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Near-Infrared Light-Responsive UCST-Nanogels Using an Efficient
Nickel-bis(dithiolene) Photothermal Crosslinker

Amélie Augé®, Franck Camerel®, Apolline Benoist® and Yue Zhao**

A new kind of near-infrared (NIR) light-responsive polymer nanogels is demonstrated. The micellar aggregates of an ABA-type triblock copolymer, whose core

is a thermosensitive polymer displaying an upper-critical-solution-temperature (UCST), are crosslinked using a photothermal nickel-bis(dithiolene) complex

that absorbs NIR light and converts efficiently optical energy to heat. We show that when the nanogel aqueous solution is exposed to NIR light, even at low

power density of 0.16W/cm? and low nickel-bis(dithiolene) complex concentration of 61,4 pug/mL, the photothermally induced heating is sufficient to allow

the nanogel particles to undergo a volume phase transition. The induced volume increase due to the positive thermosensitivity of the polymer leads to

release of loaded hydrophobic dye molecules. Using an energy balance model, the photothermal conversion efficiency of the nickel-bis(dithiolene) complex

in the nanogel was evaluated through solution temperature and transmittance measurements under NIR laser irradiation at various light power densities as

well as different nanoparticle concentrations and solvents. The photothermal conversion efficiency can reach about 64%, which positions the nickel-

bis(dithiolene) complex among the most efficient photothermal agents in the NIR spectral region around 1000 nm.

1. Introduction

The development of proteomic methods allowed for identifying
many therapeutic targets and consequently guided research for the
development of new specific treatments’. However, some
pharmacokinetic problems restrict the administration of the drugs
(drug solubility, non-specific adsorption, premature clearance). Thus,
the vectorization allows solubilizing and protecting the drug from
administration site to therapeutic target, but also controlling the
drug release. For this application, smart-materials, namely, materials
able to modify their properties by external stimuli, are widely
coveted. The controlled release induced by light attracts much
attention since the drug release could be remote-controlled spatially
and temporallyz. Materials sensitive to near-infrared (NIR) light are
more suitable for this application because NIR lights are weakly
absorbed and diffused by biological tissues in comparison with visible
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and UV Iight3_5. Thus, the radiation could penetrate tissue and
activate the photosensitive material. Several mechanisms are
possible for controlled release such as photo-isomerizations, photo-
rearrangement7, photolysiss, photo-oxidationg, use of upconversion
nanoparticlesm’11 and photothermal effect. Photothermal effect
based on conversion of radiative energy to heat is particularly
interesting for non-invasive medicine*®. Indeed, this effect can be
used directly for photothermal treatment (T > 45°C) or in
combination with chemotherapy (T~39-42°C). Four types of
materials are usually employed to generate photothermal effect. (1)
Organic polymers and dyes14 such as polyanilinels, polypyrrolele,
Indocyanine green (IR 125)17, iodide dye (IR 780)18, heptamethine
indocyanine dye (IR 825)19 or cypatezo. These compounds are usually
charged into micelles due to their weak solubility and stability in
aqueous solutions. (2) Metal nanostructuresn_za, particularly gold-
nanorods of varying aspect ratios for surface plasmon resonance
(SPR) in the NIR region. However, the SPR band is very sensitive to
environment (refractive index, dielectric constant,...) and the
photothermal conversion efficiency are often different between in
vitro and in vivo assays. In addition, gold nanorods are not stable
under laser irradiation and suffer from low clearance. (3)
Compounds based on carbon® (graphene, carbon nanotubes) and
(4) materials based on copper or molybdenum chalcogenide semi-
conductors®® .

In order to combine photothermal effect and chemotherapy, some
studies reported stimuli- responsive nanoparticles for which the
phase transition - leading to release of drug - takes place through the
heat generated by absorption of NIR-Iight8'3°_32. For nanosystems
combining both NIR photothermal material and thermosensitive



polymer, the increase of temperature due to the light-to-heat
conversion, leads to the dilatation of polymer matrix for polymer
having UCST (Upper Critical Solution Temperature)33’34, or the
collapse of matrix for polymer having LCST (Lower Critical Solution
Temperature)35’36. In the first case, the drug can be released by
diffusion while in the second case, the drug release takes place due
to steric interference between shrinking polymer and drug. While
many reports can be found for LCST-nanovectors sensitive to NIR-
|ight37’4°, studies of NIR-sensitive nanovectors based on UCST
polymers are rare. Recently, Wu et al. loaded Fe;0,4 nanoparticles in
UCST micelles based on poly(acrylamide-co-acrylonitrile),
investigated the photothermal effect by varying the Fe;0,4
concentration under exposure to NIR-light (808 nm) for light power
density of 2 W/cm?, and showed the phase transition of the UCST
copolymer upon NIR light induced temperature increase™’. In
another study, Tian et al. have used the same thermosensitive
copolymer but the micelles were loaded with IR780 photothermal
dye42. Therefore, it is of interest to develop new NIR light-responsive
UCST polymer nanoparticles through efficient photo-to-heat
conversion.

It has been demonstrated that nickel-bis(dithiolene) complexes are
highly efficient and stable molecular photothermal agents“’“. More
recently, nickel-bis(dithiolene) complexes were physically entrapped
in the lipid bilayer of small unilamellar liposomes and a fine control
of fluorophore or drug release from these nanostructures in solution
could be achieved under NIR laser irradiation®® Additional studies
have also shown that nickel-bis(dithiolene) complexes do not
produce singlet oxygen under NIR irradiation, which is highly suitable
to preserve the integrity of the drug, and that the incorporation of
nickel-bis(diothiolene) complexes does not increase the cytotoxicity
of the organic nanoparticles. A nickel-bis(dithiolene) complex was
also physically entrapped in biocompatible block-copolymer
nanoparticles of PEG-b-PMLABe, and it was shown that, under laser
irradiation in the NIR region, on—demand delivery of doxorubicin
from those non-toxic polymer nanoparticles could also be achieved
in solution™.

