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Intraoperative Assessment and Photothermal Ablation of
the Tumor Margins Using Gold Nanoparticles
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Surgical resection is commonly used for therapeutic management of di�erent
solid tumors and is regarded as a primary standard of care procedure, but
precise localization of tumor margins is a major intraoperative challenge.
Herein, a generalized method by optimizing gold nanoparticles for
intraoperative detection and photothermal ablation of tumor margins is
introduced. These nanoparticles are detectable by highly sensitive
surface-enhanced Raman scattering imaging. This non-invasive technique
assists in delineating the two surgically challenged tumors in live mice with
orthotopic colon or ovarian tumors. Any remaining residual tumors are also
ablated by using post-surgical adjuvant photothermaltherapy (aPTT), which
results in microscale heat generation due to interaction of these nanoparticles
with near-infrared laser. Ablation of these post-operative residual
micro-tumors prolongs the survival of mice signi�cantly and delays tumor
recurrence by �� days. To validate clinical translatability of this method, the
pharmacokinetics, biodistribution, Raman contrast, aPTT e�ciency, and
toxicity of these nanoparticles are also investigated. The nanoparticles have
long blood circulation time (��� h), high tumor accumulation (�.�	 –
�.	
%ID g��) and no toxicity. This high-resolution and sensitive
intraoperative approach is versatile and can be potentially used for targeted
ablation of residual tumor after resection within di�erent organs.
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�. Introduction
Solid tumors are often treated by
surgery and post-surgical chemo- and
radiotherapies.[���] However, precise target-
ing and real-time intraoperative localization
of the tumor margins remains a challeng-
ing task, which usually results in tumor
recurrence if residual tumor is left within
the resected regions. Therefore, it is neces-
sary to resect larger areas of surrounding
normal tissues or even whole organ in or-
der to minimize the chances of recurrence.
Furthermore, as intraoperative detection of
small tumor margin residues is di�cult,
post-surgical radiotherapy is often applied
to the larger areas, including the normal
tissues that surround the resected tumor
cavity to prevent recurrence.[�,�] Excessive
tissue resection and ionizing radiation
causes damage (e.g., in�ammation, �bro-
sis, atrophy, and vascular damage), and
complications, including loss of organs,
mechanical injury, massive hemorrhage,
bacterial infection, radiation-induced heart
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diseases, and secondarymetastaticmalignant diseases.[�,�] There-
fore, a precise surgery of the tumor is crucial, and post-surgical
treatments should also be optimized further to improve the qual-
ity of life and reduce the number of deaths of cancer patients with
surgically unresectable residual tumors.
Nanoparticles have received much attention in the past

decade owing to their unique physical and chemical proper-
ties that are suitable for multimodal imaging and therapies,
as well as in other biomedical applications.[	���] Among dif-
ferent nano-formulations, gold nanoparticles have been widely
used in biomedical applications because of suitable biocompat-
ibility, controllable size, and ease of surface modi�cation.[��,��]
Additionally, gold nanoparticles present surface plasmon that
makes them suitable as Raman spectroscopy agents for detect-
ing cancer and imaging with ultrahigh sensitivity (�
�����
���

�) and negligible auto-�uorescence.[�����] Gold nanoparticles of
di
erent morphological shapes such as nanorods, nanospheres,
and branched nanostructures (e.g., nanostars) exhibit di
erent
surface-enhanced Raman scattering (SERS) characteristics that
are speci�cally tuned for imaging and detection bene�ts of
cancer.[�����] In particularly, the branched or urchin shaped gold
nanostructures had unique SERS e
ects that are attributed to
the anisotropic distribution of electromagnetic �eld near their
surface.[�	,�����] Previous studies have demonstrated the existence
of a large electromagnetic �eld enhancement (so-called hotspot)
at the tips of these branched sites, which subsequently lead to
enhanced SERS activity.[��,��] In addition, the branched or urchin
shaped gold nanoparticles provide larger surface areas (approx-
imately tenfold more compared with smooth nanoparticles) for
the conjugation of more Raman tags per nanoparticle, and this
results in stronger Raman signals.[��,��] Moreover, such plas-
monic gold nanoparticles assists in generating controlled heat
in response to laser irradiation in di
erent photothermal therapy
(PTT) approaches, and these can be potentially used as alterna-
tives or in conjunction with radiation therapy.[��,��]
Gold nanoparticles have been used for SERS-based Raman

