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Abstract
Hydrogels with temperature-responsive capabilities are increasingly utilized and 
researched owing to their prospective applications in the biomedical field. In 
this work, we developed thermosensitive poly-N-acryloyl glycinamide (PNAGA) 
hydrogels-based microrobots by using the advanced two-photon polymerization 
printing technology. N-acryloyl glycinamide (NAGA) concentration-dependent 
thermosensitive performance was presented and the underlying mechanism behind 
was discussed. Fast swelling behavior was achieved by PNAGA-100 at 45°C with a 
growth rate of 22.5%, which is the highest value among these PNAGA hydrogels. 
In addition, a drug release test of PNAGA-100-based thermosensitive hydrogels was 
conducted. Our microrobots demonstrate higher drug release amount at 45°C (close 
to body temperature) than at 25°C, indicating their great potential to be utilized in 
drug delivery in the human body. Furthermore, PNAGA-100-based thermosensitive 
microrobots are able to swim along the route as designed under the magnetic 
actuator after incubating with Fe@ZIF-8 crystals. Our biocompatible thermosensitive 
magnetic microrobots open up new options for biomedical applications and 
our work provides a robust pathway to the development of high-performance 
thermosensitive hydrogel-based microrobots. 

Keywords: 3D printing; PNAGA thermosensitive hydrogel; Swelling; Drug release; 
Magnetic microrobot 

1. Introduction 
Recent years have witnessed increasing interest in developing hydrogels because of their 
good mechanical properties, hydrophilicity, and biocompatibility[1-7]. Temperature-
responsive hydrogels, which can autonomously change physical and/or chemical 
properties when temperature changes, are the research frontier of advanced functional 
materials science[8-11]. A series of temperature-responsive thermosensitive hydrogels 
have been reported in recent years[12-14]. Poly(n-isopropylacrylamide) (pNIPAM) is one 
of the prime examples with a low critical solution temperature (LCST) value close to 
human body temperature and exhibits obvious shrinkage properties around an LCST 
of ~32°C. pNIPAM has been widely used in many fields, such as drug delivery, tissue 
regeneration and artificial muscles[15-19].

*Corresponding author:  
Xiaopu Wang  
(wangxiaopu@cuhk.edu.cn)

Citation: Zhou Y, Ye M, Zhao H, 
et al., 2023, 3D-printed PNAGA 
thermosensitive hydrogel-based 
microrobots: An effective cancer 
therapy by temperature-triggered 
drug release. Int J Bioprint, 9(3): 
709.
https://doi.org/10.18063/ijb.709

Received: November 8, 2022
Accepted: December 22, 2022
Published Online: March 15, 2023

Copyright: © 2023 Author(s). 
This is an Open Access article 
distributed under the terms of the 
Creative Commons Attribution 
License, permitting distribution 
and reproduction in any medium, 
provided the original work is 
properly cited.

Publisher’s Note: Whioce 
Publishing remains neutral with 
regard to jurisdictional claims in 
published maps and institutional 
affiliations.

https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


International Journal of Bioprinting 3D-printed thermosensitive hydrogel based microrobots

Volume 9 Issue 3 (2023) https://doi.org/10.18063/ijb.709273

In recent decades, scientists have devoted themselves 
to the development of thermosensitive hydrogels that 
exhibit swelling properties at temperatures close to the 
human body. Due to the lack of preparation technology 
and theoretical support[20-22], so far, only a few hydrogels 
with rapid swelling performance near body temperature 
have been successfully developed. Among them, Sun 
et al.[16] reported poly-N-acryloyl glycinamide (PNAGA)-
type thermosensitive hydrogels, which produced obvious 
swelling effect at 45°C, and PNAGA composites have been 
widely used in tissue engineering[23,24], gripper[16,25], cancer 
therapy[26], etc. 

