
Page 1/21

Programmable shape-morphing microrobots for
localized cancer cells treatment
Chen Xin 

University of Science and Technology of China
Dongdong Jin 

The Chinese University of Hong Kong
Yanlei Hu 

University of Science and Technology of China
Liang Yang 

Institute of Nanotechnology Karlsruhe Institute of Technology
Rui Li 

University of Science and Technology of China
Li Wang 

University of Science and Technology of China
Zhongguo Ren 

University of Science and Technology of China
Dawei Wang 

University of Science and Technology of China
Shengyun Ji 

University of Science and Technology of China
Kai Hu 

University of Science and Technology of China
Deng Pan 

University of Science and Technology of China
Hao Wu 

CAS Key Laboratory of Mechanical Behavior and Design of Materials, Key Laboratory of Precision
Scienti�c Instrumentation of Anhui Higher Education Institutes, Department of Precision Machinery and
Wulin Zhu 

University of Science and Technology of China
Zuojun Shen 

University of Science and Technology of China
Yucai Wang 

University of Science and Technology of China
Jiawen Li 

University of Science and Technology of China

https://doi.org/10.21203/rs.3.rs-198740/v1


Page 2/21

Li Zhang 
The Chinese University of Hong Kong https://orcid.org/0000-0003-1152-8962

Dong Wu  (  dongwu@ustc.edu.cn )
University of Science and Technology of China

Jiaru Chu 
University of Science and Technology of China

Article

Keywords: shape morphing, microrobot, magnetic actuation, DOX release, Hela cells treatment

Posted Date: February 16th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-198740/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://orcid.org/0000-0003-1152-8962
mailto:dongwu@ustc.edu.cn
https://doi.org/10.21203/rs.3.rs-198740/v1
https://creativecommons.org/licenses/by/4.0/


Page 3/21

Abstract
Microrobots have attracted great attentions due to their wide applications in microobjects manipulation
and targeted drug delivery. To realize more complex micro/nano cargos manipulation (e.g., encapsulation
and release) in biological applications, endowing microrobots with shapes adaptability with the
environment is highly desirable. Here, designable shape-morphing microrobots (SMMRs) have been
developed by programmatically encoding different expansion rate in a pH-responsive hydrogel. Combined
with magnetic propelling, the shape-morphing microcrab (SMMC) is capable of performing targeted
microparticle delivery, including gripping, transporting, and releasing through claws morphing. As a proof-
of-concept demonstration, the shape-morphing micro�sh (SMMF) is designed to encapsulate drug
(doxorubicin (DOX)) by closing mouth in phosphate buffer saline (PBS, pH~7.4) and release them by
opening mouth in slightly acid solution (pH<7), which realize localized Hela cells treatment in an arti�cial
vascular network. These SMMRs with powerful shape morphing capabilities and remote motion
controllability provide new platforms for complex microcargos operation and on-demand drug release.

Introduction
Recently micro-nanorobots have become a hot topic due to their growing potential applications in
targeted delivery[1-9], noninvasive surgery[10-13], biosensing[14-17], and detoxi�cation[18-21]. With the
development of micro and nano manufacturing technology, diverse robots from nanometer to micrometer
scale have been fabricated [22-24]. To give the microrobots dynamical moving ability, a variety of
propelling methods, such as chemical[16,19-20], ultrasonic[14-5,21], biological[25, 26], and magnetic driving
mode[1-6] have been proposed. Among them, magnetic-driven approach receives widespread attention due
to its precise guidance, wireless control, and strong ability to penetrate the human body. Thus, various
magnetic microswimmers have been developed for various applications[27-33]. For example, using silica
dioxide microspheres as templates, magnetic microrollers were fabricated by a multi-step metal
deposition method, which were effectively propelled in a dynamic blood environment[27]. In addition,
magnetic peanut-shaped motors were synthesized by hydrothermal process for manipulating and
patterning of cells[28]. Moreover, several magnetic microhelix robots based on various materials (SU8,
PEGDA, and GelMA) were printed by femtosecond laser direct writing (Fs-DLW) to achieve microparticles
manipulation and targeted drug delivery[29-32]. Though ceaseless efforts have been dedicated to
advancing the investigation of magnetic propelling microrobots, further development of functional
microrobots based on stimuli responsive materials are highly desirable. They can response to the
dynamic environment for more complex operation, such as microcargos clamping and unclamping,
nanocargos encapsulating and releasing in biomedical �elds.