In this paper, we report the synthesis and study of NIR light-
responsive  UCST-nanogels based on poly(acrylamide-co-
acrylonitrile) (PAAm-co-AN) covalently crosslinked with a
photothermally active nickel-bis(dithiolene) complex (Fig. 1). The
positive thermosensitivity of PAAm-co-AN is explained by
formation/disruption of hydrogen bonds upon change in
temperature47’48, and it has appealing features such as a low
sensitivity of its phase transition temperature to variation of pH
and/or ionic strength as well as easy tunability of its phase transition
temperature by varying the molar ratio between acrylamide and
acrylonitrile49_51. To crosslink UCST nanogels using photothermal NIR
dye monomer, a new nickel-bis(dithiolene) complex carrying four
styrene moieties at the periphery was synthesized. Due to their
unique optical and electrochemical properties as well as high stability
to temperature, air and light, compounds based on nickel sulfide
have been much studied for electronic applicationssz’sz‘. Using the
NIR light photothermal crosslinker, UCST nanogels were prepared,
their thermosensitive properties were investigated by turbidimetry
and light scattering measurements, and the photothermal efficiency
was demonstrated by transmittance and temperature
measurements under exposure to laser source for several power

densities. The photothermal conversion efficiency (n) was measured
using the energetic balance model. Finally, loading and release of
hydrophobic model dye was studied using fluorescent assays.

2. Experimental

2.1. Materials

The following reagents were purchased from Sigma-Aldrich:
acrylamide (AAm), acrylonitrile (AN), N,N-dimethylacrylamide
(DMA), 7-hydroxy-4-methylcoumarin (HOMC), azobisisobutyronitrile
(AIBN), methacryloyl chloride, carbon disulfide, Nile Red (NR),
sodium hydroxide (NaOH), N,N’-methylenebis(acrylamide) (MBA),
and tetrapropylammonium hydrogen disulfate. The following
solvents were purchased from Fisher: acetone, chloroform,
dimethylsulfoxide (DMSO), ether, ethanol, methanol, toluene,
hydrogen chloride. Deuterated DMSO (d6-DMSO) was purchased
from Cambridge Isotope Laboratories Incorporation.

AAm and AIBN were purified by recrystallization in chloroform and
methanol respectively. AN was purified by passing through a column
filled with basic alumina. DMA was purified by reduced pressure
distillation. The monomer 7-acryloyl-4-methylcoumarin (AOMC) and
S,S’-bis(a,a’-dimethyl-a’’-acetic acid)-trithiocarbonate (BTC) chain
transfer agent were synthesized following reported methods,
described in Supporting Information. The synthesis of the newly
developed nickel-bis(dithiolene) complex carrying four styrene
moieties [(Ni(SC1oStyr)a] is fully described in Supporting Information.

2.2. Synthesis of Triblock Copolymers and Crosslinking
As shown in Fig. 1, the synthesis of nanogels took place in three steps.
The first two steps allowed for obtaining triblock copolymer having
A-B-A structure due to the use of BTC as chain transfer agent. During
the last step, the crosslinking took place by rebooting the
polymerization in presence of MBA and Ni(SC,oStyr), as crosslinking
agents.

2.2.1. Synthesis of triblock copolymer
A-B-A-type triblock copolymer was synthesized by RAFT
polymerization using BTC as chain transfer agent. As Fig. 1 shows, the
synthesis took place in two steps. First, water-soluble block “A”,
denoted PDMA, was synthesized. Then, PDMA was used as macro-
RAFT agent to grow the UCST central block “B” of PAAm-co-AN
leading to triblock copolymer.

Synthesis of poly(N,N-dimethylacrylamide-co-7-acryloyl-4-
methylcoumarin) block

In order to simplify the notation, this block will be denoted PDMA. In
25 mL round bottom flask, 1.967 mL DMA (19.1 mmol), 488 mg
AOMC (2.12 mmol), 14 mg AIBN (85.3 umol) and 120 mg BTC (425
umol) were dissolved in 10 mL DMSO. After three freeze-pump-thaw
cycles, the mixture was placed in oil bath thermostated at 70°C
during 12 hours. After polymerization, the copolymer was
precipitated in ether-acetone mixture. The copolymer was recovered
by centrifugation and dialyzed 5 days against water (MWCO: 3500
Da). Finally, the polymer was lyophilized.

Synthesis of central block PAAm-co-AN UCST triblock copolymer
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Fig. 1 (A) Synthetic steps to obtain the triblock copolymer and chemical structures of the monomers used. (B) Schematic showing the principle

of conversion of light to heat by the crosslinked core based on nickel-bis(dithiolene) complex, leading to phase transition of the near-infrared

light-responsive and thermosensitive copolymer nanogel.

This triblock copolymer was synthesized using PDMA as macro-RAFT
agent. To simplify notation, the final triblock copolymer will be noted
PDMA-UCST. In 25 mL round bottom flask, 100 mg PDMA (15.7
umol), 1.56 g AAm (21.9 mmol), 480 pL AN (7.33 mmol), 9.6 mg AIBN
(58.5 umol) were dissolved in 20 mL DMSO. After three freeze-pump-
thaw cycles, the mixture was placed in oil bath thermostated at 70°C
during 8 hours. Following polymerization, the triblock copolymer was
precipitated in acetone and recovered by centrifugation. The sample
was purified by dialysis 5 days against water (MWCO: 3500 Da) and
finally lyophilized.

