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Abstract. Indocyanine green (ICG) is a potential promising 
dye for a better intraoperative tumor border definition and an 
improved patient outcome by potentially improving tumor 
border visualization compared with traditional white light 
guided surgery. Here, the cellular uptake of ICG in human 
squamous cell carcinoma (SCC026) and immortalized 
non‑cancer skin (HaCaT) cell lines was evaluated to study the 
tumor‑specific cellular uptake of ICG. The spatial distribution 
of ICG inside tumor tissue was investigated in tissue sections 
of head and neck squamous cell carcinoma at a microscopic 
level. ICG uptake and internalization was observed in living 
cells after 2.5 h and in the nucleus after 24 h. In dead cells, 
higher and faster uptake was observed. In the tissue sections, 
higher ICG signal intensity could be detected in connective 
tissue and surrounding clusters and blood vessels. In conclu‑
sion, no distinct ICG uptake by tumor cells was detected in 
cancer cell lines and tumor tissue. ICG localization in certain 
regions of tumor tissue appears to be a result of enhanced tissue 
permeability and retention, but not specific to tumor cells.

Introduction

A clear intraoperative tumor border definition is essential 
for complete tumor resection and strongly improves patient 
outcomes (1). The intraoperative evaluation of tumor borders 
is performed by visual inspection followed by histological 
analysis. This procedure is error‑prone and time‑consuming. 
Evolving imaging techniques allow better visualization of the 
operation field in real‑time. One such technique is near‑infrared 

(NIR) fluorescence‑guided surgery (2,3). Fluorophores are 
used as contrast agents. Indocyanine green (ICG) has been 
approved by the Food and Drug Administration and European 
Medicine Agency. It is widely used in diagnostic medical 
imaging for perfusion and angiographic applications (4,5). 
Additionally, due to its advantages such as long retention 
time and higher signal‑to‑noise ratio compared with other 
fluorophores, its potential use is still under investigation in 
biomedical research (6,7).

Several studies have shown an association between tumor 
tissue and ICG signals in vivo (8,9). This has led to the intro‑
duction of ICG for tumor imaging in several tumor entities (10) 
with a focus on sentinel lymph nodes (11). One potential use is 
the visualization of tumor areas in patients with head and neck 
squamous cell carcinoma (HNSCC) (12), which has low 5‑year 
survival rates of ~50% and may benefit from technologies for 
better visualization and tumor border definition. In HNSCC 
failing to fully remove the tumor with adequate margins 
during surgery is the primary cause of patient death (13). To the 
best of our knowledge, there has not been any study showing 
evidence of tumor‑specific cellular uptake of ICG in patients, 
even though results have shown preferential cellular uptake in 
tumor xenografts; ICG labeling of tumor is indirect and seems 
to be driven by higher endocytotic activity of tumor cells in 
combination with the disruption of tight junctions (14). This 
leads to enhanced permeability and retention (EPR) effect by 
which macromolecules accumulate in tumor tissue (15). To 
the best of our knowledge, however, little is known about the 
histological distribution of ICG following injection in human 
cancer samples at the microscopic level.

The present study aimed to evaluate the tumor and 
non‑tumor cellular uptake of ICG and its spatial distribution at 
a microscopic level. A high‑magnification imaging approach 
was used for the detection of ICG in HNSCC cell lines and 
spatial distribution of ICG within tissue samples from patients 
with HNSCC.

Materials and methods

Cells and tissue samples. The human squamous cell carci‑
noma cell line SCC026 [cat. no. ACC‑658, Research Resource 
Identifier (RRID):CVCL_2221] and immortalized human skin 
cell line HaCaT (RRID:CVCL_0038; cat. no. 300493; passage 
number of cryopreservation, 31) were obtained from Leibniz 
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Institute DSMZ Germany. Growth medium for SCC06 
consisted of 80% Eagle's Minimal Essential Medium (Thermo 
Fisher Scientific, Inc.), 20% fetal bovine serum (Thermo Fisher 
Scientific, Inc.) and 2 mM L‑glutamine. Growth medium for 
HaCaT consisted of 90% Dulbecco's Modified Eagle's Medium 
(Thermo Fisher Scientific, Inc.), 10% fetal bovine serum and 
2 mM L‑glutamine.