Compared with traditional 3D printing, 4D printing based on stimuli responsive materials (e.g., liquid
crystal polymers[34-38], responsive hydrogels[39-45], and other responsive biomaterials[46, 47]) introduces
additional dimension to change the shape of 3D printed object for high functionality. Among these smart
materials, hydrogel shows the advantages of high biocompatibility, tunable toughness, strong loading
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capacity and low cost, and thus it is widely used for fabricating shape-morphing structures at
microscale[48-51]. For example, several studies have been reported on fabricating shape-morphing
structures based on stimuli-responsive hydrogels by Fs-DLW, which still remain two main limitations, 1)
Present structures including micro stent, umbrella, and cantilever are static, which only perform simple
operations without remote manipulating property. 2) 4D printed structures have been used to realize
various applications, such as smart compound eyes for tunable imaging, �exible microgripper for
particles capture in the same position. However, further speci�c biomedical applications (e.g., targeted
drug therapy, stem cell transportation) have not yet appeared.

Herein, programmable magnetic microrobots with changeable shapes are developed by one-step 4D laser
printing in one kind of pH-responsive hydrogel, which can realize complex functions including
complicated microparticle operation (gripping, transporting, and releasing), the drug (DOX) encapsulating
and controllable releasing in speci�c location for cancer cells treatment. Based on adjusting processing
parameters, programmatically encoding shape morphing is realized by controlling the expansion rate in
localized part of SMMRs, which is determined by the part porosity. Therefore, several kinds of SMMRs
with controllable morphing extent and fast response speed (<300 ms) are fabricated including SMMF,
SMMC, and shape-morphing microbutter�y (SMMB). Subsequently, the printed SMMRs are endowed with
magnetic control capabilities through magnetite nanoparticles (Fe3O4 NPs) solution immersion. Most
importantly, the responsive pH value of SMMF decreases from the original value of 9 in NaOH to the
value of 7.4 in the PBS, which is crucial for biomedical applications. Thus, taking advantages of
predictable shape morphing capability and remote magnetic control, diverse applications are achieved,
such as microparticles operation and controllable DOX releasing to treat Hela cells. These SMMRs with
magnetic propelling capabilities and switchable shapes will �nd broad potential prospects for
applications in complicated single cell manipulation (picking/placing) and controllable drug releasing for
on-demand cancer cells treatment.

One-step 4D printing of SMMRs for Hela cells treatment

Inspired by natural �sh switching mouth shape (opening/closing), smart SMMF with shape-morphing
mouth is designed for encapsulating and controllable releasing DOX into Hela cells (Figure 1a). In this
work, all of the SMMRs are printed in one kind of pH-responsive hydrogel, which mainly contains
functional acrylic acid (AAc), the cross-linker dipentaerythritol pentaacrylate (DPEPA), and photoinitiator
4,4’-bis (diethylamino) benzophenone (EMK) (Figure 1b). At high pH value environment (pH>9), these
carboxyl groups become deprotonated and negatively charged, which will generate electrostatic repulsion
forces between molecular chains, resulting in signi�cant expansion of the hydrogel network. Inversely,
when the carboxyl groups are protonated at low pH value (pH<9), the network collapses resulting in the
hydrogel shrinkage.

