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Abstract

Poly (N-isopropylacrylamide)-co-(acrylic acid) (pNIPAm-co-AAc) microgels incor-
porated with CuS nanoparticles (CuSNPs) were synthesized and employed for near
infrared (NIR) triggered photothermal killing of cancer cells. Cu®* was enriched in the
microgels through deprotonation of the pNIPAm-co-AAc microgels at high solution
pH. CuSNPs were subsequently generated within the pNIPAm-co-AAc microgels
upon exposure to heat and S*. The solution of hybrid microgels showed an absorption
peak in the NIR region (~1000 nm). After demonstrating that the hybrid microgels
were not cytotoxic, we showed that NIR excitation of the hybrid microgels could be
used to kill HeLa cells. Almost 90% HeLa cells were killed when incubated with 400
pug/mL of the hybrid microgels and exposed to 808 nm laser light with a power densi-
ty of 2 W/em? for 10 min. While these materials show promise for photothermal ther-
apy, they can also be incorporated into a hydrogel matrix that can be triggered to re-

lease small molecule drugs upon exposure to NIR wavelengths.
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Introduction

Electromagnetic stimulation of processes using near infrared (NIR) radiation in the
wavelength range of 700-1100 nm has become extremely important for photothermal
therapy due to the ability of these wavelengths to penetrate skin.' Furthermore, NIR
wavelengths can selectively stimulate these processes without the side effects of some
other wavelengths of electromagnetic radiation, and are minimally invasive.*” As
such, NIR-enabled therapies have been used as novel alternatives for carcinoma
treatment.*® Recently, many investigations have focused on new therapeutic methods
that utilize novel photothermal materials/agents. Relatedly, a variety of materi-
als/agents capable of NIR-triggered heating have been identified, such as organic
dyes,7 gold nanostructures,” carbon composites,9 and palladium nanosheets.'® Of in-
terest to the study here are CuS nanomaterials that are known for their localized sur-
face plasmon resonances at NIR wavelengths,“ low cytotoxicity, environmentally
friendly synthesis, and low cost.'> Among the family of CuS nanomaterials, spherical
CuS nanoparticles are the most commonly used due to their facile synthesis and rela-
tively high NIR-heat conversion efficiency."> However, due to their high specific sur-
face area, CuS nanoparticles (CuSNPs) are not colloidally stable, and readily aggre-
gate and precipitate in solution. Thus, surface modification of CuSNPs has been used
to stabilize the particles and prevent their aggregation. CuSNPs surface modification
can also yield many new properties, e.g., the ability to specifically bind to cancer cells
by modification with folic acid."*

Since their discovery, stimuli-responsive polymers have been used for a variety of
applications mainly due to their ability to "sense" their environment and “react” to it
chemically and/or physically.””'® Of the various stimuli responsive polymers,
poly(N-isopropylacrylamide) (pNIPAm) has received the most attention, and has also
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been used to stabilize nanoparticles.'”'®

pNIPAm is well known to exhibit ther-
moresponsivity, exhibiting a lower critical solution temperature (LCST) and collaps-
ing/deswelling above 32 °C in water. The deswelling/reswelling process is fully re-

versible over many cycles. PNIPAm-based networks can also be generated via



polymerization in the presence of a crosslinker. Furthermore, colloidally stable
pNIPAm-based nano and micro particles (nanogels/microgels, respectively) can also
be generated,19 and multiple responsivities can be introduced into the microgels via
copolymerization with functional monomers.””?' While these additional functional
monomers have been used to render pNIPAm-based materials responsive to multiple
stimuli, they have also been used to introduce nanomaterials into their network struc-
ture.”* For instance, pNIPAm microgels have been loaded with photothermal nano-
materials, i.e., reduced graphene oxide nanoparticles18 and gold nanorods,23 via sim-
ple mixing. The hybrids thus display light responsivity by changing their solvation
state, which can be exploited for drug delivery in biological systems.24 Functionalized
pNIPAm-based microgels can also see as microreactors for the synthesis of nanoparti-
cles. Specifically, in a previous study, we showed that pNIPAm-co-acrylic acid
(pNIPAm-co-AAc) microgels could be used as a scaffold for in situ generation of Ag
NPs, which could subsequently be used as a colorimetric sensor for H202.25

