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Purpose: To demonstrate that anti-MG1 conjugated hybrid magnetic 
gold nanoparticles (HNPs) act as a catalyst during photo-
thermal ablation (PTA) of colorectal liver metastases, and 
thus increase ablation zones.

Materials and 
Methods:

All experiments were performed with approval of the insti-
tutional animal care and use committee. Therapeutic and 
diagnostic multifunctional HNPs conjugated with anti-MG1 
monoclonal antibodies were synthesized, and the coupling 
efficiency was determined. Livers of 19 Wistar rats were 
implanted with 5 × 106 rat colorectal liver metastasis cell line 
cells. The rats were divided into three groups according to 
injection: anti-MG1–coupled HNPs (n = 6), HNPs only (n = 
6), and cells only (control group, n = 7). Voxel-wise R2 and 
R2* magnetic resonance (MR) imaging measurements were 
obtained before, immediately after, and 24 hours after injec-
tion. PTA was then performed with a fiber-coupled near-in-
frared (808 nm) diode laser with laser power of 0.56 W/cm2 
for 3 minutes, while temperature changes were measured. 
Tumors were assessed for necrosis with hematoxylin-eosin 
staining. Organs were analyzed with inductively coupled 
plasma mass spectrometry to assess biodistribution. Ther-
apeutic efficacy and tumor necrosis area were compared by 
using a one-way analysis of variance with post hoc analysis 
for statistically significant differences.

Results: The coupling efficiency was 22 mg/mg (55%). Significant differ-
ences were found between preinfusion and 24-hour postinfu-
sion measurements of both T2 (repeated measures analysis of 
variance, P = .025) and T2* (P < .001). Significant differences 
also existed for T2* measurements between the anti-MG1 
HNP and HNP-only groups (P = .034). Mean temperature 6 
standard deviation with PTA in the anti-MG1–coated HNP, 
HNP, and control groups was 50.2°C 6 7.8, 51°C 6 4.4, 
and 39.5°C 6 2.0, respectively. Inductively coupled plasma 
mass spectrometry revealed significant tumor targeting and 
splenic sequestration. Mean percentages of tumor necrosis 
in the anti-MG1–coated HNP, HNP, and control groups were 
38% 6 29, 14% 6 17, and 7% 6 8, respectively (P = .043).

Conclusion: Targeted monoclonal antibody–conjugated HNPs can serve 
as a catalyst for photothermal ablation of colorectal liver 
metastases by increasing ablation zones.
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sensitization. It is crucial to choose a 
suitable surface-targeting ligand that is 
highly up-regulated in tumor cells but ab-
sent or poorly expressed in normal tissue 
(11,12). MG1 mAbs have been shown to 
localize to rat colorectal liver metasta-
sis cells, or the CC-531 cell line, in a rat 
model, while not binding to other tissue 
(21). Thus, anti-MG1 should serve as an 
effective surface ligand for in vivo selec-
tive binding.

Biofunctionalized gold nanoparticles 
should increase ablative capabilities in 
the treatment of colorectal liver metas-
tases by increasing the size of ablation 
zones. Because gold converts light energy 
to heat and the nanoparticles deposit in 
all tumor cells (including those at the pe-
riphery), the area of heat generated will 
be increased, allowing for a larger zone 
of ablation. The purpose of our study 
was to demonstrate that anti-MG1 conju-
gated hybrid magnetic gold nanoparticles 
(HNPs) act as a catalyst during PTA, thus 
increasing ablation zones.

Materials and Methods

Nanoparticle Synthesis
HNPs were synthesized by using  
gold chloride, cetyltrimethylammonium 

