
Citation: Tunikowska, J.;

Rembiałkowska, N.; Michel, O.;

Mączyńska, J.; Antończyk, A.;
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Abstract: Electrochemotherapy (ECT) with bleomycin has been effectively used in recent years
to treat various skin tumors. Microsecond electric pulses significantly improve bleomycin (BLM)
delivery and its anticancer potential. Up to now, we can determine electric field distribution in
the targeted tissue, however, the distribution of the injected drug is still not well known. In this
study, we propose the combination of indocyanine green (ICG) with bleomycin as a practical ap-
proach for ECT, enabling drug distribution control and detection. Normal skeletal muscle (L6) and
fibrosarcoma (WEHI-164) cells were used for the viability evaluation by MTT assay after 24 and 72 h.
Cells were exposed to the ESOPE protocol alone and in combination with drugs. Additionally,
visualization of the uptake of ICG and ICG + BLM supported by electroporation was performed by
confocal microscopy. The mast cell tumor (MCTs) was diagnosed in the feline case. The mixture of
ICG + BLM was injected into the tumor, and ECT was performed under near-infrared fluorescence
imaging (NIRF). The obtained results indicate the safety of the used procedure in vitro and in vivo.
ICG does not affect ECT protocols in vitro. No significant cell viability decrease was noted only in
the case of WEHI-164 cells post-ECT. Moreover, it does not adversely affect the procedure; in the
case of in vivo surgery, it helps to control the drug distribution before and after ECT and identify the
sentinel lymph node.
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1. Introduction
1.1. Electrochemotherapy in Veterinary Oncology

Electrochemotherapy (ECT) is a local cancer treatment that has gained popularity
in both human and veterinary oncology since European Standard Operating Procedures
(ESOPE) were published in 2006 [1]. The treatment consists of the combination of reversible
electroporation with an appropriate electric pulse duration and electric field intensity
leading to enhanced cytotoxicity of a chemotherapeutic drug inside the tumor [1,2]. The
effectiveness of ECT was demonstrated in several tumor histotypes: melanoma, planum
cell carcinoma, mast cell tumors, sarcomas, and others [3]. Most studies focus on the
application of ECT in treating skin or head and neck tumors; however, new research
also investigates its usefulness in internal organs, i.e., the liver and pancreas [4–7]. The
way of drug administration can be achieved by local or systemic injection and depends
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on the species, tumor size, and the type of chemotherapeutic [2,3,8]. One of the best-
studied substances commonly used in ECT treatment is bleomycin (BLM). This is an
antitumor antibiotic derived from Streptomyces verticillus, whose mechanism of action
relies on sequence selective DNA binding and cleavage, resulting in DNA degradation [9].
BLM is a very potent cytotoxic drug once inside the cell; however, its large size and
hydrophilic structure ampere transport through the plasma membrane and hinder its
high concentrations in the cytosol [10]. This limitation was conquered when the use of
electroporation to increase BLM uptake into the cells was introduced [11]. Significant
potentiation of BLM cytotoxicity can be obtained even in BLM-insensitive tumors [11]. The
ECT is described as an easy and uncomplicated technique [12]. Among factors such as
size, histotype, and exposure to previous oncological treatments, a good outcome relies on
proper tumor infiltration with chemotherapeutics and electroporation of the whole tumor
mass. Although the determination of electric field distribution in the targeted tissue may
be predicted, the distribution of the injected drug is still difficult to detect. The authors of
this study suggest combining indocyanine green (ICG) with bleomycin in ECT to attain
control over drug distribution and allow for detection.

1.2. NIRF Coupling with ECT

One of the most popular imaging modes in biomedical sciences for visualizing cells
and tissues is fluorescence imaging [13]. NIRF (near-infrared fluorescence) imagers provide
information on the distribution of the weak (relative to white-light reflectance) fluorescence
signal arising from the excited fluorescent agents within the surgical field [13–15]. A
charge-coupled device camera captured and recorded the fluorescent signal [15]. As ICG
works in the optical window of tissue, it is currently the most popular contrast used
for in vivo fluorescence imaging [13]. There is a growing interest in using NIRF-ICG in
oncology for identification and tumor assessment in human and veterinary medicine [13,16].
Coupling ECT with NIRF-ICG is a novel approach that can influence the outcome of the
ECT treatment. The authors report that this is the first examination of the use of NIRF
imaging during ECT treatment.

