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Abstract

The shaping and reprocessing of polymers are usually associated with strong energetic costs,
strongly limiting their practical usage. In this paper, a new approach is proposed based on a
NIR activation of the material in presence of a NIR heater for a highly efficient process upon
ecofriendly NIR light emitting diodes irradiation. Markedly, due to this light-triggered
process, a spatial control of the shaping/reprocessing behavior can be obtained i.e. only the
needed parts are irradiated preventing a heating of all the sample. In this work, different
thermoplastics are reshaped or reprocessed due to NIR activation in presence of an organic
NIR dye used as heater. As other examples of photothermal treatment upon NIR light, the on-
demand dehydration of polyethylene glycol (PEG)-based hydrogels are also provided. All the

processes are followed in real time by thermal imaging camera.



1. Introduction

Free-radical polymerization (FRP) has been widely studied since its discovery one
century ago.[1,2] However, the development of environmentally friendly processes has been
at the core of debates with the awareness of the global warning some decades ago. In this
context, the use of light to induce FRP, called photopolymerization, has been the first thought
to overcome hard polymerization conditions. In fact, photopolymerization offers noteworthy
benefits over conventional FRP approaches. From an environmental perspective, the energy
consumption and the release of volatile compounds are highly reduced. Moreover,
photopolymerizations are quite fast and require little space (e.g. use in dental materials).
However, UV-light includes some severe drawbacks. In such cases, eyes and skin can be
damaged and ozone is produced by wavelengths under 250 nm which is deleterious for both
health and environment. For these reasons, photopolymerization induced by visible[3] and
near-infrared light[4,5] has been more and more reported in the literature during the last

years.[6]

In this context of safe and ecofriendly processes, Near-infrared (NIR) light possesses
many strengths. First, NIR wavelengths are highly penetrating into polymers in comparison
with shorter wavelengths.[7] Second, the light-to-heat conversion is known to be highly
efficient in the NIR range (called a photothermal effect). Third, this photothermal effect can
be spatially controlled in the irradiating areas.[8] Moreover, this latter effect can be activated
on demand by turning on or off the light source. Finally, NIR wavelengths are less dangerous
for health and these light sources are usually more efficient than the UV ones. For all of these
strengths and with all of the actions taken tending towards greater safety and environment
protection, NIR light will probably be used in more and more fields in the future. It is already
used for a few years in some fields such as biology with bioimaging applications [9,10],
chemistry through photocatalysis[11,12], medicine with photothermal therapy[13] and
materials through self-healing applications using graphene oxide[14] or nanoparticles[15].

Especially, NIR light could be used for the shaping of polymers. Indeed, NIR light is
used for polymer synthesis but not really for the reprocessing of polymers. However, the
light-to-heat conversion provided by an efficient NIR system and the associated spatial
control offer attractive perspectives. Indeed, the polymer reprocessing is mainly carried out

over thermal treatments. Besides, smart materials with shape memory ability have granted
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more and more attention in the past few years.[16,17] More specifically, the shape memory
ability of hydrogels are particularly studied[18] due to their potential biomedical
applications.[19] Indeed, the elasticity conferred by the partial rigidity and the non-toxicity of
hydrogels are of great interest in such applications, notably for the controlled release of the
active substance in the body. Some studies have already reported the interest of NIR light in

hydrogels to achieve a thermal response but this latter is still not fully optimized.[20,21,22]

In a previous study, we proposed the use of NIR organic dyes (fully soluble in the
polymers) to generate a strong photothermal effect.[8] Indeed, controllable temperatures
could be reached by the polymer under NIR light compared to graphene oxide and
nanoparticles often used to produce this photothermal effect.[14,15] In the present study, we
used the photothermal effect produced by a NIR organic dye in-situ embedded in a
thermoplastic polymer or a hydrogel for re-processing applications. Indeed, polymers could
be shaped under a short irradiation period with a specific NIR light. This shaping was fully
reversible on demand by re-irradiating upon NIR light. Furthermore, the NIR dye has been
used in hydrogel for shape memory experiments. By converting light to heat in the hydrogels,
high temperatures could be reached to quickly remove the water from samples by
dehydration. Since hydrogels are swelled by water absorption, the dehydration led the

samples to return their initial shapes.

