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1. Introduction

Light-responsive hydrogels are an 
emerging class of biomaterials for var-
ious biomedical applications, including 
photothermal/photodynamic therapy, 
regenerative medicine, and additive man-
ufacturing.[1–4] Ultraviolet (UV) or visible 
light is often used to trigger photochem-
istry to control the physical and chemical 
properties of biomaterials remotely. How-
ever, due to their shallow penetration 
depth, UV or visible light has limited 
application for deep tissue therapy and in 
situ regenerative medicine, including bio-
fabricated human-scale tissue grafts.[5,6] In 
contrast, long-wavelength near-infrared 
light (NIR) has a higher penetration depth 
(>fourfold) compared to UV and visible 
light, which can efficiently penetrate thick 
biological specimens (≈8  mm) without 
affecting the surrounding cells.[7,8] Thus, 
NIR light can be used to control photo-
responsive materials under the skin spa-
tiotemporally.[9,10] However, only a few 
approaches have successfully engineered 
a 3D hydrogel network by NIR-triggered 
polymerization.

Dynamic polymer–nanoparticle interactions can be lever-
aged to engineer in situ forming hydrogels.[11,12] A range of 
self-assembled in situ forming hydrogels has been developed 
based on the inherent hydrophobic or electrostatic properties 
of polymers and nanoparticles.[13–16] Hydrophobic modifications 
of polymers can be exploited to increase the adsorption of the 
polymer chains to hydrophobic nanoparticles.[17,18] Inspired by 
these designs, it is possible to control the hydrophobicity of 
polymers and nanoparticles via external stimuli such as light. 
Such in situ gelation approaches can result in the forming of 
a crosslinked network for prolonging local retention or on-
demand release of therapeutics for regenerative medicine and 
drug delivery applications.

In this study, we demonstrate in situ gelation by combining 
NIR-responsive molybdenum disulfide (MoS2) with a tem-
perature-responsive poly(N-isopropyl acrylamide) (PNIPAm) 
network. MoS2 belongs to an emerging class of 2D nano-
materials known as transition metal dichalcogenides (TMD) 

Light-responsive biomaterials are an emerging class of materials used for 
developing noninvasive, noncontact, precise, and controllable biomedical 
devices. Long-wavelength near-infrared (NIR) radiation is an attractive light 
source for in situ gelation due to its higher penetration depth and minimum 
side effects. The conventional approach to obtain crosslinked biomaterials 
relies heavily on the use of a photoinitiator by generating reactive species 
when exposed to short-wavelength radiation, which is detrimental to sur-
rounding cells and tissue. Here, a new class of NIR-triggered in situ gelation 
system based on defect-rich 2D molybdenum disulfide (MoS2) nanoassem-
blies and thiol-functionalized thermoresponsive polymer in the absence 
of a photoinitiator is introduced. Exposure to NIR radiation activates the 
dynamic polymer–nanomaterials interactions by leveraging the photothermal 
characteristics of MoS2 and intrinsic phase transition ability of the thermore-
sponsive polymer. Specifically, upon NIR exposure, MoS2 acts as a crosslink 
epicenter by connecting with multiple polymeric chains via defect-driven click 
chemistry. As a proof-of-concept, the utility of NIR-triggered in situ gelation 
is demonstrated in vitro and in vivo. Additionally, the crosslinked gel exhibits 
the potential for NIR light-responsive release of encapsulated therapeutics. 
These light-responsive biomaterials have strong potential for a range of 
biomedical applications, including artificial muscle, smart actuators, 3D/4D 
printing, regenerative medicine, and therapeutic delivery.
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and has been extensively investigated for nanoelectronic,[19] 
biosensing,[20] tissue engineering,[21] cancer therapeutics,[22] and 
energy storage devices.[23] MoS2 nanosheets have a strong NIR 
absorbance relative to graphene and thus widely investigated 
for photothermal therapy.[24,25] Also, molybdenum is thiophilic, 
while sulfur has a strong affinity toward forming disulfide 
bonds. Together, they offer facile binding centers for thiolated 
molecules. Further, the increase in atomic defects within the 
MoS2 nanoparticles can provide more active binding centers 
with thiolated polymers to form hydrogels.[26] By engineering 
the defects within the MoS2 nanosheets, it is possible to conju-
gate thiol-functionalized PNIPAm and leverage light-triggered 
phase transition to obtain in situ crosslinked hydrogels. The 
side groups of PNIPAm contain both hydrophilic CONH 
and hydrophobic CH(CH3) groups. PNIPAm hydrogels 
can transition from a swollen (hydrophilic) state to a deswollen 
(hydrophobic) state by expelling water above the lower crit-
ical solution temperature (LCST).[27,28] This phase transition 
behavior of PNIPAm arises from dynamic alterations in the 
hydrophilic/hydrophobic properties of the side groups. There-
fore, along with the increase in temperature, the hydrophobic 
interactions of MoS2 nanoparticles and PNIPAm chains are 
strengthened. In addition, MoS2 nanoparticles produce heat to 
draw the thiolated PNIPAm chains to wrap themselves under 
NIR irradiation, while the defects of MoS2 nanoparticles rapidly 
react with the thiol side groups to form covalent bonds.

