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Oral squamous cell carcinoma (OSCC) is a common cancer of the head and neck, and its treatment
outcome depends strongly on whether the tumor is completely removed during surgery. Current tools
for preoperative imaging, intraoperative guidance, and postoperative treatment are not well connected,
which makes it difficult for surgeons to accurately identify tumor margins and manage residual cancer.
Here, we developed a theranostic nanoplatform called AuNPs/HSA-ICG. It is made by loading indocya-
nine green (ICG) and gold nanoparticles (AuNPs) onto human serum albumin (HSA). This system com-
bines three functions in one: preoperative computed tomography (CT) imaging, intraoperative near-infra-
red fluorescence guidance, and postoperative photodynamic therapy (PDT). The nanoplatform shows
good fluorescence stability, strong CT contrast, and specific tumor-targeting capability attributable to
secreted protein acidic and rich in cysteine (SPARC)-mediated active uptake. In an orthotopic tongue
cancer model, the combined CT and fluorescence imaging allowed accurate tumor localization and clear
visualization of surgical margins, facilitating complete tumor removal. In a residual tumor model simulat-
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ing positive margins, ICG-based PDT effectively suppressed tumor regrowth. Safety evaluations showed
good biocompatibility and low systemic toxicity. Overall, this study presents a clinically translatable, inte-
grated strategy for precise surgical margin management in OSCC, spanning the entire perioperative

rsc.li/biomaterials-science course.

Current diagnostic and treatment processes remain frag-
mented and have limitations. Preoperative computed tomogra-

1. Introduction

Oral squamous cell carcinoma (OSCC) is one of the most
common malignant tumors of the head and neck, character-
ized by its high invasiveness and tendency for early lymph
node metastasis, and remains one of the leading causes of
cancer-related deaths worldwide." Although multidisciplinary
treatment centered on surgical resection has become the stan-
dard treatment, the five-year survival rate for OSCC patients
remains around 50%.”> Among various prognostic indicators,
surgical margin status is widely recognized as a decisive factor,
where positive margins significantly increase the risk of local
recurrence and reduce overall survival.>® Therefore, the
success of OSCC surgery largely depends on precise intraopera-
tive assessment of tumor margins.
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phy (CT) scans provide valuable three-dimensional anatomical
information but cannot offer real-time guidance during
surgery.” Intraoperatively, surgeons primarily rely on visual
inspection and tactile feedback, both of which are highly sub-
jective. While frozen section analysis can provide real-time
assessment, its accuracy is affected by sampling errors and
time constraints.®'' Postoperative histopathology within
24-72 hours remains the gold standard for margin assess-
ment, yet once positive margins are confirmed, it is often
difficult to perform re-excision immediately, and adjuvant
therapies such as radiotherapy or chemotherapy often cause
serious side effects.">"* Although standardized treatment pro-
tocols for OSCC are in place, their fragmented nature and the
lack of intuitive intraoperative guidance tools may be key
factors hindering further improvements in patient survival
rates.

Near-infrared (NIR) fluorescence imaging (FI) has attracted
widespread attention due to its ability to provide real-time
visualization during surgery. Fluorescence imaging contrast
agents, such as indocyanine green (ICG), have been used for
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intraoperative guidance in OSCC surgery.””™"” However, FI
alone has inherent limitations: while it excels in delineating
superficial lesions, its limited tissue penetration depth and
anatomical resolution prevent it from adequately and accu-
rately assessing deep or complex tumor boundaries.'®"?
Furthermore, there is still a pressing need for efficient and
minimally invasive treatment alternatives for patients diag-
nosed with positive surgical margins postoperatively. Against
this backdrop, photodynamic therapy (PDT) has emerged as a
promising treatment option due to its high selectivity, non-
invasiveness, and proven efficacy.>*>*

In response to this unmet need, we developed a multifunc-
tional probe and established a perioperative strategy for OSCC
surgery that enables coordinated management before, during,
and after tumor resection. This integrated solution was aimed
at providing high-resolution anatomical localization preopera-
tively, enabling real-time, precise margin navigation intrao-
peratively, and offering timely, minimally invasive intervention
for positive margins postoperatively, thereby providing com-
prehensive support throughout the OSCC surgical treatment
process.

As the most widely used fluorescent dye, ICG has been the
subject of continuous optimization and novel application
development by researchers in recent years.>*** Consistent
with this trend, our team has long focused on optimizing ICG-
mediated FI in the NIR range. In our previous work, conju-
gation of ICG with human serum albumin (HSA) markedly
enhanced fluorescence stability and tumor-targeting
efficiency.”® Building on this foundation, we developed a mul-
tifunctional theranostic nanoplatform, AuNPs/HSA-ICG, com-
posed of clinically established components.>*' In this
system, biocompatible HSA serves as a stabilizing and target-
ing carrier, co-encapsulating ICG as a fluorescent dye and
photosensitizer, together with gold nanoparticles (AuNPs) as a
CT contrast agent.*’7® Importantly, HSA interacts with
secreted protein acidic and rich in cysteine (SPARC), which is
widely overexpressed in OSCC, enabling tumor-specific
delivery.’’*° Meanwhile, AuNPs provide excellent CT contrast
owing to their high X-ray attenuation and have demonstrated
favorable biosafety in previous studies.>**°