2. Experimental section

2.1. Chemical compounds

Isobornyl methacrylate (IBOMA), 3,3,5-trimethyl cyclohexyl methacrylate
(TMCHMA) and polyethylene glycol diacrylate (SR610) were obtained from Sartomer-
Europe, bis(2,4,6-trimethylbenzoyl)-phosphine  oxide (BAPO) and ethyl (2,4,6-
trimethylbenzoyl) phenylphosphinate (TPO-L) were purchased from Lambson Ltd (UK), IR-
813 p-toluenesulfonate (IR-813) was supplied from Tokyo Chemical Industry (TCI-Europe),
MMA and crayvallac SLT were provided from Arkema, glycerol formal methacrylate
(Glyfoma) was obtained from Evonik and isobornyl acrylate (IBOA) came from Allnex.



Chemical structures of these molecules are presented in the Scheme 1, except that of the

crayvallac SLT which was used as a thickener in Glyfoma formulations.
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Scheme 1. Chemical structures of monomers (Glyfoma, IBOA, TMCHMA, IBOMA, MMA and PEG
diacrylate), NIR heater (IR-813) and photoinitiators (TPO-L, BAPO) used in this study.

2.2. Preparation of polymers

For the preparation of thermoplastics, monofunctional monomers were selected and
the thermoplastics were generated by a photopolymerization process. The photoinitiator and
the NIR heater (IR-813) were added in the formulation and for Glyfoma, a thickener
(crayvallac SLT) agent was used to increase the viscosity of the sample. Finally, the samples
were irradiated 10 minutes upon LED @405 nm in a silicone mold covered by a

polypropylene film to avoid the oxygen inhibition.

For hydrogels preparation, a PEG-diacrylate leading to a PEG based polymer was
used. Then, the photoinitiator and the NIR heater (IR-813) were added in the formulation.
Afterwards, a computer-controlled and programmed laser diode with a spot size of about 50

um was used at 405 nm (110 mW.cm™) for a spatially controlled irradiation to produce
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specific 3D patterns deposited on a homemade resin tank. The thickness of the final polymer

was 1 mm.

For Glyfoma, IBOA, IBOMA, TMCHMA and PEG diacrylate, 1%w of BAPO as
photoinitiator was used and the LED irradiance was 500 mW.cm whereas 5%w: of TPO-L
was used as photoinitiator for MMA and the LED irradiance was 1 W.cm2,

2.3. RT-FTIR Spectroscopy

In order to know the (meth)acrylate function conversion of the photosensitive
formulations, photopolymerization experiments have been carried out in a mold at room
temperature upon irradiation with a laser diode at 405 nm (450 mW.cm). The mold was
covered by a polypropylene film to avoid the oxygen inhibition. A Jasco 6600 real-time
Fourier transformed infrared spectrometer (RT-FTIR) was used to follow in real time the C=C
acrylate double bond conversion between 6100 and 6200 cm™ during the irradiation time.

Final polymers have a thickness of 2 mm.

2.4. Thermal imaging camera

The sample temperatures reached during the NIR irradiation experiments performed in
this study have been followed by the Fluke TiX500 infrared thermal imaging camera.
Irradiations with NIR light LEDs were done at a distance of 4 cm with the LED@810 nm and
6 cm with the LED@850 nm (NIR LEDs from Thorlabs).

2.5. Phoseon LEDs panel

For larger irradiations at 810 nm, a Phoseon LEDs panel prototype was used (Figure
S1, Supporting Information). The light intensity of this prototype goes up to 9W. As shown
Figure S1A, there are 6 cm between the LEDs panel and the sample (Figure S1B).

2.6. Differential Scanning Calorimetry (DSC)

To determine the glass transition temperature (Tg) of polymers, the DSC Mettler
Toledo DSC1 and the Star software were used. A first run was performed out to erase their
thermal background and a second one was carried out to determine the T4 with the tangent of
the transition phase. DSC tests were performed from 0°C to 200°C under air with a rise of

temperature of 10 K.mint,



3. Results and Discussion

3.1. The reprocessing of thermoplastics

Scheme 2 summarizes the idea of using a NIR heater in-situ embedded in a

thermoplastic material. Since the NIR heater is not involved in the polymerization process, it

can still be used to photothermally activate the generated polymers upon NIR light. The

photopolymerization profiles of monomers used in this study are given in Supporting

Information (Figure S2-S6). In absence of NIR heater, the polymeric material temperature

should not exceed the glass transition temperature (Tg) upon NIR light (See Scheme 2A)

whereas this Tq should be reached in the presence of heater (Scheme 2B). Therefore, we can

expect the NIR activation of thermoplastics with in-situ embedded heater to allow an efficient

shaping/reprocessing of the polymer.
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Scheme 2. (A) Behavior of heater-free polymer upon NIR irradiation. (B) Shaping/reprocessing of a

polymer containing a NIR heater upon NIR irradiation.