This study aimed to investigate the effect of electroporation of the normal and tumor
cells with indocyanine green and a mixture of ICG with BLM on cell viability, accompanied
by the clinical application of NIRF imaging for the ECT treatment in a feline in vivo
case study.

2. Materials and Methods
2.1. In Vitro Study
2.1.1. Cell Line and Culture Conditions

In the current study, the following cell lines were used: the mouse fibrosarcoma cell
line—WEHI-164, and normal rat skeletal muscle—L6. Both cell lines were purchased
from ATCC ®. Fibrosarcoma cells were maintained in RPMI 1640 culture medium (IITD,
Wroclaw, Poland), skeletal muscle cells were grown using DMEM (Biological Industries)
with 10% fetal bovine serum (FBS, Sigma-Aldrich, Burlington, MA, USA), antibiotic (peni-
cillin/streptomycin; Sigma-Aldrich), and 1% L-glutamine, at 37 ◦C and 5% CO2 in a
75 cm2 plastic flask (Sarstedt, Germany). For the experiments, the cells were detached by
trypsinization (Trypsin 0.025%, IITD, Wroclaw, Poland), which was further neutralized by
a cell culture medium. Cells were passaged every 2–3 days and a day before the experi-
ment. Before experiments, cells were detached by trypsin solution and washed with DPBS
(Sigma-Aldrich, Poznan, Poland).

2.1.2. Electrochemotherapy (ECT) In Vitro Protocol

The electroporation of cells was performed in the electroporation cuvette with a
1 mm gap between electrodes (Biorad, Hercules, CA, USA). The standard ESOPE proto-
col was used: 8 pulses of 100 µs duration, frequency 1 kHz, and electric field intensity
1300 V/cm. For pulse delivery, the ECM 830 Square Wave Electroporation System (BTX
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Harvard Apparatus, Syngen Biotech, Wroclaw, Poland) was used. After trypsinization
and centrifugation (5 min, 1500 rpm) cells were resuspended in an SHM electroporation
buffer [17,18] (HEPES based), and electroporated. Bleomycin (100 nM, Bleomedac, medac
GmbH, Wedel, Germany) and indocyanine green (Verdye, Diagnostic Green, GmbH, Ger-
many) (20 µg/mL) were used with electroporation as a single ECT drug treatment and
mixture ECT treatment. Three technical repetitions were performed.

2.1.3. MTT Viability Assay

The MTT assay was used for the evaluation of the viability of cells after 24 or 72 h
post-exposure to ECT. After electroporation, cells were resuspended in 96-well plates
(Sarstedt, dist. Equimed, Poland) at a concentration of 2 × 104. The MTT assay was used
in our previous study, and a detailed procedure is described here [17]. The results were
presented as a percentage compared to the untreated control cells. Experiments were
repeated a minimum of three times in triplicate.

2.1.4. Intracellular Distribution of ICG by Confocal Microscopy

L6 and WEHI cells were seeded on cover microscopic slides (20 × 20 mm), placed in a
6-well plate (Sarstedt, Germany), and left overnight to adhere. Then, the ESOPE protocol
with ICG or ICG + BLM diluted in SHM electroporation buffer was performed by applying
a contact plate electrode (Petri Dish 35 mm electrode—BTX, Syngen, Wrocław, Poland).
Cells were fixed immediately post-treatment and after 24 h. For this purpose, the culture
medium was removed, and the cover glasses were washed with PBS, fixed for 10 min in 4%
paraformaldehyde (PFA), and washed with PBS. Slides were mounted in a fluorescence
mounting medium (Sigma-Aldrich) containing DAPI (4,6-diamidino-2-phenylindole) for
nuclei staining. The preparations were stored in the dark at 4 ◦C. The Leica TCS SP8 MP
confocal laser scanning microscope (Leica Microsystems, Wetzlar, Germany) was used for
imaging. For ICG detection, the following wavelengths were used: λexc = 632 nm and
λem = 835 nm. Images were captured with a 20× (numerical aperture, NA—0.45) air objec-
tive and analyzed using Fiji ImageJ 1.53 t (ImageJ, USA). Maximum intensity projections
(MIP) were generated from Z-stack images taken at 5µm intervals, using the following
settings: 1024 × 1024 pixels, 8 speed, 4 averaging.