In recent years, rapid advances in nanotechnology have
driven the development of diverse nanoprobes with promising
diagnostic and therapeutic performance. For example, gold-
based nanomaterials, owing to their unique optical properties,
have been widely explored for imaging enhancement as well as
photothermal and photodynamic therapy, while multimodal
NIR-II probes have enabled highly sensitive imaging of oral
tumors and lymph nodes and are often combined with chemo-
therapy or photothermal therapy to improve therapeutic
outcomes.*"*> However, many existing systems rely on syn-
thetic components and passive targeting mechanisms, and
focus primarily on a single diagnostic or therapeutic stage. In
contrast, the AuNPs/HSA-ICG nanoplatform developed in this
study is composed of components with established clinical
relevance and incorporates SPARC-mediated active targeting.
More importantly, unlike conventional probes that address
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Scheme 1 An integrated AuNPs/HSA-ICG nanoplatform enables a
seamless perioperative strategy for OSCC by combining preoperative
CT, real-time intraoperative fluorescence navigation, and postoperative
PDT to improve surgical margin management.

only one phase of treatment, our platform is specifically
designed to support comprehensive perioperative manage-
ment by integrating preoperative planning, intraoperative navi-
gation, and postoperative adjuvant therapy, thereby offering a
potential approach for bridging the gap in current fragmented
clinical protocols.

The core innovation of this study lies in establishing a peri-
operative, full-process management strategy for OSCC using
the AuNPs/HSA-ICG nanoplatform. Specifically, preoperative
CT enables precise three-dimensional localization, intraopera-
tive ICG fluorescence provides real-time margin visualization,
and postoperative PDT offers a minimally invasive adjuvant
therapy for residual tumors. In this work, we detail the design
rationale, synthesis, and biological evaluation of the nanoplat-
form, and demonstrate its robust performance in dual-modal
imaging, image-guided surgery, and photodynamic therapy.
Collectively, these results highlight its strong translational
potential for improving clinical outcomes in OSCC patients
with positive surgical margins (Scheme 1).

2. Materials and methods

2.1. Materials

Chloroauric acid (HAuCly), meso-2,3-dimercaptosuccinic acid
(DMSA), N-hydroxy succinimide (NHS), 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide ~ hydrochloride  (EDC), and
additional chemicals were obtained from Sigma-Aldrich
(St Louis, MO) with analytical-grade purity. ICG was acquired
from YiChuang Pharmaceutical Co., Ltd (Dandong, China).
CCK-8, the calcein/PI cell viability detection kit, and the reac-
tive oxygen species assay kit were all sourced from Biyuntian
Biotechnology Co., Ltd (Shanghai, China).

2.2. Synthesis and characterization of AuNPs/HSA-ICG

First, the ICG-HSA complex was prepared by co-dissolving ICG
and HSA powders in PBS at a 1: 1 mole ratio under continuous
stirring (12 h, room temperature, protected from light).

This journal is © The Royal Society of Chemistry 2026
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AuNPs were synthesized based on a previously reported pro-
cedure.”® Briefly, an aqueous solution of HAuCl, was prepared.
To this solution, DMSA was added under vigorous stirring at a
molar ratio of 1:2 (Au: DMSA). A gradual color transition from
light yellow to brown and then to dark yellow was observed
within 10 minutes. Unreacted DMSA and thiolate byproducts
were removed by dialysis against DI water for 24 h (Spectra/Por
3, MWCO: 3500). The dialyzed solution was lyophilized to con-
centrate the nanoparticles. Subsequently, the AuNPs were
redissolved in water, and EDC and NHS were added to the
solution (molar ratio of EDC:NHS = 1:1). The reaction
mixture was stirred at 35 °C for 3 hours in the dark. The pre-
viously prepared ICG-HSA complex was then introduced into
the reaction, and stirring was continued for an additional
24 hours. The resulting AuNPs/HSA-ICG nanocomplex was
further purified by dialysis against DI water for 72 hours to
remove unreacted components, followed by lyophilization for
storage and further use.

The FTIR spectra of the AuNPs/HSA-ICG nanoparticles were
acquired from 4000 to 400 cm™ with KBr, performed on a
Bruker IFS 66 V vacuum-type spectrometer. UV-vis spectropho-
tometers (UV-3600i Plus, Shimadzu, Japan) were used to record
the UV spectra of AuNPs and AuNPs/HSA-ICG. Dynamic light
scattering (BT-90, Dandong Baxter Instrument Co., Ltd
Dandong, China) and TEM (Talos F200X G2, FEI, USA) were
used to evaluate the NPs’ size and nanomorphology. The
content of ICG was confirmed using UV-vis spectrophotometers
and the Au content was confirmed by ICP-OES/MS (5110 OES,
Agilent, USA). FI/CT imaging of materials or animals was per-
formed using an FI system (REAL-IGS, NuoYuan Medical
Devices Co., Ltd., Nanjing, China) and Hiscan XM Micro-CT
(Suzhou Hiscan Information Technology Co., Ltd). To evaluate
the fluorescence stability, PBS solutions of free ICG and AuNPs/
HSA-ICG containing equivalent final ICG concentrations were
prepared. All samples were stored at room temperature, pro-
tected from light. The changes in fluorescence signals were
recorded using an FI system every 24 h for 7 consecutive days.

2.3. Cells and animals

All animal experiments were performed in accordance with the
guidelines of the Animal Protection Committee of Nanjing
University and approved by the Medical Ethics Committee of
the Institute of Stomatological Hospital affiliated with Nanjing
University Medical School. BALB/c nude male mice (6 weeks
old, 18-20 g) were purchased from Changzhou Cavens
Experimental Animal Co., Ltd (Jiangsu, China). OSCC cell
lines, including CAL27, HSC3 and SCC7, and Human
Umbilical Vein Endothelial Cells (HUVEC) were acquired from
the Type Culture Collection of the Chinese Academy of
Sciences (Shanghai, China).

