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Summary eBioMedicine
Background Hepatocellular carcinoma (HCC) is the sixth most common malignancy globally and ranks third in terms 2023;98: 104880
of both mortality and incidence rates. Surgical resection holds potential as a curative approach for HCC. However, the ~ PvPlished Online 0
residual disease contributes to a high 5-year recurrence rate of 70%. Due to their excellent specificity and optical ?;tlpg/ /:tj 'O:gz/ 32’3
properties, fluorescence-targeted probes are deemed effective auxiliary tools for addressing residual lesions, | 48€J§6 o
enabling precise surgical diagnosis and treatment. Research indicates histone deacetylase 6 (HDACG)

overexpression in HCC cells, making it a potential imaging biomarker. This study designed a targeted small-

molecule fluorescent probe, SeCF;-IRDye800cw (SeCF3-IRD800), operating within the Second near-infrared

window (NIR-II, 1000-1700 nm). The study confirms the biocompatibility of SeCF;-IRD800 and proceeds to

demonstrate its applications in imaging in vivo, fluorescence-guided surgery (FGS) for liver cancer, liver fibrosis

imaging, and clinical samples incubation, thereby preliminarily validating its utility in liver cancer.

Methods SeCF3-IRD800 was synthesized by combining the near-infrared fluorescent dye IRDye800cw-NHS with an
improved HDACG inhibitor. Initially, a HepG2-Luc subcutaneous tumor model (n = 12) was constructed to
investigate the metabolic differences between SeCF;-IRD800 and ICG in vivo. Subsequently, HepG2-Luc (n = 12)
and HCCLM3-Luc (n = 6) subcutaneous xenograft mouse models were used to assess in vivo targeting by SeCF;-
IRD800. The HepG2-Luc orthotopic liver cancer model (n = 6) was employed to showcase the application of
SeCF;-IRD800 in FGS. Liver fibrosis (n = 6) and HepG2-Luc orthotopic (n = 6) model imaging results were used
to evaluate the impact of different pathological backgrounds on SeCF;-IRD800 imaging. Three groups of fresh
HCC and normal liver samples from patients with liver cancer were utilized for SeCF;-IRD800 incubation ex vivo,
while preclinical experiments illustrated its potential for clinical application.

Findings The HDACG inhibitor 6 (SeCF;) modified with trifluoromethyl was labeled with IRDy800CW-NHS to
synthesize the small-molecule targeted probe SeCF;-IRD800, with NIR-II fluorescence signals. SeCF3-IRD800 was
rapidly metabolized by the kidneys and exhibited excellent biocompatibility. In vivo validation demonstrated that
SeCF3-IRD800 achieved optimal imaging within 8 h, displaying high tumor fluorescence intensity
(7658.41 + 933.34) and high tumor-to-background ratio (5.20 + 1.04). Imaging experiments with various
expression levels revealed its capacity for HDACG6-specific targeting across multiple HCC tumor models, suitable
for NIR-II intraoperative imaging. Fluorescence-guided surgery experiments were found feasible and capable of
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detecting sub-visible 2 mm tumor lesions under white light, aiding surgical decision-making. Further imaging of
liver fibrosis mice showed that SeCF;-IRD800’s imaging efficacy remained unaffected by liver pathological
conditions. Correlations were observed between HDACG6 expression levels and corresponding fluorescence
intensity (R* = 0.8124) among normal liver, liver fibrosis, and HCC tissues. SeCF3-IRD800 identified HDACG6-
positive samples from patients with HCC, holding advantages for perspective intraoperative identification in liver
cancer. Thus, the rapidly metabolized HDACG6-targeted small-molecule NIR-II fluorescence probe SeCF;-IRD800
holds significant clinical translational value.

Interpretation The successful application of NIR-II fluorescence-guided surgery in liver cancer indicates that SeCF;-
IRD800 has great potential to improve the clinical diagnosis and treatment of liver cancer, and could be used as an
auxiliary tool for surgical treatment of liver cancer without being affected by liver pathology.
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Basic and Applied Basic Research Foundation under Grant No. 2022A1515011244.
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Research in context

Added value of this study

In this study, SeCF3-IRD800 targeting HDAC6 was synthesized
to realize the labeling of HDAC6-positive tumor cells in vivo.
Imaging experiments were carried out in various tumor
models and disease models, and the targeting and clinical
transformation potential of SeCF5-IRD800 was verified in
fresh liver and cancer tissue specimens. The expression levels
of HDAC6 in both cancerous tissues and the liver were

Evidence before this study

The residual lesion of hepatocellular carcinoma (HCC) is a
major challenge for surgeons. Fluorescence imaging
technology can help doctors to make decisions to achieve
accurate tumor resection. For decades, fluorescence imaging
has been proven to be able to visualize tumors at molecular
and cell levels, assisting doctors in intraoperative diagnosis
and treatments. We conducted a systematic search of several
databases, including PubMed, Embase, and Medicine, from
the date of creation to November 30, 2022, for categories
such as “Hepatocellular carcinoma”, “Near-infrared
fluorescence” and “Fluorescent-guided surgery”. However,
most relevant research focuses on the first near-infrared
window (NIR-I, 700-900 nm). In recent years, NIR-II
fluorescence imaging has advantages in tissue penetration
depth, imaging resolution, and lower spontaneous
fluorescence than NIR-I. There are few studies on the
application of NIR-Il in the imaging of liver cancer.

comprehensively analyzed.

Implications of all the available evidence

This study broke through the dilemma of high background
fluorescence signal and poor liver imaging effect caused by
non-specific aggregation. It provides a new technique for the
treatment of HCC. It not only enables in-situ imaging and
fluorescent-guided resection, but the imaging efficiency is
independent of the pathology of the liver itself which can
help surgeons remove lesions precisely and has great clinical
translation potential.

Introduction
Hepatocellular carcinoma (HCC) is the sixth most
common malignancy and the third most common cause
of cancer death worldwide.! About 70% of patients with
liver cancer have an advanced stage at the initial diag-
nosis. Although hepatectomy is the main treatment
method and potential means,” the 5-year survival rate of
the middle and advanced stages is only 6.5%.’

At present, the preoperative diagnosis of HCC relies
on imaging detection, such as ultrasound (US),
computed tomography (CT), and magnetic resonance

imaging (MRI), but the diagnostic efficacy for small le-
sions less than 2 c¢m is limited.*” Surgeons distinguish
benign and malignant tissues mainly through the visual
examination and palpation during surgery,® due to the
variable situation of the operation and the different
professional abilities of surgeons, there are limitations
in the identification of small lesions and surgical mar-
gins. Up to 70% of the 5-year postoperative recurrence
rate was reported in patients with liver cancer.