In this investigation, we show that pNIPAm-based microgels can be used as a
scaffold for the generation and stabilization of CuSNPs; we hypothesize that the re-
sultant microgels will be responsive to NIR exposure. Specifically, we propose an in
situ synthetic route for the preparation of CuSNPs@pNIPAm-co-AAc hybrid micro-
gels. Copper ions were enriched in the microgels through deprotonation of the
pNIPAm-co-AAc microgels. CuSNPs were subsequently generated in the
pNIPAm-co-AAc microgels utilizing a previously reported hydrothermal method."
The hybrid materials were also shown to exhibit typical NIR absorption and photo-
thermal properties. We go on to show that NIR excitation of the hybrid microgels
could be used to kill HeLa cells. This concept can be further modified in the future to

allow photothermal treatment of cancer cells and tumors.

Experimental section

Materials and methods

N-isopropylacrylamide (NIPAm) was purchased from TCI (Portland, OR) and puri-



fied through recrystallization from hexanes (ACS reagent grade, purchased from
EMD, Gibbstown, OR). N,N-Methylenebisacrylamide (BIS), acrylic acid (AA), am-
monium persulfate (APS), copper sulfate (CuSO,), sodium hydroxide (NaOH), hy-
drochloric acid (HCI), sodium sulfide (Na,S), 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyl-2-H-tetrazolium bromide (MTT) and calcein-AM were supplied by
Sigma-Aldrich (Oakville, ON). Microgel samples were lyophilized using a VirTis
bench-top K-manifold Freeze Dryer (Stone Ridge, New York). Deionized (DI) water
with a resistivity of 18.2 MQ-cm was obtained from a Milli-Q Plus system (Billerica,
MA).

Characterization

UV-vis spectra of the as prepared CuSNPs@pNIPAm-co-AAc hybrid microgel solu-
tions were collected using a 8452A diode array spectrophotometer (Hewlett Packard,
USA). The size and morphology of CuSNPs@pNIPAm-co-AAc hybrid microgels was
determined using a Hitachi H-7650 transmission electron microscope (TEM) at 200
kV accelerating voltage. X-ray photoelectron spectroscopy (XPS) was performed on a
Kratos AXIS Ultra spectrometer equipped with a monochromated Al Ka (hv=1486.6
eV) X-ray source (Kratos Analytical, Manchester, UK). Fourier transform infrared
(FT-IR) spectra (400-4000 cm’l) were recorded on a Nicolet Magna 750 FTIR Spec-
trometer and Nic-Plan FTIR Microscope (Nicolet, USA) with pure KBr as the back-
ground.

Synthesis of pNIPAm-co-AAc microgels

PNIPAm-co-AAc microgels were synthesized via surfactant-free, free radical precipi-
tation polymerization, according to an established protocol.”> The monomer, NIPAm
(10.54 mmol), and the crosslinker, BIS (0.703 mmol), were fully dissolved in water
(99 mL) with stirring in a beaker for 1 h. The mixture was then filtered through a 0.2
um filter affixed to a 20 mL syringe into a 250 mL, 3-necked round bottom flask. The
flask was then equipped with a thermometer, a condenser/N, inlet/outlet, and a stir bar.
The monomer solution was purged with N, gas for ~1 h while stirring and heating to
70 °C. AAc (2.812 mmol) and APS (0.046 g in 1.0 mL water) was then added to the

pre-heated solution, respectively. The reaction continued for 4 h. After cooling down,



the turbid solution was filtered through glass wool to remove any large aggregates.
The coagulum was rinsed and the collected liquid was diluted to 100 mL. Aliquots of
the microgel solution (33 mL) were centrifuged at a speed of 10 000 relative centrif-
ugal force (rcf) at 20 °C for 45 min. The microgels were isolated and redispersed to
their original volume (~33 mL) with DI water. This centrifugation/resuspension pro-
cedure was repeated 6 times. Finally, all of the centrifuged particles were combined
into one tube and diluted to 30 mL with DI water for storage. We also calculated the
percent yield by removing a 1 mL aliquot of solution from the final, purified 30 mL
microgel solution. This aliquot was lyophilized and the resulting dried microgels
weighed. The mass was subsequently multiplied by 30 (to get the mass of microgels
in the 30 mL solution), which was compared to the mass of all the components
(NIPAm, BIS, AAc) used to synthesize the microgels, and a percent yield determined.
Using this approach, 80% yield was determined.