2.4. Cell uptake experiment

Cells were seeded in 24-well plates and allowed to adhere over-
night. Upon reaching 70% confluence, HSC3 and CAL27 cells
were treated under identical conditions with either free ICG or
AUNPs/HSA-ICG complexes (ICG concentration = 25 pg mL™")

This journal is © The Royal Society of Chemistry 2026
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in DMEM supplemented with 10% FBS for 1, 2, and 4 hours at
4 °C or 37 °C. Fluorescence intensity was monitored using an
FI system and quantified with Image] software.

Given the constraints of our imaging equipment, we conju-
gated Cy5 fluorescent dye to the AuNPs/HSA-ICG nanocom-
plexes (AuNPs/HSA-ICG-Cy5) to track cellular uptake via con-
focal microscopy. HSC3 and CAL27 cells were plated in suit-
able glass-bottomed dishes (1 x 10> cells per dish) and incu-
bated overnight. The cells were then treated with AuNPs/HSA-
ICG-Cy5 (ICG concentration = 25 pg mL™") diluted in DMEM
supplemented with 10% FBS for 4 hours at 4 °C or 37 °C, fol-
lowed by PBS washing, fixation with 4% paraformaldehyde,
and DAPI nuclear staining. Confocal laser scanning
microscopy was performed using identical imaging settings
for both cell lines to assess the relative intracellular fluo-
rescence distribution and intensity. Flow cytometry was used
to measure and quantify the staining results.

2.5. Intracellular ROS detection

CAL27 cells were seeded into 12-well plates at a density of 2 x
10° cells per well. The medium was replaced with fresh DMEM
containing AuNPs/HSA-ICG nanoparticles (ICG concentration
= 9 pg mL™") the next day. After 4 hours of incubation, the
cells were gently washed with PBS and then treated with
DCFH-DA (10 pM) for 30 minutes in the dark. After the probe
was loaded, the cells were washed again with PBS and exposed
to an 808 nm laser at 0.5 W cm™? for 5 minutes. Fluorescence
images showing intracellular reactive oxygen species (ROS)
were captured immediately using an inverted fluorescence
microscope. The mean fluorescence intensity (MFI, a.u.) was
calculated from three randomly selected fields per well using
Image] software to represent the intracellular ROS levels.

2.6. Cell compatibility

The cytotoxicity of AuNPs/HSA-ICG was evaluated in vitro
using a CCK-8 assay on four cell types (HUVECs, CAL27, HSC3,
and SCC?). The cells were seeded into 96-well plates at 5 x 10°
cells per well and cultured for 24 hours. They were then
treated with different concentrations of AuNPs/HSA-ICG (0, 3,
6, 9, 12.5, 25, and 50 pg mL™") and incubated for either 24 or
48 hours. After treatment, 100 pL of fresh medium containing
10 pL of CCK-8 solution was added to each well and incubated
for 30 minutes. Cell viability was measured at 450 nm using a
microplate reader. To further confirm the cytotoxic effects, a
live/dead staining assay was performed. Cells were seeded into
12-well plates at 2 x 10° cells per well and cultured for
24 hours. The medium was replaced with fresh medium con-
taining AuNPs/HSA-ICG (ICG = 50 pg mL ") for different incu-
bation times. After treatment, the cells were washed with PBS
and stained with calcein-AM/PI live/dead staining for
30 minutes. Cell viability was then observed using an inverted
fluorescence microscope.

2.7. In vitro antitumor evaluation

The in vitro antitumor effect of AuNPs/HSA-ICG was tested
using a similar procedure to that described above. CAL27 cells
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were seeded into 96-well plates at 5 x 10> cells per well and cul-
tured for 24 hours. The cells were then treated with AuNPs/
HSA-ICG and incubated for another 24 hours. After that, they
were exposed to an 808 nm laser and kept under normal
culture conditions for an additional 6 hours. Cell viability was
evaluated using the CCK-8 assay. Cytotoxicity was visually con-
firmed by calcein-AM/PI live/dead staining, where live and
dead cells were stained green and red, respectively. The
numbers of live (green) and dead (red) cells in randomly
selected fields were counted using Image] software. Cell viabi-
lity was calculated as the percentage of live cells relative to the
total cell count.

2.8. Multimodality imaging in vivo

To construct the subcutaneous tumor model of BALB/c nude
mice, 200 pL of PBS containing 1 x 10”7 CAL27 cells was
injected subcutaneously into the right buttock of the mice.
Tumor-bearing mice entered the experimental phase once
tumors had reached approximately 100 mm®.

Mice bearing tumors were randomly divided into two
groups (n = 6), and 200 pL of either PBS solution containing
free ICG or PBS solution containing AuNPs/HSA-ICG at an
equivalent ICG concentration of 1 mg mL™" (corresponding to
a dose of 10 mg kg™') was given intravenously. Fluorescence
images were collected at 1, 3, 5, and 24 h post-injection.
Following completion of the in vivo imaging studies, mice were
humanely euthanized and subjected to necropsy for tissue col-
lection. Tumors and major organs (heart, liver, spleen, lungs,
and kidneys) were excised for ex vivo FI and quantitative
assessment of the biodistribution profile of the AuNPs/HSA-
I1CG.