However, the fabrication process of PNAGA is 
mainly based on the ultraviolet (UV) polymerization 
method[16,26-29]; therefore, it is not easy to obtain PNAGA-
based 3D structures. This issue could be solved by 
introducing an advanced 3D printing technology called 
two-photon polymerization (2PP) as the fabrication method 
of PNAGA. 2PP, one of the most versatile and precise 3D 
printing techniques, uses models generated by computer-
aided design (CAD) tools to fabricate 3D materials with 
sub-100 nm resolution[30], manifesting great advantages 
for fabricating PNAGA based hydrogels. First, 2PP utilizes 
femtosecond laser pulses of a near-infrared (NIR) laser 
beam to provide a nonlinear energy distribution at the 
center of the laser’s focal point, resulting in the formation of 
aggregated 3D micro/nanostructures[31]. Second, 2PP does 
not require harsh processing environments (such as deep 
UV exposure or reactive ion etching) and harsh synthesis 
conditions (strong oxidants, toxic metal catalysts)[32]. 
Third, 2PP 3D technology can fabricate parts with complex 
geometries in a relatively short period of time, exhibiting 
the advantages of unprecedented precision, flexibility, high 
processing quality, and easy functionalization, and thus, 
this technology has been widely used in manufacturing 
research on the regeneration of biological microdevices 
and tissues such as bone, muscle, skin, and neurons, as well 
as organs such as trachea, liver, kidney, and heart[33-37]. 

Given the various advantages of 2PP 3D printing 
technology and the urgent need for enriching the synthetic 
approaches of PNAGA-based hydrogels to endow them 
with wider applications, we first report micro-sized 
PNAGA thermosensitive hydrogels prepared by 2PP 3D 
printing technology in this work. Our PNAGA hydrogels 
exhibit better swelling performance at 45°C than that at 
room temperature, at which PNAGA-100 microstructure 
manifests the best and fast swelling property with a 
growth rate of 22.5%. Particularly, PNAGA-100-based 
thermosensitive microstructures show higher drug release 
efficiency at 45°C (close to body temperature) than room 
temperature, indicating that they are promising candidates 
for drug release in the human body. After being decorated 

with zeolitic imidazolate framework-8 (Fe@ZIF-8), the 
thermosensitive PNAGA-based microstructures can 
achieve locomotion with the control of a magnetic field, 
acting as microrobots in water, which can be potentially 
applied in drug delivery and object transportation. 

2. Materials and methods
2.1. Materials 
N-acryloyl glycinamide (NAGA; purity: 98%) was 
purchased from Alfa (Zhengzhou, China), and water-
soluble two-photon photo-initiator P2CK and Fe@ZIF-8  
were prepared based on the protocols described in a research 
paper[38]. Crosslinker poly (ethylene glycol) diacrylate 
(PEGDA-575; 99.5%) was purchased from Sigma-Aldrich 
(Shanghai, China). N,N′-methylene bisacrylamide 
(MBAA, purity: 99%), ethanol and isopropanol (purity: 
98%) were purchased from Energy Chemical (Anhui, 
China). All reagents were used directly without further 
purification. Deionized (DI) water from ultra-pure water 
machine was utilized throughout the experiments.  

2.2. Instruments and measurements
The 2PP 3D printing of PNAGA was conducted by 
Nanoscribe GmbH. The micro-level Fourier-transform 
infrared spectroscopy (FTIR) spectrum of PNAGA-100 
was obtained using spotlight 200i (PerkinElmer FTIR 
microscopy). The surface morphologies of these 
thermosensitive hydrogels were examined using Apreo2 
S Lovac. Elastic modulus and energy storage modulus 
of PNAGA hydrogels were recorded by Discovery Series 
Hybrid Rheometer (DHR; TA Instruments, New Castle, 
USA). The swimming experiments of PNAGA-based 
magnetic microrobots were conducted using Magnebotix 
(MFG-100) and a self-built Helmholtz coil magnetic 
control system. The 3D-printed microstructures were 
examined by inverted fluorescence microscopy IX73P2F. 
The doxorubicin (DOX) release was determined by ELISA.

2.3. Thermosensitive measurement of 3D-printed 
PNAGA microstructures 
PNAGA hydrogel-based microstructures were fabricated 
according to different recipes (Table 1) using 3D Direct 
Laser lithography (Nanoscribe GmbH). In detail, NAGA 
(50 mg; 100 mg; 200 mg; 300 mg), PEGDA-575 (200 μL) 
and P2CK (1 mg) were dissolved in 0.8 mL DI water, 
respectively. The mixture was stirred at room temperature 
for 10 min. Then, 15 μL mixture buffer was spin-coated on 
the glass substrate. The precursor solution was dipped in 
a round gasket on the glass and printed via 2PP (780 nm). 
Purified 3D structures were observed after developing in 
DI water three times for 5 min each time. The sizes of these 
PNAGA microstructures for thermosensitive measurement 
are 3D cubic structures with a side length of 100 μm and a 
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thickness of 5 μm. These microstructures were immersed 
in water at 25°C and 45°C, respectively. 

