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Abstract 

Photothermal therapy (PTT) is a method of growing attention, owing to its controllable process, 

high efficiency and minimal side effect. Indocyanine Green (ICG) is as Food and Drug 

Administration (FDA) approved agent that stands on the frontline of further developments of 

PTT toward clinics. However, the applicability of ICG-mediated PTT is limited by the rapid in 

vivo clearance and photo-degradation of ICG. To improve those parameters, nanosized ICG-

loaded nanoparticles (ICG-J/CX) were fabricated in this study by co-assembly of anionic ICG 

J-aggregates (ICG-J) with cationic tetraguanidinium calix[4]arene (CX). This very simple

approach produces ICG-J/CX with a well-defined nanometer range size and a close to neutral 

charge. The nanoparticles demonstrate high photothermal conversion efficiency (PCE) and 

dramatically improved photostability, as compared with ICG. The in vitro cellular uptake and 

cytotoxicity studies further demonstrated that the ICG-J/CX nanoparticles enhance uptake and 

photothermal efficiency in comparison with ICG or non-formulated ICG-J, overall 

demonstrating that ICG-J/CX mediated photothermal therapy have significant potential for 

attaining cancer treatment.  
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Introduction 

Photothermal therapy (PTT) is a promising approach in cancer therapy due to its ease of 

implementation, spatial selectivity and minimal invasiveness compared with other traditional 

therapeutic technics.1 PTT employs phototherapeutic agents which generates local 

hyperthermia when exposed to light irradiation. To optimize PTT efficacy, irradiation in the so-

called therapeutic near-infrared region (NIR) windows (i.e. between 700 and 1100 nm) is 

particularly appropriate due to a deep tissue penetration capability correlated to low absorption 

by tissues and blood. In recent years, a variety of NIR absorbing photothermal agents have been 

developed,2–5 such as noble-metal-based nanostructures, carbon or semiconductors 

nanomaterials, conjugated polymers, and organic dyes-loaded nanoparticles (NPs). Despite the 

encouraging demonstration of their potential for future practical PTT tumors treatment,6 their 

clinical translations have been hindered by the potential biosafety issues, notably for inorganic 

materials that are nondegradable, the scaling-up manufactures, and the limited photothermal 

performances. Therefore, one of the most fundamental aspect to facilitate the clinical 

transduction of PTT is to develop clinically-acceptable photothermal agents with outstanding 

properties. Utilizing already clinically approved pharmaceutical drug may therefore be a very 

profitable strategy. 

Indocyanine green (ICG) is a fluorescent dye approved by the United States Food and Drug 

Administration (FDA) since 1959. ICG is a non-toxic amphiphilic cyanine exhibiting large 

light-absorption capability (ca. 150,000 M−1 cm−1 in water) and an excitation/emission range 

(ca. 780/805 nm) in tissues falling in the NIR windows.7,8 These characteristics make it an ideal 

contrast agent which is commonly used for angiography in ophthalmology,9–11 in evaluation of 
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cardiac and hepatic flow, in sentinel lymph node biopsy and detection of metastasis,12–14 and 

for fluorescence guided surgery.15–17 The good absorption properties of ICG make it also ideal 

for PTT applications.18 However, its efficacy in this context is severely restricted by intrinsic 

limitations including poor in vitro aqueous stability, proneness to photobleaching and rapid 

clearance from the body (2-4 min in circulation).19–24 Therefore, protection of ICG from 

degradation and improvement of its in vivo behavior via engineering as nanosized ICG delivery 

systems have been established as a virtuous strategy to artificially improve its performances for 

PTT.25–28 Developed systems includes lipid29,30 and polymer-based NPs,31–40 Human/Bovine 

Serum Albumin based NPs,41,42 antibody-based NPs,43,43 co-assembly with chemotherapeutic 

drugs,44 and others.45 Unfortunately, many of these promising systems have highlighted some 

persistent limitations, such as unresolved photothermal degradation issues which remains the 

main challenge that hampered its widespread applicability.  

These findings have recently led to the emergence of nanosized ICG J-type aggregates (ICG-J) 

as an additional approach.46–53 J-aggregates are highly ordered supramolecular assembly of 

organic dyes which drawn recent interest in photothermal therapy.54 As illustrated for BODIPY 

(BDP),55 squaraines56 and cyanines 57,58 J-aggregates of those dyes are generally featured by 

strong red-shifted absorption and better photothermal conversion and photobleaching resistance 

compared to monomers. ICG-J aggregates are formed spontaneously form in highly 

concentrated aqueous solution of ICG, and are characterized by a 105 nm redshifted absorption 

together with an increase of molar extinction coefficient and a severe diminution of 

fluorescence.59 As firstly demonstrated by Dai’s team in 2017,46 ICG-J can achieve better 

photothermal efficiency (PCE) in vivo as compared with ICG. Interestingly it also appears as a 

good photoacoustic contrast agent, therefore imposing itself as an integrative theranostic 

agent.48,52 Unfortunately, ICG-J dissociate relatively quickly in complex aqueous media, even 

stabilized by hydrophobic protein pockets,51 disassemble within minutes in serum in the 
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presence of plasma proteins, which severely hampering its applicability in vivo.48 ICG-J also 

quickly disassemble in the presence of surfactants, complicating the formulation approaches.46 

Several tentative to stabilize ICG-J have been made by encapsulation into micelles,47 

liposomes,49,52 and polymersomes.48 Although, these systems generally request complex 

composition and long procedures, they have been several times successfully applied for in vivo 

PTT and/or PAI, demonstrating the large potential of ICG-J based nanotheranostics. In this 

context, engineering ICG-J- assemblies trough electrostatic interactions have been very 

scarcely explored,48 although it appears as the simplest method to both strongly stabilize ICG 

and to compensate its highly anionic nature for a better in vivo distribution and cell penetration. 

