped by
the addition of 2 M H2SO4 solution. The count of anti-mouse
IgG was calculated using a standard absorption curve of the
appropriate anti-mouse IgG-Ab-HRP concentrations at 450 nm.
The concentration of nanoparticles was calculated from the Beer-
Lambert law with the extinction coefficient of GNPs derived
from Mie theory as described by Averitt et al.33
Cellular uptake and cell membrane disruption

Cellular uptake of Ab-ProG-PEG-GNPs was investigated
using a confocal microscope. SK-BR-3 cells cultured in a 35 mm
petri dish with 10 mm flat glass micro-well (Mat Tek, Ashland,
MA) were incubated with 2 OD (optical density) FITC-ProG-
PEG-GNPs bound with anti-HER-2 IgGs (Incubation with anti-
HER-2 Ab at a molar ratio of 60:1 (anti-HER-2:GNP) for 20 min
at room temperature) for 3 hours. After thorough washing with
PBS, the cells were sequentially stained with 1,1′-dioctadecyl-
3,3,3′,3′-tetramethylindodicarbocyanine perchlorate (DiD, Life
Technologies) solution prepared by spiking 5 μL 2.5 mg/mL
DID in methanol into 1 mL PBS for 30 min, fixed with formalin
10% (VWR) for 5 min and incubated with 4′,6-diamidino-2-
phenylindole, dilactate (DAPI, Life Technologies) solution
(1 μL DAPI 10 mg/mL stock aqueous solution spiked in
300 μL DI water) for 2 min. The cells were then imaged using
a confocal microscope (Eclipse Ti, Nikon instruments, Melville,
NY) and the images were analyzed using NIS-Elements AR 3.2
software. DiD stains cell membrane fluorescence red and DAPI
stains cell nuclei fluorescence blue.

To investigate the SK-BR-3 cell membrane disruption/
damage resulting from localized hyperthermia, the cell media
was immediately removed following the laser irradiation and the
cells were rinsed with PBS. Two membrane-impermeable
molecules to live cells were utilized to track the sizes of holes
induced by laser irradiation. Briefly, 0.5 mL of LY (Sigma, MW
444) and TexR-Dextran (Life Technologies, MW 10,000) (both
at 1 mg/mL concentration in PBS) were added to the laser-
exposed cells and incubated for 30 min at 37 °C. After thorough
washing with PBS, the cells were imaged using an Accu-scope
3032 fluorescence microscope (New York Microscope, Hicks-
ville, 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). For 3-D
scanning, the cells were fixed with formalin (5 min) and
methanol (1 min) and scanned with the confocal microscope.
Green fluorescence shows LY while red shows TexR-Dextran.

Cell culture, laser ablation and hyperthermia-drug therapy

HER-2 overexpressing SK-BR-3 carcinoma cells were
cultured in 75 cm2 (T-75) flasks using McCoy's 5A modified
medium (ATCC, Manassas, VA) containing 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin-glutamine (PSG).
Once reaching ~80% confluence, the cells were detached by



Figure 3. Confocal laser scanning microscopic images show SK-BR-3 cell membrane binding and cellular uptake of GNP-PEG-FITC-ProG-anti-HER-2 IgG:
(A) 2-D image, (B) selected cells for 3-D scan, and (C) 3-D image. Green (FITC), red (DID) and blue (DAPI) fluorescence illustrate immunoconjugated GNPs,
cell membranes and nuclei, respectively. GNP density used was 2 OD and incubation time was 3 hours. Scale bar is 10 μm.
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Trypsin-EDTA (Mediatech). 200 μL of the cell suspension per
dish was then seeded with 2 mL cell media in a petri dish with
glass micro-well. Cells in dishes were cultured at 5% CO2 in an
incubator for ~4 days prior to exposure to laser light.

