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Abstract
Background This study aimed to investigate the feasibility and efficacy of near-infrared fluorescence-guided laparoscopic 
anatomical hepatectomy (LAH) using a novel indocyanine green (ICG)-human serum albumin complex (HSA) in patients 
with hepatocellular carcinoma.
Methods Clinical data of hepatocellular carcinoma patients who underwent ICG-HSA fluorescence-guided LAH at our 
center from January 2024 to April 2024 were prospectively collected and analyzed. Ultraviolet absorption spectroscopy 
was used to test the absorption and stability of ICG-HSA complex solutions under different conditions. After determining 
the optimal ratio, the complex was administered intravenously during surgery to perform negative staining via Glissonean 
pedicle isolation. LAH was performed along the fluorescence-demarcated boundaries.
Results Thirty-one patients were included (24 men; mean age, 54.61 ± 13.54 years). The median maximum tumor diameter 
was 2.80 (interquartile range [IQR], 2.00–4.00) cm. S8 segmentectomy (22.6%) and right posterior segmentectomy (19.4%) 
were the most common resections performed. Successful fluorescence negative staining was achieved in all patients using 
ICG and HSA at a 1:6 molar ratio at room temperature. Mean operation time was 297.58 ± 85.53 min, Median intraopera-
tive blood loss was 100.0 mL (IQR, 50.0–200.0). The median surgical margin distance was 0.90 cm (IQR, 0.40–1.50). The 
postoperative complication rate was 45.2% (35.5% Clavien–Dindo grade I and 9.7% grade II). The median length of hospital 
stay was 5.0 days (IQR, 4.0–5.0).
Conclusion ICG-HSA-assisted LAH is safe and feasible. Compared with free ICG, the novel ICG-HSA complex exhibits 
better optical properties and in vivo stability, which can improve the accuracy of intraoperative liver segment localization 
and optimize the anatomical dissection plane. It has the potential to become an ideal fluorescent imaging agent for anatomi-
cal hepatectomy.

Keywords ICG-HSA complex · Near-infrared fluorescence · Laparoscopic anatomical hepatectomy · Hepatocellular 
carcinoma

Hepatocellular carcinoma is the sixth most common 
malignancy and the fourth leading cause of cancer-related 
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mortality worldwide [1]. Liver resection remains the pri-
mary curative treatment option. Compared with non-anatom-
ical liver resection, laparoscopic anatomical hepatectomy 
enables a more thorough removal of the liver segment or 
subsegment harboring the tumor and eliminates potential 
intrahepatic metastases, thus improving oncological out-
comes. As a result, it is highly advocated by liver surgeons 
[2, 3]. However, accurately determining the borders of liver 
segments and subsegments and designing the optimal resec-
tion plane during surgery remains challenging, especially in 
minimally invasive liver resection procedures such as lapa-
roscopic hepatectomy.

In recent years, indocyanine green (ICG) dye-medi-
ated near-infrared fluorescence (NIF) imaging has shown 
promise in assisting anatomical liver resection. It enables 
accurate localization of the targeted liver segment, helps 
to reduce postoperative dysfunction of the remnant liver, 
and improves oncological outcomes [4, 5]. After intrave-
nous injection, ICG rapidly binds to plasma proteins and 
is taken up by hepatocytes, allowing real-time visualiza-
tion of liver tumors and parenchyma. However, it is poorly 
soluble in water, susceptible to concentration-dependent 
aggregation, and has a short hepatic retention time. These 
characteristics limit its widespread application to some 
extent [6, 7].

To overcome these limitations, we have developed a 
novel complex combining human serum albumin (HSA) 
and ICG (ICG-HSA). HSA is an endogenous protein which 
can improve the dispersibility and fluorescence perfor-
mance of ICG in aqueous solution [8, 9]. HSA can bind 
to ICG to form nanoparticles approximately 4–7 nm in 
size, which reduces the number of free ICG monomers 
and avoids background interference caused by their free 
diffusion [10]. Compared with free ICG, ICG-HSA exhib-
its better stability and longer hepatic retention time. We 
hypothesized that ICG-HSA might be an ideal NIF fluores-
cent tracer for guiding laparoscopic anatomical hepatec-
tomy. Therefore, we conducted a preliminary prospective 
clinical study to evaluate the feasibility and effectiveness 
of NIF-guided laparoscopic anatomical hepatectomy using 
ICG-HSA in patients with hepatocellular carcinoma. The 
study was registered on ClinicalTrials.gov and conducted 
in compliance with the Declaration of Helsinki and all 
relevant guidelines and regulations for research involving 
human subjects, human material, or human data.

