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Abstract.

New thermosensitive liposomes with a phase transition at 42 °C, containing nickel-

bis(dithiolene) complexes as efficient and stable photothermal agents, have been formulated 

and characterized. These liposomes are highly stable and keep their contents at 37 °C for more 

than 30 days. On the contrary, the mild hyperthermia generated by the nickel-bis(dithiolene) 

complex under 940 nm NIR irradiation allows for the fine controlled release of the liposome 

contents, making such liposomes highly suitable for on-demand drug delivery in human body 

under NIR laser irradiation. These liposomes can also be directly used, as shown here, as nano-

agents for photothermal therapy. In fact, strong cell death can be generated under laser 

irradiation in presence of these photothermally active nanocargos containing less than 10 %w/w 
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of metal complex. We also demonstrate, for the first time, that nickel-bis(dithiolene) complexes 

are good photoacoustic agents, generating easily detectable ultrasonic signals directly 

proportional to the concentration of complexes and the used laser power. 

Introduction.

For decades, the many advantages proposed by the vectorization of active pharmaceutical 

ingredients (API) have led to the development of a great number of innovative strategies 

involving advanced nanoscale systems.1,2 However, achieving drug release at a specific target 

site with high spatio-temporal control and good biocompatibility is still challenging.2,3

Since their introduction in the late 1970s, stimuli-responsive nanocargos seems to show 

promising perspectives.4 Many kinds of stimuli have been envisaged in order to trigger drug 

release from the cargo. Henceforth, various nanosystems have been successfully designed to be 

sensitive to either endogenous factors such as enzymatic reactions and pH, or exogenous 

physical stimuli such as ultrasound, magnetic field or light.5,6 Among them, the thermal 

stimulus has been deeply investigated as it can initiate a variety of mechanisms leading to drug 

release.5 As an example, poly(N-isopropylacrylamide) (PNIPAM) based nanoparticles (NP) 

had been extensively studied  for their ability to shrink because of polymer dehydration 

occurring when the surrounding temperature goes above its lower critical solution temperature 

(LCST).7,8 Lipid vesicles can also be engineered in order to confer them sensitivity to 

hyperthermia.9 Hence, the opening of leucine-zipper peptide embed in liposomes membrane 

can increase the proportion of drug released when submitted to elevated temperature.10 

Membrane permeability can also be improved by using decomposition of sodium bicarbonate 

at 42 °C to create nanobubbles inside the liposome, creating small depletions nearby the 

membrane.11 However, some recent studies demonstrate that repeated exposition to sodium 

bicarbonate may result in undesired effects due to pH changes in blood.12

Page 2 of 32Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Acc
ep

ted
 m

an
us

cri
pt



3

Owing to its non-invasiveness and high spatio-temporal control, the use of a laser as a light 

source to irradiate photothermal agents (PTA) in order to induce hyperthermia seems to be a 

judicious choice.13 In addition, the induction of localized hyperthermia thanks to photothermal 

effect can easily be involved in photothermal therapy, by creating a detrimental environment 

for living cells. Very recently, localized chemotherapy combined with photothermal therapy 

have given promising results when considering treatment of tumors in mice.14 As a 

consequence, several systems have been developed, most of them using graphene oxide or gold 

nanostructures as PTAs 14,15. Unfortunately, inorganic structures suffer from major drawbacks 

such as poor renal clearance and low thermal stability.15,16,17 Their nanometric size may also 

prevent high loading in nanoparticles. 

Recently, a new class of photothermal agents has been explored to tackle the drawbacks of 

inorganic nanoparticles. Metal-bis(dithiolene) (MBD) complexes are discrete molecular entities 

displaying strong photothermal activity under Near Infra-Red (NIR) irradiation in solid–state, 

in gel and in solution.18 These complexes, in addition to being small molecules, have already 

proven their great ability to be used as PTA under NIR irradiation with conversion of light 

energy into heat as high as 40 % with high stability.19 In addition, proper functionalization of 

the complexes has allowed good solubility in water and more importantly, in cellulo 

experiments have demonstrated that NIR-laser irradiation of cultured cells incubated with 

metal-bis(dithiolene) complexes can induce cell death.20 More recently, nickel-bis(dithiolene) 

complexes have been incorporated into biocompatible polymer nanoparticles.21 It has also been 

demonstrated that NIR irradiation allows the fine control of fluorophores or drugs release from 

these nanostructures in solution. In addition, these studies have also shown that nickel-

bis(dithiolene) complexes do not produce singlet oxygen under NIR irradiation and that the 

incorporation of MBD complexes do not increase the cytotoxicity of the organic NPs.
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Among others, liposomes have proven being especially efficient and simple vehicles to be used 

for drug delivery, owing to their good stability and biocompatibility.22 As showed in 

Table 1, those merits led to the development of many types of liposome-based products 

explaining their major presence on the current pharmaceutical market compared to other types 

of nanoparticles.

Table 1. Commercially approved nanopharmaceutical for drug delivery. Details on the different 

products are provided in the given references.

Drug delivery nanosystem 
category

Number of 
commercial 

products
Refs

Liposome/lipid-based NPs 21     23 - 27
Metal-based NPs 6 23, 24

Protein-based NPs 3 23 - 25
Polymer-based NPs 16 24 - 26

Nanoemulsions 5 23, 26
Nanocrystals 11 24, 25, 27

In the field of bioimaging, photoacoustic imaging is a promising medical imaging technique 

that combines a rich optical contrast and scalable high ultrasonic resolution in a single 

modality.28,29,30 The injection of specific photoacoustic/photothermal agents, as dye or gold 

nanoparticles, has demonstrated the enhanced specificity to image a selected target based on its 

photoacoustic effect.31,32,33,34 The combination of photoacoustic imaging and photothermal 

effect under NIR irradiation for imaging-guided and photocontrolled chemotherapy has only 

been recently explored but more and more reports on this innovative research topic are 

emerging today. For example, multifunctional pH- and thermo-sensitive copolymers, exhibiting 

photothermal and semiconducting properties have been synthetized and nanoprecipitated to 

encapsulate high quantities of doxorubicin. The polymer nanoparticles proved their ability to 
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be used for tumor treatment in vitro and in mice while allowing for the guidance of precise 

irradiation through photoacoustic imaging.35 The quest for synergetic chemo and photothermal 

therapy also lead to the design of innovative core-shell nanostructures, made of a poly(lactic-

co-glycolic acid), PLGA, polymer surrounding liquid perfluorohexane and superparamagnetic 

oxide. The combination of those elements inside a single nanoplatform allowed for the precise 

monitoring of their location in vivo using bimodal ultrasound/photoacoustic (US/PA) imaging 

thus helping with the spatiotemporal activation of paclitaxel release and localized hyperthermia 

leading to severe reduction of mice tumor growth36. Nevertheless, those multipotent polymer 

nanoparticles are still rare and the formulation of a biocompatible lipid version of such cargo, 

combining anticancer drug delivery, with photothermal therapy and bioimaging, is still 

challenging.