2. Synthesis of Defect-Rich MoS2 Nanoparticles

Defect-rich MoS2 nanoparticles were synthesized by con-
straining the growth of lattice by altering the molar ratios of 
molybdenum and sulfur, similar to  our previous studies.[26] 
MoS2 nanosheets assemble into nanoflower structures, 
forming cocentric, well-segregated, and hierarchical nanoparti-
cles (Figure  1a). The transmission electron microscopy (TEM) 
and scanning electron microscopy (SEM) showed a typical size 
of 200–500 nm of hierarchical nanoassemblies. The diffraction 
peaks of MoS2 nanosheets (002, 100, 103, 105, and 110) agree 
with the hexagonal arrangement (2H phase) of MoS2 (JCPDS 
card No. 73-1508), indicating the high purity of synthesized 
MoS2. The photothermal effect of MoS2 nanosheets was deter-
mined by exposure to NIR light. A rapid increase (≈2 min) in 
temperature was recorded for the MoS2 solution when exposed 
to NIR (λ  =  808 nm, 1.5 W cm−2), indicating high photothermal 
characteristics of the MoS2 nanosheets. The MoS2 concentra-
tion of 10  mg mL−1 was selected due to the rapid increase in 
temperature from 25 °C to 37 °C under moderate exposure to 
NIR (see Experimental section). It is expected that the high 
surface area of nanosheets can interact with multiple thiol-
functionalized polymers to form crosslinked hydrogels via 
vacancy-driven gelation.

3. In Situ Gelation of PNAM–MoS2 Hydrogels

Earlier studies have demonstrated that MoS2 nanoparticles 
can be conjugated to thiol-activated macromolecules.[29,30] 
Here, we have designed thiol-functionalized poly(N-isopropyl 

acrylamide-co-acrylamide-co-2-mercaptoethylacrylamide) 
(PNAM) to conjugate with MoS2 nanoparticles. PNAM was 
prepared by a two-step process (Figure S1, Supporting Informa-
tion). First, PNAC hydrogels containing disulfide bonds were 
synthesized by free-radical polymerization of N-isopropyl acryla-
mide (NIPAM), acrylamide (AM), N,N’-bisacryloylcystamine 
(BAC) with a monomer ratio of 9:1:0.2, respectively. Then, the 
hydrogels were liquified by d,l-dithiothreitol (DTT), followed by 
dialysis and lyophilization to obtain PNAM. The structures of 
poly(N-isopropyl acrylamide-co-acrylamide) (PNA) and PNAM 
were confirmed by 1H NMR spectrum in deuterium oxide 
(D2O) (Figure S2, Supporting Information). The resonant peaks 
(δ (ppm) = 1.0 and 3.9) were attributed to NIPAM, while peaks 
(δ (ppm) = 2.8 and 3.5) contained additional contributions from 
2-mercaptoethylacrylamide. The thiol content (4%) was deter-
mined by the ratio of the integrated peak area (f and c), which 
agreed with the concentrations of monomers. The PNAM solu-
tion had low initial viscosity (≈3.20  Pa s) and shear-thinning 
(n  = 0.2) characteristics, which allowed easy mixing of MoS2 
nanoparticles to obtain injectable precursor solution (PNAM–
MoS2). The addition of MoS2 nanoparticles to PNAM did not 
show any change in viscosity, indicating negligible physical or 
electrostatic interactions (Figure S3, Supporting Information).