Tissue samples from five patients with HNSCC were 
collected at Jena University Hospital, Jena, Germany between 
September 2019 and November 2021. The study was approved 
by the ethics committee of the Jena University Hospital 
(approval no. 4291‑12/14) and written informed consent was 
obtained from all patients. All patients were male, ranging 
in age from 61 to 70 years. Exclusion criteria were other 
malignancies or multimorbidity that prevent surgery, such as 
advanced patient age, cardiovascular, respiratory, neurological 
or cognitive impairment and coagulopathy (16). No criterion 
was applied with regards to sex but due to the sex ratio of 
head and neck cancer being nearly 4:1 (78.9% male) (17) and 
the small patient cohort, only male patients were recruited. 
One sample originated from the oropharynx, two from the 
oral cavity and two from the larynx. An overview of patients 
and their clinical data is provided in Table I including TNM 
cancer staging (18). The samples originated from the tumor 
area as well as adjacent healthy tissue (distance >5 mm, clear 
margins). All patients received ICG intravenously during 
tumor surgery according to a standardized protocol (3). ICG 
dissolved in distilled water (5  ml; 25  mg/15  ml solution; 
Pulsion Medical Systems SE, Getinge) was administered 
intravenously during surgery after anesthesia induction and 
endoscopic exposure of the tumor. To confirm successful 
ICG administration near‑infrared endoscopy was performed. 
At 30 min after ICG injection, specimens were collected. 
The samples were snap frozen in liquid nitrogen and stored 
at ‑80˚C until measurement. Sections (12 µm thickness) were 
cut with a cryotome (Leica Biosystems). Fresh frozen sections 
were prepared and transported under low light to prevent 
photo‑bleaching.

Fluorescence microscopy. All fluorescence images were 
captured using an inverted light microscope (Axio Observer 
Z1/7; Carl Zeiss AG) with a universal LED illumination system 
(pE‑4000; CoolLED Ltd.) and sCMOS camera (ORCA‑Fusion 
BT; Hamamatsu Photonics K.K.) with an 1x camera adapter. 
Images of cell cultures were captured using a 63x lens (LD 
Plan‑Neofluar 63x/0.75 Korr M27; Carl Zeiss AG). Images 
of tissue sections were captured using a 40x lens (LD 
Plan‑Neofluar 40x/0.6 Korr M27; Carl Zeiss AG). ICG was 
detected using the ICG HC filter set (AHF Analysentechnik 
AG). Ethidium homodimer‑1 was detected using a 45 Texas 
Red filter set (Carl Zeiss AG). Calcein‑AM was detected 
using a 44 FITC filter set (Carl Zeiss AG). Hoechst 33342 was 
detected using a 96 HE BFP filter set (Carl Zeiss AG). All 
fluorescence images were shown in pseudo‑colors. ZEN 3.5 
blue edition imaging software (Carl Zeiss AG) was used for 
all experiments. For fluorescence intensity in tissue sections, 
the mean pixel intensity of the corresponding tissue area was 
calculated and compared using Python software (Version 3.7, 
Python Software Foundation). Tissue areas including artifacts 
were identified and removed for the calculation.