Herein, we propose to incorporate nickel-bis(dithiolene) complexes, as PTA, into 

thermosensitive liposomes (TSL) to develop multipotent platforms for combined controlled 

drug delivery, photothermal therapy and photoacoustic imaging. For this purpose, a new 

liposomal formulation has been developed for applications adjusted to human body 

temperature. Indeed, the membrane of the developed liposome can undergo a sol-gel phase 

transition (Tm) at 42 °C, allowing a rapid release of a model marker or anticancer drug only 

under NIR laser irradiation. The thermosensitive nanovectors presented here are highly stable 

over months and they show great ability to keep their content with a weak leakage under storage 

at 4 °C and under stirring at 37 °C. Nevertheless, fast release of the carboxyfluorescein 

fluorescent marker, as  drug model,  can be achieved when the temperature reaches 42 °C. Here, 

hyperthermia is induced under moderate NIR laser irradiation thanks to the incorporated highly 

efficient nickel-bis(dithiolene) photothermal agent. Moreover, the hyperthermia generated by 

the complex inside the liposome under NIR irradiation exhibits a high potential for 

photothermal therapy. Additionally, nickel-bis(dithiolene) complexes displays ultrasonic 

Page 5 of 32 Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Acc
ep

ted
 m

an
us

cri
pt



6

emission when submitted to pulsed laser irradiation, proving that such nanocarriers integrating 

nickel-bis(dithiolene) complexes can also be used for photoacoustic imaging. The present work 

highlights the multiple abilities of thermosensitive liposomes containing nickel-bis(dithiolene) 

combined with NIR laser irradiation for an application in anticancer theranostics.

Materials and Methods.

Materials.

Dipalmitoylphosphatidylcholine (DPPC), distearoylphosphatidylcholine (DSPC), and lyso-

phosphatidylcholine (LPC) were supplied by Avanti Polar Lipids (Alabaster, USA). Surfactant 

[poly(ethylene glycol)-2000]-amine, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine 

(PEG2000-DSPE) was purchased at NOF (USA). Ultrapure water (UP water) was obtained using 

a Elsa purifying system. Solvents such as chloroform (CHCl3) and methanol (MeOH) were 

provided by Carlo-Erba (FR) and Sigma-Aldrich (USA), respectively. Other solvents and 

compounds were purchased from Sigma-Aldrich and used without further purification. The 

786-0 were cultured in RPMI-1640 (Life Technologies, USA) supplemented with 10% fetal 

calf serum (Sigma-Aldrich, USA), 1% penicillin/streptomycin (Sigma-Aldrich, USA). 

Photothermal agent Ni8C12 was synthesized according to the method previously described.18,37

Preparation of the liposomes containing nickel-bis(dithiolene) complexes.

Liposomes were prepared by the Bangham method involving the hydration of thin films made 

of a lipid mixture.38 First, in volumetric flasks, 10 mg.mL-1 solutions of DSPC, LPC and 

PEG2000-DSPE were prepared in chloroform/methanol (2:1, v/v). In a 10 mL round-bottom 

flask, 10.9 mg of DPPC were weighted. Then 419 L of DSPC solution, 250 L of LPC solution 

and 295 L of  PEG2000-DSPE solution were added to the round-bottom flask in order to obtain 

a mixture of DPPC:DSPC:LPC:PEG2000-DSPE (53:21:12:14 %w/w) containing a total of 20.54 
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mg of lipids dissolved in a CHCl3/MeOH mixture. To prepare liposomes incorporating 8.9 

%w/w of Ni8C12 complex (mass of Ni8C12 = 10 % of the mass of lipids), 200 L of a 10 mg.mL-

1 solution of Ni8C12 complex in CHCl3 was added to the lipid mixture. The round-bottom flask 

was then connected to a rotary evaporator (Heidolf, Germany) and left to equilibration at 60 °C 

for 15 min under vigorous stirring. Solvents were further slowly evaporated under reduced 

pressure in order to obtain a dry thin film. The newly obtained film was placed under vacuum 

for 3 hours until traces of residual solvents were evaporated. Hydration of films was performed 

by placing the round-bottom flasks at 60 °C in a water bath for 2 hours after addition of 2 mL 

of HEPES buffer (20mM HEPES, 150 mM NaCl, pH = 7.4) containing or not 50 mM of 

quenched carboxyfluorescein (CF). The resulting hydrated films were sonicated 3 times for 5 

min with 5 min resting between two sonications, into a thermally-controlled ultrasonic bath 

(Transonic T460H, US) set to 60 °C.  

In order to remove excess CF and Ni8C12, purification was achieved using size exclusion 

chromatography on prepacked illustra NAP-5 columns (GE Healthcare, Chicago USA). The 

effective loading of Ni8C12 complex was determined by UV-vis spectroscopy and was found 

to be 6.2 %w/w over the 8.9 %w/w initially added to the formulation. That way, various types 

of liposomes suspensions with a lipid concentration of 10.27 mg.mL-1 (20.54 mg of lipids in 2 

mL of HEPES buffer) named after their content could be obtained: liposome with lipids only 

(Lip(empty)), liposomes incorporating Ni8C12 complex (Lip(Ni8C12)), liposomes containing 

carboxyfluorescein (Lip(CF)) and liposomes incorporated Ni8C12 complex and containing 

carboxyfluorescein (Lip(Ni8C12+CF)).  Some other complex loadings have been tested with 

1.0, 4.8, 13, and 23 %w/w initially (mass of Ni8C12 = 1, 5, 15 and 30 % of the mass of lipids) 

and the effective complex loading of Ni8C12 were found to be 1.0, 3.5, 9.6 and 15.4 %w/w.

Characterization.

Page 7 of 32 Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Acc
ep

ted
 m

an
us

cri
pt



8

Dynamic light scattering (DLS) measurements were performed on a Malvern NanoZS system 

(Malvern, Worcestershire), immediately after the purification step. Solution containing 0.1 

mg.mL-1 of lipids in HEPES buffer were analyzed in triplicate, using backscattering angle (173 

°). Liposome size and morphology were also observed using transmission electron cryo-

microscopy (cryo-TEM) to keep the samples hydrated. Samples of Lip(empty), Lip(Ni8C12), 

and Lip(Ni8C12+CF) have been observed using a 200 kV electron microscope (Tecnai G2 T20 

Sphera, FEI) equipped with a LaB6 filament and a 4k x 4k CCD camera (USC4000, Gatan). 

Samples were frozen by quick immersion in liquid ethane using an automatic plunge freezer 

(EM GP, Leica) regulated at 20 °C and 95 % humidity. Four microliters of the solutions were 

deposited at the surface of holey carbon coated grids (Quantifoil R 2/2), blotted for 0.8 to 1.4 

sec and quickly plunged into liquid ethane. Grids were transferred to a cryo-holder (Gatan 626) 

and were observed at -176 °C. Lip(Ni8C12) suspensions were also studied after 5 min irradiation 

at 940 nm, with a power density of 5 W.cm-2 and after been heated at 50 °C before instant 

freezing in liquid ethane. UV-Vis-NIR absorption spectra in solution were recorded on a 

Shimadzu UV3600 Plus spectrophotometer. Samples were placed in 1 cm path length quartz 

cuvettes. For the photothermal studies, 1 mL of liposome suspensions were irradiated through 

a quartz cuvette with a 940 nm-wavelength semiconductor laser (BWT Beijing LTD) for 10 

min. The laser power density could be adjusted externally (0-10 W). The output power was 

independently calibrated using an optical power meter. A thermocouple with an accuracy of ± 

0.1 °C connected to an Agilent U1253B multimeter was immersed into the solution. The 

thermocouple was inserted at such a position that direct irradiation from the laser was avoided. 