In the past decade, the interdisciplinary research in
medical engineering driven by molecular imaging
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technology and artificial intelligence has brought great
progress to the development of basic medicine and the
improvement of clinical skills.””"* Since 2009, when
Indocyanine green (ICG) was first employed in
fluorescence-guided surgery (FGS)," fluorescence im-
aging technology has achieved multi-dimensional clinical
applications in open surgery and laparoscopic surgery.”
FGS has been proven to be a safe technique, that can
assist surgeons in intraoperative decision-making and
achieve accurate visual tumor resection, such as surgical
margin determination and microscopic lesion detec-
tion.”® ICG is the most commonly used non-targeted
near-infrared dye approved by the FDA,” which has
been widely used in FGS in various disciplines such as
the digestive tract’*”' and gynecological surgery.” It is of
great importance in the differentiation degree of primary
liver cancer,” identification of liver segments,**** deter-
mination of intraoperative focal boundaries of cancer,'
detection of micro-lesions, exploration of metastatic
cancer, biliary tract imaging,” liver transplantation®*”
and so on. However, ICG can accumulate in non-
cancer tissues in a non-specific way, leading to a higher
false positive rate.'””* Currently, a series of clinical trials
of targeted ligands based on ICG or IRDye800cw labeling
has been used for targeted fluorescence imaging to ach-
ieve rapid and accurate imaging of patients with intra-
operative residual tumors and lymph nodes.”** At
present, most FGS studies are in the first near-infrared
window (NIR-I, 700-900 nm)."” With the development
of fluorescence imaging technology in the second near-
infrared window (NIR-II, 1000-1700 nm), its imaging
quality is much Dbetter than that of traditional NIR-I
fluorescence imaging due to high imaging resolution,
low background, spontaneous fluorescence, deep tissue
imaging capability, etc.”’ Currently, a phosphorescent
probe**** and radiopharmaceutical-excited nanoparticles**
have been developed for the imaging of NIR-II. NIR-II
imaging has also been widely used in the imaging of
cirrhotic liver cancer,*® high-grade glioma," cystic renal
masses,”” gray fat, and bone.** Previous studies of FGS
for HCC by ICG have shown that NIR-II imaging has a
higher sensitivity in the detection of minor tumors,
compared with NIR-I imaging.’' Therefore, it is urgent to
prepare a sensitive and specific HCC small molecule
targeted fluorescent probe to achieve FGS in HCC
resection.

Histone deacetylases (HDACs) catalyze the deacety-
lation of lysine residues of histones and non-histones.*
To date, much evidence suggests that HDACs play an
important role in the process of cancer proliferation and
spread, and unusually high levels of HDACs have been
found in various cancers. For example, the high
expression of HDACG6 can promote the proliferation of
tumor cells,***' accelerate the early invasion and
metastasis of HCC, and promote tumor angiogenesis,*
which is a potential target for tumor research. Although
it has been reported that HDACG6 can act as a tumor
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suppressor to inhibit the development and progression
of HCC. However, it has also been shown that HDAC6
can participate in tumor promotion by inhibiting the
transcriptional activity of p53 or accelerating the
migration and invasion of HCC cells in HCC."#*
Currently, various HDACG6 inhibitors have been
designed and developed for the treatment of a variety of
cancers, but few probes have been developed for
HDACG6 imaging.”** Therefore, the development of
HDACG6-targeted near-infrared fluorescent probes may
be a promising auxiliary tool for fluorescence navigation
surgery of HCC.

A trifluoromethyl-modified HDAC6 inhibitor,
6(SeCFs), was labeled as a targeting probe IRDye800cw-
SeCF; (SeCF;-IRD800) by IRDye800cw-NHS with NIR-
II window fluorescence signal. In this study, the
biosafety of the probe was evaluated. In terms of im-
aging, the probe was used for NIR-II FGS for liver
cancer and in vivo imaging of liver fibrosis, respectively.
We further verified the expression of HDACG in pairs of
samples from patients with liver cancer, and samples
from patients with liver cancer were used to be incu-
bated by the probe. The data suggest that the NIR-II
fluorescent small-molecule targeting probe, SeCF;-
IRD800, has excellent imaging and metabolic charac-
teristics. In brief, SeCF;-IRD800 is of tremendous
clinical transformation value.

Methods

Ethics statement

Written informed consent was obtained from each
subject according to the Declaration of Helsinki, and the
study was approved by the Ethics Committee of the Fifth
Affiliated Hospital of Sun Yat-Sen University (ethics
number: L002-1). All animal experiments were con-
ducted under the supervision of the Experimental Ani-
mal Ethics Committee of the Institute of Automation,
Chinese Academy of Sciences (ethic number: 1A21-
2203-13).

Western blot

Normal liver cell line HL-7702 (LO,) (KCB Cat# KCB
200511 YJ, RRID: CVCL_6926), HCC HepG2-luc
(RRID: CVCIL_]G47), Huh7 (RRID: CVCL_0336),
PLC/PRF/5 (RRID: CVCL_0485), HCCLM3 (RRID:
CVCL_6832), and Bel-7402 (RRID: CVCL_5492) cell
lines were purchased from Beijing Beina Biotechnology
Co., LTD. Primary HCC cell was derived from a patient
with HCC. All cells were cultured with Dulbecco’s
minimum essential medium (DMEM, M&C GENE
Technology (Beijing) Ltd.) containing 10% fetal bovine
serum (FBS, M&C GENE Technology (Beijing) Ltd.) and
1% penicillin-streptomycin. All cell lines were main-
tained in a 5% CO, incubator at 37 °C. All cells have
been authenticated for purity and identity through short
tandem repeat (STR) profiling.
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Western blot was used to analyze HDACG6 expres-
sion levels at the cellular level. RIPA buffer containing
protease and protein phosphatase inhibitor is used to
lysate cells, BCA protein (G5001, Servicebio, Wuhan,
China) test kit is used to determine protein concen-
tration. The protein samples were then boiled for
10 min, and the total protein of 20 pg was electro-
phoresed on 10% SDS-polyacrylamide gel and trans-
ferred to the PVDF membrane. The membrane was
blocked with 5% bovine serum albumin at room tem-
perature (RT) for 2 h. A 1:500 diluted anti-HDACG6
antibody (Abcam Cat# ab53099, RRID: AB_880359)
was stored in the refrigerator at 4 °C overnight and
GAPDH (Abcam Cat# ab9485, RRID: AB_307275) was
used as an endogenous control. The samples were
washed 3 times in TBST, and incubated with HRP-
conjugated goat anti-rabbit secondary antibody (Serv-
iceBio Cat# GB23303, RRID: AB_2811189) for about
1 h at RT. Finally, HDAC6 expression was detected by
enhanced chemiluminescence, imaged using the Alli-
ance MINI HD 6 analyzer (UVITEC, UK), and calcu-
lated by quantitative western blot strip strength using
Image].

Synthesis of tert-butyl (4-(6-((trifluoromethyl)
selanyl) hexanamido) phenyl) carbamate (2)

As shown in Fig. S1, a solution of compound 1 (410 mg,
1.0 mmol) in THF (30 mL) was added to TBAF (262 mg,
2.0 mmol) and TMSCF; (1.137 mg, 8.0 mmol). The
reaction solution was stirred at room temperature for
2 h. The solvent was removed under reduced pressure to
yield crude product, which was purified by silica gel
column chromatography (Petroleum ether-EtOAc, 6:4).
Yield: 71%. White solid.