NIR light can be used to trigger the gelation of PNAM–MoS2 
by heating the precursor solution above the LCST (Figure 1b). 
The gelation mechanisms of PNAM–MoS2 were investigated 
using Raman spectra, Ellman’s assay, and X-ray photoelec-
tron spectroscopy (XPS). The Raman spectra showed the peak 
intensities of thiol deformation at 661 and 753 cm−1

, which are 
the gauche- and trans- conformers of cysteamine, respectively, 
and were subsequently reduced significantly after gelation in 
PNAM–MoS2 (Figure  1c). In addition, the thiol stretching at 
2572 cm−1 was completely disappeared in PNAM–MoS2, indi-
cating the consumption of thiol groups due to crosslinking 
between PNAM and MoS2. Ellman’s assay further confirmed 
that fewer remaining thiol groups of the PNAM polymers 
were observed with increasing the MoS2 concentrations after 
heat exposure compared to the unreacted PNAM polymers 
(Figure  1d). The majority (75%) of thiol groups could conju-
gate to the MoS2 nanoparticles (10 mg mL−1) within 10 min of 
heating. From the carbon (1s) spectra of XPS analysis, peaks at 
284.4, 285.2, 286.3, 287.6, and 288.3 eV were assigned to CC, 
CO, CN, CS, and CO bonds respectively (Figure  1e). 
Further, the CS peak intensity decreased significantly from 
crosslinked hydrogels, which corroborated with Raman spectra 
and Ellman’s assay analyses. Post gelation, a new peak appeared 
at 235.6 eV, which can be attributed to the MoSC interaction 
formed due to the chemisorption of sulfur on vacancy sites of 
the MoS2 nanoparticles. SEM and element energy dispersive 
spectroscopy (EDS) analysis indicated a porous network and 
uniform dispersion of MoS2 within PNAM–MoS2 hydrogels 
(Figure S4, Supporting Information).

4. Light/Temperature-Triggered Gelation 
Mechanism
The temperature-triggered irreversible gelation of PNAM–MoS2 
was demonstrated using temperature sweep (Figure  2a). The 
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results showed that both PNAM and PNA exhibited temper-
ature-responsive reversible sol-gel transition (LCST ≈ 39 °C) 
and rapidly formed hydrogels (≈10 Pa) at a higher temperature 
(>LCST). After mixing with MoS2, the PNA–MoS2 solution 
showed the reversibly thermally responsive gelling behavior 
that was similar to the PNA polymers alone. On the other hand, 
the PNAM–MoS2 solution showed irreversible gelling behavior, 
wherein the storage modulus rapidly increased to ≈56  kPa, 
indicating the formation of a stable and crosslinked hydrogel. 
The sharp increase of storage modulus occurred at the LCST, 
suggesting that the phase transition is essential for gelation. To 
further validate the need for the phase transition behavior of 
PNAM to form chemical crosslinking with MoS2 nanoparticles, 
poly(acrylamide-co-2-mercaptoethylacrylamide) (PAM) was first 
synthesized without adding NIPAM (Figure S5, Supporting 
Information). The PAM–MoS2 solution did not form a hydrogel 

during heating due to the loss of thermoresponsiveness. Next, 
poly(N-isopropyl acrylamide-co-2-mercaptoethylacrylamide) 
(PNM) was synthesized with a lower LCST at 33 °C (Figure S5,  
Supporting Information). The irreversible gelling behavior of 
PNM–MoS2 was similar to that of PNAM–MoS2 except that 
the storage modulus decreased first at 33 °C and then rapidly 
increased afterward due to the rapid phase transition behavior. 
The phase transition behavior of PNAM polymers occurred 
over a broader temperature range because of the higher content 
of acrylamide (AM).