SCC026 and HaCaT cells were seeded at a density of 
0.1x106 cells/ml on a surface area of 1.9 cm²/dish. The cells 
were incubated at 37˚C and 5% CO2 for 24 h until they reached 
70‑90% confluence. To investigate ICG uptake, growth 
medium was removed and fresh medium containing 0.6 µg/ml 
ICG (Verdye™, Diagnostic Green GmbH) was added. All 
steps involving ICG or fluorescent agents were performed 
under low light conditions to prevent photobleaching. Cells 
were incubated with ICG medium at 37˚C and 5% CO2 for 
different time lengths (1, 45 and 90 min, 2.5 and 24.0 h). ICG 
medium was removed, cells were washed with Dulbecco's 
Phosphate‑Buffered Saline (DPBS; Sigma‑Aldrich Chemie 
GmbH) and fresh growth medium was added. The cells 
were subjected to ICG fluorescence imaging. To distinguish 
live from dead cells, cells were stained with calcein AM 
and ethidium homodimer‑1 (both Thermo Fisher Scientific, 
Inc.). Staining solution consisted of DPBS with 2x10‑3 mM/l 
calcein AM and 4x10‑3 mM/l ethidium homodimer‑1. The 
medium was removed, the cells were washed with DPBS and 
150 µl staining solution was added to the cells. Cells were 
incubated with the fluorescence staining solution at room 
temperature for 30 min before fluorescence imaging. The 
exposure time was automatically determined by the imaging 
software (ZEN 3.5 blue edition imaging software; Carl 
Zeiss AG, micro‑shop.zeiss.com/de/de/softwarefinder/soft‑
ware‑categories/zen‑blue). Additionally, a control group of 
cells underwent the same incubation and staining conditions 
without treatment with ICG. The influence on the cell survival 
was judged visually.

SCC026 and HaCaT cells were seeded with a density of 
0.075x106 cells/ml on a surface area of 1.9 cm²/dish. The 
cells were incubated at 37˚Cand 5% CO2 for 24 h until they 
reached 70‑90% confluence. To investigate the ICG reten‑
tion, the cells were incubated at 37˚C with 0.6 µg/ml ICG 
for 2.5 h. ICG medium was then removed, and fresh growth 
medium added. The cells were incubated in ICG‑free growth 
medium at 37˚C and 5% CO2 (0.5, 2.5, 4.0, 4.5, 5.0, 5.5, 
6.0 and 24.0 h). To differentiate between cell nucleus and 
cytoplasm, cells were stained with Hoechst 33342 (Thermo 
Fisher Scientific, Inc.) and calcein AM. Staining solution 
consisted of DPBS with 8.115x10‑3 mM/l Hoechst 33342 and 
2x10‑3 mM/l calcein AM. The medium was removed, the 
cells were washed with DPBS and 150 µl staining solution 
was added to the cells. Cells were incubated with the fluo‑
rescence staining solution at room temperature for 30 min 
before ICG/calcein/Hoechst f luorescence imaging. The 
exposure time was automatically determined by the imaging 
software.

ICG fluorescence imaging were performed on fresh 
frozen sections. Individual images were combined with an 
overlap of 15% to obtain ICG fluorescence images of the 
entire tissue section. The exposure time for all images was 
set at 10 sec. Tissue sections were stained with hematoxylin 
and eosin (HE; hematoxylin: 5 min, Eosin: 20 sec, at room 
temperature) after ICG fluorescence imaging and submitted 
to an experienced pathologist for analysis (including the 
search for necrotic tissue or cells) and annotation. The 
annotated HE images were co‑registered with the ICG fluo‑
rescence images to investigate the distribution of ICG inside 
the tissue.
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Results

ICG imaging of cell cultures. No notable effect of ICG on cell 
survival was observed. The number of dead cells was similar 
in the ICG and the control group (data not shown). Uptake of 
ICG by dead cells was observed after 1 min of incubation in 
ICG medium. Overall, dead cells showed earlier and higher 
ICG uptake than living cells (Fig. 1A).

No notable ICG uptake by living cells could be observed 
for the first 90 min (data not shown). ICG was only detected in 
the intercellular space and inside dead cells. After 2.5 h, ICG 
was taken up and internalized by living cells in both cell lines 
(Fig. 1B). At 24 h, transport to the nucleus of living cells was 
observed in both cell lines (Fig. 1C).

Imaging of tissue sections. For investigation of the in vivo 
distribution of ICG, samples from patients following ICG 
injection and surgery were used.