iron oxide permit MR imaging visualiza-
tion by means of R2 and R2* relaxivity 
mechanisms and allow for noninvasive 
quantification of nanoparticle delivery to 
targeted tumors (13,14). The addition of 
a gold shell allows targeted hyperthermia 
through conversion of external electro-
magnetic energy, such as near-infrared 
(NIR) laser irradiation, into heat because 
of strong cross-sectional absorption of 
light and heat conversion (15). Although 
nanoshells have not been used clinically 
to treat colorectal liver metastases, the 
combination of gold nanoshells and laser 
thermal therapy tested in ex vivo canine 
liver tissue showed safety and therapeu-
tic efficacy (16). The optimal penetration 
of laser light is directly associated with 
less risk of carbonization and vaporiza-
tion of tissue and better treatment results 
for tumors (17). The depth of laser pen-
etration is greater in metastatic tumors 
than in normal liver tissue (18). To our 
knowledge, there have been a limited 
number of trials that were proposed to 
treat liver metastases with lasers. How-
ever, most of the trials that have included 
laser treatment have shown safety and 
efficacy in treatment of liver metastases 
and reductions in morbidity and mor-
tality (19). Laser photothermal ablation 
(PTA) is effective to treat surface tumors 
but has limited application for treatment 
of deep tissue tumors, primarily because 
of the light scattered by tissue. However, 
multifunctional nanoparticles that can 
be triggered by lasers have expanded 
the use of laser applications (20). Fur-
thermore, nanoparticles conjugated to 
tumor-selective monoclonal antibodies 
(mAbs) permit specific tumor targeting 
to increase the intratumoral concentra-
tion of nanoparticles for photothermal 
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Advances in Knowledge

nn The anti-MG1 hybrid magnetic 
gold nanoparticles (HNPs) are 
noncytotoxic and have greater 
than 20% intratumoral accumula-
tion in vivo in a rat model com-
pared with HNPs alone.

nn Photothermal ablation showed 
more than twofold (P = .043) en-
hancement in tumor response to 
administration of anti-MG1 HNPs.

nn The results of this study validate 
the proof of concept that anti-
MG1 HNPs can serve to catalyze 
tumor response for minimally 
invasive photothermal ablation 
with large necrotic zones.

Implication for Patient Care

nn Use of multifunctional HNPs 
allows enhancement of current 
ablative technology to achieve 
larger necrotic areas in tumors, 
circumventing the current size 
limitations; furthermore, anti-
body-coupled gold nanoparticles 
enhance targeted accumulation 
and ablative capabilities, without 
necessitating additional probes.

The American Cancer Society esti-
mates that colorectal cancer will 
account for 51 690 deaths annu-

ally, making it the third most common 
cause of cancer-related death nation-
ally (1). Surgical resection of the pri-
mary tumor is curative; however, 19% 
of patients present with synchronous 
metastases (1,2). Only 25% of patients 
with colorectal liver metastases are 
candidates for surgical resection due 
to number, size, and location of their 
hepatic metastases (2). However, only 
50% of those who undergo surgical re-
section with curative intent are alive 
at 5 years (3,4). Ablative techniques 
can be a good alternative to surgery; 
however, their use is limited by tumor 
size, because ablation typically is only 
effective in tumors smaller than 4–5 
cm in diameter (5). Sensitization with 
nanotechnology can increase ablative 
capabilities without causing further tox-
icity and/or damage to a liver that has 
already been exposed to hepatotoxic 
chemotherapy.

Multifunctional gold nanoparticles 
have been increasingly important in multi-
modality treatment approaches for many 
types of cancer, including breast, pancre-
atic, and colorectal cancers (6–9). These 
treatment algorithms should include an 
efficient nanomaterial system that per-
mits magnetic resonance (MR) imaging 
visualization and quantification (10) and 
photothermal sensitization (11,12). Mul-
tifunctional nanoparticles composed of 
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ablation transduction efficiency was 
calculated according to this formula:
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cient, A is the surface area, Tmax is the 

maximum temperature achieved, Ta 

1-ethyl-3-[3-dimethylaminopropyl] 
carbodiimide hydrochloride/N-hy-
droxy-sulfosuccinimide, or EDC/
NHS, chemistry (Fig 1a) and were 
measured with transmission electron 
microscopy. The transduction effi-
ciency, which represents the ability 
of a nanoparticle to convert light to 
heat, was calculated, as described 
previously (26,27). The photothermal 

bromide, ascorbic acid, sodium bo-
rohydride (Sigma-Aldrich) and ultra-
small superparamagnetic iron oxide 
nanoparticles (D.H.K. and A.C.L., 
with 15 and 20 years of experience, 
respectively, in nanomaterial synthesis 
and in vivo imaging) (22–25). Anti-
MG1 mAbs (Acris Antibodies, San 
Diego, Calif) were conjugated with 
HNPs in accordance with established 