In the study presented herein we utilized amphiphilic tetracationic calix[4]arene (CX) to 

engineered ICG-J/CX nanoprecipitation (Fig. 1a,1b). CX structures have already demonstrated 

potential for the stabilization of molecular ICG and reduction of its aggregation,60 but have 

never been envisioned for the manufacturing of ICG-J based phototheranostic systems. Our 

ICG-J/CX nanoprecipitation, which could be easily and quickly prepared, possess close to 

neutral charge and demonstrated high photothermal capacities and excellent stability in 

biological medium. Moreover, the photostability under irradiation was found to be higher than 

that observed for free ICG or ICG-J. These properties have contributed to improving cellular 

uptake, absence of dark cytotoxicity, considerable decrease in the ICG concentration required 

to reach high photothermal efficiency in human head and neck squamous cell carcinoma cells, 

demonstrating the potential of our platform to open up new avenues for attaining cancer 

treatment. 
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Materials and methods 

Materials 

Indocyanine green (ICG, laser grade) was purchased from Acros OrganicsTM. Ultrapure 

deionized water was prepared with a resistivity less than 18.2 MΩ·cm using a Milli-Q® 

Reference Water Purification System from Merck. 5-(N-Ethyl-N-isopropyl)amiloride (EIPA, 

A3085), genistein (G6649) and chlorpromazine hydrochloride (C8138) were purchased from 

Sigma-Aldrich and were reconstituted in solution in methanol, ethanol and water, respectively. 

Crystal violet (C3886) was dissolved at 0.5% in a mixture of water/2% ethanol.  For cell culture, 

the phenol red-free Roswall Park Memorial Institute-1640 (RPMI) medium (R7509) and the 

used supplements were also purchased from Sigma-Aldrich: fetal bovine serum (FBS, F7524), 

200 mM L-glutamine (G7513), 10 mg/mL gentamicin (G1272), 10 mg/mL penicillin-

streptomycin (P4333), and trypsin-EDTA 10X (59418C). Dulbecco’s Phosphate Buffered 

Saline (D-PBS) 1X without calcium chloride and magnesium chloride (14190-094) was ordered 

from Gibco. The DCTM protein assay (Bio-rad) is used to determine protein concentration in a 

cell sample.  Float-A-Lyzer® G2 dialysis bags of 8-10 kDalton molecular weight cut off 

(MWCO) were obtained from Spectrumlabs and rehydrated in water before usage. UV-vis-NIR 

spectra were recorded using a Lambda 1050 UV-vis-NIR spectrophotometer (Perkin Elmer, 

USA) using a 1 cm optical path length cell at 25°C. The hydrodynamic diameters were 

determined from dynamic light scattering (DLS) measurements using a Zetasizer ultra 

instrument (Malvern Instruments, UK) equipped with multi-angle detection (MADLS®). The 

samples were filtered through a 0.22 µm sterile PES syringe filter (PALL 4612) before DLS 

measurement. Ultrasonic homogenizer (SONOPULS, Bandelin, Germany) was used to reduce 

the particles size. The optical density at 570 nm for crystal violet assays was measured with a 

VICTORTM X3 Multilabel plate reader (model 2030, PerkinElmer, USA).  For PTT treatment, 

temperature was controlled by an Optris Xi400 infrared optical camera (Optris GmbH, 
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Germany). Irradiation was performed with 808 nm high stability infrared diode laser 10 Watts 

(MDL-H-808, CNI Lasers®, Nano-Giga, France). The power was measured with PM160T 

power meter with high-sensitivity thermal sensor (Thorlabs, USA). 

Synthesis of C8H17 calix[4]arene (CX) 

Calix[4]arene guanidinium was synthetized according to the method described by Dudic61. 

Preparation of ICG-J aggregates (ICG-J) 

The procedure for ICG-J preparation was adapted from earlier reports with minor 

modifications46. Briefly, a 1.15 mg/mL aqueous solution of ICG was heated at 65 °C for 24h 

under constant agitation and protection from light exposure. After ICG-J formation, as 

confirmed by UV-vis-NIR analysis of an aliquot from the mixture, the solution was sonicated 

(1min/mL; 20% of max power) to reduce the particles size. The solution was then transferred 

in an 8-10 kDa MWCO dialysis bag and dialyzed three times against deionized water for 20 h 

to remove monomeric ICG. The solution was finally filtered through a 0.22 µm sterile filters.  

Preparation of ICG-J/CX nanoprecipitation 

First, 1.15 mg/mL CX solution was prepared by dissolution in water under ultrasonic 

homogenizer for 5 min with an output power set at 50%. Then, an equal amount (v/v) of CX 

solution and ICG-J solution were mixed together and dispersed under ultrasonic homogenizer 

for 1min/mL with an output power set at 20%. The spontaneously formed nanoparticles were 

stand for 24h before being finally sonicated (1min/mL).  