In all tissue sections, ICG distribution was distinctive 
and not diffuse. Higher ICG signal intensity was detected in 
connective tissue and surrounding cell clusters (Fig. 2) and cell 
clusters surrounding blood vessels (Fig. 3). ICG signal inten‑
sity was studied in representative samples of connective tissue 
and healthy epithelium as well as tumor tissue. The signal 
intensity was higher in connective compared with tumor tissue 
(Fig. 2A‑C) and healthy epithelium (Fig. 2D‑F). ICG signal 
intensity decreased with increasing distance from connective 
tissue. Higher ICG signal intensity was also detected in the 
connective tissue of healthy epithelial tissue located in close 
proximity to tumor tissue (Fig. 2D‑F). The higher ICG signals 
at the section edges were associated with diffusion artifacts 
from thawing of the tissue during the ICG measurement. This 
edge‑zone was therefore excluded from the analysis. Another 
artifact resulting from tissue preparation (Fig. 2B and C) was 
also excluded. Fully resolved microscopic images are provided 
as a publicly available dataset (19).

Table I. Overview of patients and their clinical data.

Patient	 Age, years	 Cancer	 Tumor localization	 TNM (stage)

1	 61	 Floor of the mouth 	 Floor of the mouth	 pT1(2) cN0c M0 L0 V0 Pn0 R0 (I)
2	 54	 Floor of the  mouth 	 Floor of the mouth	 pT3 pN0(0/24) cM0 L0 V0 Pn0 R0; (II)
3	 67	 Oropharyngeal	 Oropharynx	 cT2 cN3b cM0 (III)
4	 70	 Laryngeal 	 Vocal fold	 cT1a cN0 cM0 (I)
5	 61	 Laryngeal	 Larynx	 cT1b cN0 cM0 (I)

Figure 1. ICG uptake of living cells. SCC026 (tumor cells) and HaCaT (non‑tumor cells) were incubated in ICG medium for 1 min, 2.5 h and 24.0 h. Uptake 
of ICG in dead cells was observed after 1 min and in living cells at 2.5 h. Transport of ICG to the cell nucleus of living cells was observed at 24 h. Arrows 
indicate dead cells. Green, ICG; red, calcein AM (cytoplasm of living cells); blue, ethidium homodimer‑1 (nucleus of dead cells). ICG, Indocyanine green.

https://www.spandidos-publications.com/10.3892/br.2024.1824
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Discussion

ICG angiography is used to examine choroidal blood flow and 
associated pathologies (20). In tumor surgery, ICG has been 
introduced in clinical practice to detect sentinel lymph nodes 
and identify regional metastasis (11,21). Many studies with 
ICG have been conducted to test its suitability for determining 
tumor boundaries in vivo (22). Accurate labeling of tumor 
margins would assist during surgery; however studies have not 
yet been able to clearly show whether this is possible (22,23). 
Since it is difficult to study ICG distribution during surgery, 

the aim of the present study was to investigate the application 
of ICG using cell lines and tissue as model.

Earlier and higher uptake of ICG by dead cells was 
observed. This was expected, since necrotic cells no longer 
have a functioning cell barrier, allowing ICG to enter the 
cell more easily  (24). Egloff‑Juras  et  al  (25) studied the 
uptake of ICG by living cells in FaDu spheroids with similar 
results regarding ICGpenetration after 24 h. While measured 
at slightly different time intervals compared to this study, 
Egloff‑Juras et al also observed low ICG uptake in the first 
hour with increasing uptake after 3  h. However, neither 
spheroids nor cell cultures possess blood vessels, which limits 
the relevance of both the present and aforementioned study. 
Chan et al (26) analyzed ICG uptake and retention in sarcoma 
and breast cancer cell lines; ICG uptake but not retention was 
associated with proliferation rate of the sarcoma cell lines. 
Therefore, that for tumor detection in sarcoma surgery, ICG 
may demonstrate higher utility in high‑grade tumors, which 
display a higher proliferation rate.

To understand the in  vivo distribution of ICG, studies 
on tissue from patients who received ICG intravenously 
were performed. High ICG signals were primarily detected 
in connective tissue. This indicated a leaking of ICG from 
blood vessels, which supports the hypothesis of the EPR 
effect being the cause of ICG accumulation in tumor tissue 
due to stronger vascularization (27). However, the strongly 
heterogenous distribution of ICG and the small patient cohort 

Figure 2. ICG uptake of human tissue. (A) HE staining, (B) ICG fluorescence and (C) histopathological annotation of tumor and connective tissue. (D) HE 
staining, (E) ICG fluorescence and (F) histopathological annotation of healthy and adjacent connective tissue. HE, hematoxylin and eosin; ICG, Indocyanine 
green.