Synthesis of CuSNPs@pNIPAm-co-AAc hybrid microgels

Hybrid microgels were prepared using the hydrothermal reaction between Cu®* and
S¥in the pNIPAm-co-AAc microgel networks. " Briefly, the pH of 10 mL of the mi-
crogel solution from the above purification process was adjusted accordingly with
addition of HCI and NaOH followed by equilibration for 1 h. The microgel solution
was then washed by centrifugation and resuspension in DI water 6 times. Following
the final centrifugation, the isolated microgels were resuspended in 10 mL CuSOg4
solution (500 mM in DI water) and incubated with gentle shaking overnight. This
process of washing the microgels with DI water after exposure to the desired pH solu-
tions was used because Cu”* precipitates at high pH, which would make loading the
microgels at high pH impossible. Therefore, by rinsing all the microgels with DI wa-
ter, the pH of the Cu®* loading step was constant for all experiments. The Cu”* loaded
microgels were then washed another 6 times by centrifugation and resuspension with
DI water to remove any free Cu®*. The purified Cu”* loaded microgels (10 mL) and 75
mL of DI water were combined into a three-necked round bottom flask (250 mL)
equipped with a thermometer, N, inlet and condenser. The solution was bubbled with

N, for 1 h and heated to 90 °C, followed by the drop-wise addition of 175 pL Na,S



solution (500 mM) within 2 min. After adding Na,S, the reaction was allowed to pro-
ceed for 2 h and the color of mixture immediately changed from bluish to brick red,
and gradually turned to dark green. Finally, the cooled solution was washed by cen-
trifugation and resuspension in DI water 6 times to yield the purified
CuSNPs@pNIPAm-co-AAc hybrid microgels. The concentrated, centrifuged micro-
gels were diluted to a final volume of 85 mL in DI water.

Measurement of the photothermal performance

Solutions of CuSNPs@pNIPAm-co-AAc hybrid microgels of various concentrations
(400, 800, and 1600 mg/L) were added to test tubes. A laser probe (808 nm, 2.0
W/em ?) was fixed 5 cm away from the center of the test tube and the solution ex-
posed to the laser for 10 min to evaluate the photothermal performance. The tempera-
ture change of the solution was recorded using a thermocouple probe.

Cytotoxicity of CuSNPs@pNIPAm-co-AAc hybrid microgels

Cytotoxicity was evaluated utilizing the MTT assay and human cervical carcinoma
(HeLa) cells. HeLa cells were cultured in Dulbecco's Modified Eagle Medium
(DMEM, Gibco) supplemented with 10% fetal bovine serum and 1% penicil-
lin-streptomycin at 37 °C under 5% CO,. The cells were then seeded into a 96-well
plate ( 1x10* cells/well) and incubated for 24 h. Afterwards, HeLa cells were incubat-
ed with different concentrations of CuSNPs@pNIPAm-co-AAc hybrid microgels for
24 h. After washing with PBS, cells were supplemented with 100 uL. of DMEM and
exposed to MTT (20 uL in PBS, 5 mg/mL) for 4 h. Subsequently, after removal of
supernatant solution from each well, 150 pL of DMSO was added and the absorbance
of the solution in each well was recorded by using a multi-mode microplate reader.
Eight replicates were prepared for each treatment group.

Photothermal Kkilling of HeLa cells with CuSNPs@pNIPAm-co-AAc hybrid mi-
crogels

The potential use of CuSNPs@pNIPAm-co-AAc hybrid microgels for photothermal
therapy was assessed using HeLa cells and the MTT assay and calcein-AM (calcein
acetoxymethyl ester) staining. For the MTT assay, HelLa cells were incubated in a

96-well culture plate (5><105 cells/well) for 24 h at 37 °C under 5% CQO, and washed



with PBS. Similarly, CuSNPs@pNIPAm-co-AAc hybrid microgels were added to the
culture medium and incubated for 4 h at 37 °C, followed by exposure to the 808 nm
laser with power density of 2 W/cm ? for 10 min at a fixed distance of 5 cm from the
plate. A control experiment was performed on cells exposed to the laser but in the
absence of the hybrid microgels. The cells continued to be cultured for other 20 h.
Cell viability was then evaluated using the MTT assay and confocal microscopy. Cal-

cein-AM was used to stain live cells, and then the confocal images were obtained.