Characterization of ICG-J and ICG-J/CX nanoprecipitation 

For the size evaluation, the ICG-J and ICG-J/CX solutions were diluted 10-times with MilliQ 

water (at 0.125 mg/mL). The hydrodynamic diameters were determined from MADLS 

measurements. To assess the stability over time, the size was measured every week over a 
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period of a month. For the spectral characterization, the absorption was recorded with the UV-

vis-NIR spectrophotometer and performed in MilliQ water at 5 µg/mL. In order to determine 

the ICG concentration in the formulation, stock solutions were diluted at 5 µg/mL in absolute 

ethanol (to dissociate ICG-J aggregates into monomeric ICG), and the ICG concentration was 

determined against calibration curve obtained from a standard ICG solution in absolute ethanol. 

For photobleaching kinetics, the solutions were diluted at 10 µg/mL and the absorbance decay 

of solutions was recorded every 30s under irradiation (808 nm). The area under the curve for 

each spectrum was calculated between 550 nm and 1000 nm and results were normalized to the 

spectrum obtained at T0.  

Photothermal production experiments  

The photothermal production was determined using a procedure adapted from literature.62 ICG, 

ICG-J, and ICG-J/CX nanoprecipitation were diluted at 10 µg/mL and placed in 96-well plates 

(200 µL/well). A continuous-wave diode NIR laser (808 nm) was used to irradiate the solutions. 

The laser fiber was placed up perpendicular to the plate, at around 10 cm vertical distance, in 

order to obtain a spot covering at least one well from the plate. Measurement were performed 

well by well.  To monitor the temperature in the well in real-time, a thermal camera is placed 

side to the laser fiber output in order to measure the temperature from a top view. As standard 

conditions, an output power giving an irradiance at the sample of 1 W/cm² and an irradiation 

time of 500s were used. A power meter was used to measure the exact irradiance at the sample 

position.  

To evaluate the photobleaching tendency, three successive irradiation cycles were realized, 

each cycle including a laser irradiation period of 300s followed by a cooling down period of 

600s. 

Determination of the photothermal conversion efficiency 
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The photothermal conversion efficiency () was calculated as previously reported63,64. Briefly, 

 was determined by using the following equation (Eq. 1): 

𝜂 =
ℎ𝑆 𝛥𝑇𝑚𝑎𝑥−𝑄

𝐼 (1−10−𝐴𝜆)
(Eq. 1) 

where h is the heat transfer coefficient, S is the surface area of the container, Tmax is the 

difference between the maximum temperature attained (Tmax) and the surrounding temperature 

(Tmin), Q is the heat dissipated from light absorbed by the quartz sample cell containing pure 

water (11.34 mW), I is the laser power (0.36 W, determined from the power intensity, e.g. 1 

W/cm², at the sample position, and the surface area of the top-section of the well, i.e. 0.36 cm2), 

and A is the absorbance intensity of the sample at 808 nm. hS was obtained from the following 

equation (Eq. 2): 

ℎ𝑆 =
𝑚𝐶𝑝

𝜏𝑆
(Eq. 2) 

where m and Cp are the mass and heat capacity of water, respectively. S, which is the time 

constant for heat transfer from the system, is obtained from the slope of driving force 

temperature obtained by drawing linear time data from the cooling period time against ln(). 

ln(), which is defined as the ratio of T to Tmax, was calculated from the following equation 

(Eq. 3): 

𝑙𝑛() =
(𝑇−𝑇𝑚𝑖𝑛)

𝛥𝑇𝑚𝑎𝑥
(Eq. 3) 

Stability of free ICG, ICG-J and ICG-J/CX nanoprecipitation in presence of proteins 

ICG-J and ICG-J/CX nanoprecipitation were diluted at 10 µg/mL in deionized water or in 

RPMI-1640 medium supplemented with 9% heat-inactivated FBS. The stability of the solution 

was monitored for 24h at room temperature or biological temperature (37 °C) by measuring the 

absorbance at 780 nm for the monomeric ICG or 890 nm for solutions containing ICG-J 

aggregates using the UV-vis-NIR spectrophotometer.  
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Cell culture 

FaDu human head and neck squamous carcinoma cells were obtained from ATCC (LGC 

Promochem, Molsheim, France) and grown at 37 °C (5% CO2 in humidified atmosphere). Cells 

were maintained in culture in phenol red-free RPMI-1640 medium supplemented with 9% heat-

inactivated FBS, 1% 2 mM L-glutamine, and 1% 0.1 mg/mL gentamycin or 1% 0.1 mg/mL 

penicillin/streptomycin alternatively. Cells were trypsinized when they reached 80% 

confluence. 

In vitro dark toxicity 

FaDu cells (3.104 cells/mL) were seeded in 96-well plates and incubated in triplicate with 

increasing concentrations of free ICG, ICG-J, or ICG-J/CX nanoprecipitation solutions ranging 

from 0 to 150 µg/mL for 24, 48 and 72h at 37 °C. Control cells were exposed to fresh medium 

without drugs. After three washings with D-PBS, crystal violet assays were performed to 

evaluate the cellular viability. First, 50 µL of 0.1% crystal violet staining solution were added 

to each well. After 30min of incubation at room temperature, the plate was washed in a stream 

of distilled water and inverted on filter paper to remove any water. Then, 100 µL of 10% acetic 

acid were added on each well and the optical density at 570 nm was measured with a plate 

reader VICTORTM X3. The cytotoxicity is expressed as IC50, defined as the drug concentration 

inducing 50% of cell viability decrease.  

In vitro PTT activity 

FaDu cells were cultured and treated as described in the previous section with slight 

modifications. After a 24h incubation period with the drugs, the cells were washed three times 

and the medium was replaced by fresh one supplemented with 9% FBS. Then, the cells were 

exposed to 808 nm diode laser irradiation (similarly as described in photothermal production 

experiment section) with in situ temperature monitoring, at different power intensity (0.5, 1, or 
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2 W/cm²) and at two exposition time (3 or 6min).  For every condition, the cellular viability 

was evaluated 24h later by the crystal violet assay, and the IC50 was calculated. 

