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Abstract 

Background: The accurate determination of liver segment anatomy is essential to perform liver 
resection without complications and to ensure long-term outcomes after this operation. There are 
several perioperative methods for segment identification and surgical navigation, such as 
intraoperative ultrasound, indigo carmine and near-infrared imaging with indocyanine green. The 
present study experimentally analyzed the usefulness of monocyte sequestration for liver segment 
labeling and imaging.  
Methods: Human monocytes were isolated from peripheral blood and directly or indirectly labeled 
with calcein or IRDye 800CW. Potential toxicity, labeling stability, and adhesion to ICAM-1 were 
analyzed in vitro. Monocyte sequestration in the liver microvasculature and liver segment labeling and 
boundary demarcation were studied using isolated mouse and pig liver perfusion and via intraportal 
injection in mouse liver tumor models.  
Results: The highest monocyte labeling efficiency was achieved using direct labeling with IRDye 
800CW. Labeling was stable and did not influence cell viability. The labeled monocytes were highly 
sequestrated in the liver microvasculature, both after ex vivo perfusion and after injection in vivo  , 
resulting in excellent labeling of selected liver segments and strong segment boundary demarcation. 
In contrast to results to a normal liver, monocyte sequestration was very low in tumor-associated 
blood vessels.  
Conclusions: The present experimental study shows that sequestration of labeled monocytes after 
superselective application demarcates the selected liver segment. These results illustrate potential 
of this technique for surgical navigation during liver surgery. 
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Introduction 
Liver resection is used for the surgical treatment 

of liver tumor, such as hepatocellular cancer, and 
metastases of gastroenterological cancers [1, 2]. To 
perform this operation without complications and to 
ensure long-term outcomes, the accurate 
determination of liver segment anatomy is necessary 
[3, 4]. There are several perioperative methods for 
segment identification and surgical navigation. 
Intraoperative ultrasound [5, 6] is widely used for 

intraoperative navigation in clinical liver surgery. The 
use of indigo carmine [7] and near-infrared (NIR) 
imaging [8, 9] to label and visualize liver segments has 
been studied intensively in recent years. Indigo 
carmine use is quite limited because the segment 
demarcation is not ideal and the color disappears 10 
min after injection [10]. At the current time, there is a 
single NIR-fluorescent dye, indocyanine green (ICG) 
which is approved by US Food and Drug 
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Administration. Clinical NIR imaging is mainly based 
on the superselective injection of ICG into the 
segmental branch of the portal vein using ultrasound, 
but anatomic segment can also be visualized using 
systemic ICG injection [11]. Recent studies 
demonstrated practicability of different application 
regimens of ICG [10, 12-14]. Although ICG is effective 
for image-guided liver surgery, it does not always 
provide a sufficient segment contrast and temporal 
stability because the dye disappears gradually after 
injection [13, 15]. ICG injection is only possible if the 
surgeon is well trained in ultrasound techniques and 
if ultrasound can be used. For example, it may be 
difficult to use ultrasound in some cases of repeated 
liver resection. ICG is also contradicted in patients 
with iodine allergy although the rate of such adverse 
reaction is usually very low [16]. Alternative 
technologies that result in better labeling and in 
stronger demarcation of segment boundaries may 
improve intraoperative navigation in liver surgery, at 
least in cases in which ICG labeling is not feasible. 

Circulating leukocytes in the blood can leave the 
vasculature and migrate into tissues, where they 
function as immune cells. Although the diameter of 
some types of leukocytes, such as monocytes and 
neutrophils, is greater than the diameter of capillaries, 
leukocytes freely “squeeze” through the smallest 
microvascular blood vessels [17, 18]. 
Pro-inflammatory signals induce the interactions of 
leukocytes with endothelial cells and promote 
subsequent leukocyte extravasation. There are two 
types of leukocyte-endothelium interactions. The first 
type is leukocyte adhesion to the venular 
endothelium, which precedes leukocyte extravasation 
into the site of inflammation [19, 20]. The second type 
is leukocyte capture in capillaries, also known as 
leukocyte sequestration [21]. The physiological role of 
leukocyte sequestration is poorly understood, 
although this type of leukocyte adhesion to the 
endothelium is not attributed to leukocyte 
extravasation [22]. Both interactions are mediated by 
similar molecular mechanisms i.e. by interactions 
between specific adhesion molecules on leukocytes 
and on endothelial cells, although different adhesion 
molecules are involved in the different interactions 
[21, 23]. 