Irradiation of a Glyfoma-based polymer upon NIR light was recorded by thermal

imaging camera without NIR-heater (See Figure 1A) and compared to the situation in
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presence of NIR heater (Figure 1B). Videos from which the thermal imaging camera pictures
were extracted are respectively given in Video 1 and Video 2 in Supporting Information. As
expected, the shaping of the heater-free sample was not possible and a maximal temperature
of 55°C could only be reached. Markedly, the shape could be easily modified in the presence
of heater (See Figure 1B). These results are corroborated by temperature curves presented in
Figure 1C. Indeed, the temperature reached by the NIR heater-free polymer is far below the
Tg which makes the reshaping impossible. In contrast, the temperature reached by the polymer

containing heater is much higher than the T so the shaping can theoretically be performed.

Then, this shaping/reprocessing behavior has been investigated for different
thermoplastics based on other (meth)acrylate monomers (for IBOA, IBOMA, TMCHMA,
MMA based polymers) and their behaviors upon NIR light are given in Figures S7-S10. In the
absence of heater, the shaping of all of these polymers was impossible. Videos from which the
thermal imaging camera pictures were extracted are respectively given in Video 3, Video 4,
Video 5 and Video 6. As for Glyfoma-based polymers, IBOA, IBOMA, TMCHMA and
MMA-based polymers could however be shaped under 1 minute of NIR irradiation in the
presence of heater (Videos 7-9, Supporting Information). For MMA, a partial degradation was
noticed. However, the LED irradiance can be smartly controlled to avoid this degradation and
achieve the folding.
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Figure 1. (A) Irradiation of Glyfoma-based polymer (NIR heater-free sample) upon LEDs panel at
810 nm (9 W.cm™). (B) Irradiation of Glyfoma-based polymer containing IR-813 (0.1%w:) upon LEDs
panel at 810 nm (9 W.cm). (C) Temperatures of Glyfoma-based polymers upon LEDs panel (with
and without NIR heater) at 810 nm (9 W.cm) in the irradiated area versus time. Irradiations start from
t=0s.

The different temperatures reached by all of these polymers in the presence as well as
in the absence of NIR heater are depicted in the Figure 2. These results clearly show a huge
temperature difference between NIR heater-free polymers and polymers containing NIR dye.
The data extracted from this figure are also given in the Table 1. The T4 of these polymers
were determined by DSC (Figure S11-15). The DSC of MMA-based polymer shows a
degradation after 170°C. Tshaping represents the temperature from which the shaping of the
polymer starts to be observed and Tmax the maximum temperature reached by each polymer.
Finally, tishaping Stands for the irradiation time required to observe the beginning of the shaping
whereas tshaping IS the time required to entirely shape/reprocess the polymer. The most
effective polymer is the Glyfoma-based one. Indeed, the outstanding photothermal effect
compared to other polymers allows an almost instant shaping upon NIR light (7 s after the
irradiation starts). Moreover, the shaping time to fold the polymer at 90° is really fast (29 s).
However, the shaping times of the other polymers remain very fast (less than 1 min). If a
longer shaping time is required, the intensity of the LED can simply be lowered since the heat

generated by the heater is linear with the light intensity.
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Figure 2. Temperature versus NIR irradiation time for (meth)acrylate-based polymers upon NIR light
source at 810 nm (9W.cm2). Irradiations start fromt = 0 s. (1) Glyfoma-based polymer in presence of
IR-813 (0.1%w) ; (2) IBOA-based polymer in presence of IR-813 (0.1%uw) ; (3) IBOMA-based
polymer in presence of IR-813 (0.1%uw) ; (4) TMCHMA-based polymer in presence of IR-813
(0.1%w) ; (5) MMA-based polymer in presence of IR-813 (0.1%uw) ; (6) Glyfoma-based polymer ; (7)
IBOA-based polymer ; (8) ) IBOMA-based polymer ; (9) TMCHMA-based polymer ; (10) MMA-
based polymer. For (6)-(10): NIR heater-free samples.