Growth rate (%) = (Vt - V0)/V0

where Vt refers to the volume of the cube after being 
immersed in water of 25°C or 45°C for t hours, and V0 
refers to the initial volume of the cube after being immersed 
in water. 

2.4. Drug release evaluation of 3D-printed 
PNAGA-100 
PNAGA-100 thermosensitive microstructures were 
fabricated using a 3D Direct Laser lithography (Nanoscribe 
GmbH) according to the method described in section 
2.3. Laser power used was 90 mW, and the scan speed 
was 3000 μm s−1. We printed 1000 five-pointed stars with 
sides of 100 μm and a thickness of 5 μm. The five-pointed 
star structures were developed in DI water for 5 min 
and then dried with a nitrogen gun. Finally, these DOX-
coated PNAGA-100 microstructures were immersed in 
water at 25°C and 45°C, respectively, to evaluate the drug 
release amount. The DOX release amount was determined 
by ELISA.

2.5. Biocompatibility measurement of 3D-printed 
PNAGA-based hydrogels 
PNAGA-100 and PNAGA-300 were prepared according 
to the method mentioned above with the size of 100  × 
100 × 5 μm. 3T3 cells in phosphate-buffered saline (PBS) 
buffer were incubated on the PNAGA-100 and 300 
microstructures for 20 h in a carbon dioxide incubator.

2.6. Swimming demonstration of helix PNAGA-100-
based microrobots under a magnetic field 
The helix PNAGA-100 microrobots were prepared by 3D 
printing using Nanoscribe. The Nanoscribe was equipped 
with a femtolaser of 780 nm and the 25× objective was 
utilized in the experiment. First, PNAGA-100-based helix 
microrobots were synthesized with 140 μm body length and 
50 μm screw diameter. Second, 20 mg Fe@ZIF-8 crystals 
were dispersed in 1 mL DI water and sonicated for 10 min. 
After that, these helix microrobots were incubated in Fe@
ZIF-8 solution with a concentration of 20 mg/mL for 48 h. 
The swimming demonstration of magnetic microrobots 
was conducted using the equipment of Magnebotix (MFG-
100). The manipulation pathway of the microrobots was 
tracked using ImageJ software. 

3. Results and discussion
The key to the preparation of PNAGA micro/nanostructures 
using 2PP 3D printing technology is to find suitable 
initiators and coupling agents. According to the literature 
survey, we found that P2CK (sodium 3,39-((((1E,19E)- 

(2-oxocyclopentane-1,3-diylidene) bis (methanylylidene))
bis(4,1-phenylene))bis(methylazanediyl)) dipropanoate) is 
a water-soluble and efficient two-photon initiator[38], and 
we synthesized P2CK according to the method reported in 
the literature[39]. In addition, after experimental attempts, 
we successfully used PEGDA as a coupling agent to realize 
the 2PP 3D printing of PNAGA microstructures. In this 
section, the preparation method, temperature sensitivity 
test, drug release measurement, biocompatibility test, and 
magnetic control of the PNAGA microrobot are introduced 
in detail.

3.1. Synthetic scheme of PNAGA microstructures 
fabricated by 2PP 3D printing method
The 3D printing process of PNAGA hydrogels is illustrated 
in Figure 1. The mixture of monomer NAGA, two-photon 
initiator P2CK, crosslinker PEGDA and DI water was 
sonicated for 10 min to obtain a precursor solution. The 
precursor solution was dipped in a round gasket on the 
glass and printed via 2PP (780 nm). Purified 3D structures 
were observed after developing in DI water three times 
for 5 min each time. Solidwork software was utilized 
to design different 3D structures and prepare various 
PNAGA morphologies according to needs. According 
to the method described above, PNAGA hydrogel with 
different morphologies can be obtained. Figure 2a shows 
the chemical structure of 3D-printed PNAGA hydrogel, 
which consists of the thermosensitive unit PNAGA and the 
crosslinker PEGDA. Figure 2b presents an optical image of 
PNAGA hydrogel-based cubic microstructures.