The temperature was measured every 1s. Differential scanning calorimetry (DSC) analyses 

have been performed using a NETZSCH DSC 200 F3 instrument equipped with an intracooler. 

To do so, 200 µL of liposome suspension have been concentrated by simple evaporation under 

air flow for 1 hour. Then, 40 µL of the concentrated solution were introduced into a sealed 
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aluminum crucible and submitted to 3 cycles of temperature ramps ranging from 10 °C to 70 

°C at 10 K.min-1. 40 µL of HEPES buffer were added in the reference crucible. The pure 

phospholipids were analyzed by submitting a crucible containing 40 µL of a 50 mg.mL-1 

solution of each phospholipid in HEPES buffer to the same temperature program.

Evaluation of stability of the liposomes at 4 °C and 37 °C.

Purified suspensions of Lip(empty), Lip(Ni8C12), and Lip(Ni8C12+CF) have been stored either 

in the fridge at 4 °C without stirring or in an incubator at 37 °C for 3 months under gentle 

stirring at a concentration of 1 mg.mL-1. At selected time points, aliquots of each sample were 

submitted to triplicate DLS measurements after proper dilution to 0.1 mg.mL-1. 

Evaluation of CF leakage in storage conditions at 4 °C and at 37 °C.

The amount of carboxyfluorescein passively released from the liposomes stored in the fridge at 

4 °C has been quantified over months (CFR4°C). To proceed, a freshly purified liposome 

suspension in HEPES buffer with a lipid concentration of 1 mg.mL-1 was stored at 4 °C for 3 

months. At selected time points (x), 50 µL of this solution was diluted in 2 mL HEPES buffer 

and the fluorescence intensity was measured at 25 °C (Ix). Then, 5 µL of a 10% triton X100 in 

water were added to the cell in order to destroy the liposomes and the fluorescence intensity 

was measured again (Ixmax). At t=0, the amount of detected fluorescence which is attributable 

to the fraction of unquenched fluorescence was calculated as follow (1):

CFR0 = (I0/I0max)x100  (1)

For every other time point, the same process was repeated in triplicate. The CF release 

percentage was then normalized compared to values at t = 0 and calculated as being:

CFR4°Cx= Ix - (I0*Ixmax/I0max)/Ixmax - (I0*Ixmax/I0max) (2)
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Similar experiments have been conducted on liposome suspensions stored at 37 °C under gentle 

stirring (CFR37°C). The sample preparation and calculation methods were identical to that at 4 

°C.

NIR light-controlled release of CF.

Release profiles under different irradiation conditions were evaluated using continuous laser at 

940 nm plugged into a fluorimeter (HORIBA Jobin Yvon) bearing a temperature-controlled 

cell-holder set to 37 °C. For kinetic studies, excitation wavelength was set to 450 nm and 

emission detected at 518 nm. Temperature was recorded using a thermocouple placed at the 

upper part in the cell content and connected to a multimeter (Agilent, Santa Clara). To ensure 

the homogeneity in temperature and fluorescence inside the cuvette, a magnetic bar was added 

for vigorous stirring. Release experiments have been performed in HEPES buffer and in 

DMEM+10 % FBS (Fetal Bovine Serum).

Cell culture. 

The 786-O renal cells were routinely cultured in RPMI supplemented with 10 % FBS, 100 

µg.mL-1 penicillin and 100 g.mL-1 streptomycin at 37 °C in a humidified atmosphere under 5 

% CO2. 

In vitro cytotoxicity of the liposomes.

The 786-O renal cells were incubated for 24h in presence of various amounts of liposome 

suspensions in sterile 96 wells plates (MicortestTM-96-Becton Dickinson). The cytotoxicity of 

liposomes was evaluated using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) assays. The absorbance at 570 nm was measured using a BMG Labtech FLUOstar 

Optima plate reader. To evaluate the potential of the nickel-bis(dithiolene) containing 
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liposomes for photothermal therapy, cell cultures incubated with 75 and 150 µg.mL-1 of 

Lip(empty) and Lip(Ni8C12) suspensions were irradiated, after 24 h incubation, at 940 nm for 

5 min with a laser power of 5 W.cm-2 with or without washing of cells with phosphate buffer 

saline (PBS) before addition of fresh biological media. Experiments were performed in 

triplicate.

In vitro confocal fluorescence microscopy

Images of 786-O renal cells were acquired on SP5 confocal microscope with a 40× objective 

(40x/1.25-0.75 HC PL APO; Leica). Images were acquired with the LAS AF software and 

assembled for illustration using ImageJ software. Cells were incubated with Lip(CF) and 

Lip(Ni8C12+CF) for 24 h, at a concentration of 150 µg.mL-1. Each culture was then observed 

before being irradiated 5 min at 5 W.cm-2, with or without washing of the surrounding media 

with PBS. Quantifications of particle number, areas and fluorescence intensities were 

performed using ImageJ software.

Photoacoustic experiments.

To perform the photoacoustic imaging, a Nd:YAG pulsed laser (Quanta-Ray, INDI Series, 

Spectra-Physics, USA) with a pulse duration of 6 ns, a repetition rate of 10 Hz and a wavelength 

of 1064 nm has been used. The acoustic detection was conducted using the 256-channel open 

research scanner ULA-OP 256 (University of Florence) and a 7 MHz linear ultrasound array 

(LA523E, Esaote, Florence, Italy). Measurements have been performed by placing 500 µL of 

each appropriate suspension of purified liposomes in a size-calibrated inclusion of 4 % agar 

gel. Each measurement was performed in ultra-pure water, HEPES buffer at pH 7.4 (HEPES 

20 mM + NaCl 150 mM) and in DMEM + 10% FBS. The agar phantoms have been irradiated 

with an increasing laser energy in the range 0-200 mJ/pulse. For each energy level, 20 
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consecutive photoacoustic acquisitions have been averaged. An acquisition without any laser 

excitation was recorded to evaluate the residual noise of the acquisition system.  

Results and discussion

The liposomes with or without incorporated nickel-bis(dithiolene) complexes were prepared by 

the Bangham method involving the hydration of thin film of lipids obtained by evaporation for 

chloroform solution of dipalmitoylphosphatidylcholine (DPPC) and 

distearoylphosphatidylcholine (DSPC).38 When needed, the nickel-bis(dithiolene) PTA agent 

carrying eight C12 carbon chains (Ni8C12) was directly introduced inside the lipid films and 

these lipid films were then hydrated with pure water or aqueous solutions of carboxyfluorescein 

(CF). This way, various liposomal formulations were obtained: liposome with only lipids 

(Lip(empty)), liposomes incorporated Ni8C12 complex (Lip(Ni8C12)), liposomes containing 

carboxyfluorescein (Lip(CF)) and liposomes incorporated Ni8C12 complex and containing 

carboxyfluorescein (Lip(Ni8C12+CF)). After hydration and sonication, the liposomes were 

purified by using size exclusion chromatography. 