Methods

This study has been reported in line with the PROCESS 
criteria [11].

Patient inclusion and exclusion criteria

Inclusion criteria: (1) Patients aged 18–75 years with 
malignant liver tumors requiring laparoscopic anatomi-
cal hepatectomy; (2) Preoperative Child–Pugh class A 
or B; (3) No contraindication to laparoscopic liver resec-
tion; (4) Expected survival ≥ 3 months; (5) Eastern Coop-
erative Oncology Group performance status score 0 or 1; 
and (6) Laboratory testing within 7 days prior to enroll-
ment meeting the following conditions: white blood cell 
count ≥ 2.5 ×  109/L, absolute neutrophil count ≥ 1.5 ×  109/L, 
platelet count ≥ 75 ×  109/L, hemoglobin ≥ 90 g/L; interna-
tional normalized ratio ≤ 1.5 × upper limit of normal (ULN); 
serum creatinine ≤ 1.5 × ULN; total bilirubin ≤ 1.5 × ULN.

Exclusion criteria: (1) No obvious ischemic demarca-
tion line after intraoperative blocking or isolation of the 
target liver pedicle, or liver fluorescence reaching an inten-
sity that interferes with the operation before intraopera-
tive intravenous injection of ICG; (2) ICG retention rate at 
15 min ≥ 20%; (3) Severe cardiopulmonary disease preclud-
ing surgery under general anesthesia; (4) Clinically signifi-
cant ascites or pleural effusion; (5) Active bleeding or coag-
ulation dysfunction; (6) Hepatic encephalopathy; (7) Allergy 
to ICG; (8) History of gastrointestinal bleeding within the 
past 6 months or tendency for gastrointestinal bleeding; (9) 
Severe gastroesophageal varices requiring treatment; (10) 
Objective evidence of past or present severely impaired lung 
function; and (11) Any clinical or laboratory abnormalities 
that may affect the safety evaluation.

Preparation and testing of the ICG‑HSA complex

Commercially available ICG and HSA solutions were mixed 
at different ratios at room temperature to ensure thorough 
mixing of ICG and protein and then formulated into test 
solutions of varying concentrations. Subsequently, an ultra-
violet spectrophotometer was used to measure changes in 
the absorption spectra of the complex solutions at different 
mixing times and ratios. After determining the optimal ratio 
and time, the stability at different temperatures was tested 
using the same method. The complex was then applied for 
use after the binding ability of ICG and HSA was verified 
via in vitro experiments and the key components and ratios 
of the novel ICG-HSA complex determined.

Surgical procedure

Based on preoperative three-dimensional reconstruction 
images, an anatomical plan was formulated to resect the 
liver segment or lobe where the tumor was located. All 
laparoscopic anatomical hepatectomies were performed 
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by the same hepatobiliary surgical team. Each surgeon had 
over 10 years of experience and had completed more than 
100 laparoscopic hepatectomies. After induction of general 
endotracheal anesthesia, patients were placed in the supine 
position for laparoscopic hepatectomy. The intra-abdominal 
pressure was set at 10–14 mm Hg. Central venous pressure 
was monitored and maintained below 5 cm  H2O. A Har-
monic ultrasonic scalpel (Ethicon, Cincinnati, OH, USA) 
was used to adequately mobilize the hepatic ligaments. The 
guideline-recommended "negative-staining method" was 
used to complete the hepatectomy [5].The hepatic pedicle 
of the lobe or segment planned for resection was isolated and 
occluded using the Glissonean pedicle transection technique 
after confirming the diseased area. Then, the ICG-HSA com-
plex was administered intravenously using an infusion pump 
at a rate of 1 mL per minute. Liver fluorescence imaging was 
performed in fluorescence mode using the FloNavi 214 K 
NIF system (OptoMedic, Guangzhou, China). Gain value 
was set to 2 and the injection of ICG-HSA was stopped 
when the liver surface began to show fluorescence imag-
ing. Intraoperative ultrasonography was used to confirm 
whether the tumor was located in the imaged liver segment. 
After confirming that the tumor was located in the non-flu-
orescent area and the resection margin was sufficient, the 
liver segment was resected along the fluorescent boundary 
while the hepatoduodenal ligament was clamped (Pringle 
maneuver) to stop liver blood flow. After the liver resection 
was completed, the liver specimen was extracted through 

the umbilical incision. Then, the pneumoperitoneum was 
deflated, the puncture sites were sutured, and the operation 
was completed (as shown in Fig. 1 and Video 1).