The LCST and thiol content can modulate the gelling 
behavior of PNAM–MoS2. Then, we synthesized two copoly-
mers with slightly different molar ratios of AM, NIPAM, and 
BAC, which were PNAM-HL and PNAM-LT. PNAM-HL had a 
higher LCST than PNAM, in which the NIPAM to AM ratio of 
PNAM and PNAM-HL was 9:1 and 8:2, respectively. The thiol 
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Figure 1. Synthesis of defect-rich MoS2 nanoparticles and in situ gelation of PNAM–MoS2 hydrogels. a) SEM and TEM image of MoS2 nanoparticles. 
The semiconducting (2H) phase of MoS2 lattice was confirmed by the X-ray diffraction pattern. The photothermal effect of different concentrations 
of MoS2 solutions irradiated by NIR light (808 nm). A higher concentration of MoS2 solution has a higher photothermal effect evaluated by the tem-
perature increment. b) Photographs showed the formation of crosslinked hydrogels from PNAM/1% MoS2 after NIR irradiation. c) Raman spectra of 
PNAM, MoS2, and PNAM–MoS2 hydrogel. The peaks of thiol deformation at 661 and 753 cm−1, thiol stretching at 2572 cm−1 from PNAM disappeared 
in the crosslinked hydrogels due to the formation of new bonds with MoS2. d) Ellman’s assay showed the percentages of remaining thiol groups on 
the PNAM polymers after reacting with the MoS2 nanoparticles (0, 1, 5, and 10 mg mL−1) through heating. (Control: the PNAM polymers without heat 
exposure). e) XPS of carbon (1s) and molybdenum (Mo 3d) showed the reduction of thiol groups (C–S) from the PNAM polymers and the formation 
of new bonds (Mo–S–C). Statistics analysis performed using one-way ANOVA with *p < 0.0001.
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content of PNAM-LT only had roughly one-fourth of that of 
the PNAM, which was also quantified by the Ellman’s assay 
(Figure S6, Supporting Information). Therefore, while the 
PNAM-HL polymers showed a slight increase in storage mod-
ulus due to the phase transition (Figure S7, Supporting Infor-
mation), both the PNAM-HL and PNAM-LT polymers could 
not form hydrogels with the MoS2 nanoparticles even after 
10 min of heating at 40 °C (Figure 2b). Contrarily, the storage 
modulus of PNAM–MoS2 first jumped to 6.4  Pa because of 
the phase transition and then gradually increased to 13.4  Pa, 
thus indicating the slow process of MoSC bond formation. 
When the temperature returned to 25 °C, the storage modulus 
decreased at first but increased afterward due to rapid tempera-
ture change and water absorption, which was observed through 
the temperature sweep of PNM-MoS2 as well. The phase transi-
tion and thiol content of PNAM are both essential factors for 
forming hydrogels with the MoS2 nanoparticles.

To further understand the effects of temperature on the gel-
ling behavior of PNAM–MoS2, time sweep was performed at 
three different temperatures (25, 37, and 40 °C) (Figure  2c). 
The PNAM–MoS2 solution could not form a hydrogel when 
the temperature was below the LCST. When the temperature 
was above the LCST, two-stage gelation of PNAM–MoS2 solu-
tions was observed. The first stage corresponded to the phase 
transition of polymer above LCST, and the second stage corre-
sponded to covalent crosslinking between polymers and nano-
particles. The concentrations of MoS2 also affect the gelation of 
PNAM–MoS2 (Figure 2d). The gelation behavior of the PNAM–
MoS2 hydrogels loaded with 1, 0.5, and 0.25% MoS2 showed 
that increasing the concentration of MoS2 would increase the 
mechanical stability of the hydrogels. To demonstrate that NIR 
light (λ  =  808 nm, 1.5 W cm−2) can be used to trigger the gela-
tion, the time-sweep of PNAM–MoS2 solution was performed. 
Under NIR exposure, the storage modulus of PNAM–MoS2 
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Figure 2. Light- and temperature-triggered gelation of PNAM–MoS2 hydrogels. a) Temperature sweep of the rheological analysis showed the reversible 
sol–gel transition of PNA, PNAM, and PNA–MoS2, and the irreversible sol–gel transition of PNAM–MoS2. (Black arrow: heating; white arrow: cooling). 
b) Setting temperature at 40 °C on the time sweep of rheological analysis for 10 min to investigate the effects of LCST and thiol content. c) The tem-
perature effects on the gelation of the PNAM–MoS2 hydrogels. d) The concentration effects of MoS2 on the gelation of the PNAM–MoS2 hydrogels. e) 
NIR light can trigger the gelation of the PNAM–MoS2 hydrogels. f) Size changes in the MoS2 nanoparticles, PNAM–MoS2, and PNA–MoS2 nanocom-
posites during the temperature sweep of DLS analysis. (Black arrow: heating; white arrow: cooling). g) Size changes in the PNAM–MoS2 and PNA–
MoS2 nanocomposites at 40 °C. h) Photographs and TEM images of the PNAM–MoS2 nanocomposites before and after heating at 40 °C for 10 min.
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increased to 102  Pa in 10 min (Figure  2e). Overall, this study 
demonstrates that the MoS2 nanoparticles can be used as 
crosslinking agents to chemically conjugate with the PNAM as 
well as photothermal agents to trigger the phase transition of 
the PNAM. To the best of our knowledge, this is the first report 
on NIR-triggered self-assembled hydrogels. We also observed 
that other NIR-responsive nanomaterials such as graphene 
oxide (GO) cannot be used to mimic the dual function of MoS2 
(chemosorption of thiol and photothermal agent) and cannot 
results in the formation of covalently crosslinked hydrogels 
when mixed with PNAM (Figure S8, Supporting Information).