The SMMRs are fabricated using an Fs-DLW system (Figure 1c, Figure S1), where programmable
morphing is realized by adjusting the scanning point density in localized part of SMMRs. For example,
the SMMF is printed along the most optimized scanning path (Figure S2), where the scanning point
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density of the edge part of �shtail is 2.5 times that of the middle part. As expected, at low pH value, the
tail of SMMF shows anisotropic shrinkage from edge to middle due to the different localized point
densities (500 nm and 200 nm), while the body of SMMF has the same denser scanning point (200 nm)
leading to slight isotropic contraction. In order to explain the morphing mechanism of hydrogel, gel pores
in different point density parts are measured. As shown in Figure 1d, the average pore area (5393 nm2) in
the denser scanning point part is much smaller than that (14591 nm2) in the looser scanning point part
according to image processing results (Figure S3). The results indicate that the region with a larger point
spacing is subject to bigger stress during dehydration resulting in larger morphing. Based on shape
morphing theoretical analysis, the SMMF and SMMC are fabricated by encoding the scanning point
density. As illustrated in Figure 1e, the SMMF’s �ns and SMMC’s claws consist of two parts, where the
light red part represents loose point part and the deep red part represents dense point part. As designed,
the SMMF and SMMC can quickly open and close their �ns and claws by switching pH value (Figure S4,
Video 1), respectively. According to the optical images, both of SMMF �ns and SMMC claws complete
designed morphing by pH switching and the SMMF morphing shows fast response speed (~300 ms) by
each frame analysis (Figure S5). Meanwhile, the shape morphing also has strong repeatability, which can
stably complete over 50 cycles (Figure S6). Compared with previous robots, these microscale (10~100
mm) SMMRs show several advantages including programmable shape conversion based on one kind of
stimulus responsive material and one-step rapid fabrication process (laser scanning time < 5 mins).

Programmable shape morphing of microrobots

In order to gain a deeper understanding of the SMMRs shape morphing, it is of great signi�cance to
conduct quantitative research on the process parameters. Here, cantilever structure is chosen as a
representative model to analyze the relationship between morphing extent and various parameters. In our
work, the structures are point-to-point scanned by inputting the point coordinates of the X and Y
directions into the scanning galvanometer, and different point densities can be achieved by adjusting the
distance between two adjacent coordinates during processing. For the microcantilever fabrication, the
point spacing in one part is bigger than that of another part (Figure 2a), leading to different scanning
point densities in each single slice and ultimately bending. Here, the bending angle (θ), de�ned as vertical
(Y) to horizontal (X) distance ratio between the tip point and the root of the microcantilever, is used to
characterize the extent of anisotropic shape morphing, which can be calculated as:

As shown in �gure 2b, the microcantilever swells in high pH value solution and even shows a little reverse
bending because of the internal stress, caused by different point densities. By contrast, under low pH
value, the microcantilever bends to the designed direction owing to carboxylic groups in AAc releasing
protons (Video 2). In particular, scanning point spacing ratio (SPSR), the volume of loose part to total
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volume ratio (VR), and aspect ratio (AR) are quantitatively investigated, which are three most important
factors for bending angle.

Firstly, cantilever structure is divided into two parts with different point spacing to regulate the SPSR,
which is de�ned as:

Where PSl and PSd are point spacing in the loose and dense part, respectively. When point spacing in two
parts are the same (SPSR=1), the microcantilever remains horizontal. The maximum bending angle can
reach as much as 74° with the SPSR of 2.5 (Figure 2c). However, the bending angle reduces to nearly zero
again when the SPSR increases over 3, because adjacent points cannot effectively connect together to
provide enough shrinkage (Figure S8). In addition, the VR as an important parameter affecting the
bending angle has also been studied in detail. Due to the same length and height of the cantilever, the VR
could be calculated as:

Where Wl and W are the loose part and total width of the microcantilever, respectively. Experimental
results show that when the VR reaches 0.8, the bending angle increases to 74° (Figure 2d). However, when
VR continues to increase to 0.9, the microcantilever cannot fully have repeatable shape morphing due to
low-strength structures (Figure S9). Besides, the AR of the microcantilever also has an important
in�uence on the maximum bending angle, which is de�ned as:

Where W and L are the width and length of the microcantilever, respectively. As expected, the bending
angles have positive correlation with the ARs, where the bending angle is up to 82° with AR of 14 (Figure
2e, Figure S10).

