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Background: The infiltrative nature and lymphatic metastasis of head and neck squamous cell carcinoma
(HNSCC) are the main reasons leading to its poor prognosis.

Methods: A multimodal surface-enhanced resonance Raman spectroscopy (SERRS) and magnetic reso-
nance (MR) nanoprobe, in which paramagnetic chelators and heptamethine cyanine-based Raman re-
porter molecules were functionalized on a gold nanostar (AuS) surface was developed. Preoperative MRI
and intraoperative SERRS-guided surgery were performed on rabbits bearing head and neck VX2 tumours
to determine feasibility of the MR/SERRS probe in defining tumour marginal infiltration and lymph nodes
metastasis.

Findings: Preoperative T1-weighted MRI (T1TW-MRI) unambiguously delineated the orthotopic head and
neck VX2 tumour xenograft and detected the metastatic lymph nodes in rabbit models after intravenous
administration of the probe. With the assistance of a hand-held Raman detector, the probe not only intra-
operatively demarcated invasive tumour margins but also successfully distinguished metastatic lymph
nodes via a remarkable attenuated Raman signal. Importantly, the group of rabbits subjected to the
SERRS-guided surgery exhibited prolonged median survival time (78 days) compared with that of the
control group without surgical intervention (29 days) or the group treated with conventional white-light-
guided surgery (42 days) (P < 0.0001).

Interpretation: we developed a novel AuS-based multimodal MR/SERRS probe. The capability of this
probe to identify both a tumour xenograft and metastatic lymph nodes preoperatively by MRI and intra-
operatively by SERRS not only avoids the need for unnecessary resection of neurological structures but
also provides a new opportunity to improve the surgical prognosis of head and neck carcinoma of infil-
trative nature.

© 2019 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

imately 600,000 cases with 40-50% mortality [1]. HNSCC may be
treated by surgical resection, radiation therapy, chemotherapy, or

Head and neck squamous cell carcinoma (HNSCC) is the sixth combinations of these approaches. Despite advances in therapeu-
leading cancer worldwide, having an annual incidence of approx- tic management, the survival time for HNSCC has not been greatly
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improved over the past several decades [2,3]. Local recurrence and
cervical lymph node metastasis are major reasons for the poor
prognosis of HNSCC. The limited narrow space and extensive neu-
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plicated to acquire clear pathological margins, and thus, functional
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Research in context
Evidence before this study

Although debulking surgery is a mainstay treatment for HN-
SCC, locoregional recurrence and early metastasis are in-
evitable due to the difficulty in intra-operatively excising the
tumour infiltrative margins without damaging adjacent neu-
rological structures. SERRS has ultra-high sensitivity, reaching
picomolar or even femtomolar levels and thus endowing it
with great potential, especially in SERRS-guided tumour re-
section. Fascinatingly, due to the superior ability of SERRS to
define infiltrative margins in real time and the ability of MRI
to preoperatively locate tumours and preliminarily evaluate
malignancy with high soft-tissue resolution, the combination
of SERRS and MRI holds unprecedented potential for guiding
tumour resection of HNSCCs far more accurately and com-
pletely.

Added value of this study

The MR/SERRS nanoprobe with multi-modal potential de-
veloped in this study enabled preoperative MRI and intra-
operative image-guided resection of head and neck tumour
xenografts by virtue of the SERRS effect. The ability of the
nanoprobe to precisely define infiltrative tumour margins and
metastatic lymph nodes would markedly reduce the need for
unnecessary resection in the head and neck area and pro-
foundly improve the surgical prognosis of head and neck car-
cinoma.

Implications of all the available evidence

Current available evidence implicates that combination of
MRI and SERRS would allow surgeons, before and during
surgery, to point tumor infiltrative boundaries of primary car-
cinomas more precisely and therefore improve surgical prog-
nosis. This represents a promising avenue for applying multi-
modal imaging strategy in patients involved with malignant
tumors.

disorders resulting from extensive resections are inevitable. Even
worse, the infiltrative tumour margins of HNSCC add complex-
ity for surgeons to completely remove neoplastic tissues intra-
operatively. For example, satellite foci in adjacent normal tissues
are not visualized during surgical operation [4]. In addition, identi-
fication of cervical lymph node metastasis is highly crucial for sur-
geons since neck dissection is required for HNSCC patients with
the initial presentation of cervical lymph node metastasis and will
profoundly influence their prognosis. Although several imaging cri-
teria have been proposed, distinguishing metastatic lymph nodes
from inflammatory or reactive lymph nodes either by magnetic
resonance imaging (MRI) or by CT is still challenging due to the
current size-dependent criteria [5]. Therefore, the surgical progno-
sis of HNSCC would greatly benefit from a more accurate intra-
operative approach to access resection margins. The increased pre-
cision of imaging the true extent of tumour spread could markedly
reduce the need for unnecessary resection of surrounding normal
tissue.