The present study experimentally analyzed 
whether leukocyte sequestration could be exploited 
for liver segment labeling and imaging. Monocytes 
were used because they can be isolated in sufficient 
number from peripheral blood samples and because 
they have a greater diameter than most other 
leukocyte types. 

Materials and methods 

Monocyte isolation 
Human peripheral blood mononuclear cells 

(PBMCs) were isolated by density gradient 
centrifugation from the buffy coats of healthy donors 
using 1.077 g/mL Biocoll (Biochrom, Berlin, 
Germany). Monocytes were isolated from PBMCs 
using the Human CD14 Positive Selection Kit 
(BioLegend, San Diego, CA, USA) by positively 
immunomagnetic selection according to the 
manufacturer's instructions. This yielded a 
population of CD14+ cells that was at least a 90% pure 
as assessed by fluorescence-activated cell sorter 
analysis (Figure S1A). 

Efficiency of monocyte labeling with IRDye 
800CW 

We determined the efficiency of different 
monocytes labeling strategies i.e. one-step versus 
two-step antibody-based labeling versus direct 
labeling. Antibodies were conjugated to IRDye 
800CW using its N-Hydroxysuccinimide (NHS) ester 
according to the manufacturer’s instructions (Licor, 
Lincoln, NE, USA). IRDye 800CW-conjugated 
anti-human CD14 mAb (clone M5E2, BioLegend) was 
used for one-step antibody-based labeling. For 
two-step labeling, monocytes were labeled with 
specified antibodies and isotypes and subsequently 
with IRDye 800CW-conjugated secondary antibody 
(Table 1). For direct labeling, monocytes were 
co-incubated with different concentrations of IRDye 
800CW NHS ester. The fluorescence of cell 
suspensions was then measured using standard 
parameters of Odyssey CLx imager (Laser: 800 nm; 
intensity: L2; distance, 1 mm; resolution: 169 μm). The 
labeling efficiency was calculated and expressed as 
the doses per million cells. The time-course of changes 
in the fluorescence signal was analyzed to study the 
labeling stability.  

Monocyte adhesion to ICAM-1 
Microfluidic chambers (μ-Slide VI 0.4, Ibidi, 
Martinsried, Germany) were incubated with mouse 
ICAM-1 (4 μg/mL, Sino Biological, Beijing, China) for 
2 h to coat the chambers were then blocked for 1 h 
with 10% bovine serum albumin (Roth, Karlsruhe, 
Germany) solution. Monocytes (100,000/chamber) 
were allowed to adhere to the surface for 5 min. 
Non-adherent cells were removed by perfusion with 
phosphate-buffered saline (PBS) at 1 N/m2 shear 
stress using a microperfusion pump (WPI, Sarasota, 
FL, USA). The number of adhered monocytes was 
counted using microscopy (AxioObserver Z1, Zeiss, 
Jena, Germany) and expressed per square millimeter.
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Table 1. The list of antibodies used in two-step labeling 

 Primary antibody Secondary antibody (IRDye800CW-conjugated 
Goat anti-Mouse IgG) 

 Antigen Clone Isotype Dose (µg/106cells) Dose (µg/mL) 
a CD14 M5E2 mouse IgG2a, κ 2 5 
b CD16 3G8 mouse IgG1, κ 2 5 
c CD64 10.1 mouse IgG1, κ 0.5 5 
d CD14 / CD16/ CD64 M5E2 / 3G8/ 10.1 mouse IgG2a, κ / mouse IgG1, 

κ/ mouse IgG1, κ 
2 / 2/ 0.5 5 

e Isotype 1 MOPC-21  2 5 
f Isotype 2 MOPC-173  2 5 
g Isotype 1/ Isotype 2 MOPC-21/ 

MOPC-173 
 2 / 2 5 

h no    5 
i no    no 
The primary antibodies were purchased from BioLegend and the secondary antibody was purchased from Licor. 