In vitro cellular uptake 

The evaluation of cellular uptake was determined according to literature.65 FaDu cells (6.104 

cells/mL) were seeded in 12-well plates for 72h and incubated with increasing concentrations 

of free ICG, ICG-J, or ICG-J/CX solutions ranging from 0 to 100 µg/mL for 24h at 37 °C. After 

three washings in D-PBS, a chemical extraction was performed to quantity the cellular uptake. 

Cells were collected using trypsin solution and centrifuged for 5min at 300 g. Then, absolute 

ethanol (500 µL) was added to the cell pellets. After 15min of sonication, the cells were 

centrifuged again for 10min at 12 000 g, and ICG concentration was evaluated by recording the 

absorbance at the maximum using UV-vis-NIR spectroscopy and compared to the calibration 

curve of ICG solution in absolute ethanol. The cellular uptake of ICG is expressed as ng of ICG 

relative to the concentration of protein in the samples in order to normalize the results. Protein 

concentration was obtained using the DC (detergent compatible) protein assay which uses a 

colorimetric method to determine protein concentration following detergent solubilization. 

Endocytosis mechanisms 

The endocytosis mechanisms were evaluated according to a protocol adapted from the 

literature.65 Cells were seeded as described in the previous section and preincubated 30min at 

4 °C or 37 °C before incubation of ICG solutions at 100 µg/mL for 1h. Incubation at 4 °C 

allowed to inhibit cellular fusion and endocytosis pathways. The mechanisms of endocytosis 

were examined using appropriated inhibitors. For this purpose, cells were pre-incubated for 

30min with 100 µM EIPA, 400 µM genistein or 10 µg/mL chlorpromazine before a 1h 

incubation at 37 °C with free ICG, ICG-J or ICG-J/CX precipitation. The cellular extraction 
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was performed as described above and the results were compared and normalized to the cellular 

uptake obtained for the control group. 

Statistical analysis 

The results were presented as mean ± standard error, realized on at least three independent 

experiments in triplicate. The data were evaluated using non-parametric Mann-Whitney test 

with a significant level of 5% (*: p< 0.05) and 1% (**: p<0.01).  

Results and Discussion 

Synthesis and characterization of ICG-J/CX NPs 

In aqueous solution, free ICG displayed a classical absorbance spectrum with two absorption 

bands at 780 nm for monomers and 715 nm for H-type dimers (Fig. 1c). As previously 

demonstrated, aggregation into J-aggregates is assessed by the decrease of those two bands in 

favor of a new, narrow band, centered at around 890 nm.46 ICG-J aggregates were obtained as 

previously reported by Rotermund and coworkers from an aqueous solution of 1.15 mM of ICG 

maintained at 65°C for 20h.59 Thereafter, the ICG-J aggregated were nanosized by sonication 

for 1min/mL  to reach 106 nm, as determined by DLS (Table 1, Fig. S1). The free ICG was 

then removed by dialysis against deionized water (Fig. S2) without any alteration of the ICG-J 

structure. Dissociation in ethanol (Fig. S3) and quantification by UV-Vis indicated that 90 % 

of ICG were converted into ICG-J. ICG-J/CX particles were then obtained by simply mixing 

the J-aggregates with an equal amount of tetra-octyl-tetraguanidinium calix[4]arene, followed 

by ultrasonication. The ICG-J/CX nanoformulation showed a large absorption band which 

maximum wavelength was close to free ICG-J (885 nm vs 890 nm for free ICG-J) (Fig. 1c). 

This enlarged shape could be due to decrease of order of J-domains thus indicating the 
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successful interaction with the cationic calixarene. Similar broadening of the absorption band 

was observed upon complexation of ICG with BSA66 or antibodies.43 As for native ICG-J, the 

ICG-J/CX formulation is converted back to monomeric ICG when dissolved in organic solvent 

such as ethanol or DMSO (Fig. S4). Aggregation is also influencing fluorescence properties. 

As previously observed by others,46 the fluorescence intensity considerably decreased when 

free ICG was converted to ICG-J. Similarly, the ICG-J/CX precipitation showed negligible 

fluorescence properties (data not shown). Fluorescence was not restored after ICG-J and ICG-

J/CX precipitation were dissociated in monomeric ICG as observed by Cheung et al.48 Further 

investigations are underway. Finally, the mean hydrodynamic diameter was measured as 

slightly higher and broader for ICG-J/CX particles (135 nm) compared to native ICG-J (106 

nm)(Fig. 1d). 

Surface charge and stability in biological conditions. 

The stability of NPs in biological conditions (at physiological temperature and in presence of 

proteins) is essential to prevent inactivation of the therapeutic system. It has been demonstrated 

that the stability of NPs in solution and in blood circulation as well as their in vivo distribution 

are strongly dependent on the surface charge. Anionic NPs (< -20 mV) are retained by tumor 

extracellular matrix67 while cationic NPs (> +10 mV) strongly aggregate with plasma proteins. 