Figure 1

Figure 1:  Nanomaterial synthesis. Ultrasmall superparamagnetic iron oxide (USPIO) clusters were mixed with silver (Ag), which acts as a catalyst allowing gold 
(Au) to coat USPIO clusters. Polyethylene glycol (PEG) is added, which contains sulfyl (SH) and hydroxyl (COOH) groups at opposite ends of the molecules. The 
sulfonyl group binds to the gold shell, while the hydroxyl group binds to a commercially available coupling agent (1-ethyl-3-[3-dimethylaminopropyl] carbodiimide 
hydrochloride/N-hydroxysulfosuccinimide, or EDC-NHS). The anti-MG1 mAb can then be coupled to the nanoparticle. (a) Illustration shows synthesis of mAb conju-
gated HNP, (b–d) transmission electron microscopic images show USPIO clusters measuring (b) 200 nm, (c) 200 nm, and (d) 100 nm ( Fig 1 continues). 
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control group (cells alone). Temperature 
was recorded at 15-second intervals by 
using fiber-optic probes (FTP-LN2; Pho-
ton Control, Burnaby, Canada). After 
ablation, the number of viable cells was 
counted by using trypan blue staining, 
and the percentage of viable cells was de-
termined (Y.G., S.B.W.).

Animal Experimentation
All experiments were performed with 
approval of the institutional animal care 
and use committee. Wistar rats weigh-
ing 300–350 g were acclimated for 1 
week and housed with food and water 
ad libitum.

Cellular Inoculation
Anesthesia was administered by using 
2%–3% isoflurane. A 5-cm midline inci-
sion was made in each rat and both the 
left and right hepatic lobes were mo-
bilized to implant subcapsular tumors 
as described elsewhere (29) (S.B.W.). 
The rats underwent weekly MR imag-
ing until the tumors reached 0.5–1 cm 
in greatest dimension, typically 1–2 
weeks.

MR Imaging
MR imaging examinations were per-
formed by using a 7.0-T MR imager 

HNPs for 24 hours to allow for selective 
binding. The cells were then fixed and 
stained with 49,6-diamidine-2-phenylin-
dole, or DAPI, and immunofluorescence 
was performed (Y.G., with 8 years of 
experience in imaging and MR imaging 
and S.B.W., with 10 years of experience 
in cytology, animal experiments, and im-
aging). Images were acquired by using a 
laser scanning confocal microscope (UV 
LSM 510; Zeiss, Jena, Germany). In ad-
dition, transmission electron microscopy 
(Tecnai Spirit G2; FEI, Hillsboro Ore) 
was performed to confirm cellular up-
take of anti-MG1 HNPs compared with 
that of HNPs only.

Temperature Measurements and Cellular 
Viability
Anti-MG1 HNPs at different concentra-
tions were seeded in 96 well plates and 
were irradiated for 3 minutes with an 
NIR laser system (BWF5; B&W Tek, 
Newark, Del) with a diode fiber laser by 
using a continuous wave of 808 nm at 
0.47 and 0.94 W/cm2. In addition, cells 
seeded in 96 well plates were incubated 
with and without nanomaterial. The cells 
were divided into three groups according 
to treatment: (a) the photothermal abla-
tion (0.47 W/cm2 for 3 minutes) group, 
(b) the HNP exposure group, and (c) the 

is ambient temperature, I is the laser 
power, and OD is optical density at 808 
nm. The coupling capacity was deter-
mined by using an ultraviolet, visible, and 
NIR spectrophotometer (LAMBDA1050; 
PerkinElmer, Boston, Mass) at the wave-
length of 280 nm. The coupling efficiency 
of anti-MG1 mAbs with HNPs was calcu-
lated according to this formula: mAbup = 
1 2 (ODpost/ODpre) (28), where mAbup 
is mAb uptake and ODpost and ODpre are 
OD at 280 nm after and before coupling, 
respectively. HNPs not coupled to anti-
MG1 were also produced and were used 
to serve as a control.

Cell Culture
The rat colorectal liver metastasis cell 
line (CC-531, a gift from the University 
of Pittsburgh) was tested and found to 
be free of viruses and mycoplasma. The 
cells were cultured in Dulbecco’s modi-
fied Eagle’s medium (Life Technologies, 
Carlsbad, Calif) supplemented with 
10% fetal bovine serum (Gemini Bio-
Products, West Sacramento, Calif) and 
1%–5% penicillin-streptomycin (Sigma-
Aldrich, St Louis, Mo).