2.2.2. Crosslinking of triblock copolymer using the
nickel-bis(dithiolene) complex

The crosslinking took place by rebooting polymerization using PDMA-
UCST as RAFT macro-agent. Two samples were synthesized varying
the molar ratio between MBA and Ni(SC,oStyr),. For this, in 100 mL
round bottom flask, 200 mg PDMA-UCST were dissolved in 60 mL
DMSO. After dissolution, 74 pmol of the Ni(SC1oStyr)s/MBA mixture
were added. Table 1 reports the two ratios Ni(SCyoStyr)s/MBA
(denoted as Ni/MBA in Table 1) used for synthesize PDMA-UCST-C1
and PDMA-UCST-C2. 7,34 umol and 14,32 umol of Ni-complex were
used for PDMA-UCST-C1 and PDMA-UCST-C2, respectively. The



reaction solution was degassed by three freeze-pump-thaw cycles
and placed in oil bath whose temperature was maintained to 70°C.
After polymerization, the nanogel suspension was purified by dialysis
against water. The fraction of unreacted or un-encapsulated
Ni(SC4oStyr), complex and MBA was removed by filtration (nylon 0.45
um). The sample was finally lyophilized.

2.3. Characterizations
2.3.1. Structure of triblock copolymers and nanogels

The number average molecular weight of PDMA and PDMA-UCST
triblock copolymers were determined by size exclusion
chromatography (SEC) at 45°C using Tosoh EcoSEC apparatus
equipped with three TSK-GEL Super AWM-H columns and refractive
index detector. DMSO was used as eluent (0.3 mL/min). The
copolymer concentration was 5 mg/mL and the injected volume was
10 pL. Poly(methyl methacrylate) was used for calibration.
The composition and structure of copolymers were studied by
nuclear magnetic resonance (NMR). "H-NMR spectra were recorded
using Bruker BioSpin AG Ultrashield 300 MHz spectrometer. d6-
DMSO was used as deuterated solvent.
The suspension of nanogels was prepared by dispersing of dry
nanogels in water or deuterated water at defined concentrations. To
help the dispersion, the samples were submitted to sonication for 60
seconds.
UV-Visible spectra of nanogel suspensions (0.1 wt% in water and
deuterated water) were recorded using Agilent Cary Series UV-VIS-
NIR spectrophotometer. Particle morphology before and after
crosslinking was observed using Hitachi H-7500 transmission
electron microscope (TEM) operating at 80 kV. Samples were
prepared by depositing a drop of nanoparticles on copper grid
covered with a carbon film. The excess solvent was removed
immediately after deposition using absorbent paper. The content of
Ni(SC1oStyr)s complex was quantified by elemental analysis
performed on a PerkinElmer ELAN DRC Il ICP-MS equipped with an
AS-93 autosampler. The sample preparation procedure is detailed in
Supporting Information.

2.3.2. Thermosensitive properties

Thermosensitive properties of the triblock copolymer nanoparticles
before and after crosslinking were studied by means of various
optical techniques using a Peltier cell for temperature control and
heat transfer. The transmittance, light scattering intensity,
hydrodynamic diameter and polydispersity index of sample (0.1 wt%
in water) were recorded as the function of temperature during
several heating-cooling cycles.

Measurements of solution transmittance as function of temperature
were carried out using an Agilent Cary Series UV-VIS-NIR
spectrophotometer. The transmittance was recorded at 400 nm
every 1°C with a heating-cooling rate of 0.5 °C/min. Dynamic light
scattering (DLS) measurements were conducted using Malvern Nano
ZS apparatus. The wavelength of incident light was 633 nm and the
detection angle was 173°. Hydrodynamic diameter, light scattering
intensity and polydispersity index were measured every 5°C. The
sample temperature was stabilized during 5 minutes before each
measurement. Hydrodynamic diameters reported in this paper are
extracted from size distribution in number.

2.3.3. Evaluation of photothermal efficiency under laser
irradiation

The photothermal conversion efficiency of nanogels containing the
nickel-bis(dithiolene) complex was investigated by monitoring
temperature measurements under laser irradiation. The
transmittance of the solution was also monitored during laser
irradiation.

The transmittance measurements were carried out using two
methods. In the first classical method, the sample temperature was
maintained at 24.5°C using a Peltier cell. After thermal equilibrium,
the temperature was increased at defined values with the Peltier cell
and the transmittance was recorded every second until the targeted
temperature is reached. In a second method, the sample
temperature was maintained to 24.5°C using Peltier cell. Then, the
laser source (MDL-H-980-4W, 980 nm, Changchun New Industries
Optoelectronics Tech. Co. Ltd) was placed in front of the sample
solution and applied at several light powers. The temperature and
transmittance were simultaneously recorded every 30s during 10
minutes. The temperature was recorded using a digital thermometer
HH11C Omega whose precision is 0.1°C.

The transmittance and the temperature elevation under laser
irradiation has been measured for several concentrations and laser
power densities. The rise of temperature of pure water and pure
deuterated water (in the absence of nanogels) was also recorded as
reference using the same laser power densities.

The photothermal conversion efficiency was evaluated by
determining the term n, corresponding to the ratio between energy
dissipated as heat and radiative energy absorbed by sample. For
these assays, 1.2 mL of nanogels dispersed in water or deuterated
water at several concentrations were placed into quartz cell. To
maintain a homogeneous temperature, a gentle magnetic stirring
was applied. Then, the suspension was exposed to NIR-light at
several light power densities. The sample temperature was recorded
every 30 seconds during 10 minutes using digital thermometer
placed into sample solution. The laser was then turned off and the
temperature was also recorded every 30 seconds until sample
returned to the room temperature. The photothermal conversion
efficiency was determined using the energy balance model,
proposed by Roper et al..>® The details of the method are explained
in Supporting Information.

Table 1 Characteristics of copolymers and nanogels

m,’ Initial molar [Ni]°
Samples M,./M,’ ratio
g.mol™* Ni/MBA pg.g”
PDMA 6400 1.11 - -
PDMA-UCST 57700 1.35 - -
PDMA-UCST-C1 - - 0.11 81.43
PDMA-UCST-C2 - - 0.24 2582.46

® Determined by SEC using poly(methyl methacrylate) as standard
calibration

® Determined by ICP-MS. The concentrations were given in ug of Ni
per gram of dry nanogel.