imaging of di
erent types of tumors such as orthotopically im-
planted brain tumors,[��] gastrointestinal lesions,[��] endogenous
liver tumors,[��] and other xenograft tumors.[��] Also, multiple
studies have reported the use of image-guided photothermal ther-
apy by gold nanoparticles. However, it has limited imaging res-
olutions, and su�cient only for measuring volumetric tumors
or qualitative monitoring of larger-size (i.e., ��� cm diameter)
subcutaneous tumor xenografts by using magnetic resonance
imaging, photoacoustic imaging (PAI), or whole-body �uores-
cent imaging.[�	,�
,��] Recent advancements in intraoperative Ra-
man microscopy using gold nanoparticles o
er high-resolution
Raman image-guided surgeries that o
er more accurate resec-
tion of the tumor margin areas.[��,��] This accurate tumor resec-
tion procedure assists in potentially decreasing the chances of
recurrence by removing the proliferating residual tumors, es-
pecially when combined with other optically-tuned therapeutic
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modalities such as PTT. In a recent study, these two modali-
ties were coupled and demonstrated the e
ectiveness of Raman
image-guided surgery and intraoperative PTT for detection and
ablation of metastatic micro-tumors inmice.[��,��] However, addi-
tional studies are required to validate the feasibility, accuracy and
safety of this technique for simultaneous detection and ablation
of post-resection residual tumor margins, especially for those tu-
mors that are associated with essential organs and have limited
accessibility to surgeons, such as colon. Such a precise combi-
nation therapeutic approach potentially decreases the recurrence
rate, leading to prolonged survival as post-resection residual tu-
mors are believed to be the major cause of recurrence. In addi-
tion, further systematic investigations are necessary to delineate
the in vivo characteristics of SERS nanoparticles (i.e., biodistri-
bution and pharmacokinetics) for delivering su�cient amount of
nanoparticles to tumors for improving the accuracy and e
ective-
ness of such intraoperative tumor resection and PTT approaches.
We herein �rst evaluated gold nanoparticles for intraoperative

Raman-guided resection of subcutaneous and orthotopic ovar-
ian and colon tumors until no more SERS signals could be de-
tected within the tumor bed. Next, a post-surgical PTT was then
used for selective ablation of tumormargin residues inmice with
ovarian cancer. The tumor growth and recurrence after therapy
were monitored to investigate the e�cacy and feasibility of the
photothermal ablation technique. In addition, the in vivo phar-
macokinetics, biodistribution, and toxicity properties of these
nanoparticles were further evaluated by PAI and positron emis-
sion tomography (PET). These results showed the versatility of
this strategy in eliminating the tumor margin residues more ef-
fectively and prolonging the survival ofmice signi�cantly by post-
poning the recurrence to at least �� post-operative days. This ap-
proach provides insights for bettermanagement of post-resection
recurrence associated with di
erent types of malignant tumors.