Cellular Uptake of Nanoparticles
In a 24-well plate, 2.5 × 106 cells were 
incubated with 7.6 mmol of anti-MG1 

Figure 1 (continued)

Figure 1 (continued):  Graphs show size distribution measured with (e) Zetasizer and (f) absorption band of USPIO clusters and HNP.
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(EZ Microwave Digestion System; Mile-
stone, Shelton, Conn) (S.B.W., J.C., 
D.H.K., and V.G., with 1 year of expe-
rience in imaging, inductively coupled 
plasma mass spectrometry, and animal 
experimentation). The iron and gold 
content of the HNPs were character-
ized by comparing them to a multiel-
ement internal standard. Inductively 
coupled plasma mass spectrometry was 
performed with a mass spectrometer  
(Thermo iCapQc ICP-MS; Thermo Fisher 
Scientific, Waltham, Mass) equipped 
with an auto sampler (Cetac 260; 
Thermo Fisher Scientific).

Statistical Analysis
R2 and R2* for each phantom model 
was compared with iron concentra-
tion measured with inductively coupled 
plasma mass spectrometry by using 
Spearman correlation and a nonpara-
metric Mann-Whitney U test to com-
pare therapeutic efficacy in the ablated 
tumors with that in the control tumors 
(Y.G., W.L., S.B.W.). The Student t test 
was performed to compare changes in 
the temperatures, viability of cells, and 
the distributed iron amounts in organs 
(D.H.K.). A one-way analysis of vari-
ance was performed for the area of 
necrosis in post hoc analysis (Y.Y.). Re-
peated measures analyses of variance 
were performed to compare the T2 
and T2* measurements before infusion 
with those at 24 hours after infusion 
and between the anti-MG1 HNP and 
HNP alone treatment groups (W.L.). 
P values of less than .05 were consid-
ered to indicate a statistically significant 
difference. Statistical analysis was per-
formed by using software (SAS; SAS, 
Cary, NC).

Results

Nanoparticle Synthesis
HNPs were measured at 47 nm (Fig 
1), branches at 10–20 nm, and cores at 
20 nm. Size distribution was measured 
(Zetasizer Nano-S; Malvern Instruments, 
Malvern, Germany). The hydrodynamic  
size was increased slightly to 54 nm with 
the organic surface layer of HNPs com-
pared with the measured size of 47 nm 

coupled plasma mass spectrometry 
measurements and were used to con-
firm delivery of HNPs to the tumors in 
the rats. Mean changes in R2* and R2 
with concentration were used to calcu-
late the least squares fit line with the 
slope providing the R2* or R2 relax-
ivity per second and concentration of 
nanoparticles.

Nanoparticle Infusion and Photothermal 
Ablation
Nanoparticles (7.6 mmol of anti-MG1 
HNPs [concentration range at which 
85% of cells were viable] and 1.5 mg of 
HNPs) were infused into the tail veins 
of the rats (S.B.W.). After MR imaging, 
photothermal ablation was performed 
by using a laser power of 0.56 W/cm2 
for 3 minutes. Because photothermal 
heating rates increase with increas-
ing rates of laser power, the power of 
0.56 W/cm3 was used to overcome the 
dissipation of heat due to the in vivo 
environment (blood flow causing heat 
sink effect) while still allowing safe ab-
lation and preventing nonspecific tissue 
heating. An infrared thermal camera 
(ICI7320P; Infrared Cameras, Beau-
mont, Tex) was used to measure the 
temperature of the irradiated region 
(S.B.W., Y.G., and D.H.K.).

Tumor Necrosis
After the completion of MR imaging (24 
hours after infusion), animals were eu-
thanized, and tumors were collected for 
histologic assessment with hematoxylin-
eosin and Prussian blue staining. Tumor 
necrosis was determined in each group 
by recording the longest and transverse 
dimensions of each tumor and necro-
sis area, and these dimensions allowed 
comparison of treatment efficacy. Area 
was estimated by using the following 
formula: A = LD · TD, where A is the 
area, LD is the longest dimension, and 
TD is the transverse dimension (Y.Y., 
with 5 of years experience in MR imag-
ing and analysis).