In terms of CT imaging, Micro-CT was used to scan the
mice; specifically, the same dose of drug as mentioned above
was injected through the tail vein to obtain CT images at the
specified time points.

2.9. Image-guided surgery

We established an orthotopic tongue cancer model in BALB/c
nude mice to simulate image-guided surgery. The experi-
mental procedure was as follows: 50 pL of PBS containing 5 x
10° CAL27 cells was injected into the tongue to induce tumor
formation. Approximately one week post-inoculation, when
supralingual tumors became macroscopically visible, AuNPs/
HSA-ICG was administered intravenously at the same dosage
as used for the imaging studies. Surgical resection of the
tongue tumor was then performed under an FI system and
Micro-CT.

2.10. In vivo antitumor evaluation

To establish a residual tumor model, mice were anesthetized
when subcutaneous tumors reached approximately 100 mm?>,
Following the administration of AuNPs/HSA-ICG, the tumor
was fully exposed via a skin incision, and its major and minor
axes were measured using a vernier caliper to calculate the
initial dimensions and establish the baseline volume. This
partial resection strategy was adapted from a previously
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reported residual tumor model with minor modifications.**
Assisted by FI for boundary visualization, approximately 70%
of the tumor bulk was surgically resected based on intraopera-
tive volumetric estimation relative to the baseline.
Subsequently, FI was utilized to verify the presence of residual
tumor tissue (~30% of the initial volume) within the surgical
bed prior to wound closure. About 3 d later, bumps appeared
under the skin at the site where the tumor had been removed,
simulating the clinical scenario of rapid post-operative recur-
rence. The mice were randomly divided into two groups: a
control group without irradiation and a treatment group that
received NIR laser irradiation. For the treatment group, AuNPs/
HSA-ICG was supplementally injected prior to each laser
session, followed by 808 nm laser irradiation (0.5 W c¢cm™?,
5 min) of the residual tumor site, whereas the control group
was administered an equivalent volume of PBS solution.
Tumor volume was measured and recorded at each time point.
After three laser treatments, the mice were sacrificed, and the
tumors were collected for further analysis.

2.11. Biocompatibility

To assess systemic biosafety, AuNPs/HSA-ICG was injected
intravenously into healthy BALB/c nude mice (n = 6) at an equi-
valent ICG dose of 20 mg kg™ every other day for 14 days.
Another group of mice (n = 6) injected with an equivalent
volume of PBS served as the control group. During the treat-
ment period, body weight was monitored regularly. On day 14,
the mice were sacrificed, and about 0.8 mL of whole blood was
collected for hematology and biochemical tests. Major organs
were removed, fixed in 4% formalin, embedded in paraffin,
and sectioned for histological analysis. The sections were
stained with H&E and examined under a light microscope (Ol
Limbass, Germany).

2.12. Data analysis

The statistical analyses were carried out using GraphPad Prism
9.0 software. Data are shown as mean * standard deviation
(SD). Student’s t-test was adopted to determine the significant
differences. P < 0.05 was considered statistically significant.

3. Results

3.1. Characterization and dual-modal imaging properties of
AuNPs/HSA-ICG

AuNPs/HSA-ICG was prepared by loading ICG and AuNPs onto
HSA, as shown in Fig. 1A. The synthesized AuNPs showed a
dark yellow color, and the final AuNPs/HSA-ICG complex
appeared dark green, similar to free ICG (Fig. S1). TEM
imaging revealed the morphological features of both AuNPs
and AuNPs/HSA-ICG (Fig. 1B and C). The average size of the
AuNPs was determined by TEM to be 3 + 0.2 nm, while DLS
measurements indicated a hydrodynamic diameter of approxi-
mately 10 + 2 nm, consistent with values reported in the litera-
ture. After functionalization with HSA-ICG, the AuNPs/HSA-
ICG nanoparticles exhibited a spherical morphology with sizes

This journal is © The Royal Society of Chemistry 2026
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(A) The preparation process of AUNPs/HSA—-ICG. (B and C) TEM images of AuNPs and AuNPs/HSA—-ICG. (D) Hydrodynamic size distributions.

(E) UV-vis absorption spectra. (F) FTIR spectra. (G) Changes in the fluorescence intensity of free ICG and AuNPs/HSA—-ICG incubated in PBS (pH 7.4)
at room temperature over a period of 7 days (protected from light). (H) CT image of AuNPs/HSA-ICG. (I) Fluorescence image of AuNPs/HSA-ICG.

ranging from 20 to 50 nm. DLS analysis further showed an
increase in the hydrodynamic diameter of AuNPs/HSA-ICG to
approximately 100 + 20 nm, compared to unmodified AuNPs
(Fig. 1D).

UV-vis spectroscopy confirmed the characteristic absorption
peaks at 390 nm for AuNPs and 790 nm for ICG (Fig. 1E). FTIR
analysis (Fig. 1F) demonstrated signature peaks corresponding
to HSA, including C=0 stretching at 1700 cm™", C-O stretch-
ing at 1300 cm™", and C=O0 stretching vibration absorption