�. Results and Discussion
�.�. Characterization of the Nanoparticles

Hydrogen peroxide (H�O�) was sued as an e�cient reducing
agent and sodium citrate as stabilizing agent for synthesizing
urchin-like gold nanoparticles (Au-Ur NPs). transmission elec-
tron microscopy (TEM) results showed that these nanoparticles
had a nanostructure that was similar to that of sea urchins (Fig-
ure S�A�C, Supporting Information). Adjustment of sodium hy-
droxide concentration during the synthesis allowed for tuning
of the mean particle diameters to ���, ���, and ��� nm. In
addition, the Au-Ur nanoparticles showed good dispersion in
aqueous solutions with distinguishable colors due to surface
plasmon resonance characteristics of Au-Ur nanoparticles. The
UV�vis absorbance spectra (Figure S�D�F, Supporting Infor-
mation) showed that the maximum absorption wavelength of
the nanoparticles depends on their size, wherein the larger size
nanoparticles have greater red-shifts. ��� nm nanoparticles that
showed a sharp absorption peak at 	
	 nmwere aligned well with
the wavelength of the near-infrared (NIR) laser system used for
PTT and then used for all the subsequent experiments reported
in this study. The branched urchin-like nanostructure and lattice
fringes that represent the crystalline phase of these nanoparti-
cles are shown in Figure S�G,H, Supporting Information. The
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Figure �. Characterization of Au-Ur@DTTC nanoparticles. A) Typical TEM image of a Au-Ur@DTTC nanoparticle. The arrows denote a semi-transparent
��� nm thick coating. B) Dynamic light scattering analysis. C) Size stability in serum over a period of 
� h (n = �). D) Raman spectra of Au-Ur, DTTC,
and Au-Ur@DTTC nanoparticles. E,F) Stability of the Raman signals and intensity of the ��
 cm�� peak after incubation of the nanoparticles in serum
over a period of 
� h (n = �, 
	� nm laser, ��� mW, �× objective, �.� s integration time). G) UV�vis absorbance spectrum. H) Increase in temperature
due to irradiation of di
erent concentrations of Au-Ur@DTTC nanoparticles with the 	�	 nm laser. I) Thermal images of Au-Ur@DTTC nanoparticles
(concentration �� OD) under irradiations with di
erent laser powers.

distance between the adjacent lattice fringes was 
.��� nm, and
this was well consistent with the {���} interplanar spacing of cu-
bic Au lattice structure. The urchin-like nanostructure of these
nanoparticles was further con�rmed by scanning electron mi-
croscopy (SEM), which demonstrated a uniform spherical shape
with rough surface with an average diameter of ��� nm (Figure
S�I, Supporting Information).
The e
ects of nanoparticles on SERS has been extensively in-

vestigated by di
erent biomedical applications, mainly based on
highly-sensitive detection of the nanoparticles (i.e., up to �
���

�) with multiplexing capabilities.[�	] Diethylthiatricarbocyanine
iodide (DTTC) is a common infrared dye molecule that has been
used as a reporter adsorbed on the surface of the gold nanoparti-
cles in SERS applications.[��,�
] The DTTCmolecules were conju-
gated to the surface of the urchin-like nanoparticles by using an
Au-S bonding to create an active SERS probe (Au-Ur@DTTC),
wherein the DTTC signal can be used for speci�c detection of
nanoparticles by SERS imaging technique. TEM analysis showed
a thin shell with a thickness of about ��� nm for covering the
surface of Au-Ur nanoparticles and the energy-dispersive X-ray

spectroscopy (EDS) mapping images indicated that the coating
layer was a mixture of DTTC and PVP molecules (Figure �A
and Figure S�, Supporting Information). Dynamic light scatter-
ing (DLS) showed that the hydrodynamic diameter of the Au-
Ur@DTTC nanoparticles was around ��� nm (Figure �B), and
was quite stable in serum solution (Figure �C), with negligible
changes in size after �� h of incubation (p> 
.
� relative to time

 h). The zeta-potential of the Au-Ur@DTTC nanoparticles was
changed from ���.� – �.� to �	.� – �.� mV due to the pres-
ence of DTTC molecules on the surface of Au-Ur nanoparticles
(Figure S�A,B, Supporting Information). EDS spectrum (Figure
S�C, Supporting Information) showed the co-existence of Au,
S, N, and O elements in the Au-Ur@DTTC nanoparticle com-
plexes. The presence of S, O, and I elements, which attributed
to DTTC molecules, were observed in X-ray photoelectron spec-
troscopy (XPS) spectra (Figure S�D, Supporting Information),
further con�rming the e
ective conjugation of DTTC molecules
to Au-Ur nanoparticles. Meanwhile, the X-ray di
raction (XRD)
pattern of the Au-Ur@DTTCnanoparticles (Figure S�E, Support-
ing Information) veri�ed the presence of cubic Au phase (JCPDS
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No. 
�-
�	�) and the absorbed DTTCmolecules did not compro-
mise the crystallinity of gold nanoparticles.
Raman spectra of Au-Ur nanoparticles, DTTC and Au-