Perioperative data collection

Data collected included patient demographics (gender, 
age, body mass index), preoperative laboratory test results 
(coagulation function, platelet count, liver function, tumor 
marker levels), tumor characteristics (maximum diameter, 
hepatitis B virus infection status), and surgery characteristics 
(type of liver resection, operation time, intraoperative blood 
loss, presence of satellite nodules, microvascular invasion, 
tumor differentiation grade, and surgical margin distance). 
Postoperative follow-up outcomes included complications 
(Clavien–Dindo classification [12]), length of hospital stay, 
and liver function recovery on postoperative days 1, 2, and 
3 (as measured by levels of alanine and aspartate transami-
nases, albumin, and total bilirubin).

Statistical analysis

Data analysis was performed using SPSS software version 
23.0 (IBM Corp., Armonk, NY, USA). Categorical variables 
are expressed as frequencies with percentage. Continuous 
variables with a normal and non-normal distribution are pre-
sented as means with standard deviation and medians with 
interquartile range (IQR), respectively.

Fig. 1  The novel ICG and HSA complex combined with “ negative-
staining” fluorescence-guided laparoscopic anatomical sub-segmen-
tectomy. A Preoperative enhanced computed tomography revealed 
that the tumor was situated in the ventral segment of segment 8 
(S8v). B The ventral branch of segment VIII (G8v) was identified 
and occluded. C After successful negative staining, the fluorescent 
demarcation line between S8v and the parenchyma intended for pres-

ervation was highly distinct and conspicuous. D-E After the complete 
separation of S8v from segments 5 and 4A, the root of G8v was vis-
ibly exposed in the surgical field. F Only two ligation clips, which 
were used to ligate G8v and the vein draining S8v were visible in the 
surgical area. Additionally, the vein draining segment 4A, the middle 
hepatic vein, and the intersegmental vein were all clearly exposed in 
this cross-section
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Results

Patient characteristics

The study included 31 patients who underwent ICG-HSA 
fluorescence-guided laparoscopic liver resection at our center 

from January 2024 to April 2024. Twenty-four patients were 
male (77.4%). Mean age was 54.61 ± 13.54 years and mean 
body mass index was 23.59 ± 2.81 kg/m2. Preoperative pro-
thrombin time international normalized ratio, platelet count, 
liver function, and tumor marker levels (alpha fetoprotein, 
protein induced by vitamin K absence or antagonist-2) were 
all within normal range. The median maximum tumor diam-
eter was 2.80 cm (IQR, 2.00–4.00) and 27 patients (87.1%) 
had concomitant hepatitis B virus infection (Table 1).

Optical properties, in vitro stability, and clinical 
formulation of the ICG‑HSA complex

To determine the optimal binding time, optimal binding 
ratio, and stability of ICG-HSA, we tested the absorbance 
of ICG and HSA at different molar ratios at 0 h, 24 h, and 
48 h. The experimental results showed that as the propor-
tion of HSA increased, the stability of ICG-HSA improved. 
When the molar ratio of HSA to ICG was greater than 6, 
the stability of ICG-HSA was optimal and hardly changed 
with further increases in the ratio, as shown in Fig. 2A-D. 
On the basis of this, we investigated the stability of ICG-
HSA at different temperatures. As shown in Fig. 2E-H, the 
stability of ICG-HSA increased with increasing tempera-
ture within the range of 0 °C–37 °C. However, at 50 °C, 
the stability decreased significantly, although it was still 
greatly improved compared with that of pure ICG molecules 
at room temperature. Overall, the ICG-HSA we prepared 
exhibited good stability under physiological conditions, 

Table 1  Patient characteristics

IQR, interquartile range, SD Standard deviation, BMI Body Mass 
Index, PT Prothrombin Time, INR International Normalized Ratio, 
PLT Platelet, ALT, alanine transaminase, AST aspartate transaminase, 
ALB Albumin, TB Total Bilirubin AF