Further, dynamic light scattering (DLS) was used to under-
stand the gelation and self-assembly mechanisms of the 
PNAM–MoS2 hydrogels. Dilute solution of MoS2, PNA–MoS2, 
and PNAM–MoS2 was used to investigate the self-assembly pro-
cess by monitoring hydrodynamic diameter (Dh) via the temper-
ature sweep (25 °C to 49 °C) of DLS measurement (Figure 2f). 
The sizes of MoS2 nanoparticles remained constant at different 
temperatures (Dh ≈ 270 nm). The addition of PNA and PNAM 
to MoS2 resulted in a significant increase in hydrodynamic 
diameter to around 480  nm (25 °C). After heating to 49 °C, 
the size of PNA–MoS2 increased to 1100 nm, due to the hydro-
phobic collapse. Contrarily, the size of PNAM–MoS2 increased 
slightly to 530  nm at 49 °C, but cooling down the solution 
resulted in a significant increase in size (Dh  ≈ 1000  nm). It 
was hypothesized that while heating, the collapsed polymer 
chains of PNAM would aggregate with the MoS2 nanoparticles. 
Thus, the reaction rate of the chemisorption between the MoS2 
defects and thiol groups of the polymers was enhanced owing 
to the physical entanglement of the polymer chains and nano-
particles. Interestingly, the sizes of the PNAM–MoS2 nanocom-
posites continued growing when the temperature was main-
tained at 40 °C for 10 min (Figure 2g). TEM was used to capture 
the interaction between PNAM and MoS2 before and after the 
heating cycle (Figure  2h). The unreacted MoS2 nanoparticles 
were found in samples before the heating, while a thick con-
tinuous nanocomposite sheet was observed after being heating. 
Overall, these studies confirmed that the heating process could 
trigger the aggregation and chemisorption of PNAM–MoS2 by 
squeezing water out via the hydrophobic collapse. After cooling, 
the water was absorbed back to the PNAM–MoS2 crosslinked 
networks forming stable hydrogels.

5. In Situ Hydrogel Gelation

Light-triggered in situ gelling hydrogels can be used for var-
ious biomedical applications, including 3D printing and drug 
delivery. The precursor solution (PNAM–MoS2) was printed 
into a supporting bath and formed hydrogel scaffolds by 
exposure to light (λ  = 600–1000  nm (250 W), distance 15  cm) 
(Figure  3a). To further demonstrate the in situ gelation, the 
PNAM–MoS2 solution was injected into mouse muscle and 
irradiated with the NIR light (Figure  3b). A stable hydrogel 
was formed after 10 minutes of irradiation. After seven days of 
implantation, explant showed a clear presence of the hydrogel 
without undergoing any significant degradation (Figure  3c). 
The area around the hydrogel shows no sign of any degradation 
product or released MoS2, which is indicative of the stability of 

the hydrogel. H&E staining of the explant revealed a steady and 
consistent cell growth around the hydrogel. The fibrous cap-
sule thickness is maintained at an average of 60 µm, which is 
comparable to similar synthetic polymer nanocomposites.[31,32] 
Earlier studies have shown high cytocompatibility of MoS2 with 
human stem cells,[22] which is supported by in vitro toxicity 
evaluation of PNAM–MoS2 hydrogels (Figure S9, Supporting 
Information). Based on our in vitro and in vivo studies, PNAM–
MoS2 is safe for application as an implantable biomaterial.