Synthesis of N-(4-aminophenyl)-6-
((trifluoromethyl)selanyl) hexanamide

Next, trifluoroacetic acid (TFA, 1 mL) was added slowly
to a solution of compound 2 (227 mg, 0.5 mmol) in
CH,Cl, (20 mL) at 0 °C. Then, the reaction solution was
stirred at 0 °C for 3 h, diluted with water (20 mL), and
extracted with ethyl acetate (3 x 20 mL). The extracts
were dried with Na,SO, and evaporated in vacuo. The
crude product was purified by silica gel column chro-
matography (methylene chloride-methanol, 8:1) to give
3. Yield: 91%. White solid. "H NMR (400 Hz, CD;0D) &
7.23 (d, J = 7.2 Hz, 2H), 6.68 (d, ] = 7.2 Hz, 2H), 3.05 (t,
J = 4.8 Hz, 2H), 2.33 (t, ] = 5.2 Hz, 2H), 1.81-1.86 (m,
2H), 1.67-1.72 (m, 2H), 1.46-1.51 (m, 2H).

Synthesis of SeCF;-IRD800

Finally, to a solution of IRDye800cw-NHS (1.0 mg,
0.96 pmol) in DMSO (2 mL), compound 3 (0.5 mg,
1.5 pmol) and Et;N (20 pL) were added and stirred in the
dark at room temperature for 24 h. Then, the crude
product was purified by HPLC on a C-18 column
(20 mm x 250 mm) using gradient elution with CH;CN

(0.1% TFA) and H,O as solvents A and B, respectively.
The flow rate was 12 mL/min. The fractions containing
SeCF;-IRD800 were collected and lyophilized. The pu-
rified SeCF;-IRD800 was obtained as a green solid with
84% yield and over 98% purity. MS (ESI): m/z 1360.4
(M + NaJ*).

SeCF5-IRD800 characterization

The excitation spectra and absorption spectra were
determined on a Shimadzu UV-2600 UV-Vis spectro-
photometer, and the emission spectra were measured
on FLS980 (Edinburgh Instruments). NIR-II fluores-
cence imaging was implemented with an InGaAs SWIR
camera (Xenics Cheetah-640CL TE3) coordinated with a
lens (Spacecom VF50M SWIR) that can transmit NIR-II
light, and a filter wheel (1000 nm, 1100 nm, 1200 nm,
1300 nm, 1400 nm, 1500 nm, Thorlabs, USA) was fixed
in the front end of the lens to capture NIR-II fluores-
cence. The NIR-II imaging field of view was approxi-
mately 10 cm. The wavelength of the excitation laser was
808 nm with the power set to be 21.10 mW /cm?, and the
exposure time was 0.3-2.0 s. All signals were detected
utilizing a 1000 nmLP filter unless otherwise specified.
To explore the relationship between the fluorescence
intensity of SeCF3-IRD800 and concentration, a multi-
ple dilution method was used to set the concentration
gradients of 0,12.5, 25, 50, 75, 100, 150, or 200 pug/mL
SeCF;-IRD800 solution with PBS as the solvent. The
influence of different solvents on SeCF5-IRD800 imag-
ing efficiency was further studied. Fetal bovine serum
(FBS) and PBS were used as solvents, and the same
concentration gradient was set as above. Each concen-
tration was set for three repetitions. The experimental
procedure involved using 6-week-old male Balb/c nude
mice for vessel imaging. SeCF;-IRD800 (0.3 mg/mlL)
was administered intravenously via the tail vein. Fluo-
rescence images were captured at wavelengths of
1000 nm, 1100 nm, 1200 nm, 1300 nm, and 1400 nm
using the aforementioned NIR-II equipment. The exci-
tation laser utilized was 808 nm with an exposure time
ranging from 10 ms to 1 s. A Complementary Metal
Oxide Semiconductor (CMOS) camera (PCO. edge 5.5,
PCO, Germany) equipped with an 850 + 40 nm band-
pass filter was employed to acquire NIR-I fluorescence
images. The excitation laser used for NIR-I imaging was
792 nm, while the exposure time was set to 30 ms. All
images were collected at RT. Image] software (National
Institutes of Health, USA, http://imagej.nih.gov/ij) was
used to analyze the data.

In vitro and in vivo toxicity of SeCF3-IRD800

For cell proliferation inhibition assays, 1 x 10° cells were
inoculated into each well of a 96-well plate and cultured
at 37 °C in a 5% CO, incubator for 24 h. After the cells
were stimulated for 24 h by adding 0, 4.375, 8.75, 17.5,
35, 70, 140, or 280 pg/mL of SeCF;-IRD800, the cell
supernatant was discarded, and fresh complete medium
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was added. Then, 10 pl of CCK-8 solution was added
and cultured for 3 h. The absorbance was measured at
450 nm with a microplate reader.

Male Balb/c nude mice (6 weeks old) were purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd (Beijing, Chaoyang). The SeCF;-IRD800
(200 nmol) in 100 pL PBS (M&C GENE Technology
(Beijing) Ltd.) was injected into healthy mice. The blood
samples were collected at 3 days (n = 3) and 30 days
(n = 3) after injection (500 pl per mouse), and after being
placed at RT for 1 h, the upper serum was centrifuged
by ultra-fast refrigerated centrifuge (4 °C, 15,000 rpm).
Liver function (AST, ALT, ALB) and renal function
(BUN, CREA, UA) were monitored. Then, the mice
were sacrificed and major organs were dissected and
stained with hematoxylin and eosin (HE staining) for
histology analysis.

Construction of mouse liver cancer Xenograft
Models or hepatic fibrosis models

All mice were purchased from Beijing Vital River
Laboratory Animal Technology Co.Ltd. (Beijing,
Chaoyang) and were raised under standard conditions
in the Zoology Hall of the Institute of Automation,
Chinese Academy of Sciences. High and low HDAC6
expression level HCC cell lines HepG2 labeled lucif-
erase (HepG2-luc) and HCCLM3-luc were used to
construct the subcutaneous tumor and in situ liver
tumor models of male Balb/c nude mice aged 4 weeks,
respectively. Then, 2 x 10° cells were mixed with
100 pl PBS and implanted subcutaneously. The mice
were kept warm after the operation. Tumor growth
was observed two weeks later. Similarly, 2 x 10° cells
were mixed with the same volume of PBS and Matri-
gel basement membrane matrix (Biocota, Corning)
and implanted under the liver capsule. Post-anesthesia
air embolism in mice with excessive tumor burden or
age.

Balb/c mice, male, 4 weeks, were selected to estab-
lish hepatic fibrosis models. Induction methods were
performed by intraperitoneal injection of CCl, solution
(60% olive oil, 2 mL/kg, twice a week for 6 weeks). Then
Sirius scarlet staining was used to demonstrate the de-
gree of fibrosis after NIR-II imaging. Immunohisto-
chemistry (IHC) was wused to evaluate HDACG6
expression in hepatic fibrosis tissues.