Imaging modalities and techniques that allow surgeons to
perform preoperative imaging of HNSCC prior to surgery are now
being developed. Among these, MRI is the most favourable imag-
ing modality for evaluating primary neoplasms in the head and
neck because of its high spatial resolution for soft tissue. The large
footprint and long acquisition time of the MRI modality, however,

largely limit its applications as an intra-operative imaging-guided
approach [6,7]. Compared to the MRI modality, optical imaging
methods have the advantages of high sensitivity, relatively low cost
and abundant availability. Sophisticated imaging-guided surgical
resection may allow surgeons to more precisely pinpoint tumour
margins both prior to and during surgery and therefore improve
surgical resection completeness, especially for tumours with
infiltrative margins and invasive growth patterns such as HNSCC.

Through the incorporation of roughened metallic surfaces as
enhancing substrates, the surface-enhanced Raman scattering
(SERS) technique can yield up to 106~10° times enhancement
in signal compared to that of the traditional Raman technique
[8]. Moreover, compared to fluorescence imaging, SERS has other
intrinsic advantages, including its multiplexing capability originat-
ing from fingerprint-like spectra, high sensitivity, and enhanced
photostability, which render SERS a powerful tool, especially for
bio-applications such as the detection of molecular biomarkers and
tumour diagnosis. By applying special molecular reporters with
absorption energy similar to the incident laser, surface-enhanced
resonance Raman spectroscopy (SERRS) yields an extra 102~103
times signal enhancement relative to that provided by SERS [8].
Therefore, SERRS not only inherits the aforementioned advantages
but also has far higher sensitivity than conventional SERS, reach-
ing picomolar or even femtomolar levels and thus endowing it
with great potential, especially in SERRS-guided tumour resection
[9,10]. Fascinatingly, due to the superior ability of SERRS to define
infiltrative margins in real time because of its ultrahigh sensitiv-
ity and the ability of MRI to preoperatively locate tumours and
preliminarily evaluate malignancy with high soft-tissue resolution,
previous works reported that the combination of SERRS and MRI
holds unprecedented potential for guiding the resection of gliomas
far more accurately and completely [7,8].

To the best of our knowledge, no research on guiding the re-
section of HNSCCs via the combination of SERRS and MRI has been
published. As mentioned above, the characteristics of infiltrative
growth and lymph node metastasis make resection of HNSCCs a
notoriously troublesome task for clinical surgeons. Therefore, for
the first time, this study aims to develop a multifunctional MRI-
SERRS nanoprobe that integrates the advantages of SERRS and MRI
to improve surgical management of HNSCCs (Fig. 1).

2. Materials and methods
2.1. Synthesis and characterization

AuS: Gold nanostars (AuSs) were prepared according to proto-
cols in our previous work [9]. Briefly, gold seeds with an average
diameter of 12nm were obtained by adding 15mL of citrate so-
lution (1%) to 100 mL of boiling chloroauric acid aqueous solution
(1.0mM). Next, 1 mL of HCI (0.1 M) and 4.0 mL of gold seed solution
were added to 200 mL of chloroauric acid (0.25 mM). Then, 2.0 mL
of AgNO5; (3.0mM) and 1.0mL of ascorbic acid (100 mM) were
simultaneously added to the previous mixture under continuous
vigorous stirring for 30s to harvest the AuSs. AuS-Gd: Diethylen-
etriaminepentaacetic (DTPA) dianhydride (10mg, 28uM) and
2-aminoethanethiol (2.1 mg, 28 M) were mixed in 1.0 mL of anhy-
drous dimethylformamide (DMF) and stirred at room temperature
for 4h to yield DTPA-SH, which was then added to the AuS so-
lution with GdCl3-6H,0 successively and stirred lightly overnight.
AuS-Cy7-Gd: Cy7-SH is a type of heptamethine cyanine dye-based
Raman reporter previously developed in our work [11]. Cy7-SH and
MPEG;q00-SH were successively added to the AuS solution (Cy7-
SH/mMPEG;g0-SH/AuS: 1500/10,000/1) and stirred lightly overnight,
and the resulting product was purified by dialysis (10,000 MW
cut-off dialysis bag) to obtain the AuS-Cy7-Gd nanoprobe.
The nanoprobe was characterized by UV-vis spectroscopy
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Fig. 1. Schematic illustration of image-guided surgery of head and neck orthotopic tumour xenografts in rabbit models. A multimodal MR/SERRS nanoprobe that not only
preoperatively defined the tumour position by MRI but also intra-operatively guided tumour resection via an ultra-sensitive SERRS signal was developed.

(UV-2550; Shimadzu, Japan), dynamic light scattering (Zetasizer
3000; Malvern Instruments), and transmission electron microscopy
(TEM) (Tecnai G2spirit Biotwin, FEI). X-ray photoelectron spec-
troscopy (XPS) (ESCALAB 250XI, Thermo) was performed for both
AuNP and AuNP-Gd to ensure that Gd chelators were successfully
conjugated to AuNP. The Gd3* concentration in the nanoprobe was
determined by a Hitachi P-4010 inductively coupled plasma atomic
emission spectroscopy system (Tokyo, Japan). The longitudinal
relaxivity Ry values of the nanoprobe were calculated by plotting
1/T1 versus the concentration of Gd3* in the nanoprobe with one
1.5 T MR scanner (UMR560, United Imaging Healthcare, Shanghai,
China).