Results and discussion

The synthetic route for generating CuSNPs@pNIPAm-co-AAc hybrid microgels is
shown schematically in Figure 1. As we expected the protonation state of the

pNIPAm-co-AAc microgels to change their ability to absorb Cu**

we evaluated
how solution pH impacted the generation of CuSNPs in the microgels. To accomplish
this, we adjusted the pH of the microgel solutions to above and below the pK, for
AAc (4.25) followed by exposure to Cu”* solution.”” We want to point out that at Cu**
precipitates at high pH. Therefore microgels at all the investigated pH were washed
with DI water via centrifugation/resuspension (see Experimental Section) prior to
Cu™ exposure to ensure that all the Cu™ exposures were done at the same conditions
without precipitation. The isolated microgels were then exposed to S* to form
CuSNPs (as described in the Experimental Section) and the NIR absorption efficiency
and water solubility was determined.

First, we evaluated how the solution pH impacted the Cu™ absorption step by visu-
ally noting the microgel solubility. As can be seen in Figure S1, the microgels that
were at pH 3.0 and 4.3 then washed with DI water (as detailed in the Experimental
Section) and finally exposed to Cu** were found to agglomerate and attach to the wall
of centrifuge tubes. Although, when the pH of the solution the microgels were ex-
posed to before Cu®* exposure increased, the microgels could be homogenously dis-
persed in the aqueous solution. Figure S1 also showed that the color of the
pNIPAm-co-AAc-Cu** microgel solution changed from white to cyan as the solution

pH increased. We hypothesize that since the pKa of AAc was ~4.25, when the solu-



tion pH was greater than 4.25, the deprotonated acids can absorb more Cu®*. This is
supported by previously reported results that demonstrated that protonated carboxylic
acid groups are much less capable of forming complexes with Cu”* than the salt form,
resulting in the progressive decrease in the retention of Cu®* at low pH.*® Moreover,
as the solution pH increased, the presence of free lone pair of electrons on nitrogen
and deprotonated oxygen atoms, further facilitated the coordination of microgels with
Cu* by the microgels.29 Finally, the absorbance spectra for the
CuSNPs@pNIPAm-co-AAc hybrid microgels that were loaded with Cu®* at the vari-
ous pHs were collected and used as a final determinant of the quality of the hybrid
microgels; high absorbance in the NIR wavelength range is desirable. As can be seen
in Figure 2a, the absorbance reaches a maximum when the microgels were loaded
with Cu®* at pH 8.5, with no further improvement as the solution pH was further in-
creased. This result can be understood by considering that the microgels are nearly
100% deprotonated at pH 8.5, so a further increase in pH yields virtually no change in
the charge density of the microgels, and hence should have minimal impact on the
extent of Cu”* uptake. We also investigated how the order of adding S* affected the
resultant NIR absorption of the hybrid microgels. Conventionally, to synthesize
CuSNPs with Cu* and S, the ion mixing step is followed by solution heating.3 0
However, in this investigation, we observed that heating the microgel solution first
followed by addition of S* resulted in higher quality hybrid microgels, as can be seen
from the stronger NIR absorbance in the UV-vis spectra in Figure 2b. Finally, we in-
vestigated how the concentration of s* impacted the optical properties of the
CuSNPs@pNIPAm-co-AAc hybrid microgels, which revealed that 87.5 pmol was
ideal, producing hybrid microgels with the highest NIR absorbance (Figure 2c and 2d).
The hybrid microgels synthesized with an amount of S* higher than 87.5 pmol tended
to aggregate and settle out of solution, resulting in a decrease in of NIR absorbance of
the hybrid microgels.

The CuSNPs@pNIPAm-co-AAc hybrid microgels were well dispersed in water and
can be stored in 4 °C for more than one month without precipitation. We also note that

the solution of CuSNPs@pNIPAm-co-AAc hybrid microgels was dark green, while



solutions of pNIPAm-co-AAc microgels are typically clear, colorless, and slightly
turbid. It is also worth noting that the CuSNPs prepared in the presence of the micro-
gels were extremely stable, when compared to those prepared without the microgels
(Figure S2). Specifically, CuSNPs prepared in the absence of microgels aggregated
very quickly and precipitated, further showing the benefits of using the microgel
structure to stabilized the CuSNPs. Therefore, for the rest of experiments in the man-
uscript, the CuSNPs@pNIPAm-co-AAc hybrid microgels were prepared by exposing
the microgels to pH 8.5, followed by washing with DI water and exposure to Cu™,
followed by washing with DI water, heating the solution, followed by adding 87.5
pumol of S* and a final washing with DI water.