 

Isolated liver perfusion in mice  
The animal experiments were performed in 

accordance with international rules and were 
approved by the local animal care committee 
(Regierungspräsidium Karlsruhe). The livers of 
C57BL/6 mice (Charles River, Sulzfeld, Germany) 
were isolated and prepared for perfusion through 
portal vein as described previously [24]. Monocytes 
were labeled with calcein-AM (4 μg/mL, 
Sigma-Aldrich, Munich, Germany) for 15 min at room 
temperature. After two washes with PBS, the 
monocytes were filtered through a 35-μm cell strainer 
(Corning, Reynosa, Tamaulipas, Mexico), and their 
concentration was adjusted to 1 × 106 cells/mL in 
0.9% sodium chloride solution for liver perfusion. To 
label the microvascular system, 800 ng of 
R-phycoerythrin (RPE)-conjugated ME-9F1 mAb 
(Biolegend) was perfused in each liver. Next, the 
livers were perfused using intermittent 
perfusion/effluent collection cycles at a 1 mL/min 
flow rate, with 1 × 106 cells in 1 mL of solution 
perfused every minute. Monocytes in the effluent 
were counted, and monocyte sequestration was 
analyzed using a fluorescence microscopy system 
(AxioObserver Z1, Zeiss) equipped with a 
monochromatic light source (488 nm, 555 nm, Colibri, 
Zeiss) and control software (AxioVision 2012, Zeiss).  

In other experiments that used isolated mouse 
liver perfusion, the left branch of the portal vein was 
clamped, and IRDye 800CW-conjugated monocytes 
were perfused at a rate of 0.25 or 1 mL/min. After 
perfusion, the livers were analyzed using an NIR 
imager as described above. The whole liver and the 
perfused lobes were weighed, and the mean 
fluorescence intensity (MFI) of the perfused and 
non-perfused segments was compared.  

Isolated liver perfusion in pigs  
Male pigs (22–27 kg) (Bräunling, Nussloch, 

Germany) were pre-medicated using intramuscular 

injection of azaperone (8 mg/kg, Elanco, Bad 
Homburg, Germany), ketamine (12–15 mg/kg, 
Bremer Pharma, Warburg, Germany) and midazolam 
(500 μg/kg, Hameln pharma plus, Hameln, 
Germany), and then sacrificed using intravenous 
injection of potassium chloride (2 mmol/kg, B. Braun 
Melsungen, Melsungen, Germany). The livers were 
isolated immediately and the portal vein and the 
hepatic artery were perfused using oxygenated 
Krebs-Henseleit buffer [25].  

After blood removal, a medical catheter (∅ 0.61 
mm) was inserted and moved into the selected 
segmental artery. IRDye 800CW-conjugated 
monocytes were injected using a flow rate of 1 
mL/min. After perfusion, the liver was imaged using 
an NIR imager as described above. The MFI of the 
perfused and non-perfused segments was analyzed.  

Monocyte injection in tumor models  
Hepatic tumors were induced in male C57BL/6 

mice (10–14 weeks) using intrahepatic inoculation of 
Panc02 (pancreatic cancer) cells or Hep55.1C 
(hepatoma) cells (1–1.6 × 106/inoculation). Mice were 
anaesthetized with isoflurane 12–14 days after 
inoculation. The monocytes were treated with 
calcein-AM for perfusion, and RPE-conjugated 
ME-9F1 mAb (Biolegend) was used to label the 
microvascular system. Selective hepatic artery 
injection using a 34G needle (Hamilton, Bonaduz, 
Switzerland) was used for monocyte injection as 
described previously [24]. Mice were sacrificed 5–10 
minutes after injection, and their organs were 
removed and imaged using fluorescence microscopy 
(AxioObserver Z1, Zeiss).  

Selective portal vein perfusion was performed to 
assess the demarcation of selected liver segments and 
tumor localization. The left branch of the portal vein, 
which did not support the tumor-bearing segment, 
was clamped, and 750,000 IRDye 800CW-labeled 
monocytes or a fluorescence equivalent of ICG (Figure 
S1B) were injected into the right branch of the portal 
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vein using a microsyringe (Hamilton) and a 30G 
needle (BD, Drogheda, Ireland). The clamp was 
removed immediately after injection. The waiting 
time of 5 min was taken to allow the recovery of blood 
circulation. The mice were sacrificed, and then the 
organs were removed and imaged using Odyssey CLx 
as described above.  