Ur@DTTC nanoparticles are shown in Figures �D, in which the
DTTC powder showed a very weak signal, and Au-Ur@DTTC
nanoparticles exhibited �
�-fold enhanced Raman signals, even
though a signi�cantly higher concentration of DTTC powder was
used when compared with Au-Ur@DTTC nanoparticles. The Ra-
man peaks were observed at �
�, �	�, 	�	, and ��
� cm��, which
are assignable to di
erent vibration modes of DTTC molecules
(Figure S�F, Supporting Information), and this was obviously
di
erent as the result of SERS e
ects on the surface of speci�c
urchin-like nanostructure of the nanoparticles. In this study, the
characteristic vibrational modes at �
� cm�� for Raman imaging
were chosen owing to its strong signal and sharp peak (half-peak
width = � nm). The Raman signal of Au-Ur@DTTC nanopar-
ticles was consistent during incubation in the serum for �� h
(i.e., biological stability, Figure �E,F) and continuous irradiation
by �	� nm laser (��
 mW) for up to �
 min (i.e., photostabil-
ity, Figure S�, Supporting Information). Furthermore, the Au-
Ur@DTTC nanoparticles showed a strong absorption in the near
infrared region (Figure �G, peak at 	�� nm), indicating potential
PTT capabilities under 	
	 nm laser irradiation (Figure �H,I).

�.�. In Vivo PAI, PET Imaging, Pharmacokinetics, and
Biodistribution

PAI has been developed based on the acoustic e
ects of light-
absorbers and o
ers remarkable increase in imaging depth and
spatial resolution.[��,��] The Au-Ur@DTTC nanoparticles have a
high absorbance in the NIR region (Figure �G), making it as
a strong contrast agent for photoacoustic (PA) imaging. Rep-
resentative PA images and corresponding PA intensities were
present in Figure S�A,B, Supporting Information, which demon-
strated that the Au-Ur@DTTC nanoparticles were initially accu-
mulated in the tumor tissues, allowing tumor visualization at
� h, which then continued to increase after � and �� h due to
enhanced permeability and retention (EPR) e
ect. Also, the Au-
Ur@DTTC nanoparticles were radiolabeled with ��Cu ([��Cu]Au-
Ur@DTTC nanoparticles, Figure S�, Supporting Information)
and PET imaging was performed to determine the pharmacoki-
netics and biodistribution of these nanoparticles. This method
has been extensively used to quantify the in vivo distribution
of the nanotherapeutic particles due to its high tracer mass
sensitivity.[��] PET images obtained at various time points after
intravenous administration of [��Cu]Au-Ur@DTTC nanoparti-
cles are presented in Figure S�C, Supporting Information, and
the radioactivity at SKOV� tumor site (Figure S�D, Support-
ing Information) was shown to gradually increase at �� h post-
injection. The pharmacokinetic pro�le of the nanoparticles at dif-
ferent time points after injection was shown in Figure S�E, Sup-
porting Information, and the blood clearance pharmacokinetic
pro�le of [��Cu] Au-Ur@DTTC nanoparticles followed a two-
compartment mathematical model,[��,��] with the �rst and sec-
ond phase blood circulation half-lives at 
.�� – 
.�� and ��.�� –

.�� h, respectively. The quantitative ex vivo biodistribution mea-
surements (Figure S�F, Supporting Information) demonstrated
that the intensity of PET signals in tumor site was �.	� – �.��%

ID g��, and this was in agreement with the in vivo PET results
(Figure S�C, Supporting Information).

�.
. In Vivo Raman Imaging in Subcutaneous SKOV
 Ovarian
and CT�� Colon Tumor Models