When the cells were ~80% confluent, the cell media were
removed and the cells were washed with PBS. A suspension of
GNP-PEG-ProG (3.5 OD, ~6.8 × 1011 particles/mL) was incu-
bated with anti-HER-2 Ab at a molar ratio of 60:1 (anti-HER-2:
GNP) for 20 min at room temperature. 0.5 mL of these
immunoconjugated GNPs was then pipetted into each dish.
After incubation for 1 hour, the cells were thoroughly washed
with PBS. 0.5 mL of cell media was pipetted into each dish and
only cells cultured on the 10 mm glass micro-well were
irradiated with 817 nm FAP laser (Coherent, Santa Clara, CA).

One group of cells were assayed for ablation via membrane
disruption immediately, while another group was then incubated
overnight and rinsed with PBS and tested for cell viability/
cytotoxicity using a live/dead cell assay kit (Life Technologies,
Grand Island, NY). The stained cells were imaged with an Accu-
scope 3032 fluorescence microscope as described above.

For hyperthermia and anticancer drug combined targeted
cancer therapy, 10 μL of 4 mM anti-breast cancer drug,
thiostrepton (Sigma) in DMSO was immediately added into
1 mL cell media with ablated SK-BR-3 cells at 540 J (3 W/cm2

for 3 min) laser. This laser power was already demonstrated to
not kill the cells in the present work. Following overnight
incubation, live/dead assay and imaging were performed as
mentioned above.
Results

Our previous size exclusion chromatograms showed that the
PEGylated ProG was eluted earlier than the intact ProG,
supporting the conjugation of OPSS-PEG molecules on ProG
molecules.19 SS-ELISA of PEGylated ProG showed that when
the molar ratio of OPSS-PEG-SVA to ProGwas 10:1, the activity
of ProG to mouse IgGs decreased by ~15%. Conversely ~75%
activity of ProG remained for the ratio of 25:1 (Figure 2, A). The
IgG-binding activity loss of ProG due to the PEGylation is
considered to be acceptable when the ratio is between 10:1-25:1
considering the trade-off issue of introducing more disulfide
groups for ProG binding on gold surfaces and reducing ProG
activity loss. The synthesized GNPs showed multiple crystal
morphologies (Figure 2, B and C). Nanometer-scale dry PEG-
ProG layers were found around conjugated GNPs from high-
resolution TEM images (Figure 2, B and C, inset). This coating
layer is also used to stabilize the bioconjugated GNPs in
physiological conditions. Time-dependence of the NIR absorp-
tion peak in 1% NaCl solution demonstrated the remarkable
stability improvement for the PEG-ProG conjugated GNPs (4.3%
absorbance decrease in 1 hour, Figure S1), compared with the
bare GNPs (38.5% absorbance decrease in 1 hour).

Compared with bare GNPs, the NIR peak absorption,
hydrodynamic diameter and zeta potential of the bioconjugated
GNPs were all changed, confirming the successful conjugation
of the OPSS-PEG-ProG on the GNP as well as IgG-
immobilization ability of the conjugated ProG (Table 1). In the
IgG-capture assay of the Pro-PEG-GNPs, 52.0 ± 7.4 IgG/GNP
was observed for conjugated GNPs using ProG PEGyated at the
molar ratio of 25:1 (PEG: ProG), while 40.7 ± 4.7 IgG/GNP for
those at the molar ratio of 10:1. As a control, 4.0 ± 0.4 IgG/GNP
for mPEG-SH blocked particles was found (Table 1).

By labeling ProG conjugated GNPs with FTIC, and staining
cell membranes and nuclei with fluorescence red and blue
respectively, the immunoconjugated GNPs were largely found
on the cell membranes (Figure 3) and some were internalized by
SK-BR-3 cells within 3 hours incubation from 3-D scanning
image (Figure 3, C). These results confirm the specific targeting
of the immunoconjugated GNPs to overexpressed HER-2 on
breast cancer cell (SK-BR-3) membranes (for checking HER-2
overexpressing, immuno-histo images are showed in Figure S2
with the low HER-2 expressed breast cancer cell line: HTB-22).