This journal is © The Royal Society of Chemistry 2026

(overtones) at 3437 cm ™. The characteristic peak at 1110 cm™"

can be attributed to the C-O stretching vibration absorption.
The appearance of these peaks in the spectrum indicated the
successful conjugation of AuNPs to the backbone of HSA.
Using UV-vis spectroscopy and a standard curve, the ICG con-
centration in the AuNPs/HSA-ICG complex was quantified as
approximately 1 mg mL™" (Fig. S2). Meanwhile, ICP-OES/MS
measurements determined the Au content to be about
7 mg mL™".,
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The fluorescence stability of AuNPs/HSA-ICG was further
assessed in vitro (Fig. 1G and Fig. S3). The MFI of both free
ICG and AuNPs/HSA-ICG started near 250 a.u., but diverged
significantly over 7 days. Free ICG dropped to about 200 a.u.
by day 1 and fell sharply to about 80 a.u. by day 3, with a
markedly weakened signal. This rapid signal decay is mainly
attributed to the intrinsic instability of free ICG in aqueous
environments, where it is prone to self-aggregation and
chemical degradation, leading to fluorescence quenching. In
contrast, AuNPs/HSA-ICG retained strong fluorescence,
maintaining an MFI of about 200 a.u. on day 3. The binding
of ICG to the hydrophobic domains of HSA effectively pre-
vents molecular aggregation and shields ICG from the sur-
rounding aqueous environment, thereby markedly improving
its fluorescence stability.>® This observation is consistent
with the literature and supportive of potential clinical
application.

Moreover, the AuNPs/HSA-ICG nanocomplex demonstrated
compelling dual-modal imaging properties. As shown in
Fig. 1H, AuNPs/HSA-ICG exhibited excellent X-ray attenuation
capability. The brightness of the CT images increased consist-
ently with rising Au concentrations. Quantitative analysis con-
firmed a significant linear positive correlation between the CT
value (HU) and the Au concentration (R> = 0.9475). Specifically,
the CT value reached 99 + 28 HU at an Au concentration of
0.875 mg mL~" and further escalated to approximately 854 +
51 HU at 7 mg mL™" (Fig. S4A), demonstrating the superior
in vitro CT contrast efficacy of the nanoprobe. Similarly, fluo-
rescence intensity showed a concentration-dependent
enhancement, with an approximately 5-fold higher MFI at
1 mg mL ™" compared to 0.13 mg mL " (Fig. 11 and Fig. S4B).

In conclusion, we successfully synthesized the nano-thera-
nostic platform, AuNPs/HSA-ICG, which shows excellent FI/CT
bimodal imaging capability in vitro and lays a foundation for
in vivo imaging research.

3.2. Cellular uptake mediated by SPARC expression

High expression of SPARC has been demonstrated to be
closely associated with poor prognosis in OSCC.*” Clinical
studies have shown that SPARC is significantly overexpressed
in the head and neck squamous cell carcinomas, including
OSCC, with approximately 60-80% of clinical samples
exhibiting positive SPARC staining, compared with normal
tissues.>>*>*® Moreover, SPARC has been reported to specifi-
cally bind to HSA."

To investigate the impact of SPARC expression levels on
AuNPs/HSA-ICG uptake, uptake assays were performed separ-
ately on HSC3 and CAL27 cells, characterized by low and high
SPARC expression levels, respectively. FI revealed enhanced
fluorescence signals in both cell types as the incubation time
increased, with CAL27 cells showing significantly stronger
signals than HSC3 cells (Fig. 2A). Quantitative analysis indi-
cated that after 4 hours of incubation, the MFI of CAL27 cells
was approximately twice that of HSC3 cells (Fig. 2B). This
differential uptake pattern, which was further corroborated by
CLSM observations (Fig. 2G) and flow cytometry quantification
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(Fig. 2H), suggests a positive correlation between cellular
internalization and SPARC expression levels.

We further evaluated the uptake efficiency of the nanoplat-
form compared to free ICG. In CAL27 cells, the AuNPs/HSA-
ICG group displayed markedly higher fluorescence intensity
than the free ICG group under identical concentrations
(Fig. 2C, D and Fig. S5). This suggests that the HSA-based
nanostructure facilitates superior intracellular accumulation,
likely preventing rapid efflux or degradation associated with
the free dye.

Given that active uptake processes require energy, we sup-
pressed cellular metabolism under low temperature conditions
(4 °C). Compared to 37 °C, 4 °C markedly reduced cellular
uptake of both AuNPs/HSA-ICG and free ICG (Fig. 2E and F).
This temperature-dependent inhibition was further corrobo-
rated by CLSM imaging and flow cytometry analysis (Fig. 2G
and H). Notably, the fluorescence signal of AuNPs/HSA-ICG
(by approximately 80%) was significantly reduced, indicating
that AuNPs/HSA-ICG primarily entered cells through energy-
dependent active pathways such as endocytosis.

In summary, CAL27 cells with high SPARC expression
exhibited significantly enhanced uptake of AuNPs/HSA-ICG
via energy-dependent active pathways. This behavior is likely
mediated by specific interactions between HSA and SPARC.

3.3. Cytotoxicity and photodynamic therapeutic efficacy of
AuNPs/HSA-ICG in vitro

The cytotoxicity of AuNPs/HSA-ICG was evaluated across four
cell lines, including HUVECs and three OSCC lines (CAL27,
HSC3, and SCC7), using the CCK-8 assay. Even at a high con-
centration of 50 pg mL™" after 48 hours of exposure, AuUNPs/
HSA-ICG exhibited minimal cytotoxicity, with all cell lines
maintaining over 95% viability (Fig. 3A and Fig. S6). This out-
standing biocompatibility was further corroborated by live/
dead staining assays, where fluorescence microscopy revealed
negligible cell death after 48 hours of continuous treatment at
50 pg mL ™" (Fig. 7).