Figure 3. Co‑registered images of blood vessels (*) and surrounding cell 
clusters. Leaking of ICG from the blood vessel and uptake into the cells 
could be observed in (A) hematoxylin and eosin‑stained sections and (B) ICG 
fluorescence images. ICG, Indocyanine green.
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limits the present findings. Following injection, ICG rapidly 
binds non‑covalently and reversibly to macromolecules such 
as albumin in the bloodstream (28). Immature tumor vessels 
with fenestrated endothelia and deficient basement membranes 
allow extravasation of these macromolecules, while inefficient 
lymphatic drainage leads to their retention (EPR effect) (10,15). 
Chan et al (26) concluded that the exact mechanisms under‑
lying ICG uptake and retention require further investigation.

Adjacent connective tissue also showed higher ICG signals. 
The extent of ICG accumulation in adjacent connective tissue 
requires further investigation. Patients differ in blood volume 
and concentration of plasma proteins to which ICG binds, 
resulting in different ICG concentrations in tissue samples. 
The ICG dosage injected before surgery was applied based on 
a standardized procedure (3,29). Furthermore, improved ICG 
injection protocols for distinct clinical application considering 
time and location of the injections in addition to dose are 
under development (30). More objective measurements are 
needed for large‑scale multicenter studies. The detection of 
higher ICG signals in dead cells in vitro experiments led to 
a search for necrotic cells within the tissue. No necrotic cells 
were detected in the analyzed tissue samples.

ICG signal intensity decreased with increasing distance 
from the connective tissue, which indicates a concentration 
gradient towards the periphery. This pattern was consistent 
across all samples, regardless of the tumor localization. 
Therefore, it was hypothesized that this pattern may be 
universal in HNSCC. Using more samples from more 
patients and comparing the ICG distribution using immuno‑
histochemical staining for more detailed tumor assessment, 
is required. As in the cell culture experiments, uptake and 
internalization of ICG into the cell, but not the nucleus, was 
detected. All samples were collected 30  min after intra‑
venous administration of ICG. ICG thus had a maximum 
contact time of 30 min with the tissue. By contrast with the 
cell culture, transport to the cell nucleus was only observed 
at 24 h. Further studies with later sampling times after ICG 
administration cohort should be performed in the future to 
investigate whether transport to the nucleus occurs after a 
longer time. This is of particular relevance for a better under‑
standing of the mechanism underlying the second window 
ICG technique, in which high dose ICG is administered 24 h 
before surgery (31). While this approach has led to promising 
findings for laparoscopic fluorescence cholangiography, it 
is less feasible in clinical applications due to practicability 
concerns (32). These include additional administrative chal‑
lenges due to the need of treating patients twice, following 
a strict timeline that is not well aligned with daily clinical 
routine, as well as additional costs.

ICG should be used as a tag for other markers with 
tumor‑specific labeling to allow a reliable and effective intra‑
operative detection of tumor boundaries. A future application 
of ICG may involve coupling to nanoparticles that enable 
tumor‑specific labeling, which is a topic currently under 
investigation in a multitude of settings (33,34). Another area of 
investigation is use of ICG to detect colorectal liver metastasis; 
specific ICG uptake and retention of cholestatic hepatocytes 
may increase negative tumor margins during surgery (35,36). 
A recent study showed the potential of ICG as a universal solid 
tumor marker if the fluorescence lifetime is measured instead 

of the signal intensity (37) but questioned the validity of ICG 
fluorescence intensity as a tumor marker.

In conclusion, no distinct uptake of ICG by tumor cells 
in vitro could be observed. Highlighting of tumor tissue when 
ICG is administered during surgery appears to be a result of 
the EPR effect, rather than selective uptake by tumor cells and 
therefore is not reliable enough to be used as a feasible method 
of tumor border recognition in the clinic.
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