Biodistribution
Organs were digested in a 9:1 mixture of 
70% nitric acid (VWR Scientific, Radnor, 
Pa) and 30% hydrogen peroxide (Sigma 
Aldrich) by using a digestion system 

(Bruker ClinScan; Bruker Biospin, Et-
tlingen, Germany) with a 30-cm bore 
and a 75-mm QuadTransceiver rat coil 
(Bruker Biospin), an isoflurane an-
esthesia system, a body temperature 
control and monitoring system for vital 
signs, and an MR imaging–compatible 
small animal gating system (SA Instru-
ments, Stony Brook, NY) to permit 
free-breathing acquisition sequences 
for pre- and postprocedural MR imag-
ing measurements (S.B.W., Y.G., and 
J.C., with 2 years of experience in an-
imal experiments and imaging). Phan-
tom models containing anti-MG1 HNPs 
at different concentrations were con-
structed by using 0.5% agarose. The 
phantoms were imaged with a multisec-
tion spin-echo sequence and a multi-
ple gradient-recalled-echo sequence. 
A gradient-recalled-echo sequence was 
performed with the following parame-
ters: repetition time msec/echo times 
msec, 800/3.28, 6.14, 9.00, and 11.86; 
field of view, 150 3 60 mm2; matrix, 
192 3 78; bandwidth, 500 Hz per pixel; 
and section thickness, 1 mm. A spin-
echo sequence was performed with 
the following parameters: 800/11.1, 
22.2, 33.3, and 44.4; section thickness, 
1 mm; field of view, 150 3 60 mm2; 
matrix, 192 3 78. The rats were im-
aged before, immediately after, and 
24 hours after anti-MG1 HNP infusion 
with coronal orientation by using the 
multisection spin-echo and multiple 
gradient-recalled-echo sequences with 
imaging parameters the same as those 
described. Respiratory triggering was 
performed by using a gating system 
(Model 1025, SA Instruments). To esti-
mate HNP concentrations in each phan-
tom or rat, voxel-wise R2 and R2* maps 
were generated with software (Matlab; 
Math Works, Natick, Mass) by using the 
nonlinear Levenberg-Marquardt algo-
rithm to fit the monoexponential decay 
component: SITEi = SI0 · exp (2R2* · 
TEi), where SITEi is the MR signal inten-
sity at echo time TEi, and SI0 is the MR 
imaging signal intensity at echo time 0 
(J.C., A.C.L. and W.L., with 10 years of 
experience in MR imaging). These MR 
imaging–measured HNP concentrations 
were verified by means of comparison 
with the reference standard inductively 



814	 radiology.rsna.org  n  Radiology: Volume 285: Number 3—December 2017

EXPERIMENTAL STUDIES: Hybrid Magnetic Gold Nanoparticles as Catalysts for Photothermal Ablation	 White et al

Tumor Necrosis
Prussian blue staining of the sec-
tions from animals infused with HNPs 
showed blue clusters of iron against a 
pink counterstain background in the tu-
mor regions that showed accumulation 
of HNPs (Fig 4a and 4b). Furthermore, 
larger zones of tumor necrosis were 
seen with PTA in tumors in the anti-
MG1 HNP group than those seen in 
tumors from the HNP-only group (Fig 
4c and 4d). The mean percentages of 
tumor necrosis were 38% 6 29, 14% 
6 17, and 7% 6 8 in the anti-MG1–
coated HNP, HNP-only, and control 
groups, respectively (P = .043) (Fig 
4e). There was no difference between 
the anti-MG1 HNP group and the HNP 
group (P = .14), or between the HNP 
group and the control group (P = .14).

Biodistribution
Targeted amounts of anti-MG1 HNPs in 
tumors were slightly higher than were 
HNPs without anti-MG1 at 24 hours af-
ter injection (P = .09) (Fig 5). Accumu-
lation in the rest of the organs, including 
that in the liver, spleen, and kidney re-
lating to the reticuloendothelial system 
showed the typical distribution (22).

Discussion

Ablative techniques have gained wide 
acceptance as adjunct treatments for 
surgically nonresectable colorectal 
liver metastases, with significant sur-
vival advantages over palliative chemo-
therapy (30). However, only tumors 
smaller than 5 cm have shown durable 
response to the ablative techniques. 
Thermal ablation after intravenous 
plasmonic nanomaterial administra-
tion allows for larger ablation zones 
because of preferential accumulation 
in tumors due to an enhanced perme-
ation and retention effect in in vivo 
(31) and ex vivo canine colorectal liver 
metastases (16). Because only the tu-
mor cells harbor the nanoparticles, 
only the tumor cells will be affected 
by the light and heat up to tempera-
tures high enough to cause cell death. 
The surrounding tissue, such as the 
blood vessels and bile ducts, will not 
achieve temperatures high enough 

and irradiation, respectively, which was 
due to increased temperatures leading 
to thermal denaturation and coagulation 
achieved with the combined therapy.