The hydrodynamic diameter and polydispersity index (PDI) for each formulation are listed in 

Table 2.

Table 2. Comparison of the sizes of each type of liposomes. Measurements have been 

performed by DLS, on 3 different as-prepared batches for each type of liposomes to assess the 

reproducibility of the formulation method.

Type of 
liposome

Hydrodynamic 
diameter (nm)

PDI

Lip(empty) 79 ± 2.6 0.299 ± 0.023
Lip(Ni8C12) 128 ± 9.4 0.321 ± 0.056

Lip(CF) 91 ± 1.2 0.399 ± 0.026
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Lip(Ni8C12+CF) 151 ± 7.9 0.396 ± 0.035

The intercalation of the nickel-bis(dithiolene) complex inside the lipid bilayer strongly 

increases the size of the liposomes from 80 to 130 nm. The liposome size increase with the 

amount of incorporated Ni8C12 complexes. For an effective loading of 3.5 %w/w, the liposome 

size is around 126 nm, 128 nm for 6.2 %w/w, 185 nm for 9.6 %w/w and 199 nm for 15.4 %w/w. 

The incorporation of CF in the liquid core of the liposome only leads to a slight size increase 

by 10-20 nm in diameter. The use of ultrasonic bath often leads to high polydispersity as 

highlighted by elevated PDI.39, 40 These observations are probably due to the formation of lipid 

disc-like micelles in parallel of liposomes, which is common when using saturated 

phospholipids, especially after temperature cycles above the transition temperature of 

crystalline phase.41,42 However, it is well known that DLS is poorly adapted for size 

measurements on non-spherical nanoparticles. The formation of such structures was observed 

by cryo-TEM (vide infra). However, using such sonication method, compared to sonic probes 

allows for the production of suspensions free of titanium particles.43 Filtration steps could be 

added at the end of the process to reduce PDI and ensure sterilization of the formulation, but 

would lead to the loss of a large part of the lipid material. Anyway, this method allows to obtain 

reproducible formulations of liposomes with sizes suitable for taking advantage of the enhanced 

permeability and retention (EPR) effect while allowing long circulating time after 

administration.44,45

Thermal properties of the various liposomes were investigated by Differential Scanning 

Calorimetry (DSC). The transition temperature (Tm) reported for DPPC in water is 41 °C.46 

This reversible transition can easily be observed using polarized optical microscopy (POM) 

(see Figure S1) and was also confirmed by DSC measurements (Figure S2). The presence of 
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saturated fatty acids carried by DPPC results into the formation of organized and rigid 

crystalline domains at ambient temperature.47 When reaching the sol-gel transition temperature, 

fluidity between chains increases explaining the apparition of disorganized amorphous material. 

Surprisingly, based on our release experiments and on the literature,48 it is found that releases 

occur at lower temperature around 38 °C with pure DPPC liposomes. Thus, to increase the 

phase transition temperature, DPPC was mixed with DSPC having a thermal transition at 55 

°C.46 This way, liposomes with a transition temperature starting at 42 °C (Figure 1, Lip(empty)) 

in HEPES buffer have been designed. Moreover, the introduction of the CF in the liquid core 

of the liposome does not affect the reversible phase transition of the lipid bilayer which remains 

at 42 °C (Figure S2, Lip(CF)). Introduction of up to 10 %w/w of nickel complex and 

incorporation of CF in the liquid core of the liposomes weakly affect the phase transition of the 

lipid bilayer which shifted to 42.7 and 42.8 °C for Lip(Ni8C12) and Lip(Ni8C12+CF), 

respectively (Figure 1).
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Figure 1. DSC traces for Lip(empty), Lip(Ni8C12), Lip(Ni8C12+CF) in HEPES buffer (top: 

heating curves, bottom: cooling curves, the vertical dotted line is placed at 42 °C).

The morphology of the liposomes containing the PTA agent in HEPES buffer below and above 

the phase transition at 42 °C was explored thanks to cryo-TEM experiments. As showed in 

Figure 2a, small unilamellar vesicles (SUV) with a mean diameter around 100 nm have been 

successfully designed in HEPES buffer at room temperature. The lipid bilayer, 4 nm wide, is 

clearly visible. Interestingly, Lip(Ni8C12) liposomes samples which have been cryogenized 

from the sample prepared at a temperature of 25 °C are not spherical but display a polygon-

shape. This specific morphology is likely attributed to the tendency of saturated phospholipids 

to form rigid lamellar homeodomains into the lipid bilayer.49 Interestingly, the size and the 

morphology of the Lip(Ni8C12) is not affected after 5 min irradiation at 940 nm with a laser 

power of  5 W.cm-2 (Figure 2b). Upon introduction of CF, the liposomes keep the polygon-

shape but larger sizes are observed, confirming the DLS results (Figure 2c). It should be noted, 

as already mentioned, that some non-spherical nanoparticles are also formed (Figure S3). 

Above the transition temperature of 42 °C, the liposomes adopt a spherical shape, attesting the 

increase of mobility of the lipids constituting the bilayer (Figure 2d). As commonly described, 

the observed size is slightly lower than the hydrodynamic diameter obtained with DLS 

measurement, as the PEG crown and the hydration layer around the membrane are not visible 

by cryo-TEM analysis.50,51
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Figure 2. a) Lip(Ni8C12) cryogenized in liquid ethane from sample prepared at 25 °C b) 

Lip(Ni8C12) after 5 min irradiation, 5 W.cm-2, 940 nm c) Lip(Ni8C12 + CF) cryogenized in 

liquid ethane from sample prepared at 25 °C and d) Lip(Ni8C12) cryogenized in liquid ethane 

from sample prepared at 50 °C

Studies of the evolution in size and in dispersity have also been carried out while incubating 

the samples at 37 °C for one month in HEPES buffer. As shown in Figure 3a and Figure S4a, a 

slight increase in size and in PDI is observed for Lip(CF) and Lip(Ni8C12+CF) during the first 

24 h of incubation. In addition for Lip(CF), a gel-like phase at the bottom of the tube starts to 

appear after 1 week. As reported, long-time storage, particularly at elevated temperature, may 

lead to a loss of liposome stability translated by a structure modification from polygon-shape 

to disk-like shape, consequence of phospholipid hydrolysis.52 Moreover, hydrolysis of the 

DSPE unit coupled to PEG2000 used in the formulation is known to occur quickly at elevated 

temperature, resulting in a loss of its efficiency as a surfactant, accelerating Ostwald ripening 

phenomena.53,54 On the contrary, Lip(Ni8C12+CF) remains completely stable over 1 month and 

Page 16 of 32Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Acc
ep

ted
 m

an
us

cri
pt



17

no formation of a gel-like phase has been detected. Thus, interestingly, the incorporation of the 

PTA agent seems to stabilize the liposomes at 37 °C. This is in good agreement with the 

observation made by Bothun for liposomes containing Ag nanoparticles inside the bilayer.40 It 

appears that the presence of nickel complex inside the bilayer participates in the stabilization 

of the membrane when the temperature approaches Tm.