2.1.5. Statistical Analysis

The statistical analysis was performed using GraphPad Prism 8 (La Jolla, CA, USA).
The results were analyzed by a non-parametric Kruskal–Wallis statistic test. Results were
expressed as a median and range, where p < 0.05 was considered statistically significant.

2.2. In Vivo—Feline Case Study

A 14-year-old male domestic shorthair cat was referred to the veterinary center for
removal of the mast cell tumor (MCTs) localized under the metatarsal pad of the left hind
limb (Figure 1). The owner refused radical excision; therefore, alternative treatment with
surgical excision of the mass supported by intraoperative ECT and removal of the sentinel
lymph node was proposed. The owner signed the agreement consent for the proposed
treatment. The study was approved based on consent issued by the Bioethical Committee
of Wroclaw University of Environmental and Life Sciences (Wroclaw, Poland) no. 49/2020
and 50/2020 (valid for five years).

Surgery was conducted under short-infusion anesthesia and epidural analgesia. The
cat was given dexmedetomidine (Dexdomitor, Orion Pharma, Espoo, Finland) at a dose
of 40 mcg/kg intramuscularly in premedication. General anesthesia was induced using
propofol (Propofol-Lipuro 1%, B. Braun Melsungen AG, Melsungen, Germany) until the
desired level of unconsciousness was achieved. The cat was intubated with a cuffed
endotracheal tube (internal diameter 4.0 mm) and was breathing spontaneously with
oxygen-enriched air. Additional propofol was administered as a bolus of 1–2 mg/kg when
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needed. The cat was clipped and washed to allow visualization of the suspected draining
tracts, and the surgical field was routinely disinfected.
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Figure 1. Visualization of the tumor: (a) Tumor mass before the ECT treatment, (b) tumor mass
after infiltration with BLM-ICG, (c) tumor mass after infiltration with BLM-ICG with fluorescence
green overlay.

The visualization of the BLM-ICG fluorescence was conducted with VS3 Iridium™
(Philadelphia, PA, USA). The excitation source is a laser tuned in the NIR range (λexc = 805 nm,
and λem = 835 nm) with an incident excitation power of 11 mW/cm2 at 30 cm from the
tissue (Figure 1b,c). The level of the infrared signal (IR) captured by the camera from the
surgical field was visible on the screen as a scale of IR intensity. The absolute intensity of
the IR signal was visible at a given point (Base Point) on the screen ranging from 0 to 255
(Figure 2). The relative intensity of the IR signal at user-specified points was calculated
by the system with reference to the base point (in %). The tumor mass was injected with
bleomycin (Bleomedac, medac GmbH, Germany) at a dose of 1 mL/cm3 of the tumor mass
mixed with 0.1 mL of indocyanine green 5 mg/mL (Verdye, Diagnostic Green, GmbH,
Kirchheim bei München, Germany) and exposed to the ESOPE protocol.
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For pulse delivery, the ELECTROcell B15 (Leroy Biotech, Saint-Orens-de-Gameville,
France) and an applicator with a contact L-shape electrode 10 mm gap was used. A standard
ESOPE pulsing protocol was employed. The electroporation was made immediately after
drug administration, directly on the tumor mass and at a distance ranging from 5–15 mm.
After ECT, the tumor mass was excised routinely with a CO2 laser (Aesculight, Bothell,
WA, USA) using 0.25 mm spot size, working in super pulse mode and 10 W of power
output. Due to finding the draining node, the lymphatics were followed until the point at
which they were no longer visible in the skin. Then, the suspected lymph node exhibiting
fluorescence was removed. The wounds were sutured with monofilament nonabsorbable
suture material (Figure 2b). Tumor tissue and lymph node were directed for CLSM (Leica
TCS SP8 MP) imaging, similarly as for the in vitro. For the ICG detection, the following
wavelengths were used λexc = 638 nm and λem = 660–788 nm. Images were captured with a
25× (numerical aperture, NA 0.95) water objective. Maximum intensity projections (MIP)
were generated from Z-stack images taken at 3µm intervals, using the following settings:
512 × 512 pixels, 8000 Hz speed, 16 line averaging. Multiphoton-induced second-harmonic
generation and two-photon excitation enabled label-free imaging of collagen.

