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Tunable swelling and deswelling of temperature- and light-

responsive graphene oxide-poly(N-isopropylacrylamide) 

composite hydrogels

Minghao Lia and Jinhye Bae*a,b,c 

Tunable swelling and deswelling behaviors of graphene 

oxide-poly(N-isopropylacrylamide) (GO-PNIPAM) 

composite hydrogels are demonstrated by controlling the 

internal microstructures and the rate of external 

temperature change. The different internal microstructures 

of GO-PNIPAM composite hydrogels as a function of 

concentrations of GO and chemical crosslinker explain their 

different swelling and deswelling ratios. Furthermore, the 

light-driven shape deformation of GO-PNIPAM is 

demonstrated by utilizing the photothermal property of 

GO. This approach offers promise for light and 

temperature-responsive actuators and sensors, and 

biomedical applications. 

Stimuli-responsive hydrogels have three-dimensional elastic 

networks composed of cross-linked hydrophilic polymer chains 

which can absorb a large amount of water, and undergo 

significant volume or other physiochemical properties changes 

in response to various external stimuli such as temperature,1 

pH,2 electric field,3 light4, 5 and chemicals.6, 7 The stimuli-

responsive systems have provided promising applications in 

biosensors,8 smart actuators,9 and biomimetic systems.10, 11 

Among various stimuli-responsive hydrogels, crosslinked 

poly(N-isopropylacrylamide) (PNIPAM) is one of the well-

known temperature-responsive materials, exhibiting a low 

critical solution temperature (LCST) in a range from 30 to 50 

°C that could be adjusted by the molecular weight and end 

group polarity.12-14 When the temperature is above LCST, 

PNIPAM hydrogels undergo a reversible hydrophilic-to-

hydrophobic property change as a result of the transition from 

the hydrated (i.e., swelled) state to dehydrated (i.e., deswelled) 

state.15 Although PNIPAM hydrogels have been heavily 

studied, there are still a couple of remaining limitations 

including the relatively slow kinetics of their shape morphing 

and their low mechanical toughness.16-18 Programming multiple 

shape changes as well as overcoming these limitations are 

critical for exploring practical applications of the PNIPAM 

hydrogel systems. Hence, photothermal materials (e.g., gold 

nanoparticles,19 carbon nanotubes,20 iron oxide (Fe3O4) 

nanoparticles21 and graphene oxide sheets (GO)22) have drawn 

great attention as an additive since they are able to achieve the 

shape reconfiguration on a relatively fast time scale,16, 23 the 

additive-enhanced toughness24, 25 and the triggering of shape 

deformations by local light irradiation.25 Specifically, 

photothermal materials embedded in a temperature-responsive 

hydrogel network (i.e., a photothermal composite hydrogel) 

have the capability to absorb light and generate heat. Thereby, 

such heat induces the temperature rise (> LCST) in the 

thermally responsive hydrogel networks and triggers their 

volume changes.26 Photothermal composite hydrogels offer 

promising potential in various applications where fast or 

controllable response kinetics is necessary such as drug delivery 

system,27 smart microvalves,26 switches,28 and grippers.29 

Among the various photothermal materials, GO provides 

unique aspects compared to other nano and microparticles 

because GO is a two-dimensional (2D) single-atomic carbon 

thin sheet, thus has a high area-to-edge ratio with a lateral size 

of ~0.1 � 10 µm and a thickness of 1 nm.30 Moreover, it has 

cytotoxicity and amphiphilicity.31-34 This amphiphilicity of GO 

is derived since the basal plane of GO is more hydrophobic due 

to the ?	���3������� domains,35 whereas the edge of GO is 

more hydrophilic owing to polar oxygen functional groups.30 

Due to these unique features, GO has been utilized as a 

functional additive in PNIPAM hydrogels. For example, the 

GO-PNIPAM composite system has been demonstrated as 

switchable glazing by absorbing sunlight for adaptive solar 

control windows,36 controllable and reversible shape variations 

under near-infrared (NIR) light exposure,25, 37 and a 

reinforcement additive to enhance the mechanical properties of 

PNIPAM hydrogels.24 The excellent stability of GO additives in 

PNIPAM hydrogels is due to the interactions with PNIPAM 

networks. Specifically, PNIPAM chains and GO can be 
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Figure. 2. Linear swelling ratio <s for GO-PNIPAM composite hydrogels 

when (a) external temperature decreasing gradually with 2 °C/hour from 

49 to 23 °C; and (b) external temperature decreasing abruptly from 49 to 

23 °C. Linear deswelling ratio <d for GO-PNIPAM composite hydrogels 

when (c) external temperature increasing abruptly from 23 to 49 °C; and 

(d) external temperature increasing gradually with 2 °C/hour from 23 to 

49 °C.

ba

c d

designated as �GO(x)-PNIPAM(y)�, where �x� represents the 

concentration of GO (mg mL-1), �y� indicates the percentage 

molar ratio of BIS to NIPAM (%) in a batch solution (Table 

S1�). For example, GO(2.5)-PNIPAM(1) was prepared by a 

batch solution containing GO with a concentration of 2.5 mg 

mL-1 and a molar ratio of BIS to NIPAM equivalent to 1%. The 

temperature range between 23 to 49 °C for swelling/deswelling 

tests was determined by linear swelling ratio *M, curve of GO-

PNIPAM as a function of temperature (Fig. S1�). This curve 

exhibited the difference of M at 49 °C and 61 °C is less than 1%. 