2.3.4. Loading and release experiments under NIR laser
irradiation

The Nile Red loading was realized using the following procedure: 5
mg of dry nanogels were introduced in 800 uL DMSO. Then, 200 uL
Nile Red (0.1 wt% in DMSO) were added and after homogenization,
the suspension was placed in dialysis against water. The uncharged
fraction of Nile Red precipitated and was eliminated by filtration. The
suspension was separated into many aliquots containing the same
volume, and they were lyophilized. For release assays, 150 pL of
water were added into an aliquot to obtain a final concentration of
0.15 wt%. The sample was then placed into a cup having dialysis
membrane (MWCO: 12-14000 Da) in the bottom allowing the
diffusion of small molecules. The cup was placed in quartz cell as
shown in Fig. 7F. The release kinetic was monitored through a
fluorescence spectroscopy. The fluorescence of Nile Red in the
dialysate (F127 surfactant solution at 0.1 wt% in water) was recorded
every 5 minutes during 4 hours with the sample exposed to several
laser power densities. F127 surfactant was added to solubilize Nile
Red molecules in the aqueous dialysate. Spectra were recorded using
a Varian Cary Eclipse fluorimeter. The excitation wavelength was 565
nm, and the emission wavelength range was 600-800 nm. The
excitation and emission slits were set at 20 nm.

3. Results and discussion

3.1. Characterization of the nanogel particles before and
after crosslinking

The number average molecular weight of PDMA and PDMA-UCST
were determined by SEC and the results are gathered in Table 1. The
chromatograms are shown in Fig. S4. The crosslinking of the
copolymers leading to the nanogels was realized using PDMA-UCST
as macro-RAFT agent for polymerization of MBA and Ni(SCyStyr), at
two ratios of Ni(SCyStyr)./MBA chosen based on the solubility limit
in the reaction solution. To quantify the amount of crosslinker based
on nickel complex, an elemental analysis was performed by ICP-MS.
The concentrations determined are reported in Table 1. PDMA-UCST-
C1 and PDMA-UCST-C2 contain, respectively, 81.43 and 2582.46 ug
of Ni per gram of dry nanogel. For the crosslinking polymerization,
the total amount of crosslinker monomers was maintained constant,
but for PDMA-UCST-C2, the quantity of Ni was twofold higher than
for PDMA-UCST-C1. However, the concentrations of Ni determined
by ICP-MS are in a ratio much higher than the expected ratio
between the two samples. This observation can be explained on the
one hand by the reactivity ratios which are difficult to predict for a

complex system with a competition between the two crosslinkers.
On the second hand, the more hydrophobic core of PDMA-UCST-C2
could load a higher quantity of Ni(SC4,Styr), complexes, which is
supported by the presence of unreacted vinyl functions on the NMR
spectrum shown in Fig. S5. Comparing the 'H-NMR spectra of PDMA,
PDMA-UCST and PDMA-UCST-C2 (Fig. S5), the crosslinking is
confirmed by the characteristic resonance peaks of Ni(SCyStyr)s
complex at 1.27 ppm corresponding to -CH2- from alkyl chain, at 3.95
ppm for -CH2-0-Ph, at 5.11-5.65 and 6.54 ppm for unreacted vinyl
functions, and at 7.38 ppm for -H of aromatic cycles. The TEM images
in Fig. 2A and 2B confirm the presence of Ni(SCyStyr), complex in the
nanogels. After crosslinking, the contrast of the center of the
spherical nanoparticles of PDMA-UCST-C2 is more important than
the uncrosslinked PDMA-UCST micelles. This enhanced contrast, is
explained by the higher electronic density of the nickel element in
the nanogel particles. The same morphology was observed for
PDMA-UCST-C1 (Fig. S6). The incorporation of the Ni(SC;oStyr)s
crosslinker in the nanogel can also be noticed from the absorption
spectra in Fig. 2C. The presence of the nickel-bis(dithiolene) complex
is evidenced by the characteristic NIR absorption band centered at
1050 nm observed in H,0 and D,0, which is absent for the PDMA-
UCST micelle solution (spectra not shown). It should be noted that
H,0 has a weak absorption band around 980 nm while D,0 does not
absorb in the NIR region. The absorption of H,0 appears as a
shoulder on the absorption band of PDMA-UCST-C2 in water.

3.2. Thermosensitive properties
The thermosensitive behavior of the nanoparticles before and after
crosslinking was investigated by turbidimetry and by dynamic light
scattering, and the results are presented in Fig. 3. For these
measurements, the temperatures were set with a Peltier cell. Fig. 3A
and 3B represent, respectively, the variation of transmittance and
light scattering intensity as a function of temperature during the
heating process for PDMA-UCST (green lines, circles), PDMA-UCST-
C1 (red lines, squares) and PDMA-UCST-C2 (blue lines, triangles). For
all samples, the transmittance increases while inversely the light
scattering intensity decreases when the temperature increases,
testifying the UCST behavior, i.e., a positive thermosensitivity. From
these results, some remarks can be made. Firstly, for PDMA-UCST
(uncrosslinked nanoparticles), the phase transition temperature is
around 40-45°C. Above the phase transition temperature, the
transmittance basically reaches 100% and light scattering intensity
attains almost zero. These observations are expected for UCST-kind
micelles. Below phase transition the
thermosensitive block based on acrylamide and acrylonitrile is

temperature, central

Nanogels in H,0

Nanogels in D,0

800 900 1000 1100 1200
Wavelength (nm)

Fig. 2 (A) and (B) TEM images of PDMA-UCST and PDMA-UCST-C2 nanoparticles respectively (scale bars: 500 nm). (C) Absorption spectra of
water, deuterated water, PDMA-UCST-C2 in water and deuterated water at 0.1 wt%.
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dehydrated due to favoured hydrogen bonding interactions between
amide groups. These interactions lead to self-assembly of triblock
copolymers into micelles in water, explaining the light scattering. By
increasing temperature, hydrogen bonds between amide groups are
gradually replaced by hydrogen bonds between amide group and
water molecules. Due to this hydration, the central thermosensitive
block becomes hydrophilic leading to dissociation of micelles beyond
the phase transition temperature. The dissociation of nanoparticles
results in maximal value of transmittance and minimal value of light
scattering intensity. This dissociation is also highlighted in Fig. 3C
showing the variation of hydrodynamic diameter as a function of
temperature. Below the phase transition temperature, the particle
diameter increases gradually from 65 nm to around 100 nm between
10 and 40°C. In a previous study”, for micelles based on the same
copolymer, this
temperature was explained by the entrance of water inside
nanoparticles like for UCST-nanogels. But beyond 45°C, the diameter
drastically drops to values below 10 nm, corresponding to the

increase of volume before phase transition

dissociation of the micelles (see Fig. 1 uncrosslinked micelles).