2.2. Correlation between Raman signal intensity and tissue depth

To obtain the signal intensity correlation to the tissue depth,
the masseter muscle phantoms were created. The masseter muscle
from a sacrificed 8-week-old rabbit (n=3) was removed, cleaned
and fixed in 4% PFA for 24 h. With the help of micrometer caliper,
the fixed muscle tissues were cut into slices with thickness of 0.3,
0.5, 0.7, 1.0, 1.3, 1.5 and1.7 mm, respectively. 200 ul AuS-Cy7-Gd so-
lution (200 pM) in a small round dish and was covered with mus-
cle slices of different thickness. Actual Raman intensity values were
recorded and used to produce the scaled graph.

2.3. Cell cultures

VX-2 carcinoma cells (originated from rabbits), PC-12 cells
(originated from a pheochromocytoma of the rat adrenal medulla)
and oral mucosal epithelial cells of rabbits were kindly provided
by the Department of Radiology of Shanghai First People’s Hospi-
tal. All cells used in this study were cultured in DMEM contain-
ing 10% foetal bovine serum (FBS), streptomycin and 1% penicillin
(37°C, 5% CO,).

2.4. Cell viability

Cell viability was evaluated by means of the CCK-8 assay with
VX2 cells, PC-12 cells and oral mucosal epithelial cells. After in-
cubation with AuNS-Cy7-Gd at various concentration (range O-
150pM/ml) for 48h, cell viability was calculated by determining
the OD via an enzyme-labelled instrument (Tecan-200 Infinite Pro-
reader, Nuremberg, Bavaria, Germany)

2.5. Ex vivo cell phantoms

MR images of the AuNS-Cy7-Gd treated VX-2 tumor -cells
were obtained. VX-2 tumor cells with 100% confluence received
fresh medium right before AuS-Cy7-Gd treatment. AuS-Cy7-Gd
(2mmol/L) was added into 10-cm dish for 24h with 5% CO, at

37 °C. The cells were then washed with PBS for three times to re-
move free nanoprobe. The cells were counted and sent to induc-
tively coupled plasma mass spectrometry (ICP-MS, Cantest, Burn-
aby, BC) for determination of total Gd content. Various number of
cells (range: 0-4500K cells) were prepared in 0.5ml agarose gel
for ex vivo cell phantoms. Spine echo (SE) sequence was applied
on the 1.5 T canner (uMR560, United Imaging Healthcare, Shang-
hai, China) and correlations between 1/T1 and cell numbers were
evaluated.

2.6. Side effects of the nanoprobe

The nanoprobe was intravenously administered via the ear vein
of the rabbits. The major organs, including heart, liver, spleen, lung
and kidney tissues, were harvested, sectioned with a thickness
of 5pum and then stained with haematoxylin and eosin (H&E) for
pathological analysis.

2.7. Establishment of the VX2 tumour model

Animal experiments were performed in compliance with the
policy on animal use and ethics established by the Ethics Com-
mittee of Shanghai Ninth People’s Hospital. VX2 tumour models
were established according to procedures in our previous study
with slight modifications [12]. Briefly, VX2 tumours were initially
grown in the right hind limb of a donor rabbit (maintained at our
institute). The donor rabbit, bearing a VX2 tumour that was ap-
proximately 2cm in diameter, was anaesthetized with pentobar-
bital sodium (30 mg/kg). After shaving and disinfection, the tis-
sue from the tumour margin was resected and washed twice with
normal saline (NS) to remove blood and necrotic tissue. Then, the
tumour tissue was cut into small pieces with scissors and added
to NS. After filtering with a 200-mesh stainless steel screen, VX2
tumour suspensions were prepared for the following study. After
anaesthesia induction, the right maxillofacial region of each rab-
bit in our study was shaved and disinfected. Then, 0.2 mL (2 x 108
cells) of the VX2 tumour suspension as prepared above was in-
jected into the deep masseter muscle, approaching the angle of the
mandible at approximately 1cm [13]. The inoculated rabbits were
fed regular food and water during the tumour growth period.

2.8. Preoperatively imaging HNSCC by MRI

When the tumours grew to approximately 3cm in diameter
four weeks post-inoculation, MR scanning was performed on a
3 Tesla clinical MRI scanner using a knee coil (MAGNETOM Ve-
rio, Siemens AG, Germany). The rabbits were placed in the prone
position and scanned with both pre- and post-contrast coronal
T1-weighted imaging (T1WI). The TIWI acquisition parameters
were as follows: spine echo (SE) sequence, field of view (FOV) of
120mm x 120 mm, matrix of 256 x 160, repetition time (TR)/echo
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time (TE) of 350/15ms, slice thickness of 1.0mm, slice inter-
val of 0.5mm, and number of excitations (NEX) of 2. Contrast-
enhanced imaging was performed with the same parameters as
T1WL The contrast-enhanced T1WI image was obtained 20 min
post-intravenous administration of AuS-Cy7-Gd via the ear vein
(0.05 mmol [Gd3+] per kg) followed by injection of 2 mL of NS.
Determination of the normalized signal intensity (SI) before
and after enhanced scanning of tumours: regions of interest were
determined by plain scanning and contrast-enhanced T1WI, and
the SI was measured in the solid region of the tumour and
contralateral normal masseter muscle tissue. The corresponding
normalized SI was calculated and expressed as the mean + stan-
dard deviation. The normalized SI values before and after enhance-
ment were expressed as Slpre (Sltumour pre/SImuscle pre) and Slpost
(Shumour post/Slmuscle post): Tespectively.
Determination of the