Bioluminescence imaging

The IVIS Spectral in vivo Imaging System (Caliper Life
Sciences, Waltham, Massachusetts) is being used to
acquire bioluminescent imaging (BLI) to locate tu-
mors. The tumor-bearing mice were anesthetized with
2% isoflurane and intraperitoneal injected with
150 mg/kg/100 pL of normal saline. BLI images were
collected 5 min after injection of D-luciferin. IVIS CT-
BLI fusion scanning was used for in vivo three-
dimensional (3D) reconstruction of tumors.
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NIR-1I fluorescence imaging
Tumor-bearing mice (n = 12) were randomly divided
into two groups, one of which was injected with SeCF;-
IRD800 (150 pg/mL, 120 pl), and the other group was
injected with ICG solution (0.25 mg/kg, 120 pl). NIR-II
images were collected before injection (0 h), 2, 4, 6, 8,
10, 12, 24, and 48 h after injection, and the fluorescence
intensity of the tumor area, Tumor to background signal
ratio (TBR), and the fluorescence signal of the liver area
on the body surface were counted. All images were
collected with the exposure time 0.3 s~1 s.
Tumor-bearing mice (n = 4) were sacrificed 8 h after
SeCF;-IRD800 injection and their major organs, tu-
mors, and gastric contents were isolated for ex-vivo NIR-
IT imaging. The fluorescence intensity of each sample
was measured, and the fluorescence signal ratios of
tumors and major organs to the liver were calculated.
The mice with liver fibrosis (n = 6) and orthotopic
liver cancer (n = 6) were injected with the same dose of
SeCF;-IRD800. NIR-II imaging was performed 8 h after
in vivo liver exposure to measure the fluorescence signal
intensity of the fibrotic liver, normal liver, and tumor
areas. These mice were then sacrificed, and HE and
[HC staining were used to evaluate HDACG6 expression,
while Sirius red staining was used to determine the
degree of fibrosis.

In vivo targeting evaluation

A total of eighteen mice with subcutaneous tumors were
divided into three groups: high HDAC6 expression
imaging group (Imaging/HepG2, n = 6), low HDAC6
expression imaging group (Imaging/HCCLM3, n = 6),
and blocking group (Blocking/HepG2, n = 6). The
Blocking/HepG2 group received a slow injection of a
1.8 mg/mL aqueous solution of Vorinostat (SAHA)
(Beijing InnoChem Science & Technology Co. Ltd.)
(IC50 = 2.7 mg/mL) at a volume of 500 pl, which was 55-
fold greater in concentration than the SeCF;-IRD800
concentration. The other two groups were injected with
500 pl of PBS. After 45 min of SAHA or PBS injection,
all mice were injected with 150 pg/mL and 120 pl
SeCF3-IRD800. NIR-II fluorescence images were ob-
tained at 0, 4, 8, 12, and 24 h after injection, and sub-
sequently analyzed using Image] software. IHC was
performed to confirm the HDACG expression level in
the tumors. The mice were kept warm throughout the
experimental duration.

NIR-1I fluorescence image-guided surgery on tumor-
bearing mice

The IVIS CT-BLI fusion scan was used for preoperative
three-dimensional tumor reconstruction in mice with
HepG2-Luc tumors. The mice were injected with SeCF3-
IRD800 (150 pg/mL, 120 pl) intravenously 8 h before
surgery. Before tumor resection, the mice were anes-
thetized and positioned on the operating table. The
surgical approach involved visual diagnosis and NIR-II
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fluorescence exploration. The visible tumor was first
removed through visual inspection, followed by NIR-II
imaging in the surgical area to confirm the absence of
any remaining lesions based on visual or fluorescence
examination. The presence of tumor tissue was
confirmed using HE staining.”

HE staining and immunohistochemistry

Tumors and major organs dissected from mice mo-
dels were fixed in 4% paraformaldehyde. The fixed tis-
sues were then embedded in paraffin. Sections (4-pm
thick) were cut and stained with HE staining.

A total of 29 pairs of HCC samples with their cor-
responding noncancerous liver tissues from patients
with HCC and 4 additional cases of fatty liver tissues
were obtained from the Department of Hepatobiliary
Surgery and Liver Transplantation, the Fifth Affiliated
Hospital of Sun Yat-Sen University. All tissues came
from patients with liver cancer who underwent surgical
treatment in the above department between June 2018
and August 2020. All information about the partici-
pants was obtained from recorded patient reports, and
information about tumor size, major or micro-vascular
invasion, metastasis, postoperative recurrence, post-
operative pathology reports, and postoperative follow-
up were obtained from medical records from
patients. Sex information was obtained through self-
reporting by research participants. Fresh samples
derived from patients with HCC for IHC were pro-
vided by the Department of Hepatobiliary Surgery,
Chinese PLA General Hospital. Immunohistochem-
istry was applied to all clinical samples to analyze
HDACG6 expression. A rabbit polyclonal anti-HDAC6
antibody (Beijing Zhongyuan Heju Biotechnology
Co., LTD) (Abcam Cat# ab61173, RRID: AB_941881),
HRP-conjugated goat anti-rabbit secondary antibody
(Service-bio, Wuhan, China) (ServiceBio Cat#
GB23303, RRID: AB_2811189) were used for IHC,
respectively.

Incubation and Ex vivo imaging of fresh samples
derived from patients with HCC

Tumor and liver tissues were collected during surgery
and immediately placed in PBS. The specimens were
shaken at 60 rpm for 5 min, repeated 3 times. One tu-
mor tissue was incubated with SAHA at a concentration
of 100 pM/mL for 45 min, followed by incubation in
SeCF;-IRD800 at a concentration of 20 pM/mL. After
45 min of incubation, the PBS washing procedure
described above was repeated.” Fluorescence imaging
of the above specimens was performed by the above
NIR-II imaging system with a 300 ms exposure time
and 1000 nmLP filter. The excitation wavelength was
808 nm and fluorescence above 1000 nm was collected.”
The samples were then fixed in 4% formaldehyde and
embedded in paraffin. Three consecutive sections with a
thickness of 4 pm were cut from the embedded tissues.

HE staining and immunohistochemical staining were
performed on these sections.

Statistical analysis

The experimental data were analyzed using GraphPad
Prism 9.5 and presented as mean = standard deviation
(SD). Student’s t-test for comparing two groups, simple
linear regression for assessing the correlation between
two quantitative variables, Multiple comparison for
analyzing differences between multiple variables, and
Chi-square test for analyzing contingency tables. When
*p < 0.05, it was statistically significant (¥, **, *** and
**%% represents p < 0.05 p < 001, p < 0.001
and p < 0.0001). Image] was used to quantify data and
convert it into pseudo color. Image-Pro Plus 6.0 was
employed to analyze the expression of HDACG6 in [HC.

Role of the funding source

The sponsors of the study had no role in the study
design, data collection, data analyses, data interpreta-
tion, manuscript writing, or the decision to submit the
paper for publication.