6. Facilitate Drug Delivery via NIR Exposure

In situ gelling hydrogels are often used as drug reservoirs for 
localized drug delivery.[9,11] The MoS2 nanoparticles embedded 
within a hydrogel network can serve as drug carriers via π–π 
stacking interactions with doxorubicin (Dox). To assess this 
ability of the current material, 1  mg mL−1 Dox was mixed 
with 10  mg mL−1 MoS2 nanoparticles overnight, which gave 
a high drug loading efficiency (89 ± 1%). The NIR exposure 
(1.5 W cm−2, 10 min) to PNAM–MoS2 hydrogel resulted in a sig-
nificant increase in the temperature of hydrogels (from 25 °C to 
41.6 °C within 10 min) (Figure S10, Supporting Information). 
When the PNAM–MoS2 hydrogels are embedded in tumors, 
NIR can penetrate the skin to reach the tumors, causing the 
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Figure 3. In situ gelation in vitro and in vivo. a) In vitro gelation of 
PNAM–MoS2 hydrogels upon NIR exposure. b) The precursor solutions 
form hydrogels upon NIR irradiation after being injected into the tissue 
beneath the skin of mice. c) Histological images of the PNAM–MoS2 
hydrogels.
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shrinking of the hydrogels and facilitating drug delivery because 
of the photothermal effect (Figure 4a). This ability is very ben-
eficial for the remotely controlled drug delivery schemes due to 
the photothermal responsive effect of the material. The release 
of Dox upon NIR exposure was attributed to the shape defor-
mation due to phase transition, as well as the disruption of π–π 
stacking between Dox and MoS2 (Figure 4b and Figure S14, Sup-
porting Information). The bioactivity of released Dox was evalu-
ated using breast cancer cell line (MCF-7), and the cell viability 
studied by flow cytometry suggested that the anti-tumor activi-
ties were proportional to the released Dox concentrations. The 
PNAM–MoS2 hydrogels without Dox (Gel) showed high cell 
viability, which was reduced in Dox (20%) and Dox–NIR groups 
(5%) (Figure  4c). NIR exposure also resulted in the release of 
Dox from the PNAM–MoS2 hydrogels and significantly affected 
the viability and cell adhesion. The SEM and live/dead staining 
indicated cells readily adhered to the PNAM–MoS2 hydrogels 
(Figure 4d,e). However, the eluted DOX inhibited cell adhesion 
and the photothermal effect of MoS2 further ablated the cells 
adhered to the PNAM–MoS2 hydrogels.

In this current study, we reported a new class of light-
responsive in situ gelation system based on the dynamic 
interactions of MoS2 nanoparticles and thiol-functionalized 
thermoresponsive polymers. When low viscosity precursor 
solution (MoS2 nanoparticles and thermoresponsive polymer) 
was exposed to NIR light, chemical conjugation and physical 
absorption between polymers and nanoparticles resulted in the 

formation of mechanically crosslinked hydrogels. To the best 
of our knowledge, these results are the first instance where NIR 
light is used to initiate the gelation of self-assembled hydrogels 
without requiring additional reagents. The in situ gelling MoS2 
hydrogel was demonstrated in vitro and in vivo upon exposure 
to NIR light. Further, the MoS2 nanoparticles embedded within 
the hydrogel network were used as drug carriers. NIR light con-
trolled the responsive delivery of encapsulated drugs via the 
photothermal effect. The unique in situ gelling behavior of the 
nanocomposite hydrogels has strong potential for a range of 
biomedical applications, including phototherapy, 3D printing, 
and therapeutic delivery.

7. Experimental Section
Materials and Synthesis: Hexa-ammonium heptamolybdate 

tetrahydrate, (NH4)6·Mo7O24·4H2O and thiourea, NH2CSNH (produced 
from Alfa Aesar) were used to synthesize defect-rich MoS2 nanoflowers 
according to the method reported in  our previous paper.[26] Poly(N-
isopropyl acrylamide-co-acrylamide-co-N,N′-bisacryloylcystamine) 
(PNAC) hydrogels were synthesized first to produce poly(N-isopropyl 
acrylamide-co-acrylamide-co-2-mercaptoethylacrylamide) (PNAM) 
copolymer later by reductive liquefaction. In brief, the monomer solution 
with the mole ratio of N-isopropyl acrylamide (NIPAM), acrylamide 
(AM), and N,N′-bisacryloylcystamine (BAC) was designed at 9:1:0.2. 
For instance, 0.052  g BAC was first dissolved in 70% ethanol and 
added into the aqueous solution of 1.017  g NIPAM and 0.0071  g AM. 
Then, 300 µL of N, N, N′, N′-tetramethylethylenediamine (TEMED) was 
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Figure 4. Facilitate drug delivery via NIR exposure. a) Schematic of light- or temperature-triggered drug release of the PNAM–MoS2 network. Thermal 
imaging of the PNAM–MoS2 hydrogel irradiated by a NIR laser. Shape change of the PNAM–MoS2 hydrogel when the temperature goes above the 
LCST of PNAM. b) NIR-triggered drug release for three cycles with 10 min of NIR irradiation for one cycle. c) The effect of the combinatorial chemo-
photothermal therapy on the cell viability of MCF-7 cells was investigated by flow cytometry (Control: media; NIR: NIR exposure to cells alone, Gel: 
PNAM–MoS2 hydrogels without Dox). d) Representative images of SEM and live/dead imaging (live: green; dead: red) (Control: PNAM–MoS2 hydro-
gels without DOX). e) Quantification of cell area on the SEM samples. Statistics analysis performed using one-way ANOVA with *p < 0.05, **p < 0.01, 
***p < 0.001.
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added to the mixture with nitrogen bubbling for 30 min to remove any 
dissolved oxygen. The polymerization was initiated by adding 600 µL of 
freshly prepared 10% w/v ammonium persulfate and allowed to proceed 
overnight at room temperature. The resulting hydrogels were placed into 
1 L deionized water to remove unreacted monomers for 2 d. 0.616 g of 
d,l-dithiothreitol (DTT) was then added to reduce the disulfide bonds 
of PNAC hydrogels with nitrogen bubbling for 4 hours. The resulting 
solutions were dialyzed against deionized water at pH = 4 to prevent 
the oxidation of thiol. Finally, free drying was applied to obtain PNAM 
copolymers. Poly(N-isopropyl acrylamide-co-acrylamide) (PNA), 
poly(acrylamide-co-2-mercaptoethylacrylamide) (PAM), and poly(N-
isopropyl acrylamide-co-2-mercaptoethylacrylamide) (PNM) were 
synthesized by the same method but with varying concentrations of 
monomers. The precursor solutions of PNAM–MoS2 hydrogels consist 
of 1 wt% of the MoS2 nanoflowers and 3 wt% of the PNAM copolymers. 
The precursor solutions were then injected into molds that further were 
put into a water bath at 40 °C. For photothermally triggered gelation, the 
precursor solutions were placed under a near-infrared light lamp with a 
wavelength range of 600–1000 nm (250 W) at a distance of 15 cm.