Optical microscopy (Nikon, Eclipse LV100N POL) was used to 

measure the sample size upon abrupt temperature change (i.e., 

fast heating rate), the hydrogel disks swelled in water at 23 °C 

and were immediately transferred into 49 °C water. Their sizes 

were measured after 1-hour immersion at 49 °C and 24-hour 

immersion at 23 °C. For gradual temperature change (i.e., slow 

heating rate), the sample size was measured in the range from 

23 to 49 °C with increasing/decreasing of 2 °Cover 15 min and 

subsequently holding 1-hour for stabilization. 

Both BIS and GO concentrations affect Ms of the GO-PNIPAM 

composite hydrogels (Table S2�). Ms of samples with the fixed 

GO concentration decreases as BIS molar ratio (y) increases 

from 0.25 to 2 mol%. It indicates that increasing the degree of 

chemical crosslinking suppresses the swelling of the hydrogels. 

Similarly, Ms of the GO-PNIPAM decreases overall when GO 

loading (x) increases from 0 to 2.5 mg mL-1 at the fixed BIS 

concentration. This trend reveals that GO can serve a similar 

role as the BIS crosslinker due to the presence of hydrogen 

bonding and covalent interactions between GO and PNIPAM 

chains.24, 38 For composite hydrogels with 6.2 mg mL-1 GO 

loading, they exhibit an average of ~ 3 % increasing of Ms than 

GO(2.5)-PNIPAM composite hydrogels while Ms decreases an 

average of ~ 10 % when GO concentration increases from 0 to 

2.5 mg mL-1. Since the spacing between GO sheets tends to 

decrease at relatively high GO loading (i.e., 6.2 mg mL-1), there 

is a higher probability to form hydrogen bonding and 

intermolecular interaction between GO and GO.42-44 We 

hypothesize when GO concentration increases from 2.5 to 6.2 

mg mL-1, the effective number of physical crosslinking (i.e., 

hydrogen bonding) between GO and PNIPAM networks is 

lowered due to the increasing probability of GO-GO 

interactions, thus, resulting in the increment of Ms. Swelling by 

gradual (Fig. 2a) and abrupt cooling (Fig. 2b) leads to similar 

values of Ms for the GO-PNIPAM composite hydrogels. This 

means that Ms is mostly affected by the final temperature rather 

than the rate of cooling. Swelling by gradual (Fig. 2a) and 

abrupt cooling (Fig. 2b) leads to similar values of Ms for the GO-

PNIPAM composite hydrogels. This means that Ms is mostly 

affected by the final temperature rather than the rate of cooling. 

Next, we investigated the deswelling behaviors of GO-

PNIPAM composite hydrogels. PNIPAM with 0 and 0.25 mg 

mL-1 GO show relatively a larger Md (i.e., a lesser degree of 

deswelling) upon abrupt heating compared to PNIPAM with 2.5 

and 6.2 mg mL-1 GO concentrations (Fig. 2c). Specifically, 

GO(0)-PNIPAM(1) *Md = 1.14) and GO(0.25)-PNIPAM(1) *Md 

= 1.13) exhibit much less deswelling than GO(2.5)-PNIPAM(1) 

*Md = 0.65) and GO(6.2)-PNIPAM(1) *Md = 0.62) under abrupt 

heating from 23 °C to 49 °C. We suspect this unique deswelling 

behavior *Md > 1) to arise from the different timescales between 

heat and water diffusions. The characteristic thermal diffusivity 

of the hydrogels is ~10-7 m2 s-1,45 and the poroelastic diffusion 

constant for PNIPAM hydrogels is ~10-11 m2 s-1.18, 46 Regarding 

a 1 mm thick hydrogel disk, the theoretical timescale for 

thermal diffusion should be ~4 seconds, whereas the poroelastic 

timescale could be ~27 hours for swelling/deswelling. 

Therefore, we hypothesize that the higher Md of hydrogels is 

possibly caused by the formation of a dense outermost layer of 

collapsed PNIPAM networks at the initial stage of deswelling 

due to the abrupt temperature change to 49 °C. The formation 

of the dense outermost layer could effectively suppress the 

outward water flux from the hydrogel.47-50 Although the 

theoretical equilibrium time for hydrogel swelling/deswelling is 

in the order of 10 hours, we experimentally tested the required 

time period to reach the equilibrium swelling/deswelling state. 

We determined the required immersion time to measure Ms at 23 

°C and Md at 49 °C are 24 and 1 hour, respectively. Note that the 

observed difference in Md after 1- and 6-hour immersions at 49 

°C was less than 3 %. 

We next explored the deswelling behaviors of GO-PNIPAM 

composite hydrogels under gradual heating (Table S2�). 