Results

Expression of HDACG in cell lines and samples from
patients with HCC

Western blot was used to detect the expression of
HDACG6 in human normal liver cells LO2, HCCLM3,
PLC/PRF-5, HepG2, Huh7, Bel-7402 liver cancer cells,
and primary liver cancer cells. HDACG is the highest
expressed in HepG2, and HCCLM3 had low expression
(Fig. 1a). Bands quantitative analysis showed that the
gray value ratio of HDACG6 and internal reference
GAPDH in primary HCC cell, LO2, HepG2, and
HCCLM3 was 0.93, 0.02, 1.30, and 0.65, respectively
(Fig. 1b). These results provided a basis for the estab-
lishment of tumor-bearing mice models. HDACG6
expression in HCC tissues was significantly higher than
in peritumoral normal tissues among the 29 pairs of
samples from patients with liver cancer (****p < 0.0001,
Multiple comparison) (Fig. 1c). Out of the 29 patients,
23 showed higher HDAC6 expression in cancer tissue
compared to normal tissue, resulting in a positive clas-
sification. Thus, the positive rate of HDACG6 in patients
with HCC was 79.3%. Among the patients with recur-
rence, 80.0% (12/15) exhibited a positive rate of
HDAC6. However, analyzing the baseline characteris-
tics of patients revealed no heightened recurrence risk
for those with a high HDACG6 expression (Chi-square
test) (Table S1). This discrepancy may be attributed to
the significant heterogeneity among patients with HCC
or the limited sample size. To address this, we classified
the clinical samples into various pathological types,
including HCC (n = 29), normal liver (n = 17), fatty liver
(4 additional fatty liver tissues were included, n = 5), and
liver fibrosis (n = 11), and conducted an IHC analysis to
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Fig. 1: HDAC6 expression levels in cells and clinical patients. (a ~ b) HDAC6 expression was generally up-regulated in liver cancer cells, with
the highest expression in HepG2 and the lowest expression in HCCLM3. It was not expressed in LO2. (c) HDAC6 was overexpressed in samples
from patients with liver cancer (n = 29). The relative expression level was statistically different (****p < 0.0001, Paired t-test). (d) The expression
of HDAC6 in HCC (n = 29) was significantly higher than that in normal liver (n = 17) and fatty liver (n = 5) (****p < 0.0001) (Student's t-test),

but not in liver fibrosis (n = 11) (Multiple comparisons).

assess the differential expression of HDAC6. The find-
ings revealed that HDACG6 expression was markedly
higher in HCC compared to normal liver and fatty liver
(****p < 0.0001, Student’s t-test), but there was no sig-
nificant difference observed in liver fibrosis (Fig. 1d).

Synthesis of SeCF;-IRD800

The synthetic route of probe SeCF3-IRD800 is depicted
in Fig. S1. First of all, intermediate 1 as the starting
material,”” which was prepared according to our previ-
ous reports, was reacted with (trifluoromethyl)trime-
thylsilane  (TMSCF;) under the catalysis of
tetrabutylammonium (TBAF) fluoride to obtain com-
pound 2. Subsequently, the protecting group Boc of 2
was removed by trifluoroacetic acid (TFA), affording the
key intermediate 3. Finally, the probe IRDye800cw-
SeCF; was accomplished by conjugating IRDye800cw-
NHS with intermediate 3.

Characterization of SeCF;-IRD800

The spectroscopic properties of SeCF;-IRD800 were
initially evaluated. The excitation spectra peak of SeCF;-
IRD800 was 773 nm (Fig. 2a). The peak of the
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absorption spectra appeared at 803 nm (Fig. 2b). The
fluorescence signal of SeCF3-IRD800 was still present in
the NIR-II window above 1000 nm and the emission
spectrum peak was 803 nm (Fig. 2c, local amplification),
which gradually weakened with the increase of the NIR-
II filter wavelength (Fig. 2d). The results indicated that
SeCF;-IRD800 could be used for NIR-II fluorescence
imaging.

To evaluate the bio-imaging capability of SeCF;-
IRD800, NIR-II fluorescence imaging experiments were
carried out in vitro. In the imaging experiments, the 808
laser was used as the excitation source because of its
widespread availability and low biological absorption. As
shown in Fig. 2e, the fluorescence intensity of SeCFs-
IRD800 at different concentrations was detected, and
the NIR-II fluorescence intensity of SeCF;-IRD800 is
linearly related to the concentration within a certain
range. The fluorescence intensity of simple dyes
IRDye800cw and SeCF;-IRD800 varied with the con-
centration in different solvents. The fluorescence in-
tensity of the fetal bovine serum (FBS) group was higher
than that of the PBS group, and the fluorescence in-
tensity of IRDye800cw was higher than that of SeCF;-
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IRD800 (Fig. 2f), indicating that the imaging efficiency
of SeCF3-IRD800 was significantly improved after it was
dispersed in blood. Compared to NIR-I and NIR-II
mouse vascular imaging, NIR-II has significant advan-
tages in imaging resolution and signal-to-noise ratio

(Fig. 2g).

Toxicity of IRDye800cw-SeCF; in cell lines and
normal Balb/c nude mice

The cytotoxicity of SeCF3;-IRD800 was evaluated on
normal liver cell line LO2, and HCC cell lines (HepG2-
luc, HCCLM3-luc) using CCK8 assays. SeCF3-IRD800
had no toxicity to the above 3 cell lines at the concen-
tration of 0~280 pg/mlL, and the cell survival rate
was still above 90% even at a high concentration of
280 pg/mL (Fig. S2a—c). No obvious toxic effects were
observed especially in normal cells, and the cell survival
rate was above 95%.

The biocompatibility of SeCF;-IRD800 was evaluated
in normal Balb/c nude mice. Dissolve 200 nmol SeCF;-
IRD800 in 100 uL PBS (M&C GENE Technology (Bei-
jing) Ltd.) and inject into healthy nude mice. Liver and
kidney functions were assessed after 3 days (n = 3) and
30 days (n = 3) of injection, and the results demon-
strated no detrimental effects caused by SeCF;-IRD800
on these functions (Table S2). Additionally, major or-
gans including hearts, livers, spleens, lungs, and kid-
neys were extracted for pathological analysis (Fig. S2d).
The findings revealed no observable pathological
changes or significant toxic effects induced by SeCF;-
IRD800 on these organs.*

Based on these results, it can be concluded that
SeCF;-IRD800 exhibits excellent biosafety and holds
great potential for various in vivo biomedical imaging
applications.

In vivo and Ex vivo NIR-Il imaging

To demonstrate the metabolic characteristics of SeCF;-
IRD800, we intravenously injected SeCF3-IRD800 and
ICG into HepG2-luc tumor-bearing nude mice (n = 6,
respectively). Subsequently, self-developed closed-field
NIR-II fluorescence imaging equipment was used to
observe the NIR-II fluorescence signal. The tumor-
bearing mice were imaged using NIR-II 1000 nm long
pass filters.

In the SeCF3-IRD800 group (red line), we observed
NIR-II fluorescence signal in the tumor area at 2 h,
which gradually increased and reached its peak at 8 h
(7658.41 = 933.34) (Fig. 3a). This peak was associated
with the highest TBR of 5.20 + 1.04 (Fig. 3b and ¢).
Subsequently, the fluorescence signal weakened over
time. Nevertheless, the ICG group (blue line) exhibited
a low level of tumor fluorescence signal within 48 h.
The fluorescence intensity and TBR of the ICG group
were significantly different from those of the SeCF;-
IRD800 group, as confirmed by the student’s t-test. The
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SeCF3-IRD800 group showed a rapid decline in liver
region fluorescence intensity. At 48 h, the average
fluorescence intensity in the ICG group was
2416.86 + 769.67. There was a significant difference in
fluorescence intensity between the two groups at each
time point within the 48 h (**p < 0.05, Paired t-test)
(Fig. 3d).

