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Theremarkable photother mal propertiesof pegylated nickel-bis(dithiolene) complexesin water

can induce cell death under laser irradiation in the near infrared (NIR) region.

Photothermal therapy (PTT) is a minimally invasivel harmless therapeutic methodology which employs
hyperthermia generated by photothermal agents fem®@r energy to kill malignant cells. Such a PPT
prefers near-infrared (NIRy = 700-1100 nm) radiation with the typical tissuengtration of several
centimeters in biological tissueand has attracted much attention in recent yeaagasmising alternative

or supplement to traditional cancer therapies. Noomg photothermal agents with strong absorbance of
NIR laser have been extensively explored to in@etse photothermal conversion efficiency and
correspondingly, enhance the thermal lethalityumars. Currently, foufamilies of photothermal agents
have been extensively developed, resulting in greatiributions to PTT therapy. First, organic connpds
such as indocyanine green (ICG) dye and polyanitinaoparticled,suffer from limitations such as
photobleaching and/or unsatisfactory phototherraversion efficiency. Besides, carbon-based maseria
including carbon nanotubes (CNTs) and graphenes halatively low absorption coefficient in the NIR

region? The third family consists in metal (particularlgld) nanostructures (supramolecularly assembled



nanoparticles, nanorods, nanoshells, hollow narergghnanocages, nanocrosses, and nandsErsse
noble metal-based nanostructures exhibit intens@ photoabsorption and are the most studied
photothermal agents, but the intense NIR absormtidhese materials is attributed to the surfaesiplon
resonance (SPR), and their maximum absorption asefbre related to the dielectric constant of the
surrounding matrix, leading to a difference of thaximum absorption betweemvitro andin vivo. These
gold nanomaterials also suffer from relatively Ithermal stability during prolonged laser irradiatid@ he
last type is found in copper chalcogenide semicotuds, including CuSand CuSée nanoparticles, but
the main limitation of these compounds is theiratiséactory photothermal conversion efficiency.reet

the severe requirements of future PTA therap, itecessary to search for more stable and biocdtgat
agents displaying high photothermal conversiorcigfficy in the NIR region.

Nickel-bis(dithiolene) are strong near-IR absorbeith high thermal- and photo-stability (Figure I).
their neutral state, they display high absorptioafficients (around 30 000 #cn1?) in organic solvents

in a wide range of NIR absorption maxima that areable from 600 nm to 1200 nm depending on the
dithiolene substituents. Furthermore, these congglexe non-luminescent, implying that all the absadr
energy is released in the environment as heat.pHusliar feature has found applications for pHwanal
laser printing on thin filmé.Recently, it has also been demonstrated that béthermal properties of
metallogelators built around nickel-bis(dithiolemeyes can efficiently be used to control the datyah of
robust organogefs.Thus, properly functionalized nickel-bis(dithiolncould be good candidates as
photothermal therapeutic agents under near-IR lasadiation, if they were water-soluble and
biocompatible.

In the present work, we report the design and yn¢hesis of pegylated nickel-bis(dithiolene) conxele
displaying photothermal activities in water anditthevitro ability to act as photothermal agents on human

renal carcinoma cells.



Three pegylated nickel-bis(dithiloene) derivativesre considered, depending on the nature of the
dithiolate ligand and the number of polyethylengcgl chains (Figure 1). Polyethylene chains hawenbe
selected for their good solubility in water anditH@iocompatibility? Preparation of compleg was
achieved by treatment of the corresponding pegyldt-dithiole-2-thione derivative with sodium
methoxide, followed by addition of a solution of ckel(ll) chloride hexahydrate. The
bis(oligo(ethyleneoxide)) substituted 1,3-dithi@ehione precursor was obtained by direct alkytatd