Statistical analysis 
Statistical analysis was performed using SPSS 

statistics software (IBM, Armonk, NY, USA). Data are 
reported as the mean ± standard deviation (SD). To 
analyze differences between the groups, a t-test, 
one-way ANOVA followed by Bonferroni correction 
test or Kruskal-Wallis test and mixed ANOVA 
followed by Bonferroni correction test were used. P < 
0.05 was considered significant.  

 

 
Figure 1. Labeling monocytes with IRDye 800CW: dye stability and the adhesion o mICAM-1. (A) Labeling efficiency of monocytes using one-step 
IRDye800CW-conjugated anti-CD14 mAb. (B) Two-step labeling using IRDye800-conjugated secondary antibody to the following primary mAbs: a, anti-CD14; b, 
anti-CD16; c, anti-CD64; d, anti-CD14, anti-CD16 and anti-CD64; e, isotype 1 (mouse IgG2a); f, isotype 2 (mouse IgG1); g, isotypes 1 and 2; h, secondary Ab only; 
i, PBS (negative control). (C) Direct conjugation using the indicated different concentrations of the IRDye 800CW NHS ester. (D) Monocyte viability. (E) Labeling 
stability over time. (F) Monocyte adhesion to ICAM-1. Data are presented as means ± SDs for three or more independent experiments. One-way ANOVA followed 
by the Bonferroni correction test was used for the analysis in (C), one-way ANOVA followed by the Kruskal-Wallis test was used for the analysis in (D), and a t-test 
was used for the analysis in (F). n.s. no significant difference; *P < 0.05; **P < 0.01; ****P < 0.001. 
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Results 
Efficiency, stability, and potential toxicity of 
IRDye 800CW labeling of monocytes and their 
adhesion to ICAM-1 in vitro 

The contrast observed in liver segment labeling 
in vivo   is expected to correlate with monocyte 
labeling intensity. We thus compared one-step and, 
two-step antibody labeling and direct labeling with 
IRDye 800CW to determine which method yielded the 
most fluorescent labelling. Although 
monocyte-specific antibodies showed substantial cell 
labeling using both the one-step and the two-step 
labeling methods (Figure 1A-B), incubation with the 

IRDye 800CW NHS ester resulted in the highest 
IRDye 800CW dose accumulation, which was 
approximately 10-fold more intense than the highest 
level achieved using antibody labeling (Figure 1C). A 
viability assay demonstrated that IRDye 800CW did 
not have any toxic effects on monocytes in vitro 
(Figure 1D). Furthermore, measurement of the 
fluorescence signal over time showed that monocyte 
IRDye 800CW labeling decreased slowly, with a 
half-life of 2.26 h (Figure 1E). Using a microfluidic 
setup, we found that monocytes effectively adhered to 
mouse ICAM-1 but showed almost no adhesion to a 
non-coated (PBS treated) surface (Figure 1F).  

 

 
Figure 2. The efficiency of monocyte sequestration in the liver microvasculature. (A) Images showing monocyte sequestration after each 9 cycles of 
perfusion. Scale bar: 50 μm. (B) The monocyte sequestration efficiency. Data are presented as means ± SDs for three independent experiments. (C) Monocytes 
sequestration in the indicated organs at the microscopic level after selective hepatic artery injection into Panc02 tumor-bearing mice in vivo   (n=2). The vessels were 
labeled with RPE –conjugated ME-9F1 mAb (orange) and monocytes were labeled with calcein (green): a, the tumor boundary; b, the perfused liver boundary; c, 
monocytes sequestered in the lung; d, monocytes sequestered in the pancreas; e, monocytes sequestered in the spleen; f, monocytes sequestered in the kidney. NPL: 
non-perfused liver; PL: peritumoral liver; T: tumor. Scale bar: 500 μm. 
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Monocyte sequestration ex vivo and in vivo   
In order to evaluate the efficiency of monocyte 