When stored at 4 °C, good stability of Lip(CF) suspensions was observed over 3 months, in 

terms of size (Figure 3 a) and dispersity (Figure S2a) and no gel-like precipitate was observed 

at the bottom of the tube. On contrary, for Lip(Ni8C12+CF) suspensions, a slight decrease of 

both parameters (Figure 3b and Figure S4b) was observed together with the appearance of a 

small amount of precipitate of Ni8C12 at the bottom of the tube after 3 weeks. We assume that 

this is due to the slow desorption of dithiolene complex embed inside the lipid bilayer after 

long-time storage at low temperature, allowing for compaction of the crystalline structure of 

lipids in a more favorable state, thus reducing the size of the liposomes.
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Figure 3. Evolution of the hydrodynamic diameter of Lip(CF), Lip(Ni8C12), Lip(Ni8C12+CF) 
incubated a) at 37 °C for 1 month or b) at 4 °C for 3 months (standard deviations have been 
calculated from three measurements performed on three dilution) (if not visible, the standard 
deviation is lower than the size of the symbol).

The passive leakage of the encapsulated CF from the liposomes stored at 4 °C and at 37 °C has 

also been evaluated. CF was used in order to mimic the behavior of an active pharmaceutical 

ingredient (API). When highly concentrated inside the liposome, the CF tends to form non-

fluorescent dimers able to trap the energy of the free molecules upon collisions.55 This results 

in poor fluorescence detection when the dye is highly concentrated in the internal media of 
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liposomes. However, when released from the liposomes, CF flows out to the diluted external 

media, leading to an increase of the fluorescence.

Minimal leakage over time in storage conditions is a pre-requisite to ensure long-term 

conservation of the pharmaceutical preparation. The amount of CF released from 

Lip(Ni8C12+CF) formulation stored in the fridge at 4 °C have been evaluated over 3 months, 

with a diluted suspension of liposomes (Figure 4). Even after 3 months at 4 °C, it appears that 

less than 7% of the encapsulated fluorophore was released in the external media, highlighting 

the good stability of the formulation when kept in the fridge for long-term storage. When 

incubated for a month at 37 °C, sample of Lip(CF) also exhibit good ability to keep their content 

as only 10 % of CF were passively released from the vesicles over a month. (Figure 4). It is 

known that the crystalline structures forming the phospholipid bilayer are permeable to water 

but weakly permeable to charged or larger molecules, resulting in good retention of the 

liposome inner content.22,38,43,56 With Lip(Ni8C12+CF), when nickel complex is added to the 

formula, 30 % of CF is passively released after 24 days incubation. This higher release rate is 

probably due to the complex entrapped in the bilayer which prevents from a perfect organization 

of lipids into a crystalline hermetical structure, allowing for the diffusion of encapsulated 

molecules through the membrane. This passive release is though still acceptable for target in 

vivo application as only approximately 15 % of loaded molecule is released during the first 

week of incubation at 37 °C from Lip(Ni8C12+CF).
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Figure 4. CF release over 3 months from a 1 mg.mL-1 suspension from Lip(Ni8C12+CF) in 
HEPES (20 mM + 150 mM NaCl) stored at 4 °C. CF release from Lip(CF) and Lip(Ni8C12+CF) 
suspensions at 2 mg.mL-1 stored in HEPES (20 mM + 150 mM NaCl) at 37 °C over 42-45  days 
(standard deviations have been calculated from measurements performed on three dilutions) (if 
not visible, the standard deviation is lower than the size of the symbol).

Photothermally controlled release of CF from these newly developed nickel-bis(dithiolene) 

containing liposomes has also been evaluated under laser irradiation. Ni8C12 complex strongly 

absorbs at 940 nm, thus a 940 nm laser was used for these experiments.21 Release kinetics have 

been measured on solutions containing 100 µg.mL-1 of Lip(CF) or Lip(Ni8C12+CF) dispersed 

in DMEM + 10% FBS and then placed in a thermostated  fluorimeter set to 37 °C. After 1 min 

equilibration, solutions were submitted to moderate power densities of 1, 2 or 3 W.cm-2 for 90 

seconds. As showed on Figure 5, liposomes which do not encapsulate nickel-bis(dithiolene) 

complex Ni8C12 display no release for 1 and 2 W.cm-2. Only for the highest studied power 

density (3 W.cm-2), weak and slow release is observed, reaching 11 % of release after 5 min. 

However, when complex is added, 85 % of the encapsulated CF is released in less than a minute 

with a laser power of 3 W.cm-2, testifying of the ability of Ni8C12 to induce a mild hyperthermia 

necessary to trigger drug release. Indeed, as showed by Figure S5, the time delay between laser 
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activation and CF release can be explained by the duration necessary for the solution to reach 

the transition temperature of 42 °C. After 1 min irradiation at 3 W.cm-2 at 37 °C, 85 % of the 

encapsulated CF is released and no further release was observed for longer irradiation times. 

The rest of the fluorophore remains stacked and quenched inside the nanoparticles.

Figure 5. Release kinetics of CF dye from liposomes without complex (Lip(CF)) or containing 

nickel-bis(dithiolene) complex (Lip(Ni8C12+CF)), as a function of the laser power. The 

liposome concentration inside the cuvette was 100 µg.mL-1.

Additional experiments have also shown that release kinetics as well as the amount of active 

molecule released can be finely tuned by controlling parameters such as complex loading or 

power and duration of laser irradiation (Figure S6). The temperature profiles measured during 

the irradiation experiments of Lip(Ni8C12+CF) containing different amounts of Ni8C12 and 

under various laser power (Figure S7) show that the liposome content is effectively released 

only when the temperature is above 42 °C.
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In parallel, the cytotoxicity of fresh formulations of Lip(empty), Lip(CF), Lip(Ni8C12) and 

Lip(Ni8C12+CF) have been evaluated in cellulo on human renal carcinoma 786-O cancer cells 

with and without laser irradiation at 940 nm (Figure 6 and Figure S8). The cells were incubated 

for 24 h with different amount of each liposome prior to irradiation. Results are represented in 

Figure 6. It appears that the intrinsic toxicity of the lipid vesicles Lip(empty) is negligible, as 

90 % of the cell survived, even when exposed to concentrations as high as 150 µg.mL-1 (Figure 

6, grey bars). Similar observations can be made with Lip(CF) (Figure 6, yellow bars), 

highlighting the weak toxicity of the fluorophore encapsulated inside the liposomes and also of 

the small part which has leached from the liposomes. A slight decrease in cell viability can be 

observed when photothermal agent Ni8C12 is added into the formulation. More than 70 % of 

cells survived after 24 h exposure to culture medium containing up to 150 µg.mL-1 of 

Lip(Ni8C12), equivalent to ~15 µg.mL-1 of complex (Figure 6, green bars), while  

Lip(Ni8C12+CF) exhibit a slightly more important toxicity (60 % survival) (Figure 6, orange 

bars),. The slight decrease of the cell viability suggests that some complex is accessible from 

the outer part of the bilayer, thus being available for interactions with the surrounding media. 