The morphology of the CuSNPs@pNIPAm-co-AAc hybrid microgels was deter-
mined using the TEM imaging, as shown in Figure S3. The TEM images (Figure 3a
and 3b, respectively) showed that the microgel scaffold exhibited a spherical shape
with relatively low contrast and a diameter of ~700 nm, microgels. Within the micro-
gel network, a total of ~40-50 CuSNPs with diameters of ~10 nm could be observed.
The formation of crystalline CuSNPs inside the pNIPAm-co-AAc microgels was sub-
sequently investigated by XRD. As can be seen in Figure 3c, the XRD pattern ob-
tained from lyophilized microgels displayed a series of sharp peaks at 29.3°, 31.9" and
48.0°, which were in agreement with the lattice planes of CuSNPs (102), (103) and
(110), respectively. These crystal characteristics of CuSNPs evidenced the formation
of covellite CuS (hexagonal phase, JCPDS no. 06-0464).*' Figure 3d shows the XPS
spectrum of CuSNPs incorporated in pNIPAm-co-AAc microgels, exhibiting two
peaks at 931.6 eV and 951.7 eV, which were attributed to Cu 2p3/2 and Cu 2p1/2 re-
spectively, while no such peaks were found in the XPS spectrum of the native micro-
gels (Figure S4). The gap between the two peaks was 20.1 eV, confirming that the
oxidation state of elementary copper in CuSNPs was +2.%! These characterizations
demonstrated that the microgels could adequately serve as microreactors for the nu-
cleation and growth of CuSNPs.

As mentioned above, pNIPAm microgels have generated significant interest due to

their thermoresponsivity, which can be exploited for triggered drug delivery. Here, we



investigated the thermoresponsivity of the CuSNPs@pNIPAm-co-AAc hybrid micro-
gels. As illustrated in Figure 4a, the pure copolymer microgels exhibited the expected
thermoresponsivity. That is, as the solution temperature was increased above the mi-
crogel LCST (around 32 °C), the microgels scatter more light due to their collapse, as
evidenced as an increased in absorbance measured from UV-vis spectroscopy. How-
ever, in the case of the hybrid microgels, there was no such behavior observed up to a
solution temperature of 50 °C. While copolymerization of AAc with pNIPAm is well
known to increase its LCST,*” thermoresponsivity is observed as the solution temper-
ature approaches 40 °C. In the case of the hybrid microgels synthesized here, no sig-
nificant thermoresponsivity was observed even up to 50 °C. Furthermore, the lack of
thermoresponsivity from similar hybrid polymers has also reported in previous stud-

. 18,25,33
1€8.

Therefore, we hypothesize that the presence of CuSNPs in the microgels is
stabilizing the polymers against temperature-induced collapse, although this has not
been studied in detail here.

FT-IR analysis was also employed to investigate the interaction between the
pNIPAm-co-AAc microgels and CuSNPs, and to shed some light on the loss of ther-
moresponsivity for the hybrid microgels. As shown in Figure 4c, the pure
pNIPAm-co-AAc microgels, exhibited a peak at 1714 cm™, which was attributed to
free carboxyl group (-COOH), according to previous reports.”* Whereas, for the
CuSNPs@pNIPAm-co-AAc hybrid microgels, this characteristic peak was absent,
indicating that all of carboxyl groups were occupied and/or deprotonated. We also
observed that the characteristic peak from the deprotonated carboxyl group -COO" at
1569 cm™ in the hybrid microgels was also absent.” Taken together, we concluded
that the carboxyl groups were interacting with the CuSNPs, allowing them to be im-
mobilized in the microgel network. However, as can be seen in the TEM images,
there's significant space between CuSNPs in the microgel network, revealing that the
microgels were not fully loaded with CuSNPs. Therefore, the carboxyl groups are also
likely to have unreacted Cu”* coordinated. While more S could be added to react
with this extra Cu”*, this would lead to the aggregation of the hybrid microgels, as