Variables n = 31

Sex, male, n (%) 24(77.4%)
Age, mean ± SD, y 54.61 ± 13.54
BMI, mean ± SD, kg/m2 23.59 ± 2.81
PT, median (IQR), s 10.90 (10.45–11.75)
INR, median (IQR) 0.99 (0.95–1.05)
PLT, mean ± SD,10*9/L 154.61 ± 49.84
ALT, median (IQR),U/L 26.00 (16.00–35.50)
AST, median (IQR),U/L 25.00 (18.00–32.00)
Albumin, mean ± SD, g/L 43.42 ± 3.14
TB, mean ± SD, μmol/L 13.42 ± 5.13
AFP, median (IQR), ng/ml 3.88 (2.77–65.59)
PIVKA-2, median (IQR), mAU/mL 54.00 (22.45–181.00)
Maximum diameter, median (IQR), cm 2.80 (2.00–4.00)
HBV( +), n (%) 27(87.1%)

Fig. 2  Absorbance and stability test results of the ICG-HSA com-
plex. A-B Absorbance tests: When ICG is in excess, the higher 
the proportion of ICG, the greater the absorbance; when HSA is in 
excess, the absorbance is highest at ICG:HSA = 1:6. C-D Stabil-
ity tests: By comparing the changes in the absorbance of ICG and 
HSA at different molar ratios at 0 h, 24 h, and 48 h, we found that 

when ICG:HSA ≥ 1:6, the stability of ICG-HSA is optimal and hardly 
changes. E–G When ICG:HSA = 1:6 (molar ratio), from the time of 
solution preparation to 48  h after placement, the absorbance of the 
ICG-HSA complex is highest at 37 °C. H At 4 °C, 25 °C, and 37 °C, 
the ICG-HSA complex is relatively stable, while at 50 °C, the stabil-
ity decreases
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providing a solid material foundation for subsequent clini-
cal applications.

Based on the results of the in vitro validation, we ulti-
mately designed the clinical formulation of the ICG-HSA 
complex to be injected into the human body using commer-
cially available human serum albumin (10 g/50 mL) and 
ICG (25 mg/10 mL). The clinical formulation is as follows: 
(1) It is known that the molar mass of HSA is approximately 
66,500 g/mol [13] and the molar mass of ICG is 774.96 g/
mol6. (2) According to the molar ratio of ICG:HSA = 1:6, 
through calculation, the required volume of the commercial 
HSA injection is approximately 0.02 mL, and the required 
volume of the commercial ICG is approximately 0.031 mL. 
(3) For the convenience of clinical use and to maintain the 
molar ratio, we mixed 2 mL of HSA and 0.3 mL of ICG and 
then added 15 mL of normal saline for dilution. Finally, a 
20-mL syringe was used to hold the prepared complex solu-
tion. The syringe was connected to an intravenous infusion 
pump for uniform injection.

Perioperative outcomes

S8 segmentectomy (22.6%) and right posterior segmentec-
tomy (19.4%) were the most common resections performed. 
The median surgical margin distance was 0.90 cm (IQR, 
0.40–1.50). Satellite nodules were present in three patients 
(9.7%) and microvascular invasion in four (12.9%). Tumor 
differentiation was moderate in most patients (21 patients, 
67.7%). Mean operation time was 297.58 ± 85.53  min. 
Median intraoperative blood loss was 100.0  mL (IQR, 
50.0–200.0) mL. Grade 1 complications occurred in 11 
patients (35.5%) and grade 2 in three (9.7%). Median hospi-
tal stay was 5.0 days (IQR, 4.0–5.0). After surgery, alanine 
and aspartate transaminase levels initially increased and then 
decreased, while albumin and total bilirubin levels remained 
relatively stable (Table 2).

Surgical case demonstration

Stepwise fluorescence negative‑staining technique

Stepwise resection of S5 and S6 was performed in two 
patients using the fluorescence negative-staining method as 
described in Fig. 3 and Video 2.

Fluorescence effects in other anatomical liver resections

Six patients underwent right posterior segmentectomy, one 
underwent segment 3 resection, and another underwent seg-
ment 2 resection. These are described in Fig. 4 as indicated 
as well as the Supplementary Material.