The behavior of crosslinked nanogels is different. For PDMA-UCST-C1
and PDMA-UCST-C2, although the transmittance and light scattering
intensity increases and decreases, respectively, with increasing
temperature, they stay relatively low and high respectively, over the
whole range of temperatures. This can be explained by the
crosslinking efficiency using nickel-bis(dithiolene) and MBA as
crosslinkers. Since the crosslinked nanoparticles are not able to
dissociate, they diffuse light, even at high temperature when
nanogels are swollen (see Fig. 1 crosslinked micelles). At
temperatures below the phase transition, the transmittance and

light scattering intensity for PDMA-UCST-C1 and PDMA-UCST-C2
nanogels are, respectively, lower and higher than PMDA-UCST
micelles. This observation can be explained mainly by different
refractive indices between the micelles and nanogels. Indeed, the
light scattering intensity is much determined by the variation of the
refractive index between the solvent and nanoparticles. Although
the micelles and nanogels have similar compositions, the crosslinking
leads to variation of the nanoparticles compactness. Several previous
studies demonstrated that the swelling/collapsing of
thermosensitive nanoparticles can modify their optical properties.
For nanogels based on the LCST poly(N-isopropylacrylamide), the
refractive index suddenly increases when temperature exceeds the
phase transition temperature56’57. Inversely, for UCST-micelles, the
refractive index decreases when the temperature increases beyond
the phase transition temperaturesg. Thus, it is no surprise to observe
higher light scattering intensity for crosslinked PDMA-UCST-C1 and
PDMA-UCST-C2 nanoparticles, since their compactness is higher than
uncrosslinked micelles. Moreover, the crosslinking introduces nickel
complex in the nanogel, which also contributes to a higher refractive
index. The transmittance measurements show no clear phase
transition temperature for the nanogels of PDMA-UCST-C1 and
PDMA-UCST-C2. Nevertheless, the measurements of the
hydrodynamic diameter change in Fig. 3C show that the diameter
increases gradually with increasing temperature before being
stabilized after around 40°C for both nanogels, contrarily to the
uncrosslinked PDMA-UCST micelles whose diameter drops. These
results reveal the positive thermosensitivity of the nanogels, and
their stabilized diameter above the phase transition is expected for
the nanogels due to the crosslinked chains. It appears like that the



crosslinking doesn't affect much the phase transition temperature
since PDMA-UCST, PDMA-UCST-C1 and PDMA-UCST-C2 possess
nearly the same transition temperatures. It is noticed that the
variation of the diameter is weaker for PDMA-UCST-C2 containing
more nickel-bis(dithiolene) crosslinkers. Indeed, the volume of
nanogel above phase transition temperature is about 2.1 and 1.4
times larger than that at 10°C for PDMA-UCST-C1 and PDMA-UCST-
C2, respectively. Finally, as shown in Fig. 3D, the crosslinked nanogels
have a narrower size distribution than the uncrosslinked micelles.
Regardless of the temperature, the polydispersity index is between
0.065 and 0.200 for PDMA-UCST-C1 and PDMA-UCST-C2, while the
values for micelles are higher than 0.250 below phase transition
temperature and strongly increase after the phase transition.

The reversibility of thermosensitive behavior for nanogels was
investigated by repeating the same measurements for several
heating-cooling cycles. Fig. 4A show the change in light scattering
intensity and transmittance measured for PDMA-UCST-C1 (0.1 wt%
in water) at 20 and 60°C. As shown above, the transmittance and
light scattering intensity change in an opposite way. As can be seen,
at 20°C, the transmittance is low while the light scattering intensity
is high, while inversely, at 60°C, the transmittance is high and the
light scattering intensity is low. The trend is similar for the variation
of hydrodynamic diameter and polydispersity index, as shown in Fig.
4B. The nanogels evolve reversibly from their swollen to their
collapse state between 20 and 60°C in a reproducible way over
several heating and cooling cycles. Similar trends were found for
PDMA-UCST-C2.

3.3. Photothermal response and conversion efficiency
To demonstrate the photothermal conversion efficiency of these
nanogels crosslinked with a nickel-bis(dithiolene) complex, the
solution temperature was recorded as a function of exposure time to
laser for several light power densities. Fig. 5A to 5C show
temperature rise profiles for water (for the sake of comparison) and
for PDMA-UCST-C1 and PDMA-UCST-C2 dispersed in water (0.1 wt%).
From these curves, the maximal temperature reached, at thermal
equilibrium, was extracted for each condition and reported in Fig. 5D.
For each of the samples, the maximum increase in temperature (AT)
increases linearly with laser power density. These trends follow that
observed by Roper et al. for gold nanoparticles. They demonstrated
experimentally and by calculation that the equilibrium heat flux
(under irradiation) raises proportionally with the light powerss. As
shown in Fig. 2C, water absorbs around 980 nm, explaining the
significant temperature rising under exposure to 980 nm light.
However, the maximum temperatures reached with the PDMA-
UCST-C1 and PDMA-UCST-C2 nanogels under the same conditions of
light power densities are significantly higher than pure water. To
further demonstrate the efficiency of photothermal conversion of
these nanogels alone (without the water contribution), the same
measurements were conducted in D,0. As already mentioned, D,0
does not absorb NIR-light and Fig. 5E shows that the exposure of D,0
to 980 nm NIR-light leads to an increase of only 0.7 °C, in contrast
with H,0, for which a temperature increase of 19.4 °C was obtained.
With PDMA-UCST-C2 in either D,0 or H,0, the temperature rise is
much higher, with the solution temperature reaching about 58 °C (AT
~ 40 °C). For biomedical applications, it is important to consider the
light power density used. This value has to be lower than 0.73 W/cm?
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Fig. 4 Reversible thermosensitive behavior of PDMA-UCST-C1 at 0.1
wt% in water: (A) variation of light scattering intensity and
transmittance and (B) variation of hydrodynamic diameter and
polydispersity index for four heating-cooling cycles from 20 to 60°C.