In addition, their stability in presence of plasma proteins can also be impact by the surface 

charge. For example, the binding of cationic liposomes with serum proteins is 5-9 times greater 

than that obtained with neutral liposomes.68 ICG-J displayed a negative surface charge with a 

zeta potential value of -24 mV whereas ICG-J/CX precipitation showed an almost neutral 

charge of -3 mV, due to the interaction with positively charged CX. Therefore, this charge 

modification is expected to increase in vivo nanoparticles stability, circulation lifetime and 

internalization into cells. Indeed, as indicated in Table 1, the evaluation of the chemical and 

colloidal stability in water, at room temperature and in the dark revealed that ICG-J/CX 
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precipitation was more stable than free ICG and ICG-J (<10% loss after 24h incubation, Fig. 

2). Over a long storage period (30 days), only minor spectral modifications were observed for 

ICG-J/CX (Fig. S5a) whilst the stability of free ICG in aqueous solution was less than 7 days. 

In those experimental conditions, ICG instability is essentially due to its aggregation as J-

aggregates (Fig. S5b). Conversely, ICG-J trends to dismantle into monomers. (Fig. S5c).51 It is 

well recognized that ICG is poorly stable in vivo20,24 and aggregates with serum proteins.23,69,70 

Therefore, the effect of physiological conditions was studied by incubation at 37 °C in water or 

in RPMI containing serum proteins (9% FBS) (Fig. 2;). A loss of stability in response to 

temperature increase (25 °C vs 37 °C) was displayed for all three systems. For instance, 25% 

decrease of absorption was noticed for ICG-J after 30 min of incubation at 37 °C, and this value 

reached 50% after 24h. On the contrary, less than 30% decrease was measured after 30 min 

incubation with ICG-J/CX precipitation. In RPMI-9% FBS, the ICG monomer absorption band 

remained dominant and stable for up to nearly 24h in agreement with the literature.23 ICG-J/CX 

NPs were also stabilized by proteins and less than 5% absorbance reduction was observed after 

24h incubation, contrary to ICG-J aggregates which recorded 50% loss of absorption within 6 

h. The overall better stability of ICG-J/CX precipitation could be explained by a neutral surface

charge of NPs and a protection of ICG-J by calix[4|arene, making them stealthy to serum 

proteins and therefore preventing their degradation. 

Photothermal properties and photostability 

The photothermal behaviors of the ICG-J/CX nanoprecipitation vs ICG and ICG-J were 

evaluated by NIR irradiation (808 nm, 1 W/cm2), as shown in Fig. 3. Under continuous 

irradiation, free ICG reached the highest temperature increase after 200s, while ICG-J after 

280s and ICG-J/CX further later, after 340s (Fig. 3a). In accordance with the literature49, ICG-

J could reach after 300s a significantly higher temperature (59.9°C) than ICG (45°C), which 

showed very limited efficacy of the latest. Interestingly, ICG-J/CX precipitation exhibited a 
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similar temperature rises as ICG-J solution with even a slight improvement (59.9 °C vs 62.7 

°C). The same trend in photothermal efficiency of free ICG, ICG-J and ICG-J/CX precipitation 

is observed in Figure 3c when varying the ICG concentration of the solution. Temperature 

elevations were also observed during the second and the third cycles of irradiation, with a drop 

in maximum temperatures reached, which was more pronounced for free-ICG and ICG-J, 

compared to ICG-J/CX precipitation (-8.4°C, -9.9°C, -6.5°Cat cycle 2, respectively) (Fig. 3b). 

This founding thus suggesting a superior photostability of the ICG-J/CX precipitation. The 

photothermal conversion efficiency (PCE), i.e. the efficiency of transducing incident 

absorbance to thermal energy, was determined according to the calculation method already 

reported (see Table 1).71 PCE of ICG was previously determined, but in a limited number of 

articles, and with variability in the results (Table S1). In our experimental conditions, we 

determined this value to be 33.1% in water, sitting halfway between the report from 

Maziukiewicz et al (56.1 %)72 and the report from Yang et al. (15.8 %).73 In comparison, the 

PCE of ICG-J, which has never been determined so far, to the best of our knowledge, was 

founded to be much higher (64.3 %). Such excellent photothermal behavior should be attributed 

to predominant non-radiative deactivation path, which is consistent with the drastic reduction 

of fluorescence properties of ICG under J-aggregate form. This difference has also been 

observed for other organic dyes such as BODIPY which can achieve PCE of 64.3% as J-

aggregates vs 38.5% at the monomeric state.55 The difference is even more noticeable for ICG-

J/CX NPs for which the PCE was determined to be 74%. This value is in the range of best 

performing PTT agents reported so far.74 

In addition to the capacity of a PTT agent to induce a rapid and strong temperature rise, its 

ability to maintain it over a long period and during several cycles is also of paramount 

importance for PTT applicability. This is generally compromised by the poor photostability of 

many organic PTT agents. To evaluate the photobleaching process with our system, aqueous 
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solutions of ICG, ICG-J and ICG-J/CX were exposed to continuous irradiation at 808 nm for a 

total period of 33min, and the absorbance at maximum absorption (780 nm for ICG, 890 nm 

for ICG-J and 885 nm for ICG-J/CX) was measured every 30s (Fig. 3d). The time required to 

obtain 50% of photo-degradation was defined as t1/2 (photobleaching) and was determined for 

the three systems (Table 1). In each case, the kinetic rates of photobleaching best fit to an 

exponential decay and were twice faster when doubling the irradiation power from 1 W/cm² to 

2 W/cm². At 1 W/cm2, ICG solutions were almost fully photobleached after 5min, with a t1/2 of 

72.7s, highlighting the poor photostability of ICG. In comparison, the values determined for 