normalized SI before

(Sllymph node pre/SImuscle pre) and after (Sllymph node post/SImuscle post)
enhanced scanning of lymph nodes: the region of interest was
determined according to the whole lymph node and normal
masseter muscle tissue by plain scanning and enhanced T1WIL
Meanwhile, the SI was measured. The corresponding normalized
SI values were calculated and expressed as the mean + standard
deviation. The difference between plain scanning and enhanced
scanning of metastatic lymph nodes was statistically analysed.

2.9. Intra-operatively guiding HNSCC resection with the aid of SERRS

All of the rabbits bearing VX2 tumours were randomly divided
into two groups (n=10) as follows: (1) the SERRS-guided tumour
surgery group, referring to the group subjected to intra-operative
Raman-guided surgical resection of the primary tumour and re-
moval of cervical metastatic lymph nodes, and (2) the white-light
illumination surgery group, referring to the group for which tu-
mour resection was performed under white-light illumination but
without SERRS guidance and suspected cervical metastatic lymph
nodes were removed according to the standard neck dissection
protocol. For the SERRS-guided group, the rabbits bearing VX2 tu-
mours were injected with AuS-Cy7-Gd via the ear vein. After 24 h,
blood samples from the ear vein were obtained to detect the char-
acteristic SERRS peak (509 cm~! and 541 cm~!) in order to en-
sure that there was no distinctive characteristic SERRS signal in
the blood flow. Afterwards, step-by-step SERRS-guided real-time
surgery was performed using a hand-held Raman scanner (Ocean
Optics Inc. QE65 Pro, USA) with a 785-nm excitation laser, a laser
power of 400mW, and a penetration depth of 5.0 mm. The acqui-
sition time for each measurement was 100 ms. First, a 90-degree
Raman laser beam was oriented towards the tumour, and tis-
sues with distinctive SERRS signals (characteristic double peaks at
509 cm~! and 541 cm~!) were removed in succession. Next, the
tumour resection bed, tumour marginal areas and surrounding tis-
sues were explored using the laser probe via variable imaging ori-
entation until the SERRS signals were less than a threshold. The
SERRS SI of normal muscles was used as the signal threshold. Fur-
thermore, SERRS spectra of each lymph node were recorded using
a hand-held Raman scanner. Scanning was performed by holding
the hand-held probe in variable imaging orientation with an ap-
proximate distance to the lymph nodes of 5mm. To more accu-
rately identify partial metastatic lymph nodes, scanning was per-
formed three times to ensure that the whole lymph node was
covered. Resected tissue and lymph nodes from both surgical ap-
proaches were sectioned for further histological analysis.

2.10. Histological analysis

Histological analysis was performed to validate the accuracy of
the SERRS-guided surgical approach. After the surgical resection

was finished, tissues in the tumour resection bed and lymph nodes
were fixed in 4% paraformaldehyde overnight for paraffin embed-
ding at 4°C. Tissues were sectioned into 5-pm-thick slices and
subsequently processed for H&E staining. Additionally, immunohis-
tochemistry was performed to detect Ki67 immunoreactivity to de-
termine cellular proliferation. Slides were visualized under an op-
tical microscope.

2.11. In vivo accumulation of AuS-Cy7-Gd via TEM

The distribution of AuS-Cy7-Gd was investigated via TEM.
Fresh tumour tissue was fixed with 2.5% glutaraldehyde solution
overnight and 1% osmium peroxide for 1h. Then, an ethanol so-
lution (50, 70, 80, 90, 95, 100, and 100%) was used to dehydrate
the specimen 7 times for 15min each time. The tissue was em-
bedded in ethoxyline resin 812 and sectioned by a microtome at a
thickness of 200nm. A Tecnai G2 Spirit BioTWIN microscope was
used to obtain TEM images from 120-kV scans after uranium ac-
etate staining for 10 min and 5% lead citrate staining for 5 min.

2.12. Raman microscopic imaging

To further validate the tumour margins and infiltration, an in
vitro confocal Raman imaging study was performed. Tissues were
processed and sectioned with the same procedures as those used
for histological analysis. Confocal Raman imaging was conducted
using an XploRA confocal Raman spectrometer (HORIBA, Japan)
with a 50X objective lens. The 785-nm excitation laser was kept at
a power output of approximately 80 mW, and Raman spectroscopic
mapping images were obtained by quantifying the intensity of the
characteristic Raman peak of nanoparticles at 510 cm~!, with steps
of 10um and an acquisition time of 1.0s. Tumour margins delin-
eated via confocal Raman imaging were compared with H&E stain-
ing images.