Combining structural design and process optimization, microstructures with controllable morphing
direction and extent are realized (Figure S11). For example, the inward and outward bending
microstructures are demonstrated (Figure 2f-h). Furthermore, the composite structures (stamen) at
microscale with both inward and outward bending can also be fabricated (Figure 2i, Video 3-4). These
investigations of controllable morphing provide a solid foundation for encoding complex microrobots.
Inspired by natural animals, three dimensional (3D) SMMRs (SMMC and SMMB) with speci�c shape
morphing capability are designed and fabricated (Figure 2j). Both of their claws and wings have two
parts with 200 nm and 500 nm scanning point spacing so that they can accurately complete
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programmable morphing similar to real natural animals with the change of pH value. For the morphing
simulation analysis, �nite element simulation model is carried out by introducing a volumetric stress.
Speci�cally, two constituent materials A1 and A2 are distinguished by different scanning point spacing in
such way that the numerical results closely resemble the experimental morphing. The measured volume
expansion rates are αΑ1 = −0.48 and αA2 = −0.27 in looser and denser laser scanning area, respectively.
Based on the coupling of solid mechanics and solid heat transfer, the shapes of the microrobots after
morphing are simulated, and the morphing degree is consistent with the simulation result (Figure S12-
13). The SMMC shows its claws morphing similar to real crab hunting for food, where the claw width
increases from 3 μm up to 14 μm. Moreover, the SMMB also can swell in high pH value in order to �ap
wings from 50 μm to 91 μm (Figure 2k). These SMMRs demonstrate that natural typical creatures with
distinct shape morphing characteristics could be mimicked.

Magnetic SMMC for gripping, transporting and releasing microparticle by claws morphing

As a fuel-free, wireless, and non-pollution propelling method with high controllability, magnetic propelling
can help SMMRs achieve more tasks in dynamic environment. Therefore, the SMMC with localized
transformable claws is fabricated, and targeted microcargo manipulation is completed by magnetic
control. Firstly, the SMMC is developed by one-step 4D printing and is immersed in Fe3O4 NPs suspension
in order to introduce magnetic driving capability (Figure 3a). Here, Fe3O4 NPs are wrapped in silica shells
to avoid reacting with hydrochloric acid (Figure S14). The NPs can be clearly observed on the surface of
SMMC by elemental analysis, where iron (Fe) and silicon (Si) are shown in �gure 3c-f, respectively.
Subsequently, the samples are cleaned several times in ethanol for cargo manipulation.

As shown in �gure 3g-h, the SMMC claws covered with nanoparticles still have great morphing properties
(from 2 μm to 14 μm), which are enough to complete cargo griping. In order to integrate with commercial
equipment (e.g., biological culture boxes and inverted �uorescence microscopes) for complex
applications, two permanent ferromagnets are used for remote actuation, which applies a magnetic force
on the magnetized SMMC. To demonstrate the precise propelling of magnetic SMMC, the trajectory
patterns of “V” and “good” are followed by adjusting SMMC propelling direction (Figure 3b, Figure S15).
Besides, the average propelling speed of SMMRs can reach 60 μm·s-1 (Figure S16). Taking advantages of
designed shape morphing and precise propelling capabilities, SMMC is successfully actuated for targeted
cargo gripping, transporting, and releasing, as shown in schematic illustration and time-lapse optical
images (Figure 3i-j). At �rst, the SMMC slowly approaches to the targeted cargo (10 μm silica
microsphere) and traps it in the center of the claws (the enlarged image in Figure 3j). Dilute hydrochloric
acid is subsequently added to adjust the pH value lower than 9 so that the crab claws shrink to tightly
grip the target microparticle, which avoids cargo loss during transportation. Finally, the SMMC completes
the cargo delivery by external magnetic �eld, and opens its claws at target position for cargo releasing
(Video 5) when sodium hydroxide is added to adjust the pH value higher than 9. Compared with
conventional microrobots that cannot grasp and easily leak cargo, thus they can only complete 2D
trajectory movement[52], this SMMC can actively grasp and manipulate microcargos in 3D space, and
release it at target locations. This phenomenon is veri�ed from video 5, where the SMMC can still tightly
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capture the cargo even when it �ips up and down. Thus, the SMMC holds great promise for manipulation
of microcargos in biomedical research. However, due to the limitation of morphing critical pH~9, the
responsive microrobots are unable to complete biomedical applications under physiological conditions
(pH~7.4).