3.2. 3D printing window of PNAGA-based 
microstructures 
To assess the photocurability of the precursor 
solutions prepared using different recipes (Table 1), 
various scan speeds and laser powers were applied. 
PNAGA-50 can be successfully 3D-printed with a few 
parameters Figure S1). Figure 3a and b presents the 3D 
printing window and corresponding optical image of 
PNAGA-100. Cubic microstructures can be fabricated 
by varying laser powers and scan speeds. In detail, there 
are mainly three states (Figure 3c) formed with different 
printing parameters: (i) state with normal size (printed 
as designed); (ii) swelling state (larger than designed); 
and (iii) bending state. To the best of our knowledge, we 
assume that this is due to the variation of crosslinking 
density and the degree of energy absorbed by different 
layers in microstructures under different laser powers and 
scan speeds. In addition, PNAGA-200 and PNAGA-300 
manifest three states similar to PNAGA-100. In contrast, 
the printing windows of PNAGA-200 and PNAGA-300 
exhibited wider swelling and bending regions (Figures S2 
and S3) compared to that of PNAGA-100. Possibly due 
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to the increase in polymer chain density with increasing 
NAGA monomer concentration, the degree of expansion 
for each layer is different and the interaction between 
branches is more complex, resulting in a diverse bending 

topography[40,41]. To our knowledge, the swelling and 
bending performance of hydrogels under light stimuli 
are mainly influenced by light conditions, shape/size, 
and mechanical properties of the hydrogels[42,43]. The 
variation of storage modulus G′ and loss modulus G″ for 
PNAGA-200 and PNAGA-300 (Figure S4), as compared 
to PNAGA-100, may lead to wider deformation 3D 
printing window.

3.3. Characterization
3.3.1. FTIR
To confirm the structure of PNAGA-100 synthesized by 
3D printing technology via the 2PP method, the micro 
infrared spectroscopy of PNAGA-100 was conducted. As 
shown in Figure 4, the characteristic peak at 2923 cm−1 
is attributed to the symmetric stretching vibrations of 

Figure 1. 3D printing (two-photon polymerization) process of PNAGA microstructures.

Figure 2. (a) Chemical structure of PNAGA-PEGDA. (b) Optical image of PNAGA hydrogel-based cubic microstructures.

Table 1. Recipes of PNAGA thermosensitive hydrogels

Sample name Recipe

PNAGA-50 NAGA 50 mg; PEDGA 200 μL; P2CK 1 mg; 
H2O 0.8 mL

PNAGA-100 NAGA 100 mg; PEDGA 200 μL; P2CK 1 mg; 
H2O 0.8 mL

PNAGA-200 NAGA 200 mg; PEDGA 200 μL; P2CK 1 mg; 
H2O 0.8 mL

PNAGA-300 NAGA 300 mg; PEDGA 200 μL; P2CK 1 mg; 
H2O 0.8 mL
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-NH- and the asymmetric stretching vibrations of -NH2. 
The peak at 2847 cm−1 is assigned to vibrations of the 
-CH-. In addition, the strong peaks at about 1652 cm−1 
and 1632 cm−1 are the vibrations of C=O and the bending 
vibration of -NH-, respectively. The C-O unit of PEGDA 

manifests vibrations peaks at 1068 cm−1. There was an 
unobvious –OH vibration band at 3361 cm−1 rising from 
the terminal hydroxyl of PEGDA. It is hard to find the peak 
of C=C, proving the completion of the polymerization 
process.

Figure 3. (a) 3D printing window of PNAGA-100 under different parameters. (b) Optical image of PNAGA-100 responding to the printing parameters in 
panel (a). (c) The three states of PNAGA-100 with different printing conditions.

Figure 4. The FTIR spectra of PNAGA-100 synthesized by two-photon polymerization.
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3.3.2. Scanning electron microscopy 
Figure 5 shows the scanning electron microscopy (SEM) 
images of PNAGA-100 microstructures prepared by 2PP 
method. Structure design with CAD software incorporated 
with advanced 3D printing technology makes it possible 
to obtain diverse shapes of PNAGA hydrogels with high 
resolution, high precision, and compact morphologies 
(Figure 5a). Helix, five-pointed star (Figure 5b), and 
hexagonal patterns (Figure 5c) of PNAGA-100-based 
microrobots were designed and successfully 3D-printed, 
and their sizes can be adjusted according to different 
application situations. 