2.13. Survival and prognosis evaluation

To determine how surgical resection approaches affected tu-
mour survival and prognosis, 35 rabbits were randomly divided
into three groups: the control group (no therapy), n=10; the
white-light illumination resection group, n=10; and the SERRS-
guided resection group, n=15. The observation period was 90
days. Rabbits that underwent tumour surgery were returned to
their cages for feeding and received antibiotics according to com-
mon use. For rabbits that underwent surgical resection, survival
was closely monitored until their deaths occurred. Then, the tu-
mour resection beds were removed to determine the residue rate
via histological analysis. For the control group, all rabbits were sac-
rificed when the observation period ended.

2.14. Statistical analysis

All statistical analyses were performed using the GraphPad
Prism 5 software package (La Jolla, CA, USA). P values less
than 0.05 were considered statistically significant (*P < 0.05,
**P < 0.01, *** P < 0.001).

3. Results

3.1. Synthesis, characterization and safety evaluation of the
multi-modal MR/SERRS nanoprobe

The multifunctional MRI-SERRS nanoprobe developed in this
work, termed AuS-Cy7-Gd, had an average diameter of 60 nm. The
synthesis of the nanoprobe is described in Fig. 2. Briefly, DTPA-SH
was obtained through acylation between DTPA dianhydride and
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Fig. 2. Synthesis and characterization of the multimodal MR/SERRS probe AuS-Cy7-Gd. (a) Synthetic procedure of the target nanoprobe. (i) ascorbic acid, silver nitrate; (ii)
Cy7-SH; (iii) DTPA-SH, GdCls+6H,0; (iv) mPEG-SH. (b) TEM images of AuS-Cy7-Gd. (c) Hydrodynamic particle size and zeta potential of AuS-Cy7-Gd.

2-aminoethanethiol [8]. AuSs were synthesized according to a
so-called seed-meditated method reported previously [11]. Cy7-
SH, a heptamethine cyanine dye-based Raman reporter that we
previously reported [9], was subsequently attached to compound 4
via a Au-S bond to obtain compound 5, which was further reacted
with DTPA-SH and GdCl3+6H,0 to yield compound 6 via another
Au-S bond. mPEG-SH was then attached to give 7, which finally
yielded AuS-Cy7-Gd. TEM images showed that the nanoprobes
were monodisperse with a star-shaped structure (Fig. 2b). The
diameters of the nanoparticles were between 50 and 70 nm, with
an average diameter of 60 nm, and each nanoparticle contained 10
prolate tips on average. The hydrodynamic diameter and zeta po-
tential of the nanoparticles in aqueous solution were determined
to be 220nm and +4.8mV respectively, (Fig. 2c). AuS-Cy7-Gd
exhibited an absorption maximum centred at ~850nm within
the near-infrared (NIR) wavelength range (Figure S1). Ex vivo
TIWI MR phantom images showed increased SI enhancement
with increasing AuS-Cy7-Gd concentration, and the R; value was
linearly associated with the concentration of AuS-Cy7 in aqueous
solutions (R2 =0.9050) (Figure S2). As Figure S3 displays, AuS-Cy7-
Gd maintained good monodispersity after one week, indicating
the desirable stability of the nanoprobe. The XPS spectrum of

AuNP and AuNP-Gd were shown in (Figure S4). For the AuNP
(Fig S4a), XPS peaks for Au 4f7/2 and 4f5/2 were observed. For
the AuNP-Gd (Fig S4b), additional peaks belong to Gd 4d were
observed, verifying the success of Gd chelators conjugation to the
AuNP. In vitro CCK-8 assay revealed no detectable cytotoxicity of
AuS-Cy7-Gd to either tumour cells or normal cells even at highest
concentration of 150 pM. (Figure S5). Similarly, H&E staining
showed no obvious damage to the main organs of the rabbits after
intravenous administration of AuS-Cy7-Gd. (Figure S6).

3.2. Tissue depth dependent Raman signal intensity and ex vivo cell
phantoms

Evaluation of the largest depth for detecting a signal provided
a good estimate of the imaging capabilities in deep tissues. Mas-
seter muscle phantoms were then created. The bar chart was rep-
resentative of the actual Raman intensity values used to produce
the scaled graph (Figure S7). Data showed Raman signal intensity
decreased 10.0%, 30.8% and 54.9% when tissue depth reached 0.3,
0.5 and 0.7 mm, respectively. However, the signal intensity dra-
matically decreased when the tissue depth is over 1 mm. There-
fore, it was deemed that marginal tumour infiltration and micro
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Fig. 3. AuS-Cy7-Gd preoperatively defined head and neck tumour margins and metastatic lymph nodes in rabbit models. T1-weighted MRI (TIW-MRI) of the head and
neck region of the rabbit models before (a) and at 20 min after (b) the intravenous administration of AuS-Cy7-Gd. The tumour embedded in the right masseter muscle is
denoted with a red arrowhead. Meanwhile, a metastatic lymph node in the right neck is indicated by a white arrowhead. (“T” stands for tumour; “L” stands for lymph node).
Normalized TIW MR SI in the tumour (c) (n=15) and metastatic lymph node (d) (n=12) at 20min post-injection of AuS-Cy7-Gd (P < 0.001). Statistical significance was

calculated via a paired two-sample t-test. Note: *** indicates p < 0.001.