Magnetic SMMF encapsulating and controllable releasing drug (DOX) by mouth morphing

In this study, we are pleasantly surprised to discover that the synthetic hydrogel could also realize
morphing in the PBS, where pH value is 7.4. The PBS solution is composed of NaCl, KCl, Na2HPO4, and
KH2PO4. Therefore, the SMMF morphing in above four solutions is separately tested when their pH values
are adjusted to ~7.4 by adding NaOH/HCl, and it is found that the SMMF swells in KH2PO4 and Na2HPO4

(pH=7.4) (Figure S17). Based on these systematic tests, we suppose that HPO4
2− and HPO4

− partially
break the original hydrogen bonds between PNIPAAm and PAAc, which lead to the deprotonation of
carboxyl groups of the hydrogel in the PBS solution (Figure 4b). The responsive morphing pH value
decreases from the original 9 in NaOH to 7.4 in the PBS, which is the key for subsequent biological
applications (Figure 4c).

Precise control of the drug releasing is highly desirable for targeted therapy however remains challenging
for microrobots[9,51]. For example, although magnetic microswimmers have been developed for targeted
drug delivery to treat cancer cells, the release of drug molecules grafted on its surface occurs at any time
because they are always exposed to the solution. Here, micro�sh with adjustable mouth morphing is
designed for encapsulation and controllable drug release in vitro (Figure 4a). The drug we chose is one
kind of homemade DOX-loaded nanoparticle (DOX NP ~120 nm) encapsulated by poly (2-azepane ethyl
methacrylate)-block-poly (ethyl acrylate of lipoicacid), which can treat the Hela cells (Figure S18). By
optimizing structural design, SMMF opens its mouth at pH<7, creating a 2 μm hole to facilitate drug
loading (Figure 4d). The SMMF is immersed into the suspension of drug NPs (opening mouth) for 10
minutes to load them into hollow body. Subsequently, the SMMF closes its mouth to encapsulate drug
NPs by adding the PBS solution. After washing several times, the drug NPs on the �sh surface are
washed out while those in the �sh body are effectively encapsulated, which is veri�ed by the red
�uorescence. Similar to the aforementioned magnetic SMMC, superparamagnetic nanoparticles are
adhered to SMMF by immersion treatment for remote magnetic control. The magnetic SMMF is
transferred to the cell culture dish by a microliter pipette, which is performed in a biological safety cabinet
to prevent cell contamination. Under the dynamic control of permanent ferromagnets, the magnetic
SMMF is controllably steered in the Hela cell clusters. Since the SMMF does not adhere to the Hela cells
during the movement, it can move along a rectangular trajectory within 30 s, which provides a basis for
subsequent targeted drug delivery (Figure 4e, Video 6). In order to prove that SMMF can achieve
controllable drug encapsulation and release through the mouth switch, we conduct three sets of
controlled experiments (i, The SMMF with DOX and opening mouth, ii, The SMMF without DOX and
opening mouth, and iii, The SMMF with DOX and closing mouth) (Figure 4f). Under the situation (i), the
DOX rapidly releases from �sh mouth and kills the Hela cells around it. It’s observed that DOX diffuse
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range has positive relationship with time. Over a period of 6 hours, the red �uorescence of DOX appears
on the cell, which is 250 μm away from the SMMF (Figure 4g, Video 7). Meanwhile, during several hours
of cultivating in the live cell workstation, the red �uorescence of DOX in Hela cells keeps increasing, while
the green �uorescence from Hela cells gradually fades, indicating that the release of DOX has an
effective damage on Hela cells. Quantitative analysis indicates about 80% enhancement of �uorescence
intensity of DOX in cells after 6 hours (Figure 4h). As control groups, Hela cells normally grow and
proliferate around SMMF (under the situation ii), showing that the hydrogel itself has no effect on cell
viability (Figure S19). Furthermore, in order to verify the ability of �sh mouth to encapsulate DOX, the
SMMF (under the situation iii) is put in Hela cells over 6 hours. It can be seen that Hela cells do not show
red DOX �uorescence, and the green �uorescence of Hela cells are basically unchanged. These
experiments show that the SMMF can achieve switch of DOX encapsulation and release through closing
and opening mouth in the liquid from pH<7.4 to 7. As previously work reported, the pH value in normal
environment of the human body is 7.4, while the tumor region is <7[53, 54]. Therefore, the SMMF will
provide a good prospect for controllable drug release in tumor area through shape conversion.