More interestingly, irradiation of cell cultures incubated with Lip(empty) did not show any 

additional cytotoxic effect. These experiments clearly shows that laser irradiation in itself does 

not affect cell viability, which is in good agreement with previous observations.21 On the 

contrary, for the liposome formulations incorporating Ni8C12 complex, the obtained results 

clearly show that the combination of laser irradiation and the presence of the Ni-bis(dithiolene) 

photothermal agent leads to a drastic drop in cell viability by more than 85 % for the highest 

concentrations (Figure 6), thus underlying the promising perspectives of using such liposomes 

incorporating nickel-bis(dithiolene) complex for photothermal therapy.57 Confocal microscopy 

investigations performed after incubation of 786-O renal cells with Lip(Ni8C12+CF) with or 

without laser irradiation have revealed that the liposomes are not internalized inside the cells. 
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Washing the cell cultures after 24 h incubation in presence of nickel-bis(dithiolene) containing 

liposomes and before 5 min laser irradiation suggest that the liposomes do not interact with the 

cells (Figure S9), since no luminescence has been detected in the cell interior. The non-

internalization of the liposomes into the cells was also confirmed by irradiation experiments 

performed after washing of the cell cultures (Figure S10 and S11). These results highlight that 

there is no need to internalize the liposomes inside the malignant cells to induce strong cell 

death by photothermal effect, i.e. a close proximity is sufficient. 

Figure 6. Relative viability of 786-O cancer cells after 24 hours of incubation with various 

liposome formulations, with or without irradiation (5 min, 5 W.cm-²). Statistical significance 

was assessed using appropriate tests (Kruskal-Wallis, Mann-Whitney and ANOVA). 

Significant differences are marked with ** or *** for p<0.01 and p<0.001 respectively. 
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Statistical analysis has been performed on two independent experiments involving triplicates 

each group of treated cells (n = 6).

Finally, the photoacoustic properties of these liposomes containing a nickel-bis(dithiolene) 

photothermal agent were also explored. In photoacoustic imaging, a short (nanosecond) non-

ionising laser pulse is absorbed by the biological tissue, leading to a transient thermal expansion 

of the optical absorbers in the tissue and subsequent ultrasound emission. The generated 

ultrasound waves are acquired by an ultrasound transducer to form a photoacoustic image. 

However, many diseases or tissues do not manifest an endogenous photoacoustic contrast and 

it is necessary to introduce exogenous photoacoustic contrast agents with significant 

photothermal effect to convert light into heat for acoustic imaging. Thus, new thermally- and 

photo-stable exogenous photoacoustic contrast agents with high photothermal activity are 

highly desirable for photoacoustic imaging.

As expected, a weak photoacoustic signal is detected in pure water and in biological 

media under laser irradiation (Figure 7). The same observation has been made for liposome 

suspension (Lip(CF) and Lip(empty) which do not contain nickel-bis(dithiolene) complex, even 

at high lipid concentrations (Figure S12). Meanwhile, when Ni8C12 is added to the formula, 

strong photoacoustic signals were detected. As expected, the intensity of the photoacoustic 

signal is proportional to the concentration of liposomes, i.e. nickel-bis(dithiolene) complexes, 

and to the power of the laser pulses. Therefore, photoacoustic signals have been easily detected 

from suspensions of Lip(Ni8C12) and Lip(Ni8C12+CF) with concentrations as low as 10 µg.mL-

1 in lipids, corresponding to concentrations in photothermal agent Ni8C12 as low as 1 µg.mL-1 

(Figure 7). The same observations were made on liposomes containing Ni8C12 co-encapsulated 

with either CF proving that the co-encapsulation of an API is compatible with the utilization of 

these nanoparticles for an application in bioimaging (Figure S12). It can be anticipated that this 
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feature can be useful for the tracking and the quantification of the liposomes at target site before 

triggering drug release. 

 Figure 7. Photoacoustic signal detected depending on the power of laser pulses and on the 

liposome concentration (standard deviations have been calculated on 20 images).

Conclusion.

New thermosensitive liposomes have been developed by a judicious mixing of 

dipalmitoylphosphatidylcholine (DPPC), distearoylphosphatidylcholine (DSPC) and nickel-

bis(dithiolene) complexes as photothermal agent. Small unilamellar vesicles (SUV) with a 

mean diameter around 100 nm, suitable for the EPR effect, displaying a thermal phase transition 

at 42 °C have been obtained. The mild hyperthermia generated under NIR laser irradiation at 

940 nm by nickel-bis(dithiolene) complexes allows for the fine controlled release of the 

liposome contents whereas these liposomes are highly stable and keep their contents at 37 °C 
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for several days. The liposomes are able to deliver almost all their content only when the 

temperature reaches 42 °C. Drug delivery can be achieved by adjusting the nickel-

bis(dithiolene) concentration, or by tuning the laser power and the irradiation time. Such 

liposomes are highly suitable for on-demand drugs delivery in human body under NIR laser. 

Moreover, the hyperthermia generated by the complex inside the liposome under NIR 

irradiation exhibits a high potential for photothermal therapy. In fact, in presence of these 

nickel-bis(dithiolene) containing liposomes and under NIR laser irradiation, strong cells death 

can be induced. Finally, it has been demonstrated, for the first time, that nickel-bis(dithiolene) 

complexes also exhibit photoacoustic properties so ultrasonic waves can be generated under 

laser stimulation. The photoacoustic signal coming from the nickel-bis(dithiolene) complex is 

easily detected and its intensity is directly proportional to the concentration of complex and to 

the laser energy. These last results show that this class of complexes can also be used as 

exogenous contrast agents for photoacoustic bioimaging. Compared to the current alternatives, 

metal-bis(dithiolene) complexes are highly stable photothermal agent, contrary to indocyanine 

green, they will offer better clearance than inorganic nanoparticules such as gold nanorods and 

their photoacoustic signal can be detected at very low concentrations. In conclusion, the newly 

developed liposomes integrating nickel-bis(dithiolene) complexes as photothermal agent can 

be of great interest for imaging-guided photocontrolled drugs delivery and photothermal 

therapy (dual therapy) in human body.  
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Keywords. Theranostic nanoparticles, Liposome, Photocontrolled Drug Release, Nickel-

bis(dithiolene) complex, Photothermal therapy, Photoacoustic.
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or without laser irradiation after washing; Relative viability of 786-O cancer cells cultures 

incubated with various liposomes formulations with or without laser irradiation; Photoacoustic 

signal detected in HEPES from suspensions of Lip(empty), Lip(CF) and Lip(Ni8C12+CF).

References. 