3.4. Thermosensitive properties of 3D-printed 
PNAGA microstructures 
First, we prepared PNAGA microstructures with different 
NAGA loadings via the 2PP method to estimate the 
thermosensitive properties of materials (Table 1). As shown 
in Figure 6, the thermosensitive properties of these hydrogels 
were evaluated with different duration times (6 h; 12 h; 
24 h) at room temperature (25°C) and 45°C, respectively. 
The growth rates of these hydrogels were measured for the 
sake of evaluating their swelling performance. In detail, the 
growth rates of these hydrogels were much higher at 45°C 
(close to body temperature) than that at 25°C, revealing 
that all these PNAGA-based microrobots exhibit better 
thermosensitive performance under 45°C. In addition, 
the growth rates of these microstructures were enhanced 

by increasing the monomer NAGA amount from 50  mg 
(PNAGA-50) to 100 mg (PNAGA-100). However, 
they decreased sharply when the NAGA amount was 
further increased to 200  mg (PNAGA-200) and 300 mg 
(PNAGA-300), indicating that NAGA concentration plays 
a vital role in modulating the thermosensitive performance 
of these materials. Noticeably, the optimized growth rate 
of PNAGA-100 was 22.5% when it was incubated in DI 
water at 45°C for 12 h. PNAGA-100 reached a growth rate 
of 20.8% in the shortest time (6 h), which demonstrates the 
best thermosensitive performance among these hydrogels. 
Furthermore, it is hard to evaluate the thermosensitive 
performance of PNAGA-300 after it was incubated in DI 
water at 45°C for 24 h owing to its preference for bending 
because of swelling (Figure S5). 

Although we lack a comprehensive theory to explain 
why PNAGA-100 exhibits better thermosensitive 
performance than others, we rationalized this by the 
variations of PNAGA polymer structures induced by 
NAGA monomer concentrations. In detail, PNAGA has 
dual H-bonding donors (D) and dual H-bonding acceptors 
(A), which feature an ADAD hydrogen network (Figure 7). 
Based on the NAGA concentrations, the phase diagrams 
of PNAGA are mainly divided into two regions[44]. Region 
1 has medium NAGA concentration, and swellable and 
thermosensitive hydrogels are observed with a gel-like 
behavior in this region. PNAGA-100 with higher NAGA 

Figure 5. (a) SEM spectra of PNAGA-100 in helix shape. (b) SEM spectra of PNAGA-100 in five-pointed star pattern. (c) SEM spectra of PNAGA-100 
hexagonal pattern.
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Figure 6. Thermosensitive properties of 3D-printed PNAGA-based microrobots under 25°C and 45°C.

Figure 7. Different states of PNAGA with increased NAGA concentrations.
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concentration benefits the formation in a longer term 
and orderly hydrogen network when the temperature 
is increased, and thus exhibits better thermosensitive 
performance than PNAGA-50. However, in the region with 
a high concentration of NAGA (above 10 wt%) referred 
to as Region 2 in Figure 7, high-strength and robust 
supramolecular PNAGA hydrogels, which are equipped 
with nonthermosensitive and nonswellable features, 
were obtained[27]. As a result, PNAGA-100 with medium 
NAGA concentration manifests better thermosensitive 
performance than PNAGA-200 and PNAGA-300 with 
high-strength supramolecular networks. In terms of 
practical applications, different PNAGA systems can be 
selected based on the requirements by varying the NAGA 
concentrations. 

3.5. Drug release 
Taking into account the excellent thermosensitive 
performance of PNAGA-100, the drug release 
measurements were assessed with PNAGA-100 under 
45°C and 25°C, respectively. Firstly, PNAGA-100 

microstructures that encapsule DOX as drugs were 
3D-printed via the 2PP method. Figure 8a shows the 3D 
printing window of PNAGA-100-DOX with varying laser 
powers and scan speeds. Taking laser power of 90 mW and 
scan speed of 3000 μm/s as an example, 3D structures of 
PNAGA-100-DOX in the shape of a five-pointed star with 
clear outlines were printed, proving that 3D printing of 
PNAGA-100-based thermosensitive microstructure with 
DOX via 2PP method can be successfully achieved with 
perfect 3D configuration (Figure 8b). Second, PNAGA-100-
DOX based microstructures were incubated in DI water at 
45°C and 25°C, respectively. The DOX release amount was 
evaluated by measuring the absorbance using a microplate 
reader. As displayed in Figure 8c, the DOX release amounts 
of PNAGA-100 at 45°C are about two to three times higher 
than that at 25°C under each incubation time, which agrees 
well with its thermosensitive performance (Figure 8d). At 
45°C, higher DOX release amounts were observed, which 
may be due to the swelling state of PNAGA-100, benefiting 
the expansion of the porous structures on the surface of 
PNAGA-100-based hydrogels and thus contributing to 

Figure 8. (a) 3D printing window of PNAGA-100-encapsuled DOX. (b) 3D structures of PNAGA-100-DOX printed via 2PP method. (c) DOX release 
measurement of PNAGA-100 under 25°C and 45°C, respectively. (d) Evaluation of thermosensitive properties of PNAGA-100.
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DOX release from PNAGA-100’s network. In a word, 
PNAGA-100 with thermosensitive behavior induced by 
near-body temperature demonstrates great potential in 
drug release and cancer therapy in vivo. 