Ex vivo color and NIR-II imaging of organs after
intravenous injection 8 h to show the biodistribution of
SeCF;-IRD800 (n = 4) (Fig. S3a and b). The fluorescence
signal of the tumor was much higher than that of all
major organs in mice, the low fluorescence signal was
observed in the liver area, indicating that SeCF3-IRD800
could be rapidly metabolized in vivo through the kid-
neys. This result also confirmed the small-molecule
property of SeCF;-IRD800. The uptake of SeCF;-
IRD800 by tumors was significantly higher than that of
other ex vivo organs (Fig. S3c), and all were statistically
significant (****p < 0.0001, Multiple comparison).
Further study of the tumor and major organs to liver
intensity ratio (Fig. S3d). The fluorescence signal ratios
of the tumor and organs to the liver were further
quantified and there were significant differences
(****p < 0.0001, Multiple comparison). Tumor to liver
ratio (TLR) was used to describe the differentiation of
fluorescence intensity of tumors compared with the
liver. The highest TLR was 10.97, and the average TLR
was 6.86 + 3.28 (Fig. S3d). These data indicated that
SeCF3-IRD800 could easily distinguish tumors from
other organs, and had a promising application prospect
in fluorescent navigation surgery for liver cancer.

In vivo targeting experiments

To evaluate the targeting ability in vivo, NIR-II imaging
at different time points of intravenous injection SeCF;-
IRD800 in HepG2-Luc and HCCLM3 subcutaneous
xenograft tumor models (n = 12) and in HepG2-Luc
subcutaneous tumor blocking experiments (n = 6)
were carried out. As shown in Fig. 4a, the average
fluorescence intensity of the Imaging HCCLM3 group
and Blocking HepG2 group was lower than that of the
Imaging HepG2-Luc group at all time points. Notably,
the optimal observation time was determined to be 8 h
after injection (Fig. 4b). The average fluorescence in-
tensity for the 3 groups was measured as follows: Im-
aging HepG2 group (15,029.12 + 1841.44), Imaging
HCCLM3 group (11,216.16 + 975.70), and Blocking
HepG2 group (5542.80 + 1452.13) (***p < 0.001, Stu-
dent’s t-test). The TBR values for the Imaging HepG2-
Luc group, Imaging HCCLM3 group, and Blocking
HepG2 group were determined as 4.55 = 0.49,
3.04 £ 0.78, and 0.98 + 0.37, respectively (***p < 0.001,
Student’s t-test) (Fig. 4c). The results strongly indicated
that SeCF5-IRD800 exhibits in vivo targeting capabilities
for HDACG6-positive HCC tumor cells, enabling efficient
identification of HDAC6-positive tumor cells.
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Fig. 3: In vivo NIR-Il imaging and biodistribution of SeCF;-IRD800 for subcutaneous tumor-bearing mice. (a) In vivo imaging of SeCF5-
IRD800 and ICG. The tumor fluorescence signal acquisition area is shown in the white dotted line box on the right side of mice. (b ~ ¢)
Quantitative analysis of fluorescence intensity and TBR over 48 h. The fluorescence intensity of tumors increased gradually after injection of
SeCF3-IRD800 and reached the highest fluorescence intensity and the best TBR at 8 h (7658.41 + 933.34, 5.20 + 1.04, respectively) (Red line).
ICG accumulates in the liver and the tumor has no fluorescence signal. (Blue line) (d) Comparison of liver fluorescence signals between SeCF5-
IRD800 and ICG imaging (SeCF3-IRD800: Red line. ICG: Blue line). Imaging filter:1000 nmLP. Exposure time:300 ms. Excitation
wavelength:808 nm. Laser power density: 21.10 mW/cm?. Imaging field of view: 10 cm. The type of camera sensor: InGaAs.

NIR-1I fluorescence-guided HCC surgery
Radical resection of liver cancer is the only possible
curative method for patients with HCC, and fluorescent
targeting probes can be supplemented to achieve accurate
and comprehensive resection of tumors. Based on pre-
vious in vivo imaging results, the fluorescence-guided
resection effect of SeCF;-IRD800 was further carried
out under the fluorescence guidance of NIR-II on liver
cancer in situ. As shown in Fig. 5, IVIS CT-BLI recon-
struction showed the 3D location of the tumor (Fig. 5b),
and subsequently, the mouse abdomen was dissected
open to expose the liver, the procedure of fluorescent-
guided surgery is shown in Fig. 5c. Then the tumor
was removed visually, but strong fluorescence was still
present in the surrounding area detected by NIR-II. Thus,
the fluorescence area was further resected. HE staining
confirmed that the residual lesion was a tumor (Fig. Se).
In addition, the fluorescence intensities of the tumor and
liver area were recorded during the operation and were
statistically significant (****p < 0.0001, Student’s t-test)
(Fig. 5d). The results proved that the tumor and normal
liver area could be accurately distinguished by the fluo-
rescence guidance of NIR-II to satisfy the clinical appli-
cation need for complete HCC tumor resection.
Interestingly, during the experiment, an in-situ
mouse did not show any tumor lesions under white
light with exposed liver (Fig. 6a). However, it was found
to exhibit strong signals in both BLI and NIR-II (Fig. 6b

and c). Subsequently, NIR-II fluorescence-guided sur-
gery was performed until the mice showed no BLI and
NIR-II fluorescence. Removing cancer tissues were
further subjected to NIR-II imaging and HE staining.
The results showed that the maximum diameters of the
tumor fluorescence areas were 2.0 mm and 2.5 mm,
respectively (Fig. 6d). The corresponding resected tis-
sues were confirmed to be tumors by HE staining
(Fig. 6e and f). The findings reveal that SeCF3-IRD800
can assist surgeons in detecting sub-2.0 mm micro-
scopic lesions that are invisible under white light and
can also effectively identify tumor margins under NIR-II
fluorescence guidance.

More than half of patients with HCC have a back-
ground of liver fibrosis or cirrhosis.** To evaluate the
imaging effect of the SeCF;-IRD800 in various patho-
logical backgrounds, we conducted NIR-II imaging on
mice with liver fibrosis (n = 6) and mice with in situ liver
tumors (n = 6). NIR-II imaging was performed 8 h after
intravenous injection, allowing for visualization of the
mice above (Fig. 7a). Pathology histology analysis was
conducted to validate the findings. Sirius Red staining
was utilized to visualize fibrosis liver, indicated by
collagen deposition (black arrow). Additionally, HE
staining was performed to differentiate the tumor from
normal liver, and THC was used to quantify HDAC6
expression levels (Scale bars: 1000 pm, 50 pm) (Fig. 7b).
Quantitative analysis was carried out on both the
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type of camera sensor: InGaAs.

fluorescence intensity and HDACG6 expression levels in
the liver fibrosis and in situ liver cancer (n = 6) models
(Fig. 7c and d). There is a statistically significant dif-
ference in fluorescence intensity and HDACG6 expres-
sion levels between fibrosis liver, normal liver, and
tumor (*p < 0.05, Student’s t-test). We further
confirmed the correlation between fluorescence in-
tensity and HDAC6 expression level (R? = 0.8124,
Simple linear regression) (Fig. 7e).