Application of the super-oxidized solution Microdacyn 60 hydrogel® (Kikgel, Ujazd,
Poland) twice daily was recommended to the owner. Robenacoxib, in a dose of 1 mg/kg,
was given once daily for ten days after the surgery. Necrotic tissue debridement was
undertaken two weeks after the ECT and the wounds were left for second-intention healing
under aqua-gel dressings.

3. Results
3.1. In Vitro Studies

Figure 3 shows the ECT effect on cancer and normal cells. As a chemotherapeutic drug,
bleomycin was used. Additionally, ICG—a diagnostic marker, was used to determine its
cytotoxic effect when applied simultaneously with the ECT protocol. In the case of L6 cells,
which are normal skeletal muscle, a similar effect was observed but with weaker intensity,
i.e., ca. 60% cells’ viability after 24 h post-ECT + BLM or ECT + BLM + ICG (Figure 3a),
and 52% after 72 h post-ECT + BLM + ICG (Figure 3b). The results show that WEHI-164
cell viability decreased to ca. 57% after ECT with bleomycin, independently of the time
post-experiment. In the case of ECT with BLM and ICG, cells’ viability decreased to 48%
after 24 h (Figure 3c) and 42% after 72 h (Figure 3d). ECT with ICG only induced a 13%
decrease after 72 h in normal cell viability, which was not significant. BLM and ICG or their
mixture without electroporation did not significantly affect cell viability.

Figure 4 demonstrates the intracellular distribution of ICG in L6 and WEHI cells.
ICG was delivered to cells in standard incubation protocol or via electroporation (ESOPE).
Additionally, ICG was mixed with bleomycin. The results indicate that the ESOPE protocol
improved ICG and ICG + BLM transport to both exposed cell lines. The highest ICG and
ICG + BLM uptake was observed directly after exposure to the electric pulses. The intensity
of the fluorescent signal was comparable in both cell lines. In the case of cells that were not
exposed to electroporation, ICG or ICG + BLM delivery was traceable and insignificant.
There was not a significant enhancement of the fluorescent signal in WEHI cells after 24 h.
Figure 4c shows the analysis of the fluorescent signal from CLSM images. We can observe
the most intensive increase in RFU in protocols combined with electroporation.

3.2. In Vivo—Feline Case Study

The fluorescence of the ICG in the mixture with BLM was preserved. During the
procedure, the fluorescence of BLM-ICG was visible at the moment of the intratumoral
injection and after electroporation. Fluorescence imaging allowed for the intraoperative
visualization of the BLM-ICG in the infiltrated tissue within 6 s after drug deposition into
the tissue. The fluorescence in the sentinel lymph node was visible within 4 min of the
injection. The maximum relative intensity level reached 92% and was visible 9 min after
the BLM-ICG injection (Figures 2 and 5). After the drug mixture injection, the ESOPE
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protocol was performed as described in Section 2.2. The BLM-ICG mixture was visible
during electroporation. The fluorescence of the contaminated gloves, the patient’s skin,
and surgical drapes with BLM-ICG mixture were visible under the NIRF imaging camera.
Histopathologic examination confirmed clean margin resection of low-grade mastocytoma
and infiltration of the popliteal lymph node with mast cells. Figure 6 shows the ICG
accumulation in the tumor tissue received from the resection and from the lymph node. We
can see a strong fluorescent ICG signal in the tumor tissue exposed to ECT. Interestingly,
we also detected fluorescent ICG signals in lymph nodes, which were not treated by ECT.
Thus, it confirms that the mixture of BLM and ICG was also delivered there.

Further observations revealed that complete healing was obtained 5 weeks after the
surgery. The cat was controlled after five months post-ECT procedure, and no recurrences
were observed.
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Appl. Sci. 2023, 13, 2027 9 of 13

Appl. Sci. 2023, 13, x FOR PEER REVIEW 9 of 14 
 

 
Figure 5. The screenshot from the NIRF imaging system after ECT treatment (a) fluorescence of the 
BLM-ICG in the lymphatics and popliteal lymph node before excision. (b) Fluorescence of the pop-
liteal lymph node during surgical removal. 