sequestration in vessels, each isolated mouse liver 
was perfused with RPE-conjugated ME-9F1 mAb for 
microscopic labeling and visualization of the 
complete microvascular tree. Subsequently, the 
isolated liver was perfused with calcein-AM labeled 
monocytes. Fluorescence microscopy showed that the 
labeled monocytes were effectively sequestered in the 
portal area of the liver. The number of sequestered 

cells gradually increased in parallel with the number 
of perfused monocytes (Figure 2A). The efficiency of 
sequestration was approximately 90% and was 
independent of the number of perfused cells (Figure 
2B). Furthermore, monocytes were almost 
sequestered in peritumoral liver tissue after selective 
hepatic artery injection in tumor-bearing mice in vivo  . 
Very few monocytes were sequestered in the lung, 
pancreas, or spleen capillaries (Figure 2C).  

 

 
Figure 3. Liver segment labeling and visualization using IRDye 800CW-labeled monocytes ex vivo. (A–D) Liver segment labeling and visualization after 
perfusion of an isolated mouse liver with IRDye 800CW-labeled monocytes. (A) The mean fluorescence intensity (MFI) of perfused and control areas. (B) The 
fluorescence ratios. (C) Images. (D) The relationship of the injected fluorescence (Fin/g) and the obtained fluorescence (Fout) at 0.25 mL/min. (E, F) Liver segment 
labeling and visualization in an isolated pig liver. (E) The fluorescence ratio, and (F) images at a perfusion rate of 1 mL/min. Scale bar: 1 cm. Data are presented as means 
± SDs for three independent experiments. The red line delineates the perfused liver area. NPL: non-perfused liver; PL: perfused liver. Mixed ANOVA followed by a 
Bonferroni correction test was used for the analysis in (A), and the t-test was used for the analysis in (B). *P < 0.05. 
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Excellent liver segment labeling and 
visualization using IRDye 800CW-labeled 
monocytes ex vivo  

To investigate the use of labelled monocytes for 
the macroscopic imaging, selected mouse and pig 
liver segments were ex vivo perfused with IRDye 
800CW-labeled monocytes. The result was excellent 
fluorescence labeling and macroscopic visualization 
of these segments (Figure 3C, 3F). The segments and 
their boundaries contrasted sharply with the 
non-perfused liver (Figure 3B, 3E). As the perfused 
cells per gram (n/g) increased, meaning that the 
injected fluorescence (Fin/g) increased, higher 
fluorescence (Fout) was obtained using a 0.25 mL/min 
rate. However, when the injected fluorescence was 
16,000 MFI/g (approximately 1.5 × 106 monocytes/g) 
or more, the obtained fluorescence did not change too 
much (Figure 3D). The relative number of perfused 
cells (n/g) was higher in mouse liver than in pig liver, 
and this was reflected by higher imaging contrast 
(Figure 3B, 3E). Use of a higher perfusion rate (1 
mL/min) significantly increased the fluorescence and 
the contrast of the segment labeling (P < 0.05; Figure 
3A-B). The fluorescence of labeled segment was stable 
during 5 hours of continuous perfusion of mouse liver 
(Figure S2). 

Perfusion of IRDye 800CW-labeled monocytes 
into tumor-bearing mice results in high 
contrast liver segments in vivo    

To evaluate the efficiency of liver segment 
demarcation, locoregional injection of IRDye 
800CW-labeled monocytes was performed in 
tumor-bearing mice and compared with ICG 
application. The results were analyzed using 
macroscopic NIR-imaging. Notably, tumor-bearing 
liver segments showed very strong accumulation of 
IRDye 800CW fluorescence. The boundaries of these 
segments were sharply delineated. In contrast to the 
labeled liver segments, the tumors did not accumulate 
fluorescence signal in both the Panc02 and Hep55.1C 
models (Figure 4A-B; 5A-B). Other organs, including 
lung, pancreas, spleen, and kidney, did not show a 
high accumulation of IRDye 800CW fluorescence 
(Figure 4A-B; 5A-B). ICG injection also fluorescently 
labeled the injected liver segment (Figure 4D-E; 5D-E). 
However, the signal intensity ratio after monocyte 
injection (a peritumoral liver-to-non-perfused liver 
ratio > 10) (Figure 4C; 5C) was significantly higher 
than the ratio after the injection of ICG (a peritumoral 
liver-to-non-perfused liver ratio < 2.5) (P<0.01) 
(Figure 4F; 5F). 