Compared with no laser treatment (Figure 4, A and B), the
damage to cell membrane integrity at 540 J/cm2 (3 W/cm2 for
3 min) was only seen via small trace fluorescent molecule, LY,
and the large molecule, TexR-Dextran, showed minimal
diffusion through the damaged cell membrane, indicating only
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Figure 4. Laser power dependence of SK-BR-3 cell membrane disruption investigated with small LY and big TexR-Dextran. Control cells with no laser
irradiation: (A) bright field image, (B) combined LY and Tex-Dextran image, and (C) parallel live/dead assay. 3 W/cm2 laser ablation for 3 min (540 J/cm2):
(D) bright field image, (E) combined LY and TexDextran image, (F) parallel live/dead assay, and (J) combined LY and TexDextran 3-D confocal image. 5 W/
cm2 laser ablation for 3 min (900 J/cm2): (G) bright field image, (H) combined LY and TexDextran image, and (I) parallel live/dead assay, and (K) combined
LY and TexDextran 3-D confocal image. Control using 5 W/cm2 laser ablation for 3 min (900 J/cm2) with no GNPs used: (L) live/dead assay. Scale bar is
100 μm.
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small holes were made by the localized hyperthermia at low
power (Figure 4, D and E). After overnight incubation of
parallel laser-irradiated cells, it showed that they survived at
identical ablation power (Figure 4, F). Upon increasing the laser
power to 900 J/cm2 (5 W/cm2 for 3 min), LY and TexR-
Dextran molecules were both observed in most of cells (Figure 4,
G and H), and it showed that the cells died at this ablation power
(Figure 4, I). By the assistance of 3-D confocal images (Figure 4,
J and K), abundant small LY molecules were found to diffuse
into cells at this low laser power (540 J/cm2). In contrast, both
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Figure 5. Live/dead assay for hyperthermia-thiostrepton combined targeted therapy of breast cancer cells, SK-BR-3. 3.5 OD immunoconjugated GNPs were used
for incubation (A, B and D) and 540 J/cm2 equals to 3 W/cm2 for 3 min. (A) Thiostrepton was added (final concentration: 40 μM) after 540 J/cm2 laser
irradiation. Controls: (B) Thiostrepton was added (final concentration: 40 μM) with no laser irradiation. (C) Thiostrepton was added (final concentration:
40 μM) after 540 J/cm2 laser irradiation with no immunoconjugated GNPs used. (D) 10 μL DMSO was added after 540 J/cm2 laser ablation.
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large and small molecules diffused into most of cells at 900 J/
cm2, indicating greater disruption of cell membrane integrity.
Control cells in absence of immunoconjugated GNPs showed
good viability after treatment using the same 900 J/cm2 laser
power (Figure 4, L), further confirming the light-induced
hyperthermia of NIR resonant GNPs.

The ablation efficiency mentioned above indicates that 540 J/
cm2 (3 W/cm2 for 3 min) laser power was not enough for
complete SK-BR-3 cancer cell ablation under our experimental
conditions but the cells experienced reversible cell membrane
disruption locally. Increasing laser power to 900 J/cm2 led to
permanent cell membrane damage. However, application of a
model drug against breast cancer concomitant with low laser
power membrane disruption of SK-BR-3 cells led to extensive
cell death based on a live/dead assay (Figure 5, A). The control
cells showed that neither laser irradiation nor thiostrepton killed
SB-BR-3 cells by themselves (Figure 5, B and D). However,
some cells were also found dead after laser irradiation and
anticancer drug were used although no immunoconjugated GNPs
were incubated with cells (Figure 5, C), showing the slightly
enhanced drug delivery effect by laser exposure alone.
Discussion

The necessity of introducing OPSS-PEG to ProG is to
overcome the shortcoming of unavailable thiol groups for strong
binding of ProG to GNP surface and to isolate it from gold
surface by a PEG spacer. The PEGylation efficiency increased
with a high molar ratio of OPSS-PEG-SVA to ProG. The
conjugation was conducted by the reaction of the succinimidyl
ester of OPSS-PEG-SVA with the available amine of ProG with
release of the N-hydroxysuccinimide (NHS) leaving group to
form a stable amide bond.32 Our developed solid surface ELISA
demonstrated that ~75% anti-HER-2 Ab binding activity of
ProG retained after the PEGylation, showing the present
PEGylation with ~2 kDa PEG could not affect ProG activity
in an undesired way. In the present work, the molar ratio of 25:1
(OPSS-PEG-SVA to ProG) was used for laser ablation. The
molar ratio of 10:1 was also used, regarding ProG molecules
were pre-labeled with FITC.