ICG-J and ICG-J/CX precipitation were 6-times and 20-times higher, respectively. Whilst ICG-

J is fully degraded within 20min, ICG-J/CX solutions photobleaching only reached 40 % at this 

timescale. In addition, the size evolution of particles during photoirradiation was monitored by 

DLS. A continuous and rapid decrease of ICG-J size was visualized, reaching 30 nm after 900s 

of irradiation. In case of ICG-J, the photobleaching cannot be totally avoid because ICG 

molecules in the outer layer are still exposed to singlet oxygen produced in the surrounding46, 

resulting in a gradual trimming of the ICG-J particles. In sharp contrast, the size of ICG-J/CX 

precipitation was almost constant with a mean value around 200 nm until the end of the explored 

time windows (Fig. 3e). These two findings, i.e. the improved photostability and integrity of 

the NPs during photoirradiation of ICG-J/CX compared to ICG-J are correlated to a 

stabilization features and protection from surrounding brought by the CX coverage. During 

irradiation, max remains constant for free ICG at 785 nm (Fig. S7a). However, a hypsochromic 

shift was observed during irradiation of ICG-J (890 nm to 876 nm) (Fig. S7b). This shift was 

even more important for ICG-J/CX precipitation (885 nm to 832 nm after 2040s of irradiation) 

(Fig. 3f). Those shifts may be due to modification of order degree of J-aggregates. Fortunately, 

this shift is orientated toward the irradiation wavelength (808 nm), and the diminution at this 

absorption wavelength thus remains minimal. Based on the aforementioned results, the 
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designed ICG-J/CX aggregates fit requirements for further applications of cancer cells, that 

were evaluated on FaDu cells in the next section. 

Cellular uptake and internalization pathways 

The efficiency of cellular internalization was calculated as a percentage between the 

concentration of ICG incorporated into cells and the initial concentration used for incubation. 

After 24h FaDu cells incubation, the cellular uptake of free ICG does not exceed 1% even with 

an incubation concentration of 100 µg/mL (Fig. 4a, Table S2). Independently of the incubation 

concentration, the cellular uptake was doubled for ICG-J. More important, the mean uptake of 

ICG-J/CX was enhanced by a factor 6 compared to ICG and by a factor 3 compared to ICG-J. 

As those results could depend on the cellular internalization routes, typical experimental 

conditions alterning the internalization of nanoparticles were performed. Firstly, an incubation 

at 4 °C was realized to evaluate the passive uptake by inhibit all active mechanisms. The uptake 

was directly impacted for the three formulations, in various proportions (30% vs 48% vs 72% 

for free ICG, ICG-J and ICG-J/CX precipitation) (Fig. 4b). To refine these results, the 

mechanisms of endocytosis were examined using specific inhibitors, wiz. EIPA, genistein and 

chlorpromazine, that target micropinocytosis, caveolae and clathrin-dependant uptake, 

respectively. No cellular toxicity of the inhibitors alone was observed at working concentrations 

(data not shown). The cellular uptake of the three formulations was not affected by EIPA 

treatment, highlighting that micropinocytosis was not a major cell uptake mechanism whatever 

the system. However, the cellular uptakes of free ICG and ICG-J were significantly reduced by 

the use of chlorpromazine (by 30-45%), and to a lesser extend in the case of ICG-CX (by 18%). 

In contrast, cellular uptake of ICG-J/CX precipitation was significantly reduced (by 50%) after 

preincubation with genistein (p<0.01), though this inhibitor did not significantly affect the 

uptake for ICG and ICG-J (by 10 %). These results suggest a predominance of caveolae-
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dependent mechanism for ICG-J/CX precipitation compared to free ICG and ICG-J which 

mainly takes the clathrin-dependent pathway. 

Concerning free ICG, although the mechanisms of incorporation into cells is not clear, it has 

previously shown that ICG uptake is dependent on type of tumour cells, intrinsic dysregulation 

of cancer cell pathways and drug concentration. A recent work from Rankin and coworkers 

highlighted a decrease in uptake of 70% with an incubation of ICG at 10 µM compared to only 

20% at 25 µM after a treatment of HT1080 cells with an inhibitor of clathrin mediated 

endocytosis (CME).75 In our study, at 100 µg/mL, the uptake of free ICG is reduced by 30% 

after pre-incubation with chlorpromazine (inhibitor of CME). Moreover, it is known that ICG 

remained in the cell membrane after a short incubation time and shift in lysosomes after 24 h 

incubation,76 which may explained why the ICG uptake is not completely inhibited at 4 °C or 

in presence of specific endocytosis inhibitors in our incubation conditions. Regarding ICG-J 

and ICG-J/CX, the clear difference could be presumably explained by the size and surface 

charge differences of the particles. NPs with a diameter around 100 nm are preferentially 

internalized by CME. With increasing size, a shift to a caveolae-mediated internalization is 

observed.77 Regarding NPs charge surface properties, Dausend and coworkers showed that the 

clathrin dependent pathway plays a minor role for positively charge particle unlike negative 

particles.78 It was also demonstrated that a charge increase from negative to neutral or even 

positive values by addition of polyethyleneimine in mesoporous NPs, enhance the cellular 

uptake of the NPs in BxPC3 cells.79 These information are consistent with our founding that 

anionic ICG-J use the CME contrary to neutral ICG-J/CX precipitation that uses the caveolae-

dependent endocytosis and probably other endocytic mechanisms including CME (Fig. 4c). 