 

 
Figure 4. Liver segment contrast in Panc02 tumor-bearing mice in vivo  . (A–C) Liver segment contrast using IRDye 800CW-labeled monocytes. (A) 
Images and (B) the mean fluorescent intensity (MFI) of the indicated organs. (C) The PL/LT and PL/NPL ratios. (E–G) Liver segment contrast using ICG. (E) Images and 
(F) the MFI of the indicated organs. (G) The PL/LT and PL/NPL ratios. Data are presented as means ± SDs for three independent experiments. The red line delineates 
the liver tumor. Ki: kidney; LT: liver tumor; Lu: lung; NPL: non-perfused liver; Pa: pancreas; PL: peritumoral liver; Sp: spleen. 
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Figure 5. Liver segment contrast in Hep55.1C tumor-bearing mice in vivo  . (A–C) Liver segment contrast using IRDye 800CW-labeled monocytes. (A) 
Images and (B) the mean fluorescent intensity (MFI) of the indicated organs. (C) The PL/LT and PL/NPL ratios. (E–G) Liver segment contrast using ICG. (E) Images and 
(F) the MFI of the indicated organs. (G) The PL/LT and PL/NPL ratios. Data are presented as means ± SDs for three independent experiments. The red line delineates 
the liver tumor. Ki: kidney; LT: liver tumor; Lu: lung; NPL: non-perfused liver; Pa: pancreas; PL: peritumoral liver; Sp: spleen. 

 

Discussion  
This study quantitatively analyzed monocyte 

sequestration in the liver microvascular system after 
hepatic locoregional application of fluorescently 
labeled monocytes. Most experiments used a standard 
flow rate of 1 mL/min, which corresponds to a 
physiological intraportal pressure of 10 mmHg [24]. 
When the liver was perfused with monocytes (1 × 106 
cells/mL) at a level that was the approximately 5-fold 
higher than the normal monocyte count in mouse 
blood [26, 27], almost 90% of perfused monocytes 
were sequestered in the microvascular system. 
Indeed, monocytes were efficiently sequestered in 
both mouse and pig livers. Only a small fraction of 
monocytes (< 10%) passed through the liver and were 
sequestered in capillaries in other organs. 

Monocytes were in direct contact with a 
synthetic surface during the experimental procedure 
but were not specifically treated or activated; 
nonetheless, this extracorporeal contact resulted in 
monocytes activation [28, 29]. Using microfluidic 
methods, the extracorporeal human monocytes 
strongly adhered to autologous ICAM-1 and to mouse 

ICAM-1 even without additional treatment. Also the 
diameter of the monocytes is greater than the 
diameter of microvascular blood vessels in normal 
liver (Figure S1C). Both factors strongly promote 
monocyte sequestration in the liver microvasculature. 
In contrast to vessels in normal liver, the diameter of 
the smallest tumor-associated blood vessels was 
greater than the diameter of the monocytes (Figure 
S1C). Therefore, there was very low fluorescence 
contrast and very little sequestration observed in the 
experimental liver tumors in the present study.  

The highly effective sequestration of single 
monocyte could be visualized at the microscopic level. 
Interestingly, the number of injected monocytes 
correlated well with the continuous increase in 
intravascular monocyte accumulation and with the 
subsequent increase in fluorescence in the liver 
segment. The maximum number of cells, 9 × 106 cells 
(approximately 6–7 × 106 cells/g), resulted in almost 
complete intraluminal filling of the microvascular 
blood vessels with monocytes. It seems likely that a 
further increase in the number of monocytes would 
exceed the volume of microvascular tree and might 
have negative effects on the main blood vessels, such 
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as thrombosis. From a translational point of view, it 
will be critical to determine the maximum number to 
avoid these negative effects. Our data suggest that this 
limit may be on the order of 6–7 × 106 cells/g.  

