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ARTICLE INFO ABSTRACT

Keywords The in-situ post-embolization fluorescence-guided hepatectomy for hepatocellular carcinoma (HCC) requires
Hepatectomy precise embolic formulation that meets both preoperative and intraoperative needs of hepatobiliary surgeons. In
Embolization this Editorial, we highlight the development of Superstable Homogeneous Iodinated Formulation Technology
Fluorescence (SHIFT) for locoregional HCC treatment. It is believed that such an intelligent solution could resolve unmet
Is_llélgT formulation needs and make a major stride to bridge the preoperative gap of precision hepatectomy.

ICG

Introduction intravenous injection of ICG.'%!! Moreover, a potential concern is that

Hepatocellular carcinoma (HCC) is the fifth most common cancer in
men worldwide, and the second leading cause of death from cancer in
China."? Among the curative treatments, including radiofrequency
ablation, liver transplantation, and hepatic resection, hepatic resection
remains the most viable option for resectable HCC. However, in
advanced-stage HCC, especially for patients with large or multiple tu-
mors, the risk of intraoperative bleeding and postoperative liver failure
often precludes hepatic resection.® These circumstances provide the
rationale for the application of hepatic embolization, an interventional
radiology catheter injection of the embolic agent into the portal vein or
hepatic artery to block the blood supply of tumors in the liver. Portal vein
embolization (PVE) is an effective procedure to facilitate major hepatic
resection, while transcatheter arterial embolization (TAE) and chemo-
embolization (TACE) are not only used to treat unresectable HCCs* but
are also widely applied as a preoperative procedure to shrink the tumor
size to satisfy the surgical criteria for patients with initially unresectable
HCCs.”

The gap between Lipodol-based TAE and fluorescence-guided hepatectomy

In the current clinical practice of hepatic resection, near-infrared
indocyanine green (ICG) has been intensively applied to guide preci-
sion hepatectomy.®® This could assist in reduced intraoperative blood
loss, a lower incidence of postoperative complications, a decline in the
recurrence rate, and an improved survival prognosis6’.” However, the
broad clinical usage of ICG-guided hepatectomy is limited due to its
instability and rapid clearance through hepatic blood flow after the

the intravenous dye may have limited accessibility to the tumor sites due
to vessel occlusion after the embolization (Fig. 1a). To this end, the
leading yet suboptimal solution is to intra-arterially perfuse a fluorescent
iodized emulsion prepared by mixing lipiodol with ICG. This allows the
co-deposition of lipiodol and ICG, but the existing emulsification
methods are hampered by the stratification and precipitation of ICG in
vivo due to the variable physical stability of the emulsion, which often
results in undesired hepatic clearance of ICG in advance of hepatectomy
(Fig. 1b). Given these difficulties, a robust fluorescent iodized formula-
tion is in a pressing need for successful fluorescence-guided hepatectomy
and its broad applications.

Key technological advances of SHIFT

Recently, Chen et al. reported an instant, clinically applicable
formulation technology, referred to as superstable homogeneous iodin-
ated formulation technology (SHIFT)12, which can generate an ultra-
stable homogeneous embolic fluid of the ICG-lipiodol hybrid via the
supercritical fluid (SCF) homogenization process. The authors used su-
percritical carbon dioxide (CO3) as a dissolution medium in the ICG-
lipiodol mixing interaction. Unlike conventional liquid solvents, super-
critical CO» is a fluid state of CO-, where it exhibits fine-tunable solvation
strength with the modified temperature and pressurel3. In addition, CO5
is nontoxic and leaves minimal residue in products relative to organic
solvents.'® Notably, with its environmentally benign nature and highly
commercialized availability, supercritical CO, has been applied in both
food and pharmaceutical industries.

This robust SHIFT method can address the issues associated with
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TAE / TACE treatment is used to treat initially unresectable
HCCs and allows the shrinkage of the tumor to achieve re-
sectable stage. Lipiodol is the most frequently used embolic
agent.

ICG uses with post-TAE / TACE: The intravenous ICG dye
is subject to the rapid plasma clearance and insufficient se-

lective deposition at the tumor site.

prior to fluorescence-guided hepatectomy.

C —— Aorta

SHFT method generates carrier-free and ultrastable ho-
mogeneous embolic fluid of the ICG-lipiodol hybrid with
high embolization and fluorescence performance.
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pre-operation due to the rapid clearance, poor photo- and
physical instability.

SHIFT method enables the massive increase of signal
intensity, photo- and physical stability of ICG-embolic agent,
which meets the clinical needs of fluorescence-guided
precision hepatectomy following the TAE treatment in HCC.

Fig. 1. A schematic diagram showing the differences between conventional procedures and the SHIFT method for the fluorescence-guided hepatectomy following the
TAE/TACE treatment. a) The direct use of ICG on post-TAE/TACE treatment as a sequential manner. b) The use of conventional lipiodol-ICG mixture for TAE/TACE
treatment followed by fluorescence-guided hepatectomy. ¢) The SHIFT method is introduced to counter the existing issues of conventional ICG-lipiodol formulation

and bridge the preoperative gap of fluorescence-guided hepatectomy of HCC.

conventional ICG-lipiodol formulation and bridge the preoperative gap
of fluorescence-guided hepatectomy of HCC (Fig. 1c). By controlling and
reforming the intermolecular interaction of ICG via SHIFT, the authors
demonstrated a drastic improvement in the fluorescence intensity, pho-
tostability, and physical stability of ICG-embolic agents, which may fulfill
the clinical needs of ICG-guided precision hepatectomy following TAE/
TACE treatment in HCC.

From a clinical point of view, desirable viscosity is essential for the
lipiodol embolic effect and high-sensitivity CT imaging.'* Thus, the ef-
fects of SHIFT on the viscosity of ICG-lipiodol agents were evaluated. As
expected, the SHIFT agent is virtually identical to that of the free lipiodol
agent12. The equivalent embolic effect and CT value between the SHIFT
and lipiodol groups were further confirmed in the rabbit VX2 tumor
model with the assistance of CT and MRI. To verify the intraoperative
navigation performance of SHIFTSs, it was compared to the conventional
lipiodol-ICG mixture in fluorescence-guided hepatectomy.'? The SHIFT
agent demonstrated a boosted fluorescence signal-to-noise ratio with
long-lasting signal intensity (>5 h) under the holographic navigation
system12. During resection, the tumor site was clearly located with

tumor boundaries identified by the SHIFT agent, whereas the
lipiodol-ICG mixture showed insufficient fluorescent signals pre- and
postoperatively due to rapid plasma clearance and unstable fluorescence.
In addition, the benefit of the SHIFT agent compared with either
mono-agent (ICG) or combinational mixture (ICG-lipiodol) was also
exhibited in both promoted photothermal conversion efficiency and
enhanced photoacoustic imaging. Based on these promising results, the
SHIFT agent may be rapidly moved to clinical development with further
evaluation in large animals to confirm its safety and benefits.

Conclusion and implications

The SHIFT strategy is a green physical method for multiagent
formulation. It enables in situ post-TAE, ICG-guided hepatectomy for
HCC, with high embolization and prolonged fluorescence performance.
This study makes a major stride to bridge the preoperative gap of
fluorescence-guided hepatectomy. From a future perspective, new de-
velopments in TAE/TACE formulations and novel theranostics (photo-
therapeutics, chemotherapeutics, and radiotherapeutics et al.) using
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SHIFT hold great potential in precision surgery, interventional therapy,
and drug delivery, leading to better therapeutic outcomes and survival
for patients with HCC.
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