Localized Hela cells treatment in a complex network using magnetic SMMF

To demonstrate the feasibility of localized cancer cells treatment by magnetic SMMF, we manipulate
SMMF loaded with DOX in an arti�cial vascular network to treat Hela cells in target area. Here, the
complex network is prepared from mask UV lithography and Polydimethylsiloxane (PDMS) replica
molding (Figure 5a). Each microchannel has a width of 70 ~ 150 μm and a depth of 80 μm which is
suitable for swimming of an SMMF (~50 μm). The network is �rstly modi�ed by plasma for better
bonding to the cover glass. The network is subsequently soaked in the Poly-L-Lysine (PLL) solution over 2
hours, which helps Hela cells better adhere to the channel. The nutrient medium containing Hela cells is
blown several times and dropped on the network. After 2 days of culture, Hela cells almost covered the
entire network for subsequent drug delivery. The magnetic SMMF swims along the network under the
control of external magnetic �eld (Figure 5b, Video 8), stops at a target position in network, and opens
mouth to release DOX by adding a mixture of hydrochloric acid and medium (pH<7). We de�ne the area
where micro�sh exists as the drug release area, while the other channels are control area. Over a period of
6 hours, the DOX in SMMF body quickly diffuses to the surrounding Hela cells, causing the green
�uorescence in cells to gradually extinguish (Figure 5c). By contrast, the Hela cells in other control
channels grow and proliferate normally, without any red DOX �uorescent molecules (Figure 5d).
Furthermore, we quantitatively analyze the relationship between DOX red �uorescence intensity and time,
where the normalized intensity of DOX in Hela cells grows from 7% to 78% (Figure 5e). Meanwhile,
compared with drug release area, the green �uorescence intensity of Hera cells decreases to 10%, while
that in the control area remains at 80% after 6 hours (Figure 5f). Such SMMF realizes the encapsulation
and controllable release of DOX by mouth shape conversion, and promotes it for on-demand cancer cells
treatment by combining with remote magnetic propelling property, which provides a brand-new platform
for cancer research.
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Conclusions
In this work, magnetic SMMRs showing wireless motion control and designable morphing are proposed,
which realize microparticles operation and localized drug (DOX) encapsulating/releasing with high
spatial and temporal resolution. Compared with conventional microrobots, these SMMRs have powerful
deformability realized by encoding the scanning density in localized part in one kind of pH responsive
hydrogel. Based on repeatable shape switch of SMMRs, the SMMC is used to achieve the picking and
releasing operation of 10 μm silica particles by claws morphing. In addition, we found that the SMMF can
respond to the PBS with pH~7.4, which enables the possibility of biomedical applications. Thus, the
SMMF is used for loading and releasing of drug by mouth shape conversion for cancer cells treatment in
target area, which is quantitatively studied by comparing the �uorescence changes of Hela cells and DOX
in different areas in an arti�cial vascular networks. This work offers a �exible and one-step method for
manufacturing microrobots with advantages of changeable shapes, magnetic remote controllability, and
high biocompatibility, which provides a versatile platform for the drug encapsulation and releasing for
further cancer therapy.