metastasis in resection bed within the depth of 1 mm would be
possibly detected with application of SERRS guided surgical ap-
proach. For ex vivo cell phantom, greater signal intensities were
observed with increasing numbers of AuS-Cy7-Gd treated VX-2 tu-
mor cells (Figure S8). A linear relationship was observed between
1/T1 and cell numbers in the agarose gel phantoms (r=0.9779,
P < 0.001). Furthermore, ICP-MS revealed strong uptake of AuS-
Cy7-Gd (20.7 pg Gd/per cell) by the VX-2 tumour cell.

3.3. Preoperative MR delineation of tumours and metastatic lymph
nodes

To determine the ability of AuS-Cy7-Gd to preoperatively lo-
calize neck orthotopic tumour xenografts and metastatic lymph
nodes, TIWI MR scans were performed pre- and 20-min post-
intravenous administration of the nanoprobes (0.05mmol [Gd3*]
per kg). As shown in Fig. 3a, a solid tumour with heterogeneous
hypo-intensities was located in the right jugomaxillary muscle of
a rabbit. Prior to administration of AuS-Cy7-Gd, the tumour mar-
gins in the TIWI MR images were blurred and could not be well
defined. In addition to the primary tumour, an enlarged homolat-
eral lymph node with heterogeneous hypo-intensities was visual-
ized on the right side of the neck. Compared to the pre-contrast
images, the contrast-enhanced T1WI images exhibited an obvious
enhancement (approximately 80% increase in normalized SI) in the
tumour marginal areas, delineating both the primary tumour and
infiltrative margins of the tumour more clearly (Fig. 3b and c). For
homolateral enlarged lymph nodes, only mild enhancement (an ap-
proximately 20% increase of normalized SI) in the marginal areas
was observed in the lymph node, which is not sufficient to make a
definite metastasis decision (Fig. 3b and d).

3.4. SERRS-guided precise tumour resection in intact living rabbits
bearing VX2 tumours

The rabbit models bearing VX2 tumours were successfully
established according to the methods mentioned above (Figure
S9). Fig. 4 illustrates the step-by-step SERRS-guided surgical re-
section procedure. The corresponding SERRS spectrum (panel B)
of the illuminated area was incorporated into the SERRS-guided
surgical resection process (panel A). First, the primary tumour was
subjected to resection with 90-degree laser beam illumination.
Characteristic double peaks at 509 cm~! and 541 cm~!, were
observed in tumour areas, representing the presence of AuS-Cy7-
Gd in the tumour (Fig. 4). After the majority of the tumour was
resected, the laser probe was adjusted to variable directions and
angles to detect possible microscopic and satellite metastases
around the infiltrative tumour margins. To ensure complete re-
moval of the tumour, the tumour resection bed, especially the
bottom and lateral parts, was detected until the SERRS signal was
fully below the threshold (panel B, row four). Resected tumour
tissues were subjected to H&E and immunohistochemical staining
for further analysis. In accordance with the SERRS spectrum (panel
B), representative H&E staining and Ki67 staining images verified
that a clear pathological resection margin was finally acquired
with the SERRS-guided surgical resection approach.

3.5. Accuracy of tumour margin assessment via the intra-operative
SERRS-guided resection approach

H&E staining, TEM studies and in vitro confocal Raman
imaging studies were performed to determine the accuracy of
tumour margin assessment obtained via the SERRS-guided surgical
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resection approach. As shown in Fig. 5a and b, the tumour margins
outlined in H&E staining images were fully identical to those in
the confocal Raman mapping images, verifying the accuracy of
the SERRS-guided resection approach in intra-operative margin
assessment. The TEM images verified these results by showing
the accumulation of abundant nanoprobes in the tumour tissues,
whereas there were no detectable nanoprobes in the surrounding
normal tissues (Fig. 5¢ and d). To further ensure whether the
SERRS-guided resection approach could assess clear pathological
margins, SERRS spectra and corresponding H&E staining images
of the resection bed were acquired in the SERRS-guided resection
and white-light-guided resection groups. Notably, the parts of the
resection beds in the white-light-guided resection group exhibiting
characteristic double peaks similar to the SERRS spectra of the
primary tumour were pathologically confirmed to be satellite foci
(Fig. 5f). In contrast, the SERRS-guided resection group showed
no positive SERRS signals (SIs below threshold) in the resection
beds and was pathologically confirmed to have clear resection
margins (Fig. 5e). The data observed strongly indicated the su-
periority of the SERRS-guided resection approach compared to
white-light-guided resection in intra-operatively assessing tumour
margins and in detecting satellite metastases or infiltrative foci
in tumour-surrounding areas, thereby offering a promising avenue
for precise intra-operative tumour mapping.