The bare GNPs were very unstable in 1% NaCl or PBS,
although high stability was seen in DI water. The explanation
might be that the stabilizing chemicals/ions layer (TEM images
showed in Figure 2, B inset) around GNP multiple crystals could
not protect the GNPs from salt ion attacking, leading to serious
particle aggregation.34 The conjugated PEG-ProG led to a thick
protective layer (~5 nm) around GNPs (Figure 2, C inset),
resulting in stable GNPs acceptable for use in physiological
conditions. As discussed above, the disulfide of OPSS group
was utilized to bind PEG-ProG on the gold surface. From the
finding of maximum IgGs immobilized by GNP-PEG-ProG, we
see that the molar ratio of 25:1 employed in PEGyation of ProG
(52.0 ± 7.4 IgG/GNP) was better to capture Abs than 10:1
(40.7 ± 4.7 IgG/GNP) that might be possibly due to better
assembly of OPSS-PEG-ProG on GNPs. However, the molar
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ratio of 10:1 was also found acceptable for the targeting and
was used in this work for the cellular uptake studies when FTIC
was pre-conjugated on ProG molecule.

The successful anchoring of OPSS-PEG-ProG on the GNPs
was demonstrated by detecting the NIR peak absorption,
hydrodynamic size and zeta potential changes during the
conjugation. For example, with the 2 kDa OPSS-PEG (Stokes
diameter ~6.5 nm)32 linked onto ~7 nm ProG,15 the ~25 nm
increase in diameter demonstrated good attachment of PEG-
ProG to GNPs.35,36 The ~20 nm increase in diameter was also
agreement with the size increase because of immobilization of
IgGs via the coated PEG-ProG.

For cancer targeting using GNPs, antibodies like IgGs are
commonly immobilized on the surfaces of selected GNPs. The
GNPs used here, which were prepared from chloroauric acid and
sodium sulfate, had 40-50 nm diameters and several morphol-
ogies. The hydrodynamic diameter of GNP-PEG-ProG with
immobilized IgGs was above 80 nm. The cellular uptake
mechanism with this novel construct is still unclear. However,
it is known that the sizes, shapes and protein coating of GNPs
have very important impacts on GNP cellular uptake.26,27 The 2-
D and 3-D confocal images clearly revealed that abundant GNPs
were attached on cell membranes, resulting from the strong
specific interaction between the immunoconjugated GNPs and
overexpressed antigen, HER-2, on SK-BR-3 cell membranes,
thus demonstrating breast cancer targeting. The findings here are
in good agreement with our previous observations using silver
enhanced stains.19 GNPs were also seen inside the breast cancer
cells after 3 hours incubation. However, laser ablation was not
much improved by prolonging the GNP-cell incubation time
from 1 hour to 3 hours at low laser power (540 J/cm2). This
result is consistent with Chithrani and Chan's observation that
GNPs bound to cell membrane needed lower laser power to kill
the cancer cells than those internalized inside the cells.27

Therefore, damage to cell membrane integrity is presumed to be
the key to the photothermal ablation and the GNP cellular uptake
is not the critical factor for this targeted cancer treatment mode.