Materials Characterizations: For transmission electron microscopy 
(TEM) images, JEOL 1200 operated at 200  KeV was used. The MoS2 
nanoflowers, the precursor solution of PNAM–MoS2, and the debris of 
PNAM–MoS2 hydrogel were drop-casted and air-dried on a copper grid 
(purchased from Ted Pella Inc.) For scanning electron microscopy (SEM) 
images, FEI Quanta 600 field SEM was used. The MoS2 nanoflowers 
were spin-coated on a silicon wafer and sputtered with 10  nm Pt 
coating to enhance surface conductivity. An energy-dispersive X-ray 
spectroscopy (EDS) detector was used to obtain elemental mapping 
to confirm the presence of molybdenum, sulfur, oxygen, and nitrogen 
in the gel samples. The crystallographic phase of MoS2 nanoflowers 
was confirmed by X-ray powder diffraction (Bruker D8 advanced) using 
copper source (wavelength ≈ 1.54 Å). The data were recorded from 5° to 
80°, and obtained peaks were indexed using JCPDS card No. 73-1058. 
The nuclear magnetic resonance (NMR) spectra of the PNA and PNAM 
copolymers were measured in D2O on AVANCE NEO 400. Raman 
spectra (LabRam HR confocal Raman microscope, Horiba Inc. Japan) 
were used to confirm the phase composition of the nanoflowers as well 
as their chemical conjugation to the PNAM copolymers. The percentages 
of remaining thiol content present in the PNAM polymers after reacting 
with the MoS2 nanoparticles were determined using Ellman’s reagent. 
Briefly, 50  µL of unheated 3% PNAM and heated 3% PNAM with 
0, 0.1, 0.5, and 1% MoS2 were added to a mixture of 50  µL of 0.01 m 
Ellman’s reagent (in 0.1 m phosphate buffer, pH 8.0), 500  µL of 0.1 m 
phosphate buffer (pH 8) and 450 µL of distilled water. The absorbance 
(Plate Reader Tecan Infinite M200 Pro) of the resulting solutions at 
412 nm was read 15 min after mixing. X-ray photoelectron spectroscopy 
(XPS) (Omicron XPS system with Argus detector) was further used to 
confirm the bonding formation between the PNAM copolymers and 
nanoflowers. The binding energies (B.E.) for Mo (3d) and C (1s) for 
the MoS2 powders and PNAM–MoS2 hydrogels were recorded. The 
gelation kinetics, viscoelastic properties, and temperature/time sweeps 
of the precursor solutions and hydrogel samples were analyzed using an 
oscillatory stress-controlled rheometer (Anton Paar MCR 301) equipped 
with 1 cm diameter geometry and 2.5 mm gap. The particle sizes of the 
PNAM–MoS2 nanocomposites and MoS2 nanoflowers were analyzed 
through dynamic light scattering (Malvern Zetasizer Nano ZS) equipped 
with an internal heater. The photothermal effects of MoS2 nanoflowers 
and hydrogels were monitored by a NIR camera and digital thermometer 
(Total-Range Digital Thermometer, VWR, USA).