 
Figure 6. ICG distribution in tumor tissue and lymph node of the feline, where lymph nodes were 
not exposed to ECT (unfixed tissue, 24 h after resection) ICG—(indocyanine green, 20 µg/mL). 
Figure 6. ICG distribution in tumor tissue and lymph node of the feline, where lymph nodes were
not exposed to ECT (unfixed tissue, 24 h after resection) ICG—(indocyanine green, 20 µg/mL).

4. Discussion

The features of NIR-excited dyes are also effectively used in photodynamic proto-
cols, where this cyanine fits perfectly into the therapeutic window of biological tissues
(700–900 nm) [19]. NIRF-based imaging is an effective tool that enables early cancer detec-
tion and treatment [20,21]. Recently, NIRF dyes are also incorporated for multifunctional
protocols that are combined with chemotherapy [22], photodynamic therapy [23], or pho-
tothermal therapy [19]. In this study, we have demonstrated for the first time the usage of
indocyanine green (ICG) with electrochemotherapy (ECT) with bleomycin (BLM). The idea
behind a certain decision was influenced by the lack of control over the distribution of drugs
during ECT treatment. ECT-based protocols mostly use non-fluorescent chemotherapeutics
such as bleomycin or cisplatin [24–26]. In our study, various models in vitro and in vivo
were used. Fibrosarcoma (used in vitro) and mast cell tumor (MCT) (feline case) are both
malignant tumors that can originate from connective tissue, so it is possible to compare
them to some extent. Moreover, in vitro validation allows you to check the toxicity of
the therapy before applying it to the patient. Our results in vitro reveal that ICG can be
safely combined with bleomycin and does not affect the efficacy of BLM. The decision on
additional ECT in this patient’s case was based on inconclusive cytology results, the clinical
appearance of the mass, and the owner’s capability for only one-time treatment. Addition-
ally, the presented case study on the domestic cat confirms the safety and effectiveness of
the ICG-BLM-ECT protocol.

The advantage of combining BLM with ICG is spatial and temporal visualization of
the electroporation field. ICG has several clinically valuable properties, including a good
signal-to-noise ratio and operation in optical tissue windows, enabling deep imaging [13].
Both BLM and ICG are characterized by good solubility in water as well as low toxicity.
ICG dose—60 to 80 mg/kg, caused 50% mortality (LD50) in mice following intravenous
administration [27], whereas LD50 of intraperitoneally administered bleomycin ranged
from 72 to 520 mg/kg in rats [9,10]. In the context of ECT, some (bio)chemical differences
between ICG and BLM may influence their behavior during the electroporation procedure.
ICG molecular weight is 774.97 g/mol, with an average size from 3 to 300 nm [28], whereas
bleomycin, a complex mixture of related glycolipopeptides with a larger molecular weight
(1415.56 g/mol), can also range from a few nanometers to tens of nanometers, depending
on factors such as its conformation and hydration state. It was demonstrated that electric
pulses induced an increased cell permeability and might augment the cytotoxicity of
bleomycin by several 100-fold [29], which suggests that the compound size is not the
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critical aspect of ECT efficacy. Due to its hydrophilic character, bleomycin easily penetrates
through pores created during electroporation. ICG on the other hand possesses both
hydrophilic and lipophilic properties and may interact with cellular phospholipids [30]
and proteins [31]. The ability of ICG to bind to serum proteins was used by Tummers et al.
who aimed to detect ovarian cancer metastases based on a resulting enhanced permeability
and retention of ICG [32]. Unfortunately, this approach appeared ineffective due to low
specificity—all malignant lesions were detected, and a high-false positive signal was also
present. In our study, we expected the tumor penetration by ICG to be similar or worse
compared to BLM. Thus, we mixed both drugs and our results indicate an increased ICG
uptake after electroporation in cells and in the tumor tissue. The most interesting was the
detectable fluorescent ICG signal in lymph nodes, which were not electroporated. Thus, it
suggests that BLM also can reach lymph node tissue. Additional comprehensive studies,
including analysis of the cellular localization of ICG and BLM, are necessary to support
the findings.