shown in Figure 3d. Additionally, the peaks around 1534 cm™ were ascribed to the



amide II (-NH) of NIPAm moieties due to the bending of N-H bonds,*® and the 1648
cm’! band represents the stretching vibration band of amide I (—C=O).37 The ratio of
peak intensity at 1534 and 1648 cm™ to other peaks, significantly increased after gen-
erating the CuSNPs, suggesting the interaction between amide and Cu®*/CuSNPs. The
shift of the broad band from 3310 to 3295 cm™', which was assigned to the hydro-
gen-bonded N-H stretching,”® further indicated this underlying interaction. Together,
the FT-1IR results revealed that the loss of thermoresponsivity of pNIPAm in this sys-
tem was likely a result of the disruption of hydrogen bonds by Cu®*/CuSNPs. There-
fore, it was concluded that the in situ CuSNPs synthesis presented here was not suita-
ble to generate hybrid microgels that were thermoresponsive. While this is the case,
the use of microgels to stabilize the CuSNPs is important, and the hybrid microgels
could still be very useful for photothermal therapy. If thermoresponsive hybrid mi-
crogels are desired, there is the possibility of simply mixing the CuSNPs with the al-

ready synthesized microgels,'®

although there are other challenges associated with
this approach.

The NIR photothermal performance of the CuSNPs@pNIPAm-co-AAc hybrid mi-
crogels was investigated using laser irradiation (808 nm) with a power density of 2
W/em? for 10 min. As shown in Figure 5a, the microgels without CuSNPs were not
capable of converting NIR light energy to heat and only a 3 °C increase in solution
temperature was observed after 10 min irradiation. As for the hybrid microgels, the
incorporated CuSNPs were capable of absorbing NIR irradiation and generating heat.
Specifically, solutions of 400 to 1600 pg/mL CuSNPs@pNIPAm-co-AAc hybrid mi-
crogels, were shown to increase the solution temperature from 9 to 18 °C after 10 min
NIR irradiation.

Next, the cytotoxicity of CuSNPs@pNIPAm-co-AAc hybrid microgels was inves-
tigated. HeLa cells were incubated with different concentrations of hybrid microgels
for 24 h, and were subsequently characterized using a standard MTT assay to assess
their viability. As shown in Figure 5b, relatively high cell viability (> 80%) could be

achieved even after exposure to microgels solutions with concentrations as high as

400 pg/mL, showing low cytotoxicity of the prepared photothermal materials. Previ-
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ous studies have confirmed that pNIPAm microgels and their derivatives,
ing pNIPAm-co-AAc microgels,” possessed relatively low cytotoxicity. Also,
CuSNPs are known for their excellent biocompatibility.” Thus, the lack of cytotoxicity
of the combined materials was not a surprising result.

Finally, the ability of the CuSNPs@pNIPAm-co-AAc hybrid microgels to photo-
thermally trigger cell death was evaluated. HeLa cells were treated with different
concentrations of CuSNPs@pNIPAm-co-AAc hybrid microgels for 4 h at 37 °C and
were subsequently exposed to a 808 nm laser with a power density of 2 W/cm? for 10
min. As shown in Figure 5c and 5d, the in vitro cytotoxicity assay using the MTT
method and calcein staining showed that there were no obvious changes in viability of
HeLa cells when exposed to CuSNPs@pNIPAm-co-AAc hybrid microgels. The via-
bility was similar to what we observed for HeLa cells exposed to pNIPAm-co-AAc
microgels without CuSNPs. Furthermore, exposure of the Hela cells to laser irradia-
tion in the absence of CuSNPs@pNIPAm-co-AAc hybrid microgels also retained ap-
proximately 90% viability of cells. However, when the HeLa cells were incubated
with the CuSNPs@pNIPAm-co-AAc hybrid microgels and exposed to laser irradia-
tion, significant loss in viability was observed. Cell death was also increased when the
concentration of the CuSNPs@pNIPAm-co-AAc hybrid microgels was increased.
Specifically, less than 10% cells survived when the cells were irradiated by a 2 W/cm?
NIR laser for 10 min, when the dosage of the CuSNPs@pNIPAm-co-AAc hybrid mi-

crogels increased to 400 pg/mL.