for 980 nm light irradiation?®%. Moreover, the exposure to 980 nm

should raise the temperature beyond 45°C to generate hyperthermia
effect into malignant cells, but the temperature of water contained
in healthy cells should be lower than 42°C to avoid irreversibly
physicochemical damage. Thus, our photothermal nanogels may be
a good candidate for related applications. Indeed, for a light power
density of only 0.16 W/cm?, an increase of 10°C is observed for
PDMA-UCST-C2 nanogels while the temperature of pure water raises
by about 5°C. Under these conditions, with the body temperature as
reference, it can be possible to generate a local hyperthermia effect
on where the nanogels are present without damaging the
surrounding where the nanogels are absent. These significant
temperature increases should not only be able to generate a
hyperthermia effect, but should also lead the volume transition of
nanogels, allowing for the release of loaded drugs.

The response of the nanogels in aqueous solution under NIR light
irradiation was thus investigated. As previously shown in Fig. 3A,
direct heating of the nanogel solution results in an increase of the
solution transmittance due to the volume increase (increased
hydration) of the nanogels. Thus, the transmittance change of a
solution of PDMA-UCST-C1 nanogels under NIR light irradiation was
monitored over time. To better understand the photothermal effect,
a control test was carried out by measuring the transmittance of
solutions set at various temperatures using a Peltier cell only. After
thermal stabilization at 24.5°C, the temperature was increased to
several defined temperatures and the transmittance was recorded
over time every second upon heating. Fig. 6A shows the
transmittance change profiles during the thermal equilibrium
process for five different temperatures.



A B c Laser
power density
W, 2!
Water PDMA-UCST-C1 Laser PDMA-UCST-C2 wiem
65 65 power density 65 J
5 '-aze' <) (Wem?) o ‘ toats-a-asaaa 0.56
= power density ~ =~ et
14 55 (W/cm?) g 5 4 55 L
2 2 s ososabsssssss 056 2 - weansesaaa 035
545 5 45 o S5 A aaa-aat
8 eiaaa s aaaa056 g T oo o000 00000 035 g -
£ At . £ oo £
5 35 A ean e 0.35 Bas | o0 s e
el e esss 016 B o o000 0000000 i
L:,,.».*k»ww o i
25 : : 25 £ : : . 25 4 T T
0 200 400 600 0 200 400 600 0 200 400 600
Time (sec) Time (sec) Time (sec)
60 PDMA-UCST-C2 in H,0
< | SIS
At Tt
40 \\]\P‘\)C T o ﬁﬁf‘:“‘;DMA-UCST-cz
O fol < o inD,0
_.30 - s\ g g
g Nt £ £ -
4 40 - i JUUPOROPROS
E 20 - A watel g # I H,0
< n — 13 / e
_— £ I
10 | =« //,,/’ K 30 f"'
— o D,0
0 T T 20
0.1 0.3 0.5 0.7 0 400 800 1200
Laser power density (W/cm?) Time (sec)
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the NIR-laser power density for water (blue line), PDMA-UCST-C1 in water (0.1 wt%) (red line) and PDMA-UCST-C2 in water (0.1 wt%) (green
line). (E) Variation of the temperature as a function of exposure time for water, deuterated water and PDMA-UCST-C2 in water and in

deuterated water (0.1 wt%, 0.94 W/cm?).

It is seen that the transmittance at equilibrium increases with the
thermostated temperature. Then, the transmittance change of
the nanogel solution exposed to NIR laser was also recorded over
irradiation time (Fig. 6B). For those measurements, the
temperature of PDMA-UCST-C1 was first adjusted to 24.5°C and
after thermal equilibrium, the NIR-light was turned on using
several light power densities. The temperature and transmittance
were simultaneously recorded during 10 minutes. The
transmittance change profiles are shown in Fig. 6B with the
equilibrium solution temperature under irradiation indicated for
each laser light power. The associated temperature change
profiles under irradiation are shown in Fig. S7. Whatever the laser
power density used, the transmittance reached at a given
equilibrium temperature is always higher than the one obtained
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ciekeprtegdPinicons 29-5°C

Transmittance (%)
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by direct heating. For example, for 0.75 mW, the temperature
reached at equilibrium under laser irradiation is 34.9°C but such
transmittance value corresponds to a solution heated to almost
50°C as shown in Fig. 6A. This result implies that under NIR light
exposure, the volume increase of the nanogels is greater than
that would be obtained by simply heating the solution. This
apparent discrepancy can be explained by a difference in heat
transfer between the two sets of experiments in regard with
water inside nanogels and water outside nanogels. If the sample
is heated by conduction through Peltier cell (direct heating
without laser), at equilibrium the temperatures of water inside
and outside nanogels are identical so that the nanogel particles
experience the measured solution temperature leading to the
corresponding transmittance.

25 5

Time (min)

Fig. 6 (A) Variation of transmittance over time for PDMA UCST-C1 solution (0.1 wt% in water) heating from 24.5°C to various
thermostated temperatures indicated using a Peltier cell, and (B) variation of transmittance over time for PDMA-UCST-C1 solution (0.1



wt% in water) at 24.5 °C exposed to various light power densities
irradiation is given underneath the laser power value).

indicated (the recorded solution temperature under each laser

Table 2 Photothermal conversion efficiency (n) of PDMA-UCST-C2 for different conditions.