Sample from patients with HCC incubation of
SeCF3-IRD800

Cancer and adjacent tissues from 3 patients were divided
into 3 groups: Tumor/SeCF;-IRD800 for the tumor
imaging group, Tumor/SAHA/SeCF;-IRD800 for the
tumor blockade group, and Liver/SeCF;-IRD800 for the
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liver imaging group. As shown in Fig. 8a, the fluores-
cence intensity of Tumor/SeCF;-IRD800 was recogniz-
able as higher than the other groups. IHC confirmed
that the HDAC6 was highly expressed in tumors, but
expressed at a lower level in the liver (Fig. 8b). Further
quantitative analysis of fluorescence intensity (Image],
NIH, https://imagej.nih.gov/ij/) and HDACG expression
levels (Image-Pro Plus 6.0) indicated that the fluores-
cence signal of the Tumor/SAHA/SeCF;-IRD800 and
Liver/SeCF5-IRD800 was significantly lower than that of
the tumor imaging group (****p < 0.0001, Student’s t-
test) (Fig. 8c). However, there was no significant differ-
ence in HDACG expression levels between the Tumor/
SAHA/SeCF;-IRD800 and Tumor/SeCF;-IRD800, indi-
cating that the difference in fluorescence intensity was
due to HDACG6 blockade. The expression level of
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Fig. 5: NIR-II fluorescence-guided surgery for HCC. (a) Color imaging of the mice. (b) BLI-CT 3D reconstruction of the tumor. (Tumor area:
Gray dashed wireframe) (c) Fluorescence-guided surgery process. Step 1: white light examination for HCC lesions. Step 2: first resection under
white light. Step 3: NIR-II fluorescence-guided examination for residual lesions. Step 4: Removal of residual lesions. (d) Quantitative analysis of
intraoperative fluorescence intensity in livers (blue) and tumors (red) (n = 6) (****p < 0.0001, Student’s t-test). (e) Pathological results of all
residual lesions (Scale bars: 500 pm, 50 pum, respectively). Imaging filter:1000 nmLP. Exposure time:300 ms. Excitation wavelength:808 nm.
Laser power density: 21.10 mW/cm’. Imaging field of view: 10 cm.The type of camera sensor: InGaAs.

HDACG6 in the Liver/SeCF;-IRD800 was significantly
lower than that in the Tumor/SeCF;-IRD800
(***p < 0.001, Student’s t-test), and the difference in
fluorescence intensity was due to differences in the
HDACG6 expression (Fig. 8d). These results suggest that
SeCF;-IRD800 has a specific targeting ability to HDAC6
and has great potential for clinical transformation in
guiding tumor resection during liver cancer surgery.

Discussion

Surgical resection remains the primary therapeutic
approach for hepatocellular carcinoma (HCC) and offers
the potential for long-term benefits. However, challenges

arise in accurately distinguishing HCC lesions from
normal liver tissue due to subjective factors like visual
diagnosis and palpation. Furthermore, preserving suffi-
cient liver parenchyma is crucial for liver function and
recovery of patients. Thus, the accurate intraoperative
identification of HCC tissue to achieve complete tumor
resection and reduce recurrence is pivotal for advancing
HCC diagnosis and treatment. Fluorescence imaging has
been a reliable tool for supporting surgical lesion iden-
tification and functional preservation for decades.”® Spe-
cifically, near-infrared fluorescence imaging, notably
NIR-II imaging, has been successfully applied to liver
cancer fluorescence-guided surgery, yielding survival
benefits for patients with HCC.*
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before resection. Step 2: first resection. Step 3: second resection. (c) NIR-Il fluorescence-guided surgery process. The mouse was repeatedly
imaged until no BLI signal was detected in the liver. (d) Size analysis for the 2 lesions. (e ~ f) Intraoperative HE staining of the above 2 lesions.
(Scale bars: 1000 pm, 50 pm). Imaging filter:1000 nmLP. Exposure time:300 ms-1000 ms. Excitation wavelength:808 nm. Laser power density:
21.10 mW/cm?. Imaging field of view: 10 cm.The type of camera sensor: InGaAs.

In recent years, significant progress has been made
in NIR-I fluorescence-guided surgery (FGS). However,
FDA-approved fluorescent dyes such as ICG, due to
their non-specific accumulation within liver tissue,
result in high background signals, particularly in liver
cancer surgery originating from liver fibrosis or
cirrhosis, where false-positive rates can reach 40%. In
addition, IRDye800cw, a fluorescent dye proven through
clinical trials, offers a longer emission wavelength
compared to ICG, reducing tissue scattering and
enhancing imaging quality. Enhanced stability and
quantum yield allow it to maintain fluorescence signals
at lower concentrations for extended periods, achieving
excellent biocompatibility. Additionally, IRDye800cw
has been shown to exhibit NIR-II tail signals, capturing
fluorescence signals above 1000 nm, making it widely
applicable in biomedical research.”* Interestingly, small
molecule fluorescent targeting probes can efficiently
reduce the liver background signal and improve the
tumor liver signal ratio (TLR).* Thus, the development
of small-molecule fluorescent targeted probes may
represent a crucial breakthrough in addressing the
challenges of fluorescence-guided navigation in liver
cancer surgery.

www.thelancet.com Vol 98 December, 2023

HDACs are a family of enzymes and play distinct
roles in various stages of tumor initiation and progres-
sion. HDACSG, a subtype of HDACs, has been shown to
contribute to carcinogenesis and regulate EMT in
various cancers such as ovarian and breast cancers.
Overexpression of HDACG is associated with anchorage-
independent proliferation, tumor invasion, and carci-
nogenesis.”*** Although HDAC6 has been reported as a
tumor suppressor inhibiting HCC development,*
studies also indicate its potential for promoting tumor
progression through inhibiting p53 transcriptional ac-
tivity or enhancing HCC cell migration and invasion.**
Currently, a range of HDAC6-specific targeted drugs
has entered clinical trials, showing promising thera-
peutic effects.””* In this study, HDAC6 immunohisto-
chemical staining was performed on 29 HCC tissues
and adjacent tissues, revealing significant expression
differences with statistical significance (****p < 0.0001,
paired t-test). Further inclusion of 4 cases of fatty liver
tissues categorized the above tissues into liver cancer
(n =29), normal liver (n = 17), liver fibrosis (n = 11), and
fatty liver (n = 5). Statistical analysis indicated statisti-
cally significant differences in HDAC6 expression be-
tween normal liver tissue and tumor tissue, as well as
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Fig. 7: Hepatic Fibrosis and in-situ Liver Cancer Imaging with SeCF5-IRD800. (a) NIR-Il imaging of hepatic fibrosis (n = 6) and in-situ liver
cancer (n = 6) at 8 h after intravenous injection. (b) Pathology histology analysis. Normal liver, fibrosis liver, and tumor left to right respectively.
(HE staining: normal liver and tumor, Sirius red staining: fibrosis liver (black arrow, collagen deposition). IHC: HDAC6 expression levels among
the above tissues). (c ~ d) Quantitative analysis of fluorescence intensity and HDAC6 expression level was performed in liver fibrosis (n = 6) and
in-situ liver cancer (n = 6) models. (e) Correlation analysis between fluorescence intensity and HDAC6 expression in the above tissues
(R? = 0.8124, Simple linear regression). Imaging filter:1000 nmLP. Exposure time:300 ms. Excitation wavelength:808 nm. Laser power density:
21.10 mW/cm’. Imaging field of view: 10 cm. The type of camera sensor: InGaAs.

fatty liver tissue and tumor tissue (¥***p < 0.0001,
Student’s t-test). Interestingly, no significant difference
was observed between liver fibrosis and liver cancer
tissue, possibly due to the heterogeneity of liver cancer
and sample size limitations. Therefore, HDACG6 can be
regarded as a specific molecular marker for liver cancer
imaging, facilitating precise surgical diagnosis and

treatment by identifying HDAC6-positive liver cancer
lesions intraoperatively.