The photosensitizing capability of AuNPs/HSA-ICG was
subsequently assessed by detecting intracellular ROS gene-
ration using the DCFH-DA probe. While control groups (PBS
with or without laser, and AuNPs/HSA-ICG without laser)
exhibited only weak background fluorescence, the AuNPs/
HSA-ICG + laser group displayed intense green fluorescence
after NIR laser irradiation (Fig. 3C). Quantitative analysis con-
firmed that the MFI of this group was approximately four
times higher than that of the untreated AuNPs/HSA-ICG group
(Fig. 3D), unequivocally demonstrating efficient ROS gene-
ration upon laser excitation.

The in vitro antitumor efficacy of AuNPs/HSA-ICG-mediated
PDT was then systematically evaluated. The CCK-8 assay was
employed to determine the optimal treatment parameters,
revealing a progressive reduction in cell viability correlated
with increases in drug dose, laser intensity, and exposure dur-
ation (Fig. 3B and Fig. S8). Optimal treatment conditions were
established as 9 pg mL™" drug concentration, 0.5 W cm™>
irradiation power, and 5 min irradiation time, achieving

This journal is © The Royal Society of Chemistry 2026
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(A) Fl of two different cell lines (CAL27 and HSC3) incubated with AuNPs/HSA-ICG for 1, 2, and 4 h to verify SPARC-mediated uptake (Ex/Em

= 785/825 nm, exposure time = 0.3 s). (B) Quantitative analysis of MFI shown in (A). (C) FI of CAL27 cells incubated with different reagents (free ICG
and AuNPs/HSA-ICG) at 37 °C to demonstrate the enhanced uptake of the nanocomplex. (D) Quantitative analysis of MFI shown in (C). (E) FI of
CAL27 cells incubated with different reagents (free ICG and AuNPs/HSA—-ICG) at 4 °C. The suppressed fluorescence signal at low temperature indi-
cates that the cellular uptake of the nanocomplex is mediated by an energy-dependent pathway. (F) Quantitative analysis of the MFI of CAL27 cells
treated with AUNPs/HSA-ICG at 37 °C and 4 °C. (G) CLSM images of CAL27 and HSC3 cells incubated with AuUNPs/HSA-ICG. (H) The cellular uptake

of AuNPs/HSA-ICG was determined by flow cytometry. Values represent means + SD, n =

approximately 50% cell death without excessive toxicity. Live/
dead staining under these conditions revealed abundant red
fluorescence (indicating dead cells) specifically in the AuNPs/
HSA-ICG + laser group (Fig. 3E), with quantitative analysis
showing less than 25% viable cells (Fig. 3F). Together, these
results demonstrate that AuNPs/HSA-ICG exerts an excellent
PDT effect on OSCC cells in vitro.

3.4. Invivo dual-modal imaging and biocompatibility

To evaluate the dual-modal imaging capabilities of AuNPs/
HSA-ICG, tumor-bearing nude mice were administered intra-
venous injection of the nanoplatform via the tail vein.

This journal is © The Royal Society of Chemistry 2026

3. *%p < 0.001.

For FI, whole-body signals were monitored for up to
24 hours using an FI system. As shown in Fig. 4A, at 1 h post-
injection, fluorescence in the free ICG group was primarily
localized in the liver and other organs, whereas the AuNPs/
HSA-ICG group showed significant accumulation at the tumor
site. While the fluorescence signals in both groups gradually
decreased over time due to metabolic clearance, the AuNPs/
HSA-ICG group exhibited consistently superior tumor reten-
tion compared to the rapid washout observed in the free ICG
group. Semi-quantitative analysis showed that tumor fluo-
rescence intensity in the AuNPs/HSA-ICG group was signifi-
cantly higher than that of the free ICG group at 1 h, yielding a
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means + SD, n = 3. ***p < 0.001.

satisfactory SBR that facilitated clear tumor visualization
(Fig. 4B and C). After in vivo imaging, animals were sacrificed,
and the tumors along with major organs were excised for
ex vivo FI, which confirmed prominent accumulation of
AuNPs/HSA-ICG in the tumor, liver, and kidney tissues
(Fig. 4D and E).

To assess the CT imaging performance, mice were
scanned at multiple time points post-injection using Micro-
CT. As illustrated in Fig. 4F, the tumor margins were clearly
defined as early as 1 hour, with contrast intensity increasing
over time due to progressive tumor-site accumulation. As
shown in Fig. S9, quantitative monitoring confirmed a con-
tinuous accumulation pattern, where the tumor CT radio-
density gradually rose over time, ultimately reaching a

1672 | Biomater. Sci., 2026, 14, 1665-1679

maximum intensity of 204 + 7HU at 12 h. These results indi-
cate that AuNPs/HSA-ICG provides excellent in vivo contrast
enhancement for CT imaging. In summary, AuNPs/HSA-ICG
exhibits excellent FI/CT dual-modal imaging capabilities
in vivo.

The excellent dual-modal imaging performance of AuNPs/
HSA-ICG highlights its potential for clinical translation, thus
we further investigate its in vivo biocompatibility, laying the
foundation for the clinical translation of AuNPs/HSA-ICG
(Fig. 5A).

Mice treated with AuNPs/HSA-ICG showed a body weight
profile comparable to that of the control group (Fig. 5B).
Hematological parameters, including erythrocyte, leukocyte,
and platelet counts, remained within normal physiological

This journal is © The Royal Society of Chemistry 2026
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ranges throughout the study. Additionally, blood biochemistry
analyses revealed no significant alterations in liver or kidney
function markers (Fig. 5C and Fig. $10, S11). Histopathological
examination of major organs revealed no structural abnormal-

This journal is © The Royal Society of Chemistry 2026

ities, tissue damage, or signs of inflammation (Fig. 5D). These
collective findings confirm the excellent biosafety and biocom-
patibility of AuNPs/HSA-ICG, robustly supporting its potential
for further translational development.