Concentration of [Ni] [Ni(SCyoStyr),] Light power density
2 Solvent n

nanogels p.g/mL p.g/mL W/cm

0.05 wt% 1.29 30.7 0.54 H,O 0.649
0.1 wt% 2.58 61.4 0.15 H,O 0.542
0.1 wt% 2.58 61.4 0.54 H,O 0.540
0.1 wt% 2.58 61.4 0.74 H,O 0.529
0.1 wt% 2.58 61.4 0.54 D,0 0.492

However, if the sample is exposed to NIR-laser source, the nickel-
bis(dithiolene) in the core of the nanoparticle absorbs NIR light and
converts light to heat which radiates from the interior of the
nanoparticle and is dissipated into the medium to reach the
equilibrium solution temperature measured. In other words, the
local temperature the temperature
experienced by them is actually higher than the equilibrium

inside the nanogels or

temperature, which explains why the transmittance values under
laser irradiation are higher than what is expected from the solution
temperature. Note that the transmittance values reported on Figure
6 are higher than values on Figure 3A, for the same concentration.
The origin of this difference is the path length of light (10 mm vs 5
mm).

Finally, from the temperature change profiles under NIR light
irradiation, the photothermal conversion efficiency (n) was
evaluated for the nanogels of PDMA-UCST-C2. The n value,
corresponding to the ratio between energy dissipated as heat and
radiative energy absorbed by the nanoparticles, was determined
using the energy balance model described in Supporting
Information. The effect of three parameters on n was
investigated, which are the light power density, the concentration
of nanogel and the nature of solvent. The obtained values are
reported in Table 2. The photothermal conversion efficiency
being an intrinsic parameter for each photothermal material, it is
expected that a similar value is obtained by variation of light
power density. By contrast, the other two parameters could affect
the efficiency of light-to-heat conversion.

Table 3. Comparison of NIR photothermal conversion efficiency of the nanogels with other systems reported in the literature.

Irradiation Wavelength Light Power Concentration n
Material Density Ref.
(nm) (W/em?) (ng/mL) (%)

Au nanorods 808 8 <50 98.6 2

Palladium Nanocrystals 808 8 <50 93.4 2

Au-Ag alloy nanostructures 808 1 80 80.4 >

Ni(SC10Styr)s 980 0.54 30.7 64.9 -

Graphene Oxide 808 0.2 1000 63 60

Cuy 5S, hanocrystals 980 0.72 40 56.7 %

Au@Pt nanostructures 808 8,85 <500 52.1 61

CuFeS; nanocrystals 808 4.92 <20 49 z

Polyaniline nanoparticles 808 0.5 <2000 48.5 B

Au nanorods 808 0.8 10 45.8 6

Polypyrrole nanoparticles 808 1 20 45 63

Dopamine-melanin colloidal 808 5 200 40 64
nanospheres

Cys-CuS nanoparticles 980 0.72 50 38 »

Graphene Oxide 980 0.2 1000 35 60

CugSs Nanocrystals 980 0.51 40 25.7 2



Au nanorods 980

28

0.51 40 23.7

Indeed, the diminution of the nanogel concentration from 0.1 to
0.05 wt% leads to an increase of the photothermal conversion
value from 54.0% to 64.9%. This result can be explained by a
scattering effect which is more important for higher nanoparticles
concentration, leading to a decrease in the absorption efficiency.
On the other hand, for a nanogel concentration of 0.1 wt%, the
H,0 substitution with D,0 causes the decrease of the n value from
54.0% to 49.2%. This slight diminution is explained by the fact that
unlike H,0, D,0 does not participate in the light-to-heat
conversion process. While water is able to absorb the light at 980
nm, deuterated water does not. As shown in Fig. 5E, with the
same light power density, the exposure of water (without
nanogels) to NIR-light leads to temperature increase by 19.4 °C
against only 0.7 °C for deuterated water.

For NIR-sensitive systems capable of converting the radiative energy
to heat, the photothermal efficiency is generally extracted from the
temperature profiles measured under laser irradiation, as shown in
Fig. 5. The n values are rarely reported making any comparison
difficult. Some values extracted from the literature are reported in
Table 3. Our value is also inserted into this table. Despite the great
disparity of concentrations and light power densities, preventing
rigorous comparison, our nickel-bis(dithiolene) complex based
nanogel can be classified among the most efficient NIR photothermal
system. Gold nanoparticles are the most investigated and the
spherical nanoparticles are the most efficient with the value near to

100% in the visible region. However, when the shape or size
increases, to obtain a localized surface plasmon resonance (LSPR) in
the NIR spectral region, the photothermal conversion efficiency
dramatically decreases to around 50 % for gold nanorods absorbing
at 808 nm and to 20 % for gold nanorods absorbing at 1064 nm. Our
nanogels have excellent photothermal efficiency in the NIR region
since, for a light power density of 0.54 W/cm? and a very low
concentration to nickel element of 1.29 ug/mL (30,7 pg/mL of
Ni(SC4oStyr)s), 65% of light energy absorbed by the system {water +
nanogel} is converted to heat. However, when H,0 was substituted
by D,0, which is not able to absorb NIR-light, the photothermal
conversion efficiency drops to 49.2% for a concentration 2.58 pug/mL
(61,4 ug/mL of Ni(SCyoStyr)s). Nevertheless, this value classifies the
nickel-bis(dithiolene) complex nanogel among the best for
absorption of NIR light at around 1000 nm in NIR-1 windows.