In vitro dark cytotoxicity  

To probe the potential dark cytotoxicity of our ICG-J/CX system, the viability of FaDu cells 

was evaluated vs ICG and ICG-J and as a function of ICG concentration. No significant dark 
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cytotoxicity was observed after 24h treatment with all three formulations up to 150 µg/mL (Fig. 

S8). Dark cytotoxicity was also studied after 48h and 72h incubation in order to calculate the 

lethal dose required for 50% FaDu cells death (LD50) (Table 2). The ICG-J formulation turned 

out to be the most cytotoxic, with LD50 values of 109.7 µg/mL after 48h incubation and 71.7 

µg/mL after 72 h. By contrast, LD50 of ICG and ICG-J/CX remains above 150 µg/mL after 48h 

of incubation and tend towards this value after 72h. 

PTT efficacy on cells. 

Irradiation on FaDu cells was performed at 808 nm after 24h of incubation with ICG at 

concentration at which the dark toxicity was less than 15%, i.e. ranging from 0 to 100 µg/mL 

(Fig. 5a,b,c). For free ICG, this range was extended to 200 µg/mL to allows for effective dose 

(ED50) determination (Table 3). Whatever the irradiation power (0.5, 1, 2W/cm²) and the time 

exposure (3, 6min), ICG-J/CX showed by far the highest photocytotoxicity over the three tested 

formulations. At 0.5 W/cm2, the ED50 was only reached after incubation with ICG-J/CX (44.9 

µg/mL) whilst those values are out of the range of concentration tested for ICG and ICG-J. 

Notably, at 1 W/cm2 for 6min, ICG-CX showed a 10- and 24-fold IC50 improvement compared 

to ICG-J and ICG, respectively. Similar features were observed for others irradiation power and 

time, overall demonstrating the superior photocytotoxicity of ICG-J/CX.To correlate these 

results with a photothermal effect, we monitored the temperature during the irradiation period 

(Fig 5d,e,f). Cells were initially maintained at 37 °C by setting the 96-hole well-plate on a 

thermostat plate, and the temperature variations were recorded continuously with a thermal 

camera. Whatever the system and irradiation power, no significant difference as a function of 

the irradiation time (3 or 6min) was observed. At low irradiation power (0.5 W/cm²), the 

temperature rises between free ICG and ICG-J was not significantly different whatever the 

concentration, between 5 and 100 µg/mL. The recorded temperature with ICG-J/CX 

precipitation was twice the one with ICG-J (p<0.05) and 6-times more than free ICG (p<0.01). 
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At 1 W/cm², for each ICG formulations, an increase of 2 °C was note. At high irradiation power 

(2 W/cm²), ICG-J/CX precipitation has been shown to be more effective than ICG-J for an 

incubation realized at 10 and 20 µg/mL. An increase up to 12 °C was observed at 100 µg/mL. 

In contrast, after 24h incubation with free ICG, temperature increase was of only 1 to 3°C. 

These results corroborate with the more pronounced phototherapeutic effect with ICG-J/CX 

compared to ICG and ICG-J. 

Conclusion 

To address the main issues that hampers the broad applicability of Indocyanine Green (ICG)-

based photothermal agents, i.e. its poor in vivo stability, photostability, and its limited 

photothermal conversion efficiency, we fabricated a nanoformulation that use cationic 

tetraguanidinium calix[4]arene (CX) to stabilize anionic ICG ordered as J-aggregates. Our 

system was founded to be very simple to prepare and demonstrated high phototoxicity on FaDu 

cells with low drug dosage, whilst its dark cytotoxicity remains as low as the cytotoxicity of the 

clinically approved ICG. Detailed experiments correlated these outstanding performances to 

three main factors. At first, nanosized ICG-loaded nanoparticles (ICG-J/CX) demonstrated a 

high photothermal conversion efficiency of 72%, which is the range of best performing organic 

photothermal therapy (PTT) agents. Secondly, the chemical, colloidal, biological and 

photochemical stabilities of ICG-J/CX were dramatically improved compared to ICG and free 

ICG-J. Indeed, the CX coverage allowed to stabilize the NPs and protect ICG-J from 

surrounding during photo treatment, therefore decrease the rate of disassembly to monomeric 

ICG. Thirdly, the cationic nature of CX counterbalanced the anionic ICG-J charge, resulting in 

NPs with almost neutral charge surface. This charge shift is hypothesized to be responsible of 

a different endocytosis path observed for ICG-J/CX compared to ICG and ICG-J, which was 
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found to be mostly clathrin dependant. This divergence in the internalization route is reasonably 

taken as responsible of the higher internalization efficiency observed for ICG-J/CX. Taken 

together, these parameters make ICG-J/CX an outperforming PTT agent, capable of achieving 

NIR-photothermal treatment with low ICG and light doses. In summary, our ICG-J/CX NP is 

a non-toxic, fully organic, photothermal agent based on a FDA-approved dye which 

demonstrated required features for efficient PTT treatment of cancers. The use of non-

fluorescent J-aggregates confined in nanocarriers in phototheranostics system is still in its 

infancy, but it is foreseen that this work will serve as a basis for future development of better 

performing systems to attain efficient cancer treatment. 
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Fig. 1. (a) ICG, C8H17-Calix[4]arene guanidinium and ICG-J structures (b) Schematic illustration 

of the structure and preparation process of ICG-J/CX NPs (c) UV-Vis-NIR absorption spectra of 

free ICG (black line), ICG-J (red line) and ICG-J/CX precipitation (blue line) in deionized water at 