Biomater. Sci,, 2026, 14,1665-1679 | 1673


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5bm01701g

Open Access Article. Published on 25 February 2026. Downloaded on 6/21/2026 9:09:17 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

4 O -
Cc—

| Il |

T T T
Dayo Day2 Day14 Day15

Injection of PBS or AuNPS/HSA-ICG Repeat twice a day for two weeks Biosafety testing

RBC (10°2/L)
WBC (10%9/L)
-

T T T T
PBS AuNPs/HSA-ICG PBS AuNPs/HSA-ICG

PBS

NPs

Fig. 5

View Article Online

Biomaterials Science

- PBS
AUNPs/HSA-ICG
C)
£ 25-
(=)
K]
=
20

T T T T T T T 1
0 2 4 6 8 10 12 14

Time(d)

1500 200

1000

PLT (10%9/L)
@
S

PBS AuNPs/HSA-ICG PBS AuNPs/HSA-ICG

Lung Kidney

(A) Schematic diagram of the biological safety assessment process. (B) Average body weight curves of mice in the PBS and AuNPs/HSA-ICG

groups monitored over a 14-day period. (C) Blood hematology data. (D) Representative H&E stained images of the major organs collected from the
mice treated with PBS or AuNPs/HSA—-ICG at day 15 post-injection. The scale bar is 100 pm, x100.

3.5. Image-guided surgery

Based on the above results, AuNPs/HSA-ICG demonstrated
excellent biosafety and dual-modal (FI/CT) imaging capabili-
ties. We next evaluated its clinical utility in an orthotopic
tongue cancer model simulating a complete surgical pro-
cedure, aiming to elucidate the synergistic benefits of bimodal
imaging for residual tumor detection (Fig. 6A).

Approximately one hour after injection of AuNPs/HSA-ICG,
the simulated surgical procedure was initiated. Preoperative
CT imaging clearly delineated the tumor’s three-dimensional
boundaries, providing detailed anatomical guidance, while FI
concurrently highlighted superficial lesions (Fig. 6B). Initially,
an attempt was made to remove the tumor without fluo-
rescence guidance. After the grossly visible tumor tissue was
excised, FI of the surgical site revealed residual areas emitting
specific green fluorescence. Subsequent CT scans showed
abnormally dense shadows within the surgical area (Fig. 6C). A
fluorescence-guided extended resection was then performed to
remove all tissues emitting green fluorescence. Repeat fluo-
rescence and CT imaging confirmed the absence of any abnor-

1674 | Biomater. Sci, 2026, 14, 1665-1679

mal signals (Fig. 6D). Quantitative analysis confirmed a drastic
reduction in fluorescence intensity in the tumor bed post-
resection, dropping to background levels (Fig. S12).
Pathological examination of the excised tissues confirmed that
all removed specimens were tumor tissue and no residual
tumor remained in the surgical bed (Fig. 6E and Fig. S13).

3.6. Invivo antitumor effect

In the previous sections, we confirmed the utility of AuNPs/
HSA-ICG for preoperative planning and intraoperative naviga-
tion in OSCC. Here, we further evaluate its potential appli-
cation as a postoperative intervention for OSCC with positive
margins.

Building upon previous in vitro findings confirming strong
photodynamic activity under 808 nm laser irradiation, a
residual tumor model was established in mice to assess in vivo
performance (Fig. 7A and Fig. S14). Following surgical resec-
tion, the NIR treatment group received repeated photodynamic
treatments. Despite tumor volume increasing in both groups
over time, growth in the NIR treatment group was significantly

This journal is © The Royal Society of Chemistry 2026
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(A) Schematic diagram of bimodal image-guided surgery. (B) Preoperative FI/CT images. (C) Intraoperative FI/CT images. (D) Postoperative FI/

CT images. (E) Representative H&E staining images of tumor tissues excised from the orthotopic tongue cancer model. Scale bars: 100 pm (low mag-

nification, x100) and 50 pm (high magnification, x200).

inhibited (Fig. 7B and C). After three irradiation sessions, the
anatomy showed that tumors in the control group were highly
invasive and irregularly shaped, whereas those in the NIR treat-
ment group remained more regular and spherical. Quantitative
analysis revealed that tumor weight was markedly reduced in
the treatment group (Fig. 7D and E). H&E staining further con-
firmed greater tumor cell apoptosis in the NIR treatment
group (Fig. 7F). These results indicate that AuNPs/HSA-ICG
has significant antitumor effects on tumors in vivo under near-
infrared light excitation. Notably, there were no significant
differences in body weight or hematological indices between
the two groups during treatment (Fig. S15-518), and no deaths
or obvious adverse reactions occurred in the NIR treatment

This journal is © The Royal Society of Chemistry 2026

group, which fully confirmed the in vivo safety of the therapy.
Although the tumors in the experimental group were not com-
pletely eliminated within 7 days, their growth was effectively con-
trolled. In conclusion, AuNPs/HSA-ICG-mediated photodynamic
therapy demonstrates potential as a minimally invasive, safe,
and targeted approach to inhibit residual tumor growth.