We found that monocytes can be labeled with 
NIR dye using a labeled antibody or antibody 
cocktail. In this case, the limited antibody-specific 
antigens are used for conjugation/labeling. In 
contrast to the use of antibody labeling, direct 
co-incubation of cells with IRDye 800CW NHS ester 
uses all of the available amino groups of the cell 
surface proteins for conjugation, resulting in the 
highest degree of fluorescent labeling. Our data 
showed that this conjugation method did not have 
any cytotoxic effects. IRDye 800CW is emerging as an 
important NIR fluorescent dye, and it is widely used 
in clinical imaging. A number of antibody-IRDye 
800CW conjugates are currently being tested in 
clinical trials. Compared with ICG, IRDye 800CW 
shows stable fluorescence after protein conjugation to 
monocytes. This made it the possible to create stable 
lesion-to-background contrast in the livers during the 
long-time perfusion. Previous studies have used 
IRDye 800CW-conjugated antibodies to target specific 
cancers. For example, cetuximab-IRDye 800CW has 
been used to target head and neck cancer [30] and 
bevacizumab-IRDye 800CW has been used to target 
primary breast cancer [31].  

In the isolated liver perfusion experiments 
described here, even a low number of IRDye 
800CW-labeled monocytes resulted in good liver 
segment labeling and contrast. We found that 1.5–2 × 
106 cells/g was an appropriate dose for demarcating a 
selected segment using IRDye 800CW-labeled 
monocytes. Although non-conjugated IRDye 800CW 
and ICG have comparable molar extinction 
coefficients [32, 33], IRDye800CW-conjugated 
antibodies and proteins have substantially higher 
fluorescence quantum yields than ICG-conjugated 
[34, 35]. Therefore, IRDye 800CW may be alternative 
to currently approved clinical fluorescent dyes for 
fluorescence-guided surgery. Furthermore, 
superselective ICG injection, the current method for 
intraoperative NIR-based navigation, does not 
prevent ICG circulation in the peripheral blood. 
Because ICG is metabolized intrahepatically [36], it 
accumulates in the liver. These result in a continuous 
decrease and eventual loss of imaging contrast [10, 
13]. In contrast to ICG, superselective monocyte 
injection leads to the almost complete sequestration of 
monocytes in the liver and prevents the fluorescent 
substance from entering the circulation. This may 
increase imaging contrast and improve contrast 
stability. In regard to invasiveness, the blood sample 
collected for monocyte isolation is the main difference 

compared to ICG injection. The current cost of 
monocyte labeling for one superselective injection 
into human liver is $60 to $200, which is more 
expensive than ICG. However, clinical approval and 
wider use of IRDye 800CW will substantially decrease 
its cost. As described above, the surgeon must be well 
trained in ultrasound technique for the superselective 
injection of ICG. This issue is also important for 
injection of IRDye 800CW-labeled monocytes. 

The experimental results of the present study 
provide a rationale for using superselective monocyte 
injection as an additional tool for liver segment 
labeling that can increase and probably prolong 
imaging contrast if needed. It can also be proposed as 
alternative for ICG when ICG use is not feasible. It 
could be important, for example, for patients with 
iodine allergy, although the number of such 
candidates is very low [16]. The potential clinical 
implications are mainly in fluorescence-guided 
navigation during parenchyma-sparing liver 
resection. This is a highly demanding surgical 
technique that aims to save as much normal liver 
tissue as possible and that provides a better clinical 
outcome [37-39]. Parenchyma-sparing liver resection 
is used mainly in liver tumor surgery and is strongly 
dependent on the exact determination of liver 
segment anatomy using ultrasound or/and imaging 
navigation [39]. 

Interestingly, the diameter of blood vessels in 
experimental tumors is significantly greater than the 
diameter of normal liver blood vessels and greater 
than the diameter of monocyte, which most likely 
accounts for the low level of monocyte sequestration 
in tumor-associated blood vessels. The tumor thus has 
a negative appearance on the fluorescence image, 
which could provide additional helpful information 
about tumor localization. Human liver tumors are 
more heterogeneous than mouse tumor models, and 
some human liver tumors have blood vessels with 
small, capillary-like diameters [40]; thus, they may 
also exhibit monocyte sequestration. 

To summarize, the present experimental study 
shows that the superselective injection of isolated 
monocytes results in their sequestration in the hepatic 
microvascular system and in the demarcation of 
related liver segments. This technique can be used for 
fluorescent imaging of liver segments and may be 
useful for fluorescence-guided liver surgery. 
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