Embedded Printing: The 3D printing was done on a modified Anet 
A8 printer with a screw extruder-based printing head. The designs were 
generated in Solidworks 2019 and converted to STL files. The STL files 
were sliced and converted into G-code using Slic3r software. Other 
printing parameters were changed via Slic3r software. Repetier Host 
v.2.1.1 was used as a user interface for controlling the 3D printer. 4% w/v 
Laponite XLG in DI water (Laponite is a trademark of the company BYK 
Additives Ltd.) was used as a support bath after exfoliating it for 24 h. 
The travel speed and volumetric flow rate were controlled via Sli3r. A flat 

tip 22 gauge metal needle was used for the 3D printing process. The 3D 
printed constructs were cured by shining NIR light. The 3D constructs 
were extracted after diluting the support bath with PBS and using a plate 
shaker for 30 min.

In Vivo In Situ Gelation Study: The protocol for the animal 
experiments was approved by the institutional committee for animal 
use and care regulations at Texas A&M University (AUP 2019-0263). To 
demonstrate in situ gelation, the PNAM–MoS2 precursor solution was 
injected into the right flank of the female mice via a 22 gauge syringe. 
Then, a commercial NIR lamp (RubyLux, Lorton, VA, USA) was used to 
shine NIR light with a wavelength range of 600–1000 nm (250 W) at a 
distance of 15 cm on the injected sites of the mice for 10 min. On day 
7, explants containing hydrogel were surgically extracted from the dorsal 
pockets and immediately washed with 1× sterile PBS. The explants were 
then individually fixed in freshly prepared 4% paraformaldehyde for 3 h 
and transferred to 70% ethanol for transport. The fixed explanted tissue 
groups were sent to the Histology Research Unit at Texas A&M University 
for sectioning. Tissue samples were sectioned into 15 µm thick sections 
for histological analysis. Tissue sections were deparaffinized using 
xylene and serially rehydrated using 100%, 95%, 80%, and 70% ethanol. 
Slides for each group were then incubated in hematoxylin and washed 
under tap water. The slides were placed in Scott’s bluing solution till 
blue stain was prominent and immediately incubated in eosin. Excess 
eosin was washed off the slides. Slides were then serially dehydrated 
using ethanol and mounted with Permount mounting media. Coverslips 
were used to cover the mounted, stained sections and imaged using the 
automated Lionheart LX.

In Vitro Assay: Dox (1 mg mL−1) was mixed with MoS2 (10 mg mL−1) 
for drug loading. Dox concentrations were determined by measuring 
the absorbance at 490 nm. NIR light (1.5 W cm−2) was used to generate 
heat and facilitate drug release either in PBS or cell culture media. 
Breast cancer cells (MCF-7, ATCC, USA) were cultured in normal 
growth media (DMEN, Gibco, USA), supplemented with 10% FBS (Life 
Technologies, USA) and 1% penicillin/streptomycin (100 U/100 µg mL−1; 
Life Technologies, USA) at 37 °C with 5% CO2. Metabolic activity or cell 
viability was measured using MTT assay. Briefly, cell cultured in a 96-well 
plate were treated with the drugs released in different conditions (37 °C, 
50 °C, and reducing environment (10 × 10−3 m DTT)), washed with PBS 
after 24 h, and cultured in new media with MTT reagent. Newly formed 
formazan crystals were dissolved in DMSO, and then the absorbance of 
the resulting solutions was measured at 540  nm. For cell morphology 
observation, cells were seeded on the hydrogels for 24 h, washed 
them with PBS, fixed with 2% glutaraldehyde, and dehydrated with 
a gradient of ethanol solutions from 30% to 100%. The samples were 
further imaged by SEM. For live/dead staining, cells cocultured with 
the hydrogels were stained with calcein AM and ethidium homodimer 
(Santa Cruz Biotechnology, Inc., USA). The samples were washed with 
PBS thrice and imaged using an epifluorescence microscopy (TE2000-S, 
Nikon, USA). The live/dead staining was quantified using flow cytometry. 
Cells were cocultured with the hydrogels and the stained with calcein AM 
and ethidium homodimer . These cells were analyzed using BD Accuri 
C6, where cell populations were initially gated based on forward scatter/
side scatter profiles, with subsequent gating placed on fluorescent signal 
plots to quantify cell viability. All in vitro assays were performed in a 
sample size of four.
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