Conclusions

An in situ approach for generating CuSNPs@pNIPAm-co-AAc hybrid microgels
was presented and optimized. The NIR absorbance of the resultant materials, and their
photothermal capacity was investigated. Using the optimum synthetic conditions dis-
covered as part of this work, we found that solutions containing 1600 pg/mL
CuSNPs@pNIPAm-co-AAc hybrid microgels could yield a temperature increase of
18 °C after 10 min NIR irradiation. We also conducted FT-IR analysis to elucidate the

interactions that are resulting in Cu”*/CuSNPs incorporation into the microgels; these



experiments also shed light on the loss of thermoresponsivity of the
CuSNPs@pNIPAm-co-AAc hybrid microgels. Finally, we went on to show that the
cytotoxicity of the CuSNPs@pNIPAm-co-AAc hybrid microgels was low, although
they could be made to kill cells upon exposure to NIR laser light, which is presumably
a result of the photothermal effect. Hence, the microgels themselves are simply serv-
ing as a stabilization matrix, which is necessary, as CuS nanoparticles that are not
stabilized tend to aggregate and become useless. While this work can serve as the ba-
sis for the in situ generation of other nanoparticles in microgels for various applica-
tions, there are also other potential uses of these materials. Specifically, this work can
extended to incorporate the CuSNPs@pNIPAm-co-AAc hybrid microgels into a
thermoresponsive hydrogel matrix and can serve as the photothermal moiety to trigger

hydrogel collapse and small molecule release.
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Figure caption

Figure 1. Schematic illustration of the generation of CuSNPs@pNIPAm-co-AAc hy-

brid microgels.
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Figure 2. UV-vis spectra for CuSNPs@pNIPAm-co-AAc hybrid microgels synthe-
sized: a) at different microgel solution pH before Cu®* loading, b) using different
order of $* addition, and c) using different amounts of added $*; d) photograph of
CuSNPs@pNIPAm-co-AAc hybrid microgels prepared using the various amounts
of §* (from left to right: 50.0, 75.0, 87.5, 100, and 200 pmol).
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Figure 3. a) and b) TEM images of the CuSNPs@pNIPAm-co-AAc hybrid microgels
and CuSNPs, respectively; ¢) X-ray diffraction pattern of CuSNPs@pNIPAm-co-AAc

hybrid microgels; and d) X-ray photoelectron spectroscopy spectrum of

CuSNPs@pNIPAm-co-AAc hybrid microgels.



0.4 0.4
a b
8 0.3 8 0.3
g s
3 =S
e [
. . —a—1
s S | sabt—s—i—s— b
2 =
< 0.2 “ 0.2
0-1 T T T T 1 T T T T 0-1 T T T T T T
25 30 3s 10 45 25 30 35 40 45 50
Temperature /°C Temperature /°C

100 4

Transmittance
é!
L

T T T T T T
4000 3500 3000 2500 2000 1500 1000
Wavenumber /cm’

Figure 4. The maximum absorbance at 500 nm as a function of temperature for
aqueous solutions of a) pNIPAm-co-AAc microgels, and b)
CuSNPs@pNIPAm-co-AAc hybrid microgels. Data points are average values ob-
tained from 3 independent measurements, while the error bars indicate the standard
deviation of the mean. ¢) FT-IR spectra of the (black, top) pNIPAm-co-AAc microgels
and the (green, bottom) CuSNPs @pNIPAm-co-AAc hybrid microgels.
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Figure 5. a) The photothermal heating curves of DI water, pNIPAm-co-AAc micro-
gels and the CuSNPs@pNIPAm-co-AAc hybrid microgels at the indicated concentra-
tions after exposure to a 808 nm laser with a power density of 2 W/cm? for the indi-
cated times; b) the relative viability of HeLa cells before and after treatment with the
indicated concentrations of CuSNPs@pNIPAm-co-AAc hybrid microgels; c) the rela-
tive viability of HeLa cells treated with the indicated concentrations of
CuSNPs@pNIPAm-co-AAc hybrid microgels after exposure to a 808 nm laser for 10
min. Data in b) and c) are averages obtained from eight replicate experiments, while
the error bars indicate the standard deviation of the mean. d) Fluorescence microscopy

images of HeLa cells stained with calcein-AM (live cells were fluorescent). (Upper



row) HeLa cells not incubated with CuSNPs@pNIPAm-co-AAc hybrid microgels
(left) before and (right) after exposure to the 808 nm laser; (bottom panel) HeLa cells
incubated with CuSNPs@pNIPAm-co-AAc hybrid microgels (400 pg/mL) (left) be-

fore and (right) after exposure to the 808 nm laser.
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