In theory, the problem of uneven tissue distribution of BLM and ICG could be solved
by encapsulating both compounds inside a nanocarrier. Such an approach was explored
in several studies, most of which used ICG as a photosensitizer. For example, Zhu et al.
established a drug delivery system consisting of ICG and doxorubicin encapsulated in
microvesicles to obtain effective synergistic photochemotherapy toward cervical cancer [33].
ICG was also used to solubilize the hydrophobic drug SN38 eliciting synergistic phototoxic
and cytotoxic effects in vitro and in vivo against human glioblastoma cells and breast cancer
cells upon NIR irradiation [34]. Importantly, ICG was combined with cisplatin (another
standard drug used in ECT) within a hydrazided hyaluronan/cisplatin/ICG coordination
nano-prodrug, which appeared to be highly effective toward hepatocellular carcinoma [32].
However, it has to be noted that lipid carriers may not be delivered with the standard
ESOPE protocol due to their instability in the electric field. On the other hand, lipid
nanoparticles had been successfully delivered to colon cancer cells using electric pulses of
millisecond duration [35]. Overall, the ECT protocol with the modification involving the
fusion of ICG and chemotherapeutics entrapped in nanocarriers seems to be a promising
approach to trigger synergistic cytotoxic and phototoxic antitumor effects.

One of the main applications of NIRF-ICG imaging is mapping the sentinel lymph
nodes [3,13,36,37]. In our study, we noticed fluorescence in the region of the popliteal
node a few minutes after the injection. Histopathological examination confirmed that the
fluorescent signal was from the regional lymph node. Our observation is in agreement
with the clinical studies of Arz et al. concluding that NIR lymph node mapping was a safe
procedure that helped identify and resect normal-sized metastatic lymph nodes in a cat
with MCT [38]. Combining ICG with bleomycin for ECT has a theranostic implication—
allowing both treatment of the primary tumor with additional visualization of the sentinel
node draining from the region of interest.

Electrochemotherapy (ECT) is an effective local therapy for cutaneous tumors in hu-
man and veterinary patients. However, according to the National Institute for Occupational
Safety and Health, handling cytotoxic drugs has been classified as an occupational health
hazard [39,40], thus all procedures that involve cytostatic drugs are a risk; such drugs are
carcinogenic, mutagenic, teratogenic, and abortifacient, increasing the risk of stillbirth [39].
The administration of the cytotoxic drug may be controlled by using well-established
guidelines for chemotherapy administration protocols, but the guidelines during intratu-
moral application are still complicated and sometimes challenging. Our experience in IT
injections in the case of tumor masses that are dense in structure and have more fibrous
tissue indicates the spillage usually occurs after a backward flush of the drug; on the other
hand, in soft tumors, the spillage usually occurs through pores and holes in the necrotizing
mass. In both cases, the contamination risk may be elevated whether the treatment is
simultaneous ECT and surgical excision. We hypothesize that adding the ICG to the BLM
may allow for fast visualization of the possible drug leakage and contaminants during
the ECT. In this study, the tumor mass was small, and accidental drug outflow was noted.
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Thus, as we can state, the long-term benefits of NIRF imaging applications are not only
for the patient during the procedure but also for the personnel’s safety during ECT with
IT injection.

In our opinion, further investigations on NIRF imaging in ECT treatment might focus
on its influence on the following:

1. The reduction of risk of intraoperative contamination of the personnel with the
cytostatic during intertumoral injections with cytostatic during ECT.

2. The treatment outcome by enhancing the tumor margins and its infiltration of the
cytotoxic drug.

3. The intraoperative visualization of the draining lymph node and its electroporation
with or without additional application of the cytostatic.

The main limitations of the study, as highlighted by other authors, include the camera-
to-tissue distance and camera angle [41]. Additionally, the depth of the tissue also limits
the method, making it suitable only for the treatment of surface tumors or for laparo-
scopic treatment.

5. Conclusions

ECT is a promising method in veterinary that can be used for the effective treatment
of sarcoma, fibrosarcoma, or fibromas. Despite the high effectiveness of this method, efforts
are ongoing to find new solutions that will speed up the procedure and enable more
accurate treatment of patients. Our study demonstrated that the combination of NIRF-ICG
imaging in ECT could provide a valuable tool in electroporation-based therapies and ensure
the safety of drug delivery. However, ECT supported by NIRF-ICG requires further and
comprehensive investigations.
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