1 Sahoo, S. K.; Parveen, S.; Panda, J. J. The present and future of nanotechnology in human 
health care. Nanomedicine Nanotechnol. Biol. Med. 2007, 3, 20-31.
2 Doane, T. L.; Burda, C. The unique role of nanoparticles in nanomedicine: imaging, drug 
delivery and therapy. Chem. Soc. Rev. 2012, 41, 2885-2911.
3 Safari, J.; Zarnegar, Z. Advanced drug delivery systems: Nanotechnology of health design A 
review. J. Saudi, Chem. Soc. 2014, 18, 85-99.
4 Yatvin, M. B.; Weinstein, J. N.; Dennis, W. H.; Blumenthal, R. Design of liposomes for 
enhanced local release of drugs by hyperthermia. Science 1978, 202, 1290-1293.
5 Mura, S.; Nicolas, J.; Couvreur, P. Stimuli-responsive nanocarriers for drug delivery. Nat. 
Mater. 2013, 12, 991-1003.
6 Alvarez-Lorenzo, C.; Bromberg, L.; Concheiro, A. Light-sensitive intelligent drug delivery 
systems. Photochem. Photobiol. 2009, 85, 848-860.
7 Jeong, B.; Kim, S. W.; Bae,Y. H. Thermosensitive sol-gel reversible hydrogels. Adv. Drug 
Deliv. Rev. 2012, 64, 154-162.
8 Pinto Reis, C.; Neufeld, R. J.; Ribeiro, A. J.; Veiga, F. Nanoencapsulation I. Methods for 
preparation of drug-loaded polymeric nanoparticles. Nanomedicine Nanotechnol. Biol. Med. 
2006, 2, 8-21.
9 Ta, T.; Porter, T. M. Thermosensitive liposomes for localized delivery and triggered release 
of chemotherapy. J. Controlled Release 2013, 169, 112-125.
10 Al-Ahmady, Z. S.; Scudamore, C. L.; Kostarelos, K. Triggered doxorubicin release in solid 
tumors from thermosensitive liposome-peptide hybrids: Critical parameters and therapeutic 
efficacy. Int. J. Cancer 2015, 137, 731-743.
11 Chen, K.-J.; Liang, H.-F.; Chen, H.-L.; Wang, Y.; Cheng, P.-Y.; Liu, H.-L.; Xia, Y.; Sung, 
H.-W. A Thermoresponsive Bubble-Generating Liposomal System for Triggering Localized 
Extracellular Drug Delivery. ACS Nano 2013, 7, 438-446.
12 Graf, H.; Leach, W.; Arieff, A. I. Evidence for a detrimental effect of bicarbonate therapy in 
hypoxic lactic acidosis. Science 1985, 227, 754-756.
13 Jaque, D.;  Martínez Maestro, L.; del Rosal, B.; Haro-Gonzalez, P.; Benayas, A.; Plaza, J. L.; 
Martín Rodríguez, E.; García Solé, J. Nanoparticles for photothermal therapies. Nanoscale 
2014, 6, 9494-9530.
14 Zhang, W.; Guo, Z.; Huang, D.; Liu, Z.; Guo, X.; Zhong, H. Synergistic effect of chemo-
photothermal therapy using PEGylated graphene oxide. Biomaterials 2011, 32, 8555-8561.
15 Yang, X.; Yang, M.; Pang, B.; Vara, M.; Xia, Y. Gold Nanomaterials at Work in 
Biomedicine. Chem. Rev. 2015, 115, 10410-10488.
16 Longmire, M.; Choyke,  P. L.; Kobayashi, H. Clearance properties of nano-sized particles 
and molecules as imaging agents: considerations and caveats. Nanomed. 2008, 3, 703-717.
17 Link, S.; El-Sayed, M. A. Spectral Properties and Relaxation Dynamics of Surface Plasmon 
Electronic Oscillations in Gold and Silver Nanodots and Nanorods. J. Phys. Chem. B 1999, 103, 
8410-8426.

Page 28 of 32Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Acc
ep

ted
 m

an
us

cri
pt



29

18 Mebrouk, K.; Debnath, S.; Fourmigué, M.; Camerel, F. Photothermal Control of the Gelation 
Properties of Nickel Bis(dithiolene) Metallogelators under Near-Infrared Irradiation. Langmuir 
2014, 30, 8592-8597.
19 Mebrouk, K.; Camerel, F.; Jeannin, O.; Heinrich, B.; Donnio, B.; Fourmigué, M. High 
Photothermal Activity within Neutral Nickel Dithiolene Complexes Derived from 
Imidazolium-Based Ionic Liquids. Inorg. Chem. 2016, 55, 1296-1303.
20 Mebrouk, K.; Chotard, F.; Le Goff-Gaillard, C.; Arlot-Bonnemains, Y.; Fourmigué, M.; 
Camerel, F. Water-soluble nickel-bis(dithiolene) complexes as photothermal agents. Chem. 
Commun. 2015, 51, 5268-5270.
21 Ciancone, M.;  Mebrouk, K.; Bellec, N.; Le Goff-Gaillard, C. ; Arlot-Bonnemains, Y.; 
Benvegnu, T.; Fourmigué, M.;  Camerel, F.;  Cammas-Marion, S. Biocompatible nanoparticles 
containing hydrophobic nickel-bis(dithiolene) complexes for NIR-mediated doxorubicin 
release and photothermal therapy. J. Mater. Chem. B 2018, 6, 1744-1753.
22 Allen, T. M.  Liposomes. Opportunities in drug delivery. Drugs 1997, 54, 8-14.
23 Ragelle, H.; Danhier, F.; Préat, V.; Langer, R.; Anderson, D. G. Nanoparticle-based drug 
delivery systems: a commercial and regulatory outlook as the field matures. Expert Opin. Drug 
Deliv. 2017, 14, 851-864.
24 Bobo, D.; Robinson, K. J.; Islam, J.; Thurecht, K. J.; Corrie, S. R. Nanoparticle-Based 
Medicines: A Review of FDA-Approved Materials and Clinical Trials to Date. Pharm. Res. 
2016, 33, 2373-2387.
25 Weissig, V.; Pettinger, T.; Murdock, N. Nanopharmaceuticals (part 1): products on the 
market. Int. J. Nanomedicine 2014, 4357-4373.
26 Schütz, C. A.; Juillerat-Jeanneret, L.; Mueller, H.; Lynch, I.; Riediker, M. Therapeutic 
nanoparticles in clinics and under clinical evaluation. Nanomed. 2013, 8, 449-467.
27 Marcato, P. D.; Durán, N. New Aspects of Nanopharmaceutical Delivery Systems. J. 
Nanosci. Nanotechnol. 2008, 8, 2216-2229.
28 Li, C.; Wang, L. V. Photoacoustic tomography and sensing in biomedicine. Phys. Med. Biol. 
2009, 54, R59-R97.
29 Kim, C.; Favazza, C.; Wang, L. H. V. In Vivo Photoacoustic Tomography of Chemicals: 
High-Resolution Functional and Molecular Optical Imaging at New Depths. Chem. Rev. 2010, 
110, 2756-2782.
30 Zha, Z.; Deng, Z.; Li, Y.; Li, C.; Wang, J.; Wang, S.; Quc, E.; Dai, Z. Biocompatible 
polypyrrole nanoparticles as a novel organic photoacoustic contrast agent for deep tissue 
imaging. Nanoscale 2013, 5, 4462-4467.
31 Yang, X.; Skrabalak, S. E.; Li, Z. Y.; Xia, Y.; Wang, L. V. Photoacoustic Tomography of a 
Rat Cerebral Cortex in vivo with Au Nanocages as an Optical Contrast Agent. NanoLett. 2007, 
7, 3798-3802.
32 Li, M. L.; Wang, J. C.; Schwartz, J. A.; Gill-Sharp, K. L.; Stoica, G.; Wang, L. V. In-vivo 
photoacoustic microscopy of nanoshell extravasation from solid tumor vasculature. J. Biomed. 
Opt. 2009, 14, 010507.
33 Agarwal, A.; Huang, S. W.; O’Donnell, M.; Day, K. C.; Day, M.; Kotov, N.; Ashkenazi, S. 
Targeted gold nanorod contrast agent for prostate cancer detection by photoacoustic imaging. 
Appl. Phys. 2007, 102, 064701.
34 Pan, D. P.; Pramanik, M.; Senpan, A.; Yang, X. M.; Song, K. H.; Scott, M. J.; Zhang, H.;  
Gaffney, P. J.; Wickline, S. A.; Wang, L. V.; Lanza, G. M. Molecular photoacoustic 
tomography with colloidal nanobeacons. Angew. Chem. Int. Ed. 2009, 48, 4170-4173.
35 Xu, Y.; Chen, J.; Tong, L.; Su, P.; Liu, Y.; Gu, B.; Bao, B.; Wang, L. pH/NIR-responsive 
semiconducting polymer nanoparticles for highly effective photoacoustic image guided chemo-
photothermal synergistic therapy. J. Control. Release 2019, 293, 94-103.