Discussion

According to current guidelines, fluorescence navigation 
technology is widely recognized as the most precise surgical 
approach to anatomical liver resection [5, 14, 15]. Compared 
with traditional white light laparoscopic liver resection, 
precise liver resection using ICG fluorescence navigation 
ensures safer surgical margins and improves the rate of R0 

Table 2  Surgical characteristics

MVI Microvascular Invasion, LH laparoscopic hepatectomy, LLH 
laparoscopic left hemihepatectomy, LLLS laparoscopic left lateral 
sectionectomy, LMS laparoscopic monosegmentectomy, LRH laparo-
scopic right hemihepatectomy, LRPS laparoscopic right posterior sec-
tionectomy, POD Postoperative Day

Variables n = 31

Hepatectomy type, n (%)
LH(S2) 1(3.2%)
LH(S3) 1(3.2%)
LLLS 1(3.2%)
LLH 4(12.9%)
LH(S8) 7(22.6%)
LMS 2(6.5%)
LH(S5) 3 (9.7%)
LH(S6) 4(12.9%)
LH(S5 + S6) 2(6.5%)
LRPS 6(19.4%)
Surgical Margin, median (IQR),cm 0.90(0.40–1.50)
Satellite Nodule( +), n (%) 3 (9.7%)
MVI( +), n (%) 4(12.9%)
Differentiation, n (%)
Poor 44(12.9%)
Moderate 21(67.7%)
Moderate–poor 6(19.4%)
Duration of surgery, mean ± SD, min 297.58 ± 85.53
Intraoperative bleeding, median (IQR), ml 100.0(50.0–200.0)
Postoperative complications, n (%)
Grade I 11(35.5%)
Grade II 3 (9.7%)
Postoperative hospital stay, median (IQR), day 5.0(4.0–5.0)
POD1 ALT, median (IQR),U/L 394.0(317.5–525.5)
POD2 ALT, median (IQR),U/L 398.0(265.5–528.5)
POD3 ALT, median (IQR),U/L 257.0(191.0–349.0)
POD1 AST, median (IQR),U/L 420.0(263.5–565.5)
POD2 AST, median (IQR),U/L 235.0(184.5–391.0)
POD3 AST, median (IQR),U/L 102.0(71.5–176.5)
POD1 ALB, mean ± SD, g/L 34.39 ± 2.73
POD2 ALB, median (IQR), g/L 35.2(33.0–36.8)
POD3 ALB, mean ± SD, g/L 35.85 ± 3.83
POD1 TB, mean ± SD, μmol/L 23.37 ± 9.50
POD2 TB, median (IQR), μmol/L 22.70(19.15–30.90)
POD3 TB, median (IQR), μmol/L 21.40(17.95–28.95)
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resection; moreover, it is associated with shorter operation 
time, lower intraoperative blood loss, lower complication 
rates, and better survival [16–18]. However, because of 
the low successful rate of existing fluorescent agents and 
the large differences in the dose and concentration of ICG 
reported by different centers [19, 20], the promotion and 
application of ICG fluorescence navigation technology in 
the real world are underutilized.

The success of ICG staining is mainly influenced by the 
following [21–24]: (1) clamping of the target Glissonean 
pedicle; (2) presence of extrahepatic arterial blood supply 
(e.g., accessory left hepatic artery, middle hepatic artery, and 
subphrenic artery); (3) presence of small branches in Glis-
son's capsule at the hepatic hilum; (4) gallbladder venous 
reflux; and (5) presence of communicating arterial and portal 

venous branches between the left and right hemilivers. In our 
study, patients without a clear ischemic line after intraopera-
tive occlusion or separation of the target hepatic pedicle, and 
those with hepatic fluorescence reaching an intensity that 
interfered with the operation before intraoperative intrave-
nous injection of ICG were excluded. The purpose of doing 
so was to minimize the influence of technique and anatomy 
on ICG fluorescence imaging so we could more accurately 
explore the feasibility of using the ICG-HSA complex in 
intraoperative NIF imaging.