4. Discussion

Surgical margin status is a decisive prognostic factor in OSCC.
However, existing diagnostic and therapeutic modalities
remain functionally fragmented across preoperative planning,
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intraoperative navigation, and postoperative intervention,
thereby limiting further improvement in patient outcomes. In
this study, we developed an HSA-based theranostic nanoplat-
form that integrates dual-modal imaging and photodynamic
therapy, offering a unified approach for both diagnosis and
treatment. This strategy facilitates continuous perioperative
management, encompassing preoperative assessment, intrao-
perative guidance, and postoperative therapy in OSCC.

1676 | Biomater. Sci,, 2026, 14, 1665-1679

Unlike conventional theranostic systems that simply
combine diagnostic and therapeutic functions, this platform is
designed to support a continuous and coordinated workflow
spanning preoperative planning, intraoperative guidance, and
postoperative intervention.’®*" Preoperatively, AuNP-enabled
CT imaging provides high-resolution three-dimensional ana-
tomical information for surgical planning. Intraoperatively,

near-infrared fluorescence from HSA-stabilized ICG enables

This journal is © The Royal Society of Chemistry 2026
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real-time visualization of tumor margins. The complementary
integration of CT-based depth information and fluorescence-
guided surface delineation offers enhanced intraoperative gui-
dance compared to single modalities. In our orthotopic tongue
cancer model, this dual-modal strategy provided critical visual
cues that facilitated the macroscopic complete resection of the
primary tumor, demonstrating the platform’s potential to
enhance surgical precision.

Positive surgical margins are a primary driver of rapid local
recurrence in OSCC, a clinical challenge specifically simulated
in our residual tumor model. In this context, postoperative
PDT is positioned not as a standalone curative modality, but
as a targeted adjuvant intervention designed to manage
residual disease post-resection. In our in vivo assessment,
AuNPs/HSA-ICG-mediated PDT significantly inhibited tumor
regrowth within the surgical bed and delayed recurrence com-
pared to the control group. These results substantiate the
potential of this platform as a localized adjuvant strategy. In
contrast to the systemic toxicity of chemotherapy or the high
invasiveness associated with aggressive reoperation, this
approach offers a precise, minimally invasive therapeutic
modality to manage residual lesions. In summatry, this strategy
facilitates a continuous perioperative continuum spanning
precise localization, resection, and targeted suppression of
residual disease, thereby providing a novel and feasible approach
to managing the complex issue of positive surgical margins.

The multifunctionality of the platform stems from the
rational design of its components. HSA not only stabilizes ICG
and enhances fluorescence performance but also mediates
SPARC-dependent active targeting, contributing to both high
imaging contrast and improved therapeutic response. The use
of clinically validated building blocks (HSA, ICG, and AuNPs)
further supports translational potential, which was confirmed
through systematic biocompatibility evaluations.

Nevertheless, certain limitations must be acknowledged.
While the combined CT and FI successfully guided surgery in
the murine orthotopic tongue cancer model, the anatomical
complexity of the human head and neck and the high cost of
intraoperative CT limit direct clinical translation. Future
implementation may therefore rely on Al-assisted image fusion
techniques, integrating high-resolution preoperative CT with
real-time intraoperative fluorescence to overcome tissue pene-
tration limits.”> The dual-signal capability of AuNPs/HSA-ICG
provides the material foundation for achieving this vision.
Second, in our mouse model, the growth of residual tumors
was effectively suppressed but not completely eliminated. This
outcome may be attributed to the surgical disruption of local
blood flow, which limits the optimum accumulation of nano-
particles, the limited penetration depth of light, and the short
observation period of only seven days, among other factors.
Despite incomplete eradication, the treatment effectively con-
trolled tumor growth in a safe and noninvasive manner. This
suggests that AuNPs/HSA-ICG-mediated PDT may be best uti-
lized as a precise, minimally invasive adjuvant therapy, par-
ticularly for patients who are unsuitable for aggressive resec-
tion or chemoradiotherapy due to health conditions, tumor

This journal is © The Royal Society of Chemistry 2026
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location, or personal preference.’*>® Such an approach could
help control disease progression, prolong survival, and
improve quality of life. Further optimization of dosing,
irradiation parameters, or combination with other therapeutic
modalities could enhance efficacy. Finally, although no acute
toxicity was observed in this study, gold nanoparticles are
known for potential long-term persistence in biological
systems, and long-term follow-up is necessary to rule out
potential delayed adverse effects.

5. Conclusion

In this study, we developed an AuNPs/HSA-ICG nanoplatform
composed of clinically established components and proposed
an innovative perioperative management strategy for OSCC that
integrates preoperative CT planning, intraoperative fluorescence
navigation, and postoperative PDT. Systematic in vitro and in vivo
evaluations demonstrated the platform’s excellent dual-modal
imaging capabilities, significant tumor suppression, and favor-
able biocompatibility. Using various animal models, we simu-
lated and validated its complete translational pathway from diag-
nosis to therapy. Nevertheless, certain limitations of this study
should be acknowledged. Looking ahead, integrating preopera-
tive CT data with intraoperative FI through artificial intelligence-
based algorithms could enable real-time three-dimensional sur-
gical navigation and overcome the depth limitations of FI
Although PDT did not achieve complete ablation of residual
tumors, it demonstrated potential as a minimally invasive adju-
vant treatment for selected patient populations. Further optimiz-
ation of treatment parameters and exploration of combination
therapies may enhance efficacy. Additionally, long-term biosafety
will require evaluation through extended follow-up studies.
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