Page 29 of 32 Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Acc
ep

ted
 m

an
us

cri
pt



30

36 Guo, Y.; Wang, X.; Chen, Y.; Liu, F.; Tan, M.; Ao, M.; Yu, J.; Ran, H.; Wang, Z. A light-
controllable specific drug delivery nanoplatform for targeted bimodal imaging-guided 
photothermal/chemo synergistic cancer therapy. Acta Biomaterialia 2018, 80, 308-326.
37 Mueller-Westerhoff, U. T.; Vance, B.; Yoon, D. I. The synthesis of dithiolene dyes with 
strong near-IR absorption. Tetrahedron 1991, 47, 909-932.
38 Bangham, A. D.; De Gier, J.; Greville, G. D. Osmotic properties and water permeability of 
phospholipid liquid crystals. Chem. Phys. Lipids 1967, 1, 225-246.
39 Woodbury, D. J.; Richardson, E. S.; Grigg, A. W.; Welling, R. D.; Knudson, B. H. Reducing 
liposome size with ultrasound: bimodal size distributions. J. Liposome Res. 2006, 16, 57-80.
40 Bothun, G. D. Hydrophobic silver nanoparticles trapped in lipid bilayers: Size distribution, 
bilayer phase behavior, and optical properties. J. Nanobiotechnology 2008, 6, 13.
41 Ickenstein, L. M.; Sandström, M. C.; Mayer, L. D.; Edwards, K. Effects of phospholipid 
hydrolysis on the aggregate structure in DPPC/DSPE-PEG2000 liposome preparations after gel 
to liquid crystalline phase transition. Biochim. Biophys. Acta BBA - Biomembr. 2006, 1758, 
171-180.
42 Johnsson, M.; Edwards, K. Liposomes, Disks, and Spherical Micelles: Aggregate Structure 
in Mixtures of Gel Phase Phosphatidylcholines and Poly(Ethylene Glycol)-Phospholipids. 
Biophys. J. 2003, 85, 3839-3847.
43 Akbarzadeh, A.; Rezaei-Sadabady, R.; Davaran, S.; Joo, S. W.; Zarghami, N.; Hanifehpour, 
Y.; Samiei, M.; Kouhi, M.; Nejati-Koshki, K. Liposome: classification, preparation, and 
applications. Nanoscale Res. Lett. 2013, 8, 102-109.
44 Duan, X.; Li, Y. Physicochemical characteristics of nanoparticles affect circulation, 
biodistribution, cellular internalization, and trafficking. Small 2013, 9, 1521-1532.
45 Portney, N. G.; Ozkan, M. Nano-oncology: drug delivery, imaging, and sensing. Anal. 
Bioanal. Chem. 2006, 384, 620-630.
46 Li, J.; Wang, X.; Zhang, T.; Wang, C.; Huang, Z.; Luo, X.; Deng, Y. A review on 
phospholipids and their main applications in drug delivery systems. Asian J. Pharm. Sci. 2015, 
10, 81-98.
47 Eze, M. O. Phase transitions in phospholipid bilayers: Lateral phase separations play vital 
roles in biomembranes. Biochem. Educ. 1991, 19, 204-208.
48 Anyarambhatla, G. R.; Needham, D. Enhancement of the Phase Transition Permeability of 
DPPC Liposomes by Incorporation of MPPC: A New Temperature-Sensitive Liposome for use 
with Mild Hyperthermia. Journal of Liposome Research 1999, 9, 491-506.
49 Wu, H.-L.; Sheng, Y.-J.; Tsao, H.-K. Phase behaviors and membrane properties of model 
liposomes: Temperature effect. J. Chem. Phys. 2014, 141, 124906.
50 Egelhaaf, S. U.; Wehrli, E.; Müller, M.; Adrian, M.; Schurtenberger, P. Determination of the 
size distribution of lecithin liposomes: a comparative study using freeze fracture, cryoelectron 
microscopy and dynamic light scattering. J. Microsc. 1996, 184, 214-228.
51 Bhattacharjee, S. DLS and zeta potential - What they are and what they are not? J. Controlled 
Release 2016, 235, 337–351.
52 Ickenstein, L. M.; Sandström, M. C.; Mayer, L. D.; Edwards, K. Biochim. Biophys. Acta 
BBA - Biomembr., 2006, 1758, 171-180 Biochim. Biophys. Acta BBA - Biomembr. 2006, 1758, 
171-180.
53 Schnorenberg, M. R.; Yoo, S. P.;  Tirrell, M. V.; LaBelle, J. L. Synthesis and Purification of 
Homogeneous Lipid-Based Peptide Nanocarriers by Overcoming Phospholipid Ester 
Hydrolysis. ACS Omega 2018, 3, 14144-14150.
54 Rabinovich-Guilatt, L.; Dubernet, C.; Gaudin, K.; Lambert, G.; Couvreur, P.; Chaminade, P. 
Phospholipid hydrolysis in a pharmaceutical emulsion assessed by physicochemical parameters 
and a new analytical method. Eur. J. Pharm. Biopharm. 2005, 61, 69-76.

Page 30 of 32Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Acc
ep

ted
 m

an
us

cri
pt



31

55 Chen, R. F.; Knutson, J. R. Mechanism of fluorescence concentration quenching of 
carboxyfluorescein in liposomes: energy transfer to nonfluorescent dimers. Anal. Biochem. 
1988, 172, 61-77.
56 De Gier, J.; Mandersloot, J. G.; Van Deenen, L. L. M. Lipid composition and permeability 
of liposomes. Biochim. Biophys. Acta BBA-Biomembr. 1968, 150, 666-675.
57 Mebrouk, K .; Ciancone, M.; Vives, T.; Cammas-Marion, S.; Benvegnu, T.; le Goff-Gaillard, 
C.; Arlot-Bonnemains, Y.; Fourmigue, M.; Camerel, F. Fine and clean photothermally 
controlled NIR drug delivery from biocompatible nickel-bis(dithiolene)-containing liposomes. 
ChemMedChem, 2017, 12, 1753-1758.

Page 31 of 32 Langmuir

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

Acc
ep

ted
 m

an
us

cri
pt



32

TOC 

Original thermosensitive liposomes containing a nickel-bis(dithiolene) complex, as photoactive 

component, are able to deliver their contents on demand under NIR laser irradiation at 42 °C. 

In addition, the newly developed nanocarriers can be used as exogenous photoacoustic agents 

and as biocompatible photothermal agents.
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