Under normal conditions, ICG is non-fluorescent. How-
ever, when excited by near-infrared light, it undergoes fluo-
rescence emission and can be used for fluorescence imag-
ing [25]. Metabolism of ICG is divided into three stages: 
intravascular, liver, and systemic clearance [26]. After 

Fig. 3  A A 44-year-old man with hepatitis B virus-related cirrhosis 
presented with a hypervascular nodule at the junction of hepatic seg-
ments 5 and 6 (black arrow) on magnetic resonance imaging which 
was highly suspicious for hepatocellular carcinoma. B A three-
dimensional reconstruction showed the tumor was closely attached 
to branches G5 and G6 and was located between hepatic veins V5 
and V6. C The pedicle of segment 6 (P6) and the dorsal pedicle of 
segment 5 (PPa) were exposed. D The PPa was transected and the 
anterior pedicle and P6 were isolated. E–F ICG-HSA was injected 

intravenously using an infusion pump for the first negative-staining 
procedure. Clear fluorescent demarcation was observed. G) The pedi-
cle supplying dorsal segment 5 was dissected and occluded using a 
bulldog clamp. After that, IGC-HSA was injected a second time. H 
Fluorescent demarcation between segments 8 and 5 was observed. I 
An en-bloc specimen containing segments 5 and 6 was successfully 
resected. The middle hepatic vein and stump of G6/G5 were exposed 
on the resection surface
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intravenous injection, ICG enters the intravascular stage, 
where it mainly binds to plasma albumin and lipoproteins 
via non-covalent bonds with a binding rate of up to 98%. 
Albumin is the main carrier, which forms a relatively stable 
complex with ICG. Formation of albumin-ICG complexes 
does not change the basic structure of either molecule. The 
complexes are non-toxic and they reduce dye extravasation 
while increasing ICG stability. The tendency of plasma 
macromolecules to aggregate with ICG in the blood is a 
competitive process and in a dynamic equilibrium. Bound 
ICG is restricted and retained in blood vessels, with minimal 

leakage from the choriocapillaris, and is continuously 
brought to the liver through the circulation and specifically 
taken up by the liver [27]. Albumin, as a carrier of ICG, 
enters the hepatic sinusoids and is rapidly and efficiently 
taken up by hepatocytes, which begins the liver stage of 
ICG metabolism. ICG is transported into hepatocytes by the 
transporter proteins OATP1B3 and NTCP and then trans-
ported into the bile by glutathione s-transferase [27, 28]. 
However, the amount of plasma protein in blood vessels is 
limited. The non-conjugated binding form will become satu-
rated as the number of ICG molecules increases. This causes 

Fig. 4  A Laparoscopic right posterior segmentectomy: the extra-
hepatic Glissonean pedicle of the right posterior section (GRp) was 
clamped using a bulldog clamp (A1). After intravenous injection of 
ICG-HSA, clear fluorescent demarcation was observed between the 
posterior section (PS) and anterior section (AS) (A2). The landmark 
hepatic veins (V5, V6, and the right hepatic vein [RHV[) between 
the PS and AS were precisely located on the demarcation line (A3). 
After completion of the surgery, the entire course of the stump of the 

Posterior Pedicel (PP) and the RHV were visible (A4). B & C Lapa-
roscopic hepatectomy of segments 2/3: the extrahepatic Glissonean 
pedicle of segments 2/3 (G3/G2) was clamped using a bulldog clamp 
(B1/C1). After intravenous injection of ICG-HSA, clear fluorescent 
demarcation was observed between S2 and S3 (B2/C2). The left 
hepatic vein (LHV) between S2 and S3 was precisely located on the 
demarcation line (B3/C3). After completion of the surgery, the entire 
course of the stump of G3/G2 and the LHV were visible (B4/C4)
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the injected ICG complex to release free ICG molecules, 
which are unstable. Without undergoing specific uptake by 
hepatocytes, the free molecules may reflux into the liver 
parenchyma through the hepatic venous system and directly 
leak out when the blood supply is unblocked. This can result 
in ectopic staining. Theoretically, the ICG-HAS complex 
should prevent the binding of ICG with other macromol-
ecules and reduce free ICG, both of which cause ectopic 
staining. The complex should also reduce the destruction of 
the unstable double bond structure of ICG molecules by free 
oxygen, free sulfur, and other substances immediately after 
entering the circulation, thus preventing its inactivation and 
maintaining its fluorescence.

Our in vitro experimental results revealed that the ICG-
HSA complex has superior optical properties and stability 
compared with free ICG, which is consistent with previous 
studies. Li et al. [10] reported that HSA can enhance the 
fluorescence quantum yield of ICG and improve its water 
solubility and photostability. Desmettre et al. [6] confirmed 
that HSA encapsulation can slow down the degradation and 
clearance of ICG and prolong its circulation time. In our 
study, the ICG-HSA complex demonstrated good stability 
under different temperature and time conditions, laying the 
foundation for its clinical application. However, previous 
studies have drawn different conclusions regarding the opti-
mal binding ratio of HSA to ICG [7, 10]. The ratio we used 
requires further research and optimization.