The in vivo Raman imaging e�ciency of our Au-Ur@DTTC
nanoparticles was evaluated using mice without any tumors.
All measurements were performed by subcutaneous injections
of phosphate bu
ered saline (PBS), Au-Ur, and Au-Ur@DTTC
nanoparticles (n = �) into live mice (Figure S�, Supporting In-
formation), and the results showed that the in vivo Raman spec-
trum of the position injected with Au-Ur@DTTC nanoparticles
demonstrated a clear SERS signature when compared with the
skin tissue injected with PBS and Au-Ur. These results suggest
that Au-Ur@DTTC nanoparticles are suitable as high-contrast
agent in cancer imaging by Raman spectroscopy. The biodistri-
bution studies (Figure S�F, Supporting Information) suggested
that Au-Ur@DTTC nanoparticles had the highest uptake (�.	� –
�.��% ID g��) by the tumors �� h post-injection. Therefore, Ra-
man imaging of the subcutaneous SKOV� tumors (n = �) was
performed at this post-injection time point, and Raman imaging
was captured by the StreamLine ultra-fast imaging mode of our
Raman system andRaman imageswere generated using the peak
at �
� cm�� (Figure �A,B, Supporting Information). No Raman
signal was detected at the skin tissues near the tumor, which was
further con�rmed by the representative skin Raman spectrum
shown in Figure �C. The ratio of Raman signals at the tumor
were signi�cantly higher than those signals at the adjacent skin
tissues (tumor = �� �

 versus skin = ��
, around ���-fold en-
hancement) (Figure S	, Supporting Information).
Also, the in vivo Raman imaging performance of Au-

Ur@DTTC nanoparticles was tested in mice with intact CT��
colon tumors (n = �, Figure �D�F), which enabled us to de-
lineate the tumor from normal healthy tissues. The images of
hematoxylin-eosin (H&E) stained CT�� tumor section and its ad-
jacent skin tissue were shown in Figure �G, the Raman image
was shown in Figure �H and corresponding Raman spectra in
Figure �I, which demonstrated a signi�cantly stronger Raman
signal within the whole tumor tissue when compared with no
visible signals at the nearby skin area, which further veri�ed the
feasibility of Raman imaging for accurate tumor detection.
Finally, the tumor margins (i.e., the interface of the tumors

and their surrounding normal tissues) were assessed in the tis-
sues obtained from the mice discussed above. As shown in Fig-
ure �J�O, the boundary (white dotted line in Figure �K) between
the tumor and normal tissue was clearly outlined by Raman
mapping, demonstrating the e�ciency and selective retention
of the nanoparticles into the tumor. Additionally, TEM images
of these tissues have con�rmed the presence of a large num-
ber of Au-Ur@DTTC nanoparticles within the tumors and with
no nanoparticles observed in the adjacent normal tissue (Fig-
ure �J,L). The corresponding dark-�led images demonstrated a
similar conclusion with that of Raman imaging (Figure �M�
O). Overall, these results indicate that our Raman imaging ap-
proach can be used for imaging and image-guided resection of
the tumors, relying on the Raman signals and selective distribu-
tion of Au-Ur@DTTC nanoparticles in the tumor tissues, which
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Figure �. Raman imaging of representative SKOV� and CT�� tumor margins �� h post-injection of the Au-Ur@DTTC nanoparticles. A) Photograph of a
mouse bearing subcutaneous SKOV� tumor and B) Raman image of this tumor. C) The corresponding Raman spectra within the tumor (red arrow �), and
adjacent skin tissue (red arrow �). D) Photograph of a mouse with subcutaneous CT�� tumor and E) Raman image of this tumor. F) The corresponding
Raman spectra within the tumor (red arrow �), and adjacent skin tissue (red arrow �). G) Histology image of a H&E stained CT�� tumor section, showing
the tumor core and its surrounding skin tissue. H) The corresponding Raman image of the tumor (red arrow �) and adjacent skin (red arrow �). The white
dashed lines in (B�E) and (H) denote the tumor margins. J,K) TEM and Raman microscopy images of the CT�� tumor (red arrows in the TEM image
are the Au-Ur@DTTC nanoparticles). L) TEM image of the skin tissue, surrounding the tumor shown in (K), red and yellow boxes denote the tumor
and normal tissue. The boundary (white dotted line) between the tumor and adjacent normal tissue was outlined by Raman imaging. A large number
of Au-Ur@DTTC nanoparticles were con�ned to the tumor site and almost no nanoparticles were found in adjacent skin tissue. M) Fluorescent (the
tissues were stained by DAPI), N) dark �eld, and O) merged Fluorescent-Raman images of the tumor tissue. The corresponding dark-�led image also
demonstrates high uptake of the nanoparticles by the tumor. Raman images were captured under 
	� nm laser (��� mW, �× objective, �.� s integration
time, and the total time is ���� min).
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