Interestingly, the PNIPAM with 0 and 0.25 mg mL-1 GO were 

significantly deswelled thus measured Md decreases more than 

20 % relative to Md by abrupt heating, whereas the PNIPAM 

with 2.5 and 6.2 mg mL-1 GO exhibited less than 7 % difference 

in Md between abrupt and gradual heating processes (Fig. 2d). 

These results imply that the relatively higher GO loading within 

the PNIPAM networks could significantly slow down or even 

may prevent the formation of dense outermost layer by 

collapsing hydrogel networks upon deswelling. Thereby, water 
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similar pore size (6.6 ± 3.4 µm in diameter) to the sample in the 

swelled state. Such microstructural differences between near the 

surface and the center of the deswelled GO-PNIPAM explains 

the unusual deswelling behaviors (i.e., Md > 1). On the other 

hand, the deswelled GO(6.2)-PNIPAM(2) (Fig. 3f) reveals the 

similarity in porous microstructure between near the surface 

(2.4 ± 1.3 µm in diameter) and the center of the sample (2.1 ± 

1.3 µm in diameter). Therefore, we verified that the high 

loading concentration of GO led to form more uniform porous 

structures throughout the sample, and prevented to form the 

dense outermost layer. Further, it reasonably explains much 

greater degree of deswelling of GO(6.2)-PNIPAM(2) (i.e., Md = 

0.61) as opposed to GO(0.25)-PNIPAM(2) (i.e., Md = 1.03). To 

further characterize the surface topologies of deswelled GO-

PNIPAM, OM and AFM images of the deswelled and freeze-

dried samples were observed. These results also prove the 

different surface topologies between GO(0.25)-PNIPAM(2) and 

GO(6.2)-PNIPAM(2) at the deswelled state (Fig S5�). The OM 

images show a smooth surface of GO(0.25)-PNIPAM(2) and a 

porous surface texture of GO(6.2)-PNIPAM(2). The AFM 

height profile of GO(6.2)-PNIPAM(2) exhibits a much greater 

surface height different (1.47 Q�, with a steeper cross-sectional 

profile compared to GO(0.25)-PNIPAM(2).

We next visually demonstrated how the formation of a dense 

polymer outermost layer affects deswelling of GO(0.25)-

PNIPAM(1) (i.e., Md = 1.13) and GO(2.5)-PNIPAM(1) (i.e., Md 

= 0.65) at 49 °C as a function of time after abrupt heating (Fig. 

4). Samples for each composition were fully swelled in 

deionized water for 72 hours at 23 °C to reach the equilibrium 

state. Then they were biopsy-punched into a thin disk shape 

with a diameter of 10 mm and a thickness of 1 mm. Within 1 

min at 49 °C, both sample disks change from transparent to 

opaque, thus reach the cloud point of PNIPAM hydrogels52 

before shrinking the disks. After 1 min at 49 °C, GO(2.5)-

PNIPAM(1) disk continues to shrink up to 10 min and 

stabilizes in size, whereas GO(0.25)-PNIPAM(1) disk almost 

preserves its swelled size while maintaining the opaque color. 

Both composite hydrogel disks can return to original size and 

color after reswelling in water at 23 °C for 60 min. This 

observation proves that the formation of the dense and 

collapsed polymer outermost layer of GO-PNIPAM disks are 

reversible. Also, the observed deswelling ratios agree with the 

values shown in Fig. 2c upon abrupt heating. Such controllable 

composition-dependent deswelling behaviors offer 

opportunities for the precise control of transport and release of 

functional compounds as well as of shape morphing systems. 

To explore the photothermal effect of GO, we characterized the 

light-responsive properties of GO-PNIPAM composite 

hydrogels by illuminating UV light (365 nm). GO-PNIPAM 

thin sheets were prepared in 7.5 cm  0.5 cm size with 1 mm  ×

thickness. UV/vis spectroscopy was used to measure the light 

absorbances as a function of the wavelength of the GO-

PNIPAM composite hydrogel, PNIPAM hydrogel, GO solution 

and NIPAM-BIS solution (Fig. S6�). The GO-PNIPAM 

composite hydrogel showed a similar UV absorbance peak near 

350 nm compared with the aqueous GO solution. Thereby, GO-

PNIPAM composite hydrogels can provide a similar 
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through PNIPAM hydrogels resulted in the formation of 

the dense and collapsed polymer outermost layer of GO-

PNIPAM composite hydrogels, thereby the deswelled 

sample exhibits no noticeable shrinkage in size (i.e., Md > 1). 

However, the high loading concentration of GO (> 2.5 mg 

mL-1) effectively prevents the formation of such dense 

outermost layer upon abrupt heating, allowing water to be 

expelled from the sample while deswelling. Since the 

photothermal property of GO is well preserved in GO-PNIPAM 

composite hydrogel systems, UV irradiation can lead to the 

deswelling, thus actuate the shape deformation of GO-PNIPAM 

thin sheets. We anticipate that this tunable swelling and 

deswelling of stimuli-responsive composite hydrogels will be 

useful for programming the transport and release of functional 

compounds and shape deformation as well as for applications in 

multiple stimuli-responsive actuators, sensors, biomedical 

devices, and biomimetic systems.
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