Table 1. Temperatures and times related to the shaping/reprocessing of the different polymers

Polymers | P(Glyfoma) P(IBOA) | P(IBOMA) | P(TMCHMA) | P(MMA)
Tqg 84 92 74 79 79
: 95 108 113 85 84
shaping
Tmax 181 156 149 164 127
t 7 16 24 13 16
shaping (S)
t, 29 54 57 54 *
shaping (S)
Ty glass transition temperature
Tshaping: temperature from which the shaping of the polymer starts to be observed.
Tmax: maximum temperature reached by the polymer.
tishaping:  irradiation  time to observe the beginning of the shaping.

tshaping: time required to entirely shape the polymer.

*A small degradation is observed.




An experiment has been specifically designed to show the reversibility of the shaping

process. Scheme 3A describes this cycle which can be separated in two parts. The first step
consists in folding a polymer, as depicted in Scheme 2B. After this first step, Scheme 3B

describes the way how to make the polymer back to its initial shape (defolding) to complete

the cycle.

A)

(B)

Scheme 3. (A) Shaping cycle of polymer containing NIR heater. (B) Shaping experiment to unfold
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polymer in order to make it back to its initial shape.

To this end, a folded Glyfoma-based polymer was placed upon irradiation with a
LED@850 nm (1 W.cm?) and followed by thermal imaging camera (See Figure 3), the
associated video is given in Video 10 in Supporting Information. Markedly, the NIR

irradiation allows to restore the initial shape of the polymer without any additional external

stimulus (See Figure 3).
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Figure 3. Irradiation of Glyfoma-based polymer containing NIR heater (0.1%:) upon LEDs at 850
nm (1 W.cm). The irradiation starts fromt=0s.

3.2. NIR dehydration of hydrogels

This second part focuses on the benefit of NIR heater on the shaping/reprocessing of
hydrogels. When a hydrogel is placed under water, it swells due to the water absorption. This
swelling is reversible by dehydration. In this way, the use of heater in-situ embedded is
valuable considering that a high temperature can be efficiently reached upon NIR light

irradiation. Scheme 4 describes the experiment designed to show this effect.

Water

Scheme 1. Hydration of a hydrogel containing NIR heater in water and dehydration activated upon
NIR light.

Accordingly, some PEG-based polymers have been prepared in the presence of heater
and without heater. Afterwards, the swelling ratios of PEG-based polymers have been
determined for systems with NIR heater (0.1%wt) and without heater at several hydration
times (5 min, 10 min, 20 min, 30 min, 45 min, 1 h, 3 h, 6 h and 24 h) as shown in the Figure
4. A discoloration of PEG-based polymers has been observed when the sample was immersed

in water. The more the PEG-based polymer is hydrated, the more it is decolored due to
11



solvatochromic effect (Figure S16, Supporting Information). The first statement which can be
learnt from this figure is the unchanged swelling ratio of prepared PEG-based polymers in the
presence of heater. Second, the swelling of PEG-based polymers increases with the hydration
time until around 3 hours to end with a swelling ratio of about 50%. After 3 hours of

hydration, the swelling ratio remains stable.
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Figure 4. Swelling ratios in weight of PEG- polymers in the presence and in the absence of heater
according to the hydration time.

Afterwards, reversibility of the swelling by dehydration triggered by NIR light has

been studied. Thus, PEG-based samples have been irradiated 3 minutes upon NIR light at 810
nm (9 W.cm?) and the temperatures of PEG-based polymers hydrated from 5 to 60 min in the
presence and in the absence of heater are presented in the Figure S17, Supporting
Information. As expected, temperatures reached are much higher in the presence of NIR
heater (from 120°C to more than 150°C) than without heater (between 40°C to 50°C) (Figure
5). Furthermore, the hydration time affects the temperatures reached by PEG-based polymers.
Indeed, Figure S17 shows a decrease of temperature as the hydration time increases. Thus, the
water absorbed by the hydrogel inhibits the heat transfer within the PEG-based polymer.
These temperatures explain the huge dehydration difference between hydrogels containing
NIR heater and samples without heater presented in the Figure S18. Indeed, an almost
12



complete dehydration is observed for samples with NIR heater. On the other hand, NIR
heater-free hydrogels could not achieve high dehydration (<50%) in the same NIR irradiation
conditions. Furthermore, the complete dehydration is reached in the presence of NIR heater
after 5 min of hydration as shown in the Figure 5. Indeed, only 60 s of NIR light irradiation is
required to achieve the complete dehydration with NIR heater whereas <50% is achieved after

3 min of NIR irradiation.
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Figure 5. NIR activated dehydration of PEG-based polymers versus irradiation time (810 nm ; 9
W.cm2) with NIR heater (0.1%.) and without heater (for a hydrogel after hydrating 5 min in
deionized water).