Although some researchers have confirmed that the localized
hyperthermia caused the cell membrane damage with the result
of the cancer cell photothermal ablation using NIR plasmon
resonant GNPs, the damage process is not still very clear. As LY
and Dextran are both cell-impermeable molecules for viable
cells, they are ideal traces for investigating the extent of damage
to cell membranes. LY has the molecular weight of 444 Da and
is an anionic fluorescent dye. The selected Dextran has the
molecular weight of 10,000 Da with Texas Red labeling. By
laser irradiation at 540 J/cm2, green coloration of LY was seen in
cells using fluorescence microscopy while no internal red
coloration of TexR Dextran was observed. This result indicated
that the achieved level of membrane damage allowed localized
diffusion of small molecules, presumably by the creation of
openings of small sizes, but not large pores for large molecules.
Live/dead viability staining after exposure to low power laser
showed that local membrane could self-heal to survive after
overnight incubation. When laser power was increased to 900 J/
cm2, extensive membrane damage was observed as both LY and
TexR-Dextran fluorescent molecules were seen in most of the
cells. Extensive cell death revealed that the damage was
irreversible even if only green fluorescence was detected in a
few cells, perhaps due to localized and uneven distributed heat
effects from the higher power exposure. Through 3-D confocal
imaging, the local disruption of cell membrane was clearly
confirmed at low power though the small holes made were not
enough to cause wide cancer cell death. These data support that
small membrane openings are created during low-power
photothermal treatment using immunoconjugated GNPs with
NIR plasmon resonance and that the effect is reversible.
Meanwhile, the irreversible cell membrane damage due to high
laser power resulted in cell death. Therefore, the various levels of
cell membrane disruption observed in these experiments varied
with laser power intensity.

It was reported ablation at high laser power dramatically
increased the local temperature (40-60 °C) as confirmed by
Hirsch et al,22 and could be potentially painful and unsafe to
patients. The finding of temporary small holes in targeted cancer
cell membranes at low laser power opens a door to minimize this
detrimental effect with photo-thermally enhancing the delivery
of small anticancer medicines to develop hyperthermia-antican-
cer drug combined therapeutics. Thiostrepton is a thiopeptide
antibiotic medicine and was reported to be an antitumor drug that
induces cell death in breast cancer cells by targeting the
transcription factor forkhead box M1 (FOXM1) expression.37

Extensive cell death in the combined therapy at low power
photothermal application followed by thiostrepton incubation
demonstrates that enhanced delivery of the small drug molecule
to cells through hyperthermal cell membrane disruption can
enhance the efficacy of cancer therapeutics. It reveals the
immense potential in the integration of hyperthermia and
anticancer drug therapy. More investigations are ongoing in
our lab using other therapeutic agents. It is also noted that cells in
some specific laser-irradiated area died even without the use of
immnunoconjugated GNPs. In addition to the possible uneven
laser distribution, another crucial reason might be that the laser
irradiation alone could result in cell membrane disruption to such
extent that thiostrepton uptake became much easier with the
assistance of DMSO. It is worthy of more investigation in
molecule level.

In summary, to enhance the use of NIR plasmon resonant
nanoparticle agent for targeted cancer therapy, PEGylated
Protein-G was prepared to efficiently immobilize IgGs on
GNPs. The immunoconjugated GNPs showed HER-2 over-
expressing breast cancer cells (SK-BR-3) targeting and efficient
ablation at a laser power of 900 J/cm2 (5 W/cm2 for 3 min)
under the chosen experimental conditions. Lower power laser
540 J/cm2 (3 W/cm2 for 3 min) ablation after GNP exposure
resulted in small disruptions of the cell membrane due to
localized hyperthermia that were converted from laser illumina-
tion with the membrane-bound immunoconjugated GNPs. The
small disruptions did not directly lead to cell death but provided
for enhanced uptake of small molecules, LY and thiostrepton, the
latter resulting in cell death. This shows a new avenue for
hyperthermia-anticancer drug combined cancer therapeutics.
This study has demonstrated the proof-concept that this low
power approach improves therapeutic efficiency when using
standard chemotherapeutics. This approach could go a long way
in improving patient outcomes in drug resistant cases as well as
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potentially reduce side effects of standard dosage chemothera-
peutics and thus reduce harmful side-effects of chemotherapy.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.nano.2013.04.002.
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