In recent years, multi-modal imaging probes target-
ing HDACs for different tumors have been developed,”
such as LBH589-Cy5.5* for breast cancer detection and
18 F-SAHA™ for ovarian cancer detection. In terms of
imaging modalities, nuclear imaging, and NIR-I
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Fig. 8: Incubation of samples from patients with HCC with SeCF;-
IRD800. (a) Color and NIR-Il imaging after incubation. Imaging filter:
1000 nmLP. Exposure time:300 ms. Excitation wavelength:808 nm.
Laser power density: 21.10 mW/cm?. Imaging field of view: 10 cm.The
type of camera sensor: InGaAs. (b) HE staining and IHC after incu-
bation with SeCF5-IRD800. (Scale bars: 1000 pm and 50 pm,
respectively) (c) Quantitative analysis of fluorescence intensity. Tumor/
SeCF3-IRD800 vs. Tumor/SAHA/SeCF5-IRD80O, Liver/SeCF;-IRD800
(****p < 0.0001, ****p < 0.0001, respectively. Student’s t-test). (d)
Quantitative analysis of HDAC6 expression (Student's t-test). Tumor/
SeCF3-IRD800 vs. Tumor/SAHA/SeCF5-IRD800(No significance, Stu-
dent's  t-test), Tumor/SeCF;-IRD800 vs.  Liver/SeCF;-IRD800
(***p < 0.001, Student’s t-test).

imaging have limited penetration depths, while NIR-II
imaging can reach depths of up to 3 cm, providing
deeper insights. Additionally, low imaging resolution
limits the observation of fine structural details in sam-
ples. Moreover, nuclear and NIR-I imaging are suscep-
tible to environmental light interference, leading to
background noise. Most research in this area has
focused on cancers such as ovarian and breast cancer,
with relatively fewer studies on liver cancer intra-
operative imaging, and many have targeted the HDAC
family rather than specific subtypes, which might have
implications for other physiological functions.
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In this study, we labeled the trifluoromethyl-
modified HDAC6 inhibitor 6 (SeCF;) with
IRDye800cw-NHS, designed, and synthesized a small-
molecule fluorescent imaging probe targeted at the
specific HDAC6 subtype, SeCF;-IRD800. We applied
this probe for in vivo NIR-II imaging, demonstrating its
rapid kidney metabolism, specific accumulation in tu-
mor regions, low liver fluorescence signal compared to
tumor regions, and successful mitigation of the high
liver fluorescence background signal issue inherent to
fluorescence imaging. SeCF;-IRD800 proves valuable
for HCC and FGS fluorescence imaging, showing
excellent biocompatibility. In vivo NIR-II imaging indi-
cated that after 2 h of SeCF;-IRD800 intravenous in-
jection, fluorescence appeared in the tumor region,
reaching maximum fluorescence intensity and TBR at
8 h. The optimal imaging time exhibited tumor fluo-
rescence signals (7658.41 + 933.34) and high TBR
(5.20 + 1.04). Additionally, imaging experiments with
various expression levels demonstrated its HDACG6-
specific targeting capability in multiple HCC tumor
models, suitable for NIR-II intraoperative imaging.
The feasibility of fluorescence-guided surgery was
confirmed, enabling the detection of sub-2 mm tumor
lesions under white light, and facilitating surgical
decision-making. Further imaging of liver fibrosis mice
demonstrated that SeCF;-IRD800’s imaging efficacy
remains unaffected by liver pathological conditions.
The correlation between HDACG6 expression levels and
corresponding fluorescence intensities (R” = 0.8124) in
HCC, liver fibrosis, and normal liver tissue was
observed. SeCF;-IRD800 identified HDAC6-positive
human liver cancer specimens, presenting advantages
in intraoperative identification during liver cancer sur-
gery. Thus, the rapidly metabolized small-molecule
NIR-II fluorescence probe targeting HDAC6, SeCFs-
IRD800, holds significant clinical translational value.

Currently, several targeted probes for different bio-
markers have entered clinical trials. However, these
probes, combined with monoclonal antibodies, exhibit
prolonged in vivo distribution and metabolism times,
accumulating in the liver and causing excessive back-
ground noise, which makes them less suitable for liver
tumor imaging.®*> The combination of a small-
molecule compound targeting HDAC6 and a fluores-
cent dye, as achieved in this study, effectively avoids
liver fluorescence signals. SeCF3-IRD800 injection ach-
ieves optimal imaging within 8 h, delivering high tumor
fluorescence signals with a low fluorescence back-
ground signal. This provides a new solution for the
clinical translation of liver cancer-targeted probes.

This study still presents limitations. First, our
study represents preliminary application experiments
for SeCF;-IRD800, focusing on “feasibility” and “how
to use,” without investigating its sensitivity and sur-
gical margins. Second, although SAHA has a drug
half-life of approximately 10 h,””** we did not
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determine the blood half-life of SeCF;-IRD800. A
prolonged half-life might pose risks of adverse effects.
Moreover, subjective bias may exist in fluorescence
signal and background signal acquisition, potentially
causing selection bias. However, due to tumor het-
erogeneity and individual differences in tumor size
and target expression, the imaging results might be
influenced. Lastly, limitations in animal models led to
the absence of imaging evidence for HCC models
stemming from hepatic fibrosis, weakening the im-
aging efficacy evidence for liver fibrosis, normal liver,
and liver cancer. In FGS, limitations in operator
manipulation and mouse liver size prevent complete
simulation of clinical liver cancer curative resection,
resulting in limited tumor edge detection. Tumor
animal models still cannot fully replicate the tumor
biological performance of patients with liver tumors,
neglecting the impact of the primary tumor microen-
vironment on metabolism.

In summary, we successfully designed and synthe-
sized the NIRII probe SeCF;-IRD800, targeting
HDACG6 for liver cancer imaging and fluorescence-
guided surgery. This probe enables precise in vivo
HDAC6-targeted imaging of liver cancer and rapidly
metabolizes through the kidneys, achieving optimal
imaging at 8 h. Imaging remains unaffected by liver
pathological conditions, initiating preliminary explora-
tion of fluorescence-guided surgery and detecting sub-2
mm microtumor lesions invisible under white light.
Clinical tissue incubation experiments also revealed its
specific binding capability to clinical tissue samples.
Therefore, SeCF;-IRD800 can be used for detecting
HDACG expression levels in tumors, liver cancer tar-
geted imaging, NIR-II fluorescence-guided liver cancer
surgery, and identifying clinical HDAC6-positive liver
cancer tissue, offering significant clinical translational
value and promising clinical prospects.
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