Finally, Figure 6 shows the size modifications of the studied hydrogels without heater
(See Figure 6A) and in the presence of IR-813 (Figure 6B) while hydrated in water or
dehydrated upon NIR light. First, the size of hydrogels increases during the hydration.
Second, these sizes decrease upon NIR irradiation. However, the NIR heater-free hydrogel
does not return to its initial size due to the low temperature reached whereas the hydrogel

containing heater returns to its initial size due to the high temperature reached.
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Figure 6. Hydration of a hydrogel 24 hours in deionized water and dehydration upon 3 minutes of
NIR light at 810 nm (9 W.cm™). (A) Hydrogel without NIR heater; (B) Hydrogel with NIR heater
(0.1%uw). The hydrogels were prepared in direct laser write experiments.

4. Conclusion

In conclusion, the shaping/reprocessing of polymers could be easily achieved upon
NIR light in combination with a low NIR heater content (<0.1%uz). A high temperature could
be reached thanks to the highly efficient photothermal effect of the organic NIR dye, allowing
to exceed the Ty of the thermoplastics. Moreover, the shape was entirely reversible by re-
irradiation upon NIR light. Then, the NIR heater properties were used in PEG-based
hydrogels to provide an on-demand dehydration upon NIR light. Indeed, a total dehydration
could be achieved by irradiating only 3 minutes upon NIR light whereas the reference heater-
free PEG-based polymer dehydration was between 20% and 50% at room temperature.

Shaping applications on 3D printed objects will be given in forthcoming papers.

14



References

[1] Staudinger, H. Uber Polymerisation. Berichte der Deutschen Chemischen Gesellschaft
1920, 53(6), 1073-1085.

[2] Braun, D. Origins and Development of Initiation of Free Radical Polymerization
Processes. International Journal of Polymer Science 2009, 1-10.

[3] Li, J., Zhang, X., Nie, J., Zhu, X. Visible light and water-soluble photoinitiating system
based on the charge transfer complex for free radical photopolymerization. Journal of
Photochemistry and Photobiology A: Chemistry 2020, 112803.

[4] Bonardi, A.H., Bonardi, F., Noirbent, G., Dumur, F., Gigmes, D., Dietlin, C., & Lalevée,
J. Free-radical polymerization upon near-infrared light irradiation, merging photochemical
and photothermal initiating methods. Journal of Polymer Science 2020, 58(2), 300-308.

[5] Xin, Y., Xiao, S., Pang, Y., Zou, Y. NIR-sensitized cationic frontal polymerization of
vinyl ether and epoxy monomers. Progress in Organic Coatings 2021, 153, 106149.

[6] Kaviani, M., Bastani, S., Ghahari, M., Kardar, P. NIR induced photopolymerization of
acrylate based composite containing upconversion particles as an internal miniaturized UV
source. Progress in Organic Coatings 2017, 104, 97-103.

[7] Bonardi, A.H., Dumur, F., Grant, T.M., Noirbent, G., Gigmes, D., Lessard, B.H.,
Fouassier, J.P., Lalevée, J. High Performance Near-Infrared (NIR) Photoinitiating Systems
Operating under Low Light Intensity and in the Presence of Oxygen. Macromolecules 2018,
51(4), 1314-1324.

[8] Launay, V., Caron, A., Noirbent, G., Gigmes, D., Dumur, F., Lalevée, J. NIR Organic Dye
as Innovative Tools for Reprocessing/Recycling of Plastics: Benefits of the Photothermal
Activation in the Near-Infrared Range. Advanced Functional Materials 2020, 31(7), 2006324.