Methods
Preparation of pH-responsive hydrogel.

Firstly, 1.6 g N-isopropylacrylamide (NIPAAm, 98%), 0.8 mL Acrylic acid (AAc, 99%), and 0.15 g
polyvinylpyrrolidone (PVP, average Mw ~1, 300, 000) are added to 1 mL ethyl lactate (EL, 98%) and then
stirred vigorously. Then, 2.5 mL of the above solution, 0.5 mL dipentaerythritol hexaacrylate
(DPEHA,98%), 0.5 mL triethanolamine (TEA, 99%), and 100 μL 4,4-bis(diethylamino) benzophenone (EMK,
97%) / N, N-dimethylformamide (DMF, 99.5%) solution (20 wt.%) are mixed, followed by stirring 12 h, to
mix each component completely. Finally, the precursor is kept in yellow light condition to avoid
unnecessary light exposure.

Design and fabrication of magnetic SMMRs

Typical femtosecond laser writing system source is a mode-locked Ti: sapphire laser oscillator
(Chameleon Vision-S, Coherent Corp, central wavelength: 800 nm, repetition rate: 80 MHz, pulse width: 75
fs). Firstly, processing is performed using femtosecond laser direct writing technology. The polymer
molecular chains at the laser focus are polymerized. The processed sample is immersed in a developing
solution (ethanol or isopropyl alcohol) for 15 minutes to remove the uncured hydrogel. The developed
sample is then taken out and placed under an inverted microscope for in-situ observation. In order to
avoid the fast evaporation of ethanol, pure water is dripped around the sample. When the NaOH solution
is dropped, the sample swells, and then dilute hydrochloric acid is added dropwise to make the sample
shrink.

Remote magnetic control of SMMRs
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After one-step 4D printing of SMMRs, the sample is immersed in the magnetic particles (  NPs)
suspension cultured 12 h in order to absorb nanoparticles. Subsequently, we use a home-made three-
dimensional mobile platform and capillary microneedle to peel off the micro-robot and transfer it with a
microliter pipette. At last, the magnetic actuation of SMMRs is realized by two permanent magnets.

Characterization

Optical micrographs are taken with an inverted �uorescence microscope (Leica DMI3000b). The SEM
images are collected with a secondary electron SEM (ZEISS EVO18) operated at an accelerating voltage
of 10 keV after depositing ~10 nm gold. The Energy Dispersive Spectrometer (EDS) analysis
spectroscopy images are obtained on COLD FESEM (Hitachi, SU8220).

Cell Culture

Hela-EGFP cells are obtained from American Type Culture Collection and cultured in a humidi�ed
atmosphere at 37 °C with 5% CO2. The cells are cultured in normal Dulbecco’s modi�ed eagle medium
(Gibco, Thermo Fisher Scienti�c, Grand Island, NY) supplemented with 10% fetal bovine serum (HyClone,
Logan, UT) and 1% penicillin/streptomycin (Gibco, Life Technologies, Grand Island, NY). For cells
therapeutic experiment, Hela cells are detached from culture dish by trypsinization with 0.25% Trypsin-
EDTA (Gibco, USA) at 37 °C for 30 s, centrifuged at 1000 rpm for 5 min. Then cells are resuspended in
culture medium at a density of 2 × 10 6 mL−1 for use.