3.6. Improved overall survival and prognosis with the SERRS-guided
resection approach

To evaluate the influence of the white-light-guided resection
and SERRS-guided surgical resection approaches on tumour prog-
nosis, the survival time of the rabbits in the three groups was
monitored until they died or the observation period ended. Then,

tumour resection beds from rabbits treated with different re-
section approaches (white-light- or SERRS-guided resection) were
sectioned and re-stained with H&E and Ki67 to determine tu-
mour recurrence and tumour proliferation. Overall, tumour re-
currence in the surgical resection bed was significantly lower in
the SERRS-guided group than in the white-light guided group, as
confirmed by the final histological analysis (10% vs 70%, P<0.05)
(Fig. 5h). Moreover, a prolonged survival time was predominantly
observed in the SERRS-guided group compared with in the con-
trol group (29 days) or the white-light-guided group (42 days),
with a median survival time of 78 days (P < 0.001) (Fig. 5i),
demonstrating that the SERRS-guided surgical resection approach
enabled a great improvement in terms of tumour prognosis and
survival.

3.7. SERRS-guided detection of cervical lymph nodes metastasis

To demonstrate the potential application of a Raman hand-held
detector in the intra-operative detection of cervical lymph node
metastasis, we performed the same SERRS-guided scanning of bi-
lateral cervical neighbouring lymph nodes in orthotopic head and
neck VX2 tumour xenografts using a 785-nm excitation laser Ra-
man hand-held detector (Fig. 6a). As indicated in Fig. 6b, unique
SERRS spectra of the nanoprobes were observed in lymph nodes
that were histologically confirmed as non-metastatic lymph nodes,
whereas decreased SERRS signals were observed in lymph nodes
ultimately confirmed to be metastatic. Nodal metastases led to de-
creased accumulation of the lymphotropic SERRS nanoprobes and
resulted in significantly lower SERRS SIs than those in the non-
metastatic lymph nodes, which is consistent with the H&E staining
results (Fig. 6¢c and d, P < 0.001).
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4. Discussion

The completeness of tumour surgical resection is critical to HN-
SCC since it profoundly influences adjuvant treatment decisions
and patient prognosis. Although preoperative MRI is valuable for
identifying the localization and characteristics of primary neo-
plasms in the head and neck, many hurdles are still encountered,
such as infiltrative tumour margins or invasion of adjacent neu-
rological structures, making it difficult for surgeons to completely
remove the tumour intra-operatively. Therefore, a more accurate or
more optimized imaging-guided resection approach for HNSCC sur-
gical management is clinically needed; in particular, an approach
that integrates intra-operative imaging-guided resection and pre-
operative MRI with single-contrast-medium administration would
be valuable.

In this work, to facilitate such a multi-modal strategy for HNSCC
management, we presented a novel MR/SERRS nanoprobe, AuS-
Cy7-Gd, that can be imaged using both MRI and Raman spec-
troscopy. Notably, AuSs were applied as the substrate of the SERRS
probes in this study. The tip-enhanced plasmonics of star-shaped
AuSs can strongly amplify their Raman signal, which is more than
100 times stronger than that of AuSs with a similar diameter and
identical molecular reporter. Moreover, the plasmon absorption of
AuSs in the NIR wavelength window (700-800nm) resulted in
great enhancement in the Raman SIs by maximizing the plasmon
resonance with the incident laser (785nm). In addition, Cy7-SH
was chosen as the molecular reporter since its absorption max-
imum (790nm) is approximately equal to the wavelength of the
incident laser integrated into the hand-held Raman detectors. The
resonances among the AuS, reporter molecule and incident laser
further enhanced the Raman SIs and therefore provided ultra-high
sensitivity for intra-operative Raman-guided surgical resection ap-
plications [6].

It is well understood that nanoparticles of a certain size and
charge can specifically accumulate in cancer tissues but not in nor-
mal tissues. In our study, after a single ear-vein injection of AuS-
Cy7-Gd into orthotopic VX2 tumour models, the nanoprobes pre-
dominantly accumulated in tumour tissues but not in healthy tis-
sues via the enhanced permeability and retention (EPR) effect [14].
The TEM study verified that the nanoprobe accumulated abun-
dantly in tumour tissues but was not detectable in normal tissues,
making the nanoprobe tumour specific. Because Gd3+ was func-
tionalized on the nanoprobe, it could serve as an MRI contrast
agent for preoperative imaging. Representative MR images demon-
strated heterogeneous hypo-intensities and blurred tumour bound-
aries of primary HNSCC tumours in T1-weighted non-contrast MR
images. Compared to primary solid tumours, suspected cervical
metastatic lymph nodes presented uneven internal Sls in T1IWI
non-contrast images. After intravenous administration of AuNS-
Cy7-Gd, the SIs from the primary tumours were significantly en-
hanced (more than twice the normalized SI), and the infiltrative
margins of HNSCC were more clearly delineated. Moreover, the un-
clear margins of homolateral cervical lymph nodes in the non-
enhanced T1 images were better delineated in the T1-enhanced
MR images, indicating the excellent ability of the nanoprobe for
macroscopic delineation using MRI.