Cellular Uptake of Nanoparticles
Scanning confocal microscopic results 
validated selective binding (Fig 2a) 
and demonstrated the selective uptake 
of anti-MG1 HNPs into the CC-531 
cells. Cells incubated with HNPs alone 
showed no fluorescence, which indi-
cated that HNPs were not taken up into 
the cells. Transmission electron micro-
scopic results confirmed cellular uptake 
of HNPs coated with mAbs, while no 
uptake was seen for the uncoated HNPs 
(Fig 2b and 2c).

MR Imaging
MR imaging studies showed that R2 
and R2* measurements were well cor-
related with HNP concentrations in 
phantoms (R2 = 0.98 for R2 and R2 = 
0.99 for R2*) (Fig 3a and 3b). Compar-
ison of coronal R2* MR images before 
and 24 hours after infusion of HNPs in 
animals revealed a substantial signal in-
tensity loss, seen as dark areas on the 
images, in both the liver and the tumor, 
which suggests accumulation of iron in 
these tissues. Overlay maps helped us 
to discern tumor from liver tissue and 
allowed quantification of iron in tumors 
(Fig 3c and 3d). Mean tumor T2 mea-
surements 6 standard deviation were 
54.17 msec 6 10.76 and 43.4317 msec 
6 11.04 for before and 24 hours after 
anti-MG1 HNP infusion, respectively, 
while the measured tumor T2* was 
24.2136 msec 6 5.68 before and 17.84 
msec 6 5.67 24 hours after infusion. 
Significant differences were found be-
tween preinfusion and 24-hour postin-
fusion measurements of both T2 (P = 
.025) and T2* (P < .001). Significant 
differences also existed for T2* mea-
surements between the anti-MG1 HNP 
and HNP-only treatment groups (P = 
.034). For temperature measurements 
during PTA, a thermal camera was 
used (Fig 3e). The mean tempera-
tures in the anti-MG1 HNP, HNP only, 
and control group tumor tissue were 
50.2°C 6 7.8, 51°C 6 4.4, and 39.5°C 
6 2.0, respectively.

on transmission electron microscopic 
images (Fig 1e). HNPs absorbed 798 nm 
of NIR light; NIR absorption was not ob-
served for iron oxide nanoclusters (Fig 
1f). The calculated percentage of photo-
thermal transduction efficiency for HNP 
was determined to be 55% and the cou-
pling efficiency of the anti-MG1 antibody 
was 22 mg/mg (55%).

Temperature Measurements and Cellular 
Viability
The strong NIR absorption of the HNPs 
around 798 nm induced fast photother-
mal heating (initial heating rate, 2.88°C/
sec at 100 mg/mL) when the HNPs were 
irradiated with an NIR laser (808 nm; 
0.47 W/cm2) for 3 minutes. Heating rates 
varied with the concentration of HNPs. 
The mean increase in temperature after 
laser irradiation at 0.47 W/cm2 for 3 min- 
utes in the control group was 6.03°C 
(range, 21.56°–27.59°C); in the the 
group with a concentration of HNP of 
2.79 mmol (2.79-mmol group), 11.69°C 
(range, 20.59°–32.28°C); in the 5.58-
mmol group, 15°C (range, 20.08°–
35.08°C); in the 8.12-mmol group, 
26.69°C (range, 19.93°–46.62°C); in 
the 10.66-mmol group, 30.55°C (range, 
20.33°–50.88°C); and in the 17.76- 
mmol group, 36.27°C (range, 20.18°–
56.45°C). The mean increase in temper-
ature after laser irradiation at 0.94 W/
cm2 for 3 minutes in the control group 
was 13.92°C (range, 22.53°–36.45°C); 
in the 2.79-mmol group, 24.24°C 
(range, 22.26°–46.5°C); in the 5.58-
mmol group, 30.54°C (range, 21.23°–
51.77°C); in the 8.12-mmol group, 
50.49°C (range, 21.05°–71.54°C); in 
the 10.66-mmol group, 50.72°C (range, 
20.36°–71.08°C); and in the 17.76-
mmol group, 62.87°C (range, 21.03°–
83.9°C). Photothermal ablation of CC-
531 cells showed a mean viability in 
the laser alone (control) group of 92% 
(243 viable cells of 263 total cells). HNP 
exposure alone showed a decrease in 
mean viability of 94% with 0.13-mM 
HNP exposure and 30% with 0.89-mM 
exposure. The cells treated with both 
HNP exposure and laser irradiation 
showed the greatest reductions in viabil-
ity (P < .001), with 83% and 10.5% with 
0.13-mM and 0.89-mM HNP exposure 
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Figure 2