5 μg/mL (d) DLS characterization of ICG-J (red line) and ICG-J/CX (blue line).  
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Fig. 2. Kinetics of aqueous formulations destruction as a function of temperature in water and 

at 37°C in water and buffer. Free ICG, ICG-J and ICG-J/CX precipitation at 10 μg/mL were diluted 

in water at 25°C (square) or 37°C (circles) and at 37°C in RPMI medium supplemented with 9% 

FBS (triangle). 100% corresponds to value obtained at T0.  
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Fig 3. Photothermal properties in aqueous solution at 10 μg/mL. Increase of temperature under 

irradiation at 808 nm for 500s to reach and maintained maximal temperature (a). Change in 

temperature of each heating cycle over three laser ON/OFF cycles at 1 W/cm² (b). Variation of 

solution temperature as a function of laser power and concentration under 60s irradiation at 

808 nm (c). Typical photobleaching kinetics of ICG, ICG-J and ICG-J/CX precipitation measured 

by absorbance under constant irradiation at 808 nm, 1 and 2 W/cm² (d) and the evolution of 

particle size under irradiation at 1W/cm² (e). The mean hydrodynamic diameter was obtained 

by DLS and represented by symbol. Error bars represent the size distribution. Absorption 

spectra of ICG-J/CX precipitation under constant irradiation at 808nm, 1 W/cm² (f).  

Fig.4. Cellular uptake of free ICG (square), ICG-J (round) and ICG-J/CX precipitation (triangle) 

incubated on FaDu cells for 24h in function of the concentration (a). Chemical extraction of ICG 

was realized in absolute ethanol. *: p<0.05; **: p<0.01 compared to free ICG. Endocytosis 

pathways inhibition of cellular uptake of ICG formulations. FaDu cells were preincubated for 30 

min at 4°C without inhibitors or 37°C with inhibitors. After that, ICG formulations were added 

and incubated for 1h before chemical extraction. Cellular uptake was normalized to uptake 
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obtained at 37 °C without inhibitors. *: p<0.05; **: p<0.01 compared to free ICG and ICG-J or 

compared with ICG-J/CX precipitation for chlorpromazine inhibitors (b)Schematic illustration 

of the endocytosis paths of ICG, ICG-J and ICG-J/CX (c). 

Fig. 5. PTT efficiency of free ICG, ICG-J and ICG-J/CX precipitation in function of concentration on 

FaDu cells after 24h incubation. Irradiation was performed at 808 nm for 3 and 6 min with three 

different power (0.5, 1 and 2 W/cm²) (a,b,c). 100% correspond to cell viability of FaDu cells in RPMI 

medium supplemented with 9% FBS without irradiation. Temperature increase during irradiation 

at three different power (0.5, 1 and 2 W/cm²) for 3 and 6 min after 24h incubation on FaDu cells 

with increasing concentration (0 to 100 μg/mL), compared to temperature (TEMP) obtained before 

irradiation (d,e,f). 

Table1. Summarized characteristic of free ICG, ICG-J and ICG-J/CX  

Free ICG ICG-J ICG-J/CX 

Hydrodynamic 

diameter (nm)  

N.A 106 ± 8 136 ± 7 

Particle 

concentration 

(particle/mL)  

N.A 1.45 x 108 8.72 x 108 

Zeta potential (mV)a N.A -24 ± 5 -3 ± 5

max (nm) 780 890 885

FWHM (nm)b 74 36 165
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Stability in waterc < 7 days < 30 days >30 days

Stability with 

protein (at 24h)d 

95 % < 50 % 95 %

Tmax under 

irradiation(°C)e 

47.3 59.9 62.0 

PCE (%)f 33.1 68.2 74.0 

t1/2 photobleaching 

(min)g

1.2 7.5 24.0 

aDetermined at 0.125 mg/mL; bFull width half maximum of the main absorption band; cin dark, at 

room temperature, at ICG conc. 10 μg/mL; dat ICG conc. 10 μg/mL in RPMI supplemented with 9% 

FBS at 37°C; eat ICG conc. 10 μg/mL under 808 nm irradiation at 1 W/cm2; fPhotothermal conversion 

efficiency (determined at ICG conc. 10 μg/mL in water under 808 nm irradiation at 1 W/cm2); gat 

ICG conc. 10 μg/mL in water under 808 nm irradiation at 1 W/cm2. 

Table 2. Concentration (μg/mL) of ICG formulations inducing 50% of cell death (LD50) in function 

of incubation time  

LD50 

(Dark) 

24h 48h 72h 

Free ICG > 150 > 150 149.2 

ICG-J > 150 109.7 71.7 

ICG-

J/CX 

> 150 > 150 148.6 

Table 3. Concentration (μg/mL) of ICG formulations inducing 50% of cell death (ED50) in 

function of irradiation power and fluence. FaDu cells were incubated 24h with ICG formulations 

(0 to 100 μg/mL, excepted for free ICG: 0 to 200 μg/mL.  

ED50 

(Light) 

0.5 W/cm2 1 W/cm2 2 W/cm2 

3min 6min 3min 6min 3min 6min 3min 

Free 

ICG 

>200 >200 190.8 145.3 112.7 74.9 

ICG-J >100 99.9 102.1 62.7 39.1 23.5 

ICG-

J/CX 

44.9 19.7 11.9 6.4 7.2 5.2 
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 Highlights: 
• Caveolin-dependent incorporation of ICG-J calixarenes nanoparticles

• Improved photostability of ICG when in J-aggregates and included in nanoparticles

• Enhanced photothermal effect when ICG is J-aggregated and in nanoparticle form