ICG mainly relies on positive- or negative-staining tech-
niques to achieve intraoperative fluorescence visualization 
and navigation of liver segments or lobes [29]. Successful 
ICG fluorescence staining can not only display the bounda-
ries of liver segments or lobes on the liver surface but also 
clearly show the intersegmental plane in the deep liver 
parenchyma, especially in areas without hepatic veins. The 
positive staining method involves directly puncturing the 
target portal vein and injecting an appropriate amount of 
ICG to display the corresponding portal vein territory. This 
method requires advanced skill and is difficult to perform. 
In contrast, the negative-staining method involves occluding 
the target hepatic pedicle and then injecting ICG through a 
peripheral vein. By combining the traditional Glissonean 
pedicle approach with peripheral venous administration, 
the negative-staining method has a shorter learning curve. 
To achieve better clinical applicability and imaging success 
rates, we only used the negative-staining method in this 
study. Although the hepatic pedicles of all liver segments 
can be occluded via the extrahepatic approach [30], we did 
not include cases with tumors located in segment VII owing 
to technical limitations. The lesions in our study were suc-
cessfully located in the fluorescence counterstaining area, 
which enabled us to achieve precise resection of the liver 
segments harboring the tumors. Our perioperative data (e.g., 
tumor margin distance, operation time, and intraoperative 

blood loss) were similar to those reported by Felli et al. [31] 
and a 2023 meta-analysis [32]. This indirectly reflects the 
feasibility of the technique. Furthermore, the stepwise fluo-
rescence counterstaining technique with the ICG-HSA com-
plex was successfully used to achieve precise combined liver 
segment resection of S5 and S6. With this surgical approach, 
the second-stage staining was possible because the first fluo-
rescence staining showed almost no fluorescence drift. We 
believe that this further expands the scope of applicable 
surgical procedures for ICG-HSA fluorescence laparoscopic 
anatomical liver resection.

The safety of the ICG-HSA complex still needs further 
evaluation and discussion. Although none of our patients 
experienced a significant adverse event, and their residual 
liver function recovered well after surgery, studies compris-
ing a larger number of patients are needed. Nonetheless, 
both ICG and HSA are approved by the United States Food 
and Drug Administration and are widely recognized for their 
safety. However, when the two are combined, theoretically, 
HSA can slow down the clearance of ICG and prolong its 
retention time in the liver, which is conducive to continu-
ous and stable fluorescence imaging during surgery. It is 
unclear whether a delay in ICG metabolism and excretion 
will increase the risk of drug accumulation toxicity [6, 
33]. In the future, it will be necessary to conduct dedicated 
in vivo pharmacokinetic and safety evaluation trials of the 
ICG-HSA complex and examine any associated long-term 
changes in liver and kidney function.

This study has several limitations. First, the sample 
size was relatively small and there was no control group. 
Large-scale prospective randomized controlled trials will 
be needed to evaluate the clinical efficacy of the ICG-
HSA complex. Second, most study patients had good liver 
function; therefore, the value of the ICG-HSA complex in 
patients with liver dysfunction is still unclear. Ishizawa et al. 
[29] suggested that the clearance rate of ICG is significantly 
lower in patients with cirrhosis, which reduces the quality 
of fluorescence imaging. They recommended that patients 
with liver cirrhosis should receive higher doses of ICG or 
undergo longer waiting times to obtain satisfactory imaging. 
Whether the ICG-HSA complex can overcome this tradi-
tional limitation is worthy of further investigation.

Conclusion

ICG-HSA complex-mediated fluorescence-assisted laparo-
scopic anatomical liver resection is safe and feasible. Com-
pared with free ICG, the novel ICG-HSA complex has better 
optical properties and in vivo stability, which can improve 
the accuracy of intraoperative liver segment localization and 
optimize the anatomical plane. Based on this, the stepwise 
negative-staining technique can achieve anatomical resection 
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of combined liver segments. We expect the ICG-HSA com-
plex to become an ideal agent for fluorescence imaging in 
anatomical liver resection.
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