To determine whether SERRS-guided surgical resection is feasi-
ble in HNSCC, we established a step-by-step SERRS-guided resec-
tion procedure in rabbit models bearing VX2 tumours with the as-
sistance of a hand-held Raman detector. Obviously, the fingerprint-
like characteristic double peaks at 509 cm~! and 541 cm~! were
clearly observed in solid tumours but not in the surrounding nor-
mal tissue [7,15]. Furthermore, our data presented a corresponding
decrease in SERRS signal intensities with the tumour removal pro-
cess. After the majority of the tumour is removed, management of
the resection bed is important for surgeons. Instead of extended

resections, we analysed the resection bed by adjusting the flexible
laser probe to variable angles to search for obvious SERRS signals
until all the signals were lower than the threshold (SI of normal
muscles). Both the H&E and Ki67 staining results confirmed the
clear pathological resection margin obtained via the SERRS-guided
resection approach. In contrast, after white-light-guide resection,
we were still able to detect tiny residual lesions around the pri-
mary tumour in the white-light guided resection group by SERRS
signals, and these lesions were finally confirmed as millimetre-
scale satellite metastatic foci. As reported, residual tumours as
small as 100um can be detected by SERRS imaging, thereby min-
imizing the high risk of tumour tissue left behind in the resec-
tion bed [6,16]. Moreover, nearly completely overlapping tumour
boundaries were observed with in vitro Raman mapping and HE
staining, assuring the preciseness of the SERRS-guided resection
approach. To further understand the effect of the SERRS-guided re-
section approach on the prognosis of HNSCC, tumour recurrence in
the resection bed and median survival time were compared among
the white-light-guided resection, SERRS-guided resection and con-
trol groups. A much lower tumour recurrence rate was observed
in the SERRS-guided resection group than in the control group
(10% vs 70%, P < 0.05), verifying the superior removal complete-
ness enabled by the SERRS guidance. Moreover, the results clearly
showed that the application of the SERRS-guided surgical resection
approach significantly improved survival, with a prolonged mean
survival time of 78 days, ensuring the value of the multi-modal
nanoprobe in improving HNSCC surgical prognosis.

Based on the results in previous studies, cervical lymph node
metastasis actually occurs in approximately 50% of HNSCC patients
at the onset. Although preoperative imaging assists surgical plan-
ning, enlarged lymph nodes are poorly distinguished from reac-
tive inflammatory lymph nodes or normal lymph nodes by either
CT or MR, resulting in incomplete detection of metastatic lymph
nodes. The naturally lymphotropic SERRS nanoprobes accumulated
in the reticuloendothelial system (RES) [17,18]. Nodal metastases
altered the internal architecture of lymph nodes, allowing us to de-
tect abnormal lymph node metastasis by decreasing SERRS signals.
Similarly, intravenously administered superparamagnetic iron ox-
ide nanoparticles (SPIONs), which are normally extravasated from
the vasculature into the interstitial space, went through the lym-
phatic system and were finally internalized by macrophages, lead-
ing to homogeneous low SIs in T2-weighted images of normally
functioning lymph nodes. Therefore, altered signal intensities on
T2-weighted images allowed the detection of partial or complete
metastasis in lymph nodes by MRI [19-23]. However, MRI could
not provide an intra-operative identification for lymph node sta-
tus. Our data showed that via a hand-held detector, SERRS SIs
generated by AuS-Cy7-Gd can well discriminate between cervical
metastatic lymph nodes and non-metastatic lymph nodes, which
is corroborated with the results of histological analysis, offering
us a real-time intra-operative modality for surgical management.
Spaliviero et al. [18] also demonstrated the decreased accumulation
of a SERRS probe in iliac lymph nodes infiltrated by PC-3 prostate
cancer cells and a significant reduction in SEERS SIs compared to
those in healthy lymph nodes. Notably, the lymph nodes observed
in our VX2 rabbit models ranged in size from 2.1-3mm along
the short axis, which was approximately 5-fold smaller than those
in humans, showing the superiority of SERRS in the fast intra-
operative detection of lymph node metastasis. In another clinical
trial, a Raman spectroscopic probe was used to map axillary lymph
nodes in patients with breast cancer, and using a multi-point probe
model (selecting multiple points on the lymph nodes to probe) was
shown to greatly enhance the differentiation accuracy, demonstrat-
ing up to 91% agreement with histological assessment and thus
showing the high prospects of SERRS nanoprobes for potential clin-
ical translation [24].
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5. Conclusions

Overall, the MR/SERRS nanoprobe with multi-modal poten-
tial developed in this study enabled preoperative MRI and intra-
operative image-guided resection of head and neck tumour
xenografts by virtue of the SERRS effect. The ability of the
nanoprobe to precisely define infiltrative tumour margins and
metastatic lymph nodes would markedly reduce the need for un-
necessary resection in the head and neck area and profoundly im-
prove the surgical prognosis of head and neck carcinoma.
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