3.4. Loading and release of Nile Red

To demonstrate the controlled release of hydrophobic dye induced
by NIR-light from the nickel-bis(dithiolene) complex based UCST-
nanogels, loading and release assays were performed. Nile Red was
used as a hydrophobic dye model. The dye loading was carried out
using the solvent transfer method. After calibration (Fig. S3), the
loading capacities of PDMA-UCST-C1 and PDMA-UCST-C2 were 7.6
ug and 9.6 pg of dye per mg of nanogel, respectively.
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Fig. 7 Fluorescence emission spectral change of Nile Red released from nanogel solution for: (A) PDMA-UCST-C1 in the absence of NIR
light, (B) PDMA-UCST-C1 under exposure to NIR-light (2.74 W/cm?), and (C) PDMA-UCST-C2 under exposure to NIR-light (2.74 W/cm?).
(D) Variation of fluorescence intensity of Nile Red released from PDMA-UCST-C1 solution over time under exposure to NIR light of
various power densities. (E) Comparison of fluorescence intensities of Nile Red released from PDMA-UCST-C1 and PDMA-UCST-C2
solutions in the absence of NIR light and during exposition to NIR light at a same power density (2.74 W/cm?). (F) Schematic of the
experimental setup used for monitoring the fluorescence of released dye.
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Fig. 8 (A) Fluorescence emission spectra and (B) Fluorescence intensity at 652 nm of Nile Red released from PDMA-UCST-C1 exposed
to several NIR laser ON-OFF cycles (light power density: 2.03 W/cm?).

The release trials were conducted using a setup presented in Fig. 7F.
The dye-loaded nanogel solution was placed into a cup whose
bottom is a dialysis membrane (MWCO: 12-14 kDa). This cup was
placed into a quartz cell containing a surfactant solution (F127, 0.1
wt%), and the whole setup was placed into Peltier cell. The nanogel
temperature was maintained at 20°C in order to preserve the same
critical micellar concentration of the surfactant F127 used to
solubilize the hydrophobic dye into the solution in the cell. Finally,
the dialysis cup was irradiated from the top with a 980 nm laser and
the fluorescence intensity of Nile Red in the underneath surfactant
solution was recorded as a function of exposure time to NIR light for
several light power densities or in absence of NIR light for the sake of
comparison. Fig. 7A-7C show the evolution of Nile Red fluorescence
over time under three conditions. The emission spectra for the other
conditions are given in Supporting Information (Fig. S8). The
fluorescence intensity over the time was extracted at 652 nm and
reported in Fig. 7D and 7E. Fig. 7D compares the fluorescence
intensities of Nile Red released from PDMA-UCST-C1 exposed to NIR-
light at several light power densities, whereas, Fig. 7E compares the
fluorescence intensities of Nile Red released from PDMA-UCST-C1
and PDMA-UCST-C2 exposed to the same light power density.
Several observations can be made. First, without NIR light exposure,
the fluorescence of Nile Red detected in the solution is weak,
indicating effective trapping of the dye molecules in the
nanoparticles. Secondly, under NIR light irradiation, the fluorescence
emission becomes much more intense, indicating more dye
molecules released from the nanogel. Moreover, the increase in
fluorescence is more important when the light power density
increases (Fig. 7D). As shown above in Fig. 5, the increase of light
power density leads to an increase of temperature. This
augmentation of temperature allows for, on the one hand, reaching
higher swelling state and thus leading to decrease of trapping of the
Nile Red molecules inside the polymer chains. On the other hand, an
increase in temperature leads also to enhance Brownian motion that
promotes the diffusion of the hydrophobic dye through the polymer
chains. Thirdly, on the basis of the fluorescence emission, more dye
molecules can be released from the nanogel of PDMA-UCST-C2 than
from PDMA-UCST-C1 (Fig. 7E) at the same NIR light power density.
Although a straightforward comparison is difficult to make because
of the higher loading capacity of PDMA-UCST-C2, the results show
that both nanogels are effective for NIR light induced cargo release.

Since the release is induced by NIR light as a result of the heating of
the core of the nanogel particles, turning off the NIR laser should
slow down the release. In order to verify the temporally controlled
release, PDMA-UCST-C1 solution was exposed to successive cycles of
laser ON-OFF (light power density: 2.03 W/cm?). Fig. 8A shows the
evolution of fluorescence emission spectra of the Nile Red released
over the time. The spectra in blue and in red correspond,
respectively, to the ON and OFF state of NIR light for a period of time.
From these spectra, the fluorescence intensities were extracted at
652 nm and reported on Fig. 8B. The result demonstrates the ability
of these nanogels to release hydrophobic dye with temporal control.
Indeed, the fluorescence intensity of Nile Red increases more rapidly
when the laser is ON, whereas the release kinetic is highly slowed
down when the light is turned off.

Conclusions

NIR light-responsive polymer nanogels with a positive
thermosensitivity were obtained by crosslinking micellar
aggregates of a UCST triblock copolymer, composed of
acrylamide and acrylonitrile, with a molecular photothermal
crosslinker, able to convert light into heat. For this purpose, a
NIR photothermal nickel-bis(dithiolene) carrying four styrene
functions was developed. The photothermal
efficiency of the nanogel was determined using the energy
balance model. Depending on the conditions, the efficiency of
light-to-heat conversion can reach 64%, placing the nickel-
bis(dithiolene) complex among the most efficient photothermal
agents in the NIR region around 1000 nm. The heat generated
inside the nanogels exposed to NIR light raises the temperature
surrounding the nanogel particles and allows for the phase

conversion

transition of the thermosensitive polymer, leading to increase
in nanogel volume. This volume increase promotes the release,
by diffusion, of hydrophobic molecules entrapped into the
nanoparticles. The diffusion of the dye out of the polymer
chains is enhanced when the light power density increases,
since the temperature reached is higher leading to an increased
swelling state of nanogel and to more important Brownian
motion. Moreover, significant temperature increases can be
obtained for very weak light power density (0.16 W/cm?) and
low concentration of nickel complex (61.4 pg/mL). These new



nanogels have potential to be explored for NIR light controlled
drug delivery and photothermal treatment.
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