the  bis(2-thioxo-1,3-dithiole-4,5-dithio)-zincate als [Zn(dmitk]>~ with 2-methoxy(2-ethoxy(2-
ethoxyethyl))p-toluenesulfonate in refluxing acetonitrile. Foe threparation of complex@sand3, 4,4'-
dihydroxybenzil and 3,3',4,4'-tetrahydroxybenzil ree first alkylated with 2-methoxy(2-ethoxy(2-
ethoxyethyl))p-toluenesulfonate in refluxing DMF in presence e€Ks. The pegylated benzil derivatives
were then sulfurated withuBio in dimethylimidazolidinone (DMI) before additior an aqueous solution

of NiCl2#6H20.1° All neutral complexes were isolated after purifica as dark green waxy solids after
drying. Full experimental details of the synthepicocess and characterizations are presented in the

Electronic Supplementary Information (ESI).
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Figure 1. Chemical structures of the three pegylated nitksg(dithiolene) derivatives synthesized.

First of all, the solubility of the three complexess evaluated in water. Compl@xwas found to be
completely insoluble. Complek is partially soluble and only a slight coloratiof the solution was
observed together with the presence of insoluble.c@ntrary, complex3, carrying eight polyethylene
glycol chains, is well soluble in water, givingei® a marked green coloration (Figure 2 left). Sblability

was determined to be above 10 mghe mmol.LY). Partitioning experiments in water/octanol mixsir

have also been performed with compBe)fter phase separation, no trace of com@&as been detected



by UV-visible-NIR measurements in the aqueous phBisese results highlight that compl@kas strong

lipophilic character which is in line with its réikzely weak solubility in water.

The UV-visible-NIR absorption spectra of compl&in water display a strong absorption band cerdted
936 nm, extending from 700 nm up to 1200 nm withtextinction coefficientse(= 14 200 M*.cnt?) in

the near-IR region, a characteristic redutral Ni-bis(dithiolene) complexes (Figure 2 tighrhis low-
energy absorption band is attributed indeed tdextrenic transition from the HOMO i) of biy symmetry

to the LUMO (Ln*-adxy) with a metallic character ofzpsymmetryt! Upon dilution, the absorbance
perfectly follows the Beer-Lamber law, indicatifgetabsence of intermolecular interactions below 500
ug.mLtin water (insert Figure 2). Spectroscopic dataiied in dichloromethane with complexie8 are
gathered in table S1. In GEl,, the NIR-absorption maxima of compl8xs slightly red-shifted to 948 nm

but the extinction coefficient strongly increases 36 000 M.cn?).
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Figure 2. Picture of a dark-green solution of com@ér water (c = 50qug.mL?) (left) and UV-vis-NIR
spectra of comple8 in water (¢ = 5Qug.mL%) (right) (insert: evolution of the absorbance 40 9im as a

function of the concentration).



A quantitative study of the photothermal performaraf complex3 in water was conducted. The
temperature elevation of water solutions at diffié@ncentrations (0-500g.mL?Y) was measured under
940 nm laser irradiation with a power of 1 W:érfor 10 min (Figure 3). An obvious concentration-
dependent increase was observed after additioonoplex3 under laser irradiation. Below 26.mL?, no
noticeable photothermal effects have been dete€tezltemperature chang®T() drastically goes up with

an increase of the complex concentration from 250@ugemL?, and then reaches a maximum (+ 20.2
°C). In contrast, the temperature increase in puater was only 6.5 °C. As expected, the temperatisiee
strongly increases with the irradiation power dgnsiemperature increase as high as 65 °C has been
obtained with a power of 5 W.cffor 10 min at 50Qug-L* (Figure S1-S4).
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Figure 3. Temperature elevation of solutions of comp&in water at various concentrations (0-500

ugemL™) as a function of time (0-600 s) under irradiatwith a 940 nm wavelength laser at a power of 1

W.cm?.