[9] zhu, S., Hu, Z., Tian, R., Yung, B. C., Yang, Q., Zhao, S., Kiesewetter, D. O., Niu, G.,
Sun, H., Antaris, H. L., Chen, X. Repurposing Cyanine NIR-1 Dyes Accelerates Clinical
Translation of Near-Infrared-11 (NIR-I1) Bioimaging. Advanced Materials 2018, 1802546.

[10] Escobedo, J. O., Rusin, O., Lim, S., & Strongin, R. M. NIR dyes for bioimaging
applications. Current Opinion in Chemical Biology 2010, 14(1), 64-70.

[11] Maji, T.K., Sarkar, P.K., Kar, P, Liu, B., Lemmens, P., Karmakar, D., Pal, SK A
combined experimental and computational study on a nanohybrid material for potential
application in NIR photocatalysis. Applied Catalysis A: General 2019, 583, 117124.

15



[12] Ravertz, B.D., Pun, A.B., Churchill, E.M., Congreve, D.N., Rovis, T., Campos, L.M.
Photoredox catalysis using infrared light via triplet fusion upconversion. Nature 2019,
565(7739), 343-346.

[13] Yuan, A.; Wu, J.; Tang, X.; Zhao, L.; Xu, F.; Hu, Y. Application of Near-Infrared
Dyes for Tumor Imaging Photothermal, and Photodynamic Therapies. Journal of
Pharmaceutical Sciences 2013, 102 (1), 06-28.

[14] Bai, Y. ; Zhang, J. ; Wen, D. ; Gong, P. ; Liu, J. ; Ju, J. ; Chen, X. A reconfigurable, self-
healing and near-infrared light responsive thermoset shape memory polymer. Composite
Science and Technology 2020, 187, 107940.

[15] Dong, Y.; Gong, M. ; Huang, D.; Gao, J.; Zhou, Q. Shape memory, self-healing
property, and NIR photothermal effect of epoxy resin coating with
polydopamine@polypyrrole nanoparticles. Progress in Organic Coatings 2019, 136, 105232.

[16] Bi, H., Ye, G., Yang, H., Sun, H., Ren, Z., Guo, R., Xu, M., Cai, L., Huang, Z. Near
infrared-induced shape memory polymer composites with dopamine-modified multiwall
carbon nanotubes via 3D-printing. European Polymer Journal 2020, 136, 109920.

[17] Yang, C., Zheng, R., Younis, M.R., Shao, J., Fu, L.H., Zhang, D.Y., Lin, J., Li, Z,
Huang, P. NIR-II light-responsive biodegradable shape memory composites based on
cuprorivaite nanosheets for enhanced tissue reconstruction. Chemical Engineering Journal
2021, 419, 129437.

[18] Chen, H., Noirbent, G., Zhang, Y., Brunel, D., Gigmes, D., Morley-Savary, F., Graff, B.,
Xiao, P., Dumur, F., Lalevee, J. Novel D-n-A and A-n-D-n-A Three-Component
Photoinitiating Systems Based on Carbazole/Triphenylamino based Chalcones and
Application in 3D and 4D Printing. Polymer Chemistry 2020, 40.

[19] Rajabi, M., McConnell, M., Cabral, J., Ali, M.A. Chitosan hydrogels in 3D printing for
biomedical applications. Carbohydrate Polymers 2021, 260, 117768.

[20] Cao, X., Liu, H. Yang, X., Tian, J., Luo, B., Liu, M. Halloysite
nanotubes@polydopamine reinforced polyacrylamide-gelatin hydrogels with NIR light
triggered shape memory and self-healing capability. Composites Science and Technology
2020, 191, 108071.

[21] Wang, Y.Q., Zhu, Y., Wang, J.H., Li, X.N., Wu, X.G., Qin, Y.X., Chen, W.Y. Fe>* NIR

light and thermal responsive triple network composite hydrogel with multi-shape memory
effect. Composites Science and Technology 2021, 206, 108653.

16


https://www.sciencedirect.com/science/journal/02663538
https://www.sciencedirect.com/science/journal/02663538/206/supp/C

[22] Liu, W., Zhang, X., Zhou, L., Shang, L., Su, Z. Reduced Graphene Oxide (rGO)
Hybridized Hydrogel as a Near-infrared (NIR)/pH Dual-responsive Platform for Combined
Chemo-Photothermal Therapy. Journal of Colloid and Interface Science 2019, 15, 160-170.

17



TOC graphic:

18