3.6. Biocompatibility 
To elucidate the biocompatibility of fabricated PNAGA 
hydrogel microstructures, we cultured 3T3 (human 
embryonic fibroblast) cells on PNAGA-100 and 
PNAGA-300 microstructures for 20 h. As shown in 
Figure  9, 3T3 cells grow well with PNAGA hydrogels, 
proving that the cytotoxicity of PNAGA microstructures 
is negligible. 

PNAGA-100 hydrogel microstructures have good 
biocompatibility, high thermosensitive performance and 
hydrophilic properties, making them promising candidates 
to be utilized in various biomedical applications, such as 
drug release, tissue engineering and biosensors. 

3.7. Motion control of thermosensitive PNAGA-100-
based microrobots 
The PNAGA-100 is designed with a spiral shape because 
it has been shown to be beneficial for the motion of small 
robots with low Reynolds numbers at small scales[45]. 
Helix PNAGA-100-based microrobots were synthesized 

via the 2PP method (Figure 10a). Taking advantage 
of the magnetic property, good biocompatibility, and 
biodegradability of Fe@ZIF-8[38], we loaded Fe@ZIF-8 
crystals on the surface of PNAGA-100-based microrobots 
to ensure that the microrobots can be magnetically 
controlled. After 2 days of incubation, Fe@ZIF-8 crystals 
were coated on the microrobots surface in a uniform 
manner (Figure 10b). 

Magnetically controlled locomotion of PNAGA-
100-based helix microrobots were conducted within a 
rotating magnetic field of 15 mT and at 6 Hz. As shown in 
Figure 11 and Videoclip S1, the helix PNAGA-100@ Fe@
ZIF-8 microrobots respond perfectly to the magnetic field 
to complete the task of walking a circle as designed. the 
PNAGA-100@ Fe@ZIF-8 microrobots were implemented 
with a rolling motion due to the friction from the substrate 
surface. The direction and speed of these microrobots 
can be modulated flexibly by the magnetic flux density 
and frequency according to different situations. 
Having thermal-triggered drug release capacity, good 
biocompatibility and good movability with the control of 
the magnetic field, our thermosensitive hydrogels-based 
magnetic microrobots have a great potential in drug 
delivery and cancer therapy. 

Figure 9. (a) PNAGA-100 and (b) PNAGA-300 incubated with 3T3 cells for 20 h.

Figure 10. (a) Helix PNAGA-100-based thermosensitive microrobots fabricated by 3D printing. (b) Metal–organic framework (MOF)-coated magnetic 
helix PNAGA-100-based microrobots.
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4. Conclusion
In conclusion, we developed a new method (3D printing) 
to prepare PNAGA-based hydrogels. Compared to the 
previously reported UV polymerization of PNAGA, 
PNAGA microrobots fabricated by 3D printing manifest 
more compact and accurate structures (from SEM). We 
have successfully endowed the PNAGA-based 3D-printed 
hydrogels with fast temperature-response ability. 
The thermosensitive properties of these microrobots 
are highly dependent on the NAGA monomer 
concentrations, from which PNAGA-100 exhibits the best 
thermosensitive performance with the maximum growth 
rate (22.5%) at 45°C. The mechanism of concentration 
determined thermosensitive performance has been 
proposed in relation to the polymerization density and 
intermolecular interactions. Drug release properties of 
PNAGA-100 microrobots were evaluated, and a two- to 
three times higher drug release amount was achieved at 
45°C compared to 25°C, which are well in accordance 
with their thermosensitive properties. Furthermore, 
PNAGA-100-based thermosensitive microrobots were 
proven to be endowed with good biocompatibility and 
magnetic responsive ability, making them promising 
candidates for fulfilling various tasks in vivo. Fabricating 
PNAGA hydrogel-based microrobots by introducing 
advanced 3D printing technology is believed to be a 

genuine development engine for PNAGA hydrogels, 
benefiting their extensive applications in biomedical field 
in the future.
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