The photothermal conversion efficienay) (vas evaluated on solutions of comp8n water at 50, 100,

500 ug.mL* by monitoring the complete temperature profile @mcbntinuous irradiation at 940 nm laser



with a power of 1 W.cm until 10 min and after turning off of the laserithg 10 min (Figure S5-S7). The

n value was calculated according to the equationrde=sd by Roper and al. based on the energy balance
of the system? Then value determined for compléxin water is ~ 12 %, which is close to thevalues
measured with gold nanostructures (13-22%) which eurrently the object of great interest for
photothermal therapyNMR experiments and thin layer chromatographyqrened after NIR irradiation

did not evidence any degradation of the complegesfirming their remarkable photo-thermal stabjlity
even after exposure to laser irradiation for a ltnge, in contrast to gold nanostructures. It sddu
noticed that thig) value is slightly lower than the one measured ritg@m cholesterol-substituted nickel-
bis(dithiolene) in decane (~ 19 %highlighting the influence of the substitution teah around the

complex and the nature of the medium/solvent oratis®rption and the conversion efficiency.

The good NIR-photothermal conversion efficiencytted octa-pegylated complé&in water prompted us
to evaluate its potential as a PTT agentivo. MTT assays on human renal carcinoma cells (7860g
shown that the viability remained above 80 % a®#ih incubation for concentrations up to 1@pmL*
(60 uM) and more than 50 % of the cells survive at GGONL? (Figure 4 and S8). Earlier experiments
have shown that cells can be killed in 4-6 min femperatures above 50 *G% In regard to the
photothermal experiments performed in water (Figa$eS7), concentrations of compl&8xabove 100
ug.mL* under a power density of 2 W.@or above 5ug.mL* under a power density of 5 W.&should

be used to reach 50 °C for irradiation performe2EatC. The cells were incubated with increasingam

of complex3 (50, 100, 15Qug.mLt) for 24 h and then irradiated with a 940 nm NIRelafor 10 min under
power density of 2 or 5 W.cfa Upon 5 W.crif power densityaser irradiation, cell viability significantly
decreased for concentrations of com@Beabove 10qug.mL? (Figure 4) and after 10 min, less than 20 %
of the cells remained alive after irradiation (7GMthout irradiation). In contrast, cells withousraplex3

incubation were not affected even after 10 minrlasadiation at the highest power density of 5 W%



Power density of 2 W.crfwas found not to be sufficient to induce marked deth in 10 min even at 150
ug.mLL. After one day incubation with complek the phase contrast observation of the cells vaas n
markedly affected whereas after irradiation, thésadopted a round shape, a sign of cell deatlu(Ei
S9). These preliminary vivo results confirm our expectations that nickel-bih{dlene) complexes can

indeed act as efficient photothermal agent as #éneyable to induce cell death under NIR irradiation
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Figure 4. Relative Cell viability 786-0 human renal carcirmeells treated with different concentrations

of complex3 without or with laser irradiation (940 nm, 5 W.éni0 min).

In summary, original water-soluble nickel-bis(dilgne) complexes with good photothermal conversion
in water and biocompatibility, were successfullggared by grafting polyethylene glycol chains oa th
dithiolene complex core structure. UnddiR irradiationat 940 nmwith a safe power density of 0.5-5
W.cm?, the temperature of aqueous solutions of comBlg5-500ug.mLY) can increase by 6.3-65.5 °C
in 10 min. Importantly,the in cellulo experiments have demonstrated that NIR-laser iatiad at
concentrations around 19g.mL* (60uM) for 5 min can induced cell death. This clasmetal complexes
provides a new generation of molecular therapewtgents for photothermal therapy. Proper

functionalization of these complexes should improtreeir photothermal efficiency and their



biocompatibility as well as their targeting abési Efforts along these lines are currently undegess in
our laboratory.
This study was inspired by earlier discussions Wwithr. Muller-Westerhoff in 2008 during a meetimg i
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Pegylated nickel-bis(dithiolene) complexes cancedfitly convert NIR light into heat in water to

induce cells death.