Figure 2:  In vitro studies. (a) Immunofluorescence image shows CC-531 cells that were incubated with anti-MG1 mAb–
conjugated HNP for 24 hours and then fixed. Immunofluorescence was performed. Image on left is CC-531 cells stained 
with 49,6-diamidine-2-phenylindole. Middle image shows fluorescent anti-MG1 mAb-conjugated HNP. Image on the right is 
coregistered and shows selective binding of anti-MG1 mAb-conjugated HNP to CC-531 (10 mm). (b) Transmission electron 
microscopic image shows CC-531 cells that were incubated with HNP for 24 hours and then fixed (10 mm). Images show (b) 
cell beginning to undergo endocytosis in cluster of anti-MG1 mAb-conjugated HNPs (arrow, 500 nm) and (c) endocytoma-
containing anti-MG1 mAb-conjugated HNP (arrow, 1 mm).

for cell death, sparing them of any 
injury. On the other hand, hypovas-
cular tumors and metastatic sites re-
quire additional ways of selective lo-
calization of nanomaterials to tumors. 
While preferential accumulation of 
sensitizers into tumors usually deter-
mines the outcome of PTA, the ability 
to perform PTA in deeper tissue is 
limited and often challenging to trans-
late into a clinical environment (32). 
Therefore, we focused our efforts on 

bolstering the tumor-specific delivery 
of nanoparticles and on performing 
targeted PTA while concurrently ex-
ploring different imaging modalities. 
We and other groups have shown that 
iron oxide–based nanomaterial is suit-
able to monitoring targeted delivery of 
therapeutics in preclinical liver tumor 
models (33,34). Methods to engineer 
magnetic nanoparticles for the devel-
opment of new drug and delivery plat-
forms are under intense investigation 

(35). Gold nanoparticles have proven 
low-toxicity profiles, easy functional-
ization, and unique optical properties 
(36). Specifically, gold nanoshells of-
fer further advantages over other gold 
nanoparticles on the basis of the cargo 
they can deliver actively and passively 
and the ability to tune the nanopar-
ticles to various sizes and shapes  
with greater stability (37). In our 
study, hybrid spiky gold-shelled iron 
oxide nanoclusters act as catalysts 
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Figure 3

Figure 3:  R2 and R2* imaging and quantification. Wistar rats inoculated with CC-531 cells and tumors (arrow, c, d) were allowed to grow for 7–10 days. R2 and 
R2* images of rats were obtained with a 7.0-T MR imager at baseline and immediately after and at 24 hours after infusion. Voxel-wise R2 and R2* measurements 
were performed, and color map overlays were created. Plots show measurements of (a) R2 and (b) R2* and their correlation with HNP concentrations. (c) Coronal 
R2* baseline MR image (unit, one per second). (d) Coronal MR image shows R2* 24 hours after infusion of HNP (unit, one per second). Signal intensity loss is noted 
both in liver and in tumor between the time points. (e) Image of rat taken with a thermal camera during PTA while temperature measurements were being taken. ICP 
concen = inductively coupled plasma concentration.

for photothermal ablation. The edge 
and tips in the multiple branches of 
the gold nanoparticles allow large lo-
cal electric field enhancements at the 
plasmon resonance, resulting in effi-
cient transduction of incident light into 
heat due to electron excitation and re-
laxation (25). Strong NIR absorption 
characteristics at 800 nm for these 
HNPs are highly valuable for targeted 
NIR photothermal ablation of tumors. 
To achieve selective localization, MG-1 
antibodies were chosen because bind-
ing efficacy study results showed that 
a significant portion of the antibodies 

conjugates to the nanomaterial, and 
the antibodies retain the intact anti-
gen-binding domains.

Results of in vitro assays suggest-
ed that the anti-MG1 HNPs selectively 
recognize CC-531 cells. These findings 
reinforce the selective nature of anti-
body-coated HNPs to reach receptor-
positive cells, as shown in a recent 
study (38). Furthermore, cytotoxicity 
of anti-MG1 HNPs was analogous to 
the cell viability data of different iron 
oxide nanoparticles in our previous 
study (33) or polymer-coated iron 
oxide nanoparticles (39) and hybrid 

gold-iron oxide nanoparticles report-
ed in other studies (40). These results 
also support prior observations on 
changes in particle size, and the gold 
shell had minimal effect on the cyto-
toxicity profiles of HNPs (40). Ligand-
coated nanoparticles were known to 
enter into cells by means of recep-
tor-mediated endocytosis by forming 
endosomes and eventually lysosomes 
(41). Consequently, we believe that 
formation of endosomes exclusively in 
anti-MG1 HNP-treated CC-531 cells is 
ligand receptor mediated, and this in-
ternalization extends retention of the 
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cleared with time and poses minimal 
risk to the animals, as was reported 
in other studies in which iron oxide–
based nanoparticles were used (44). 
We chose to perform PTA 24 hours 
after HNP infusion to mimic the clin-
ical setting, in which patients can be 
treated initially with an intra-arterial 
therapeutic agent followed by ablation 
the following day. However, further 
preclinical long-term studies are war-
ranted to determine therapeutic effi-
cacy and longitudinal outcomes.

Although the specific localization of 
nanoparticle accumulation in tumors 
that we achieved is comparable to that 
reported in other studies, enhanced 
uptake is desirable. The other limita-
tions of our study were that ours was 
a short-term follow-up protocol, and 
that MG-1 antibody is specific to rat 

the temperatures achieved were sim-
ilar in the tumor tissues during PTA, 
these temperatures were measured 
by using an infrared camera, which 
monitors primarily surface tempera-
tures. Therefore, we believe that the 
significant increase in tumor necrosis 
seen in rats treated with anti-MG1 
HNPs and PTA was due to the ther-
mal denaturation and coagulation that 
occurs deeper in the tissue, which was 
not captured by the infrared camera. 
The mean tumor necrosis in anti-MG1 
HNP-administered rats was signifi-
cantly larger, which suggests superior 
therapeutic efficacy. In both anti-MG1 
HNP- and HNP-administered rats, the 
spleen retained the greatest amount of 
nanoparticles, as was shown in other 
studies (44). We believe that the HNPs 
retained in tissue other than tumors is 

nanoparticles, a critical factor that 
determines the success of PTA. Accu-
mulation of anti-MG1 HNPs resulted  
in a strong reduction in signal in-
tensity on T2-weighted MR images,  
which is comparable to results of 
other studies (42). These observations 
coupled with R2 and R2* maps could  
be valuable in monitoring nanopar-
ticle delivery, quantifying nanopar-
ticles in the tumor, and potentially 
allowing for optimization of laser ir-
radiation regimens based on the ob-
served nanoparticle concentration 
and biodistribution.

NIR-based PTA was confined to 
surface tumors because of the inade-
quate penetration of light into biologic 
tissue (43). Although the biodistri-
bution of anti-MG1 HNPs and HNPs 
was not significantly different, and 

Figure 4

Figure 4:  Histologic evaluation. (a) Representative photomicrograph shows hematoxylin-eosin–stained section demonstrating large colorectal liver metastasis with 
densely packed tumor cells (magnification, 320). (b) Prussian blue staining (iron stains blue) shows deposition of anti-MG1–conjugated HNP around tumor. Image in inset 
shows Prussian blue staining at higher magnification (320) in tumor. Hematoxylin-eosin slides were analyzed and total tumor area (densely packed areas of liver) and 
area of necrosis (dashed lines) were determined for control group, (c) HNP group, and (d) mAb-conjugated HNP group (magnification, 320). (e) Hematoxylin-eosin slides 
were evaluated to determine percentage of necrosis, and control, HNP (NP), and mAb-conjugated anti-MG1 HNPs were compared (P = .043).
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Figure 5:  Graph shows biodistribution of HNP. Freshly harvested or snap frozen tissues were 
subjected to inductively coupled plasma mass spectrometry for gold (Au) and iron (Fe) analysis, 
and the amounts present in each tissue were expressed in micrograms per gram of tissue. L = 
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