Preparation of drug (DOX-loaded NPs)

Poly (ethylene glycol)-block-poly (2-azepane ethyl methacrylate) (PEG-b-PAEMA) diblock copolymer is
synthesized by RAFT polymerization of AEMA using PEG-based macro chain transfer agent, poly
(ethylene glycol) conjugated 4-cyanopentanoic acid dithiobenzoate (PEG-CPAD). Brie�y, PEG-CPAD (0.26
g, 1.0 eqv), monomer AEMA (1.57 g, 141 eqv), and AIBN (2.4 mg, 0.32 eqv) are dissolved in dioxane. After
freezing and thawing for 3 times, the mixture is stirred at 75 °C for 8 h. The resulting copolymer is
isolated by precipitation in cold hexane and dried under vacuum (61% yield). To prepare DOX
encapsulated polymeric nanomedicine by PEG-b-PAEMA, 1 mg hydrophobic DOX is dissolved in DMSO
and 20 mg PEG-b-PAEMA is added. After stirring for 5 min, 10 mL ultrapure water is added and the
solution kept stirring for 10 min. The DOX encapsulated nanoparticles are dialyzed against water and
stored at 4 °C.
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Figure 1

One-step 4D printing of SMMRs for Hela cells treatment. a Schematic illustration of magnetic SMMF for
targeted DOX releasing to treat cancer cells by shape morphing. b The main compositions and schematic
mechanism of the expansion and contraction of the pH responsive hydrogel. c 4D printing of the SMMF
with designable point density in different body parts for encoding shape morphing. d SEM images and
quantitative analysis of gel pores in the tail and body (inset images) of SMMF to explain the mechanism
of the controllable shape morphing. e The optical images of the SMMF and SMMC opening and closing
its �ns and claws with the change of pH value, respectively. (Video 1). Scale bars, d 1 μm, inset images 5
μm, e 25 μm.
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Figure 2

Programmable shape morphing of microrobots. a-b Microcantilever bending and recovering with the
change of pH value, where θ is bending angle. (Video 2). c-e The quantitative relationship between
bending angle and main processing parameters (VR, AR, and SPSR). f-h The optical and SEM images of
microstructures bending fully inward or outward. i The optical and SEM images of microstructures
bending both inward and outward together. (Video 3). j Fluorescence images of SMMC and SMMB
opening and closing its claws, and wings with the change of pH value, respectively. Simulation analysis
of two SMMRs are achieved for deformation predicting. k The quantitative relationship between crab
claw, butter�y wings widths and pH values, respectively. All standard deviations are obtained from three
parallel tests. Scale bars, a-b, 25 μm, f-i 50 μm.
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Figure 3

Magnetic SMMC for gripping, transporting and releasing microparticle by claws morphing. a Schematic
illustration of the SMMC for absorbing magnetic nanoparticles in suspension. b The accurate motion
control of the SMMC to form a “good” pattern by magnetic �eld. c-f The EDS images of the SMMC with
the iron (Fe) and silicon (Si) in its body, respectively. g-h The optical images of opening and closing the
SMMC claws near a microcargo, respectively. i-j The Schematic procedures and time-lapse images of
selecting, tightly gripping, transporting, and releasing targeted cargo by the SMMC, respectively (Video 5).
Scale bars, c-h 25 μm, j 50 μm.
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Figure 4

Magnetic SMMF encapsulating and controllable releasing drug (DOX) by mouth morphing on a cell
culture plate. a Schematic of the SMMF for drugs loading, encapsulating, and delivery in vitro. b The
mechanism of SMMRs swelling in PBS (pH~7.4). c-d The SMMF loading DOX by mouth morphing. The
mouth of the SMMF is opened and closed in pH<7 and PBS respectively, where the red �uorescence
shows the DOX encapsulated in the �sh body. e Swimming of the SMMF along a designable route in a
cluster of Hela cells (Video 6). f The survival status of Hela cells around SMMFs (with DOX and opening
mouth, without DOX and opening mouth, with DOX and closing mouth) (Video 7). Quantitative statistics
of �uorescence range (g) and intensity (h) of DOX in Hela cells, which demonstrate that the SMMF can
effectively control the DOX release by opening or closing the mouth. The error bars represent the standard
error of the three measurements. Scale bars, c-d 10 μm, e-f 50 μm.
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Figure 5

Localized Hela cells treatment in a complex network using magnetic SMMF. a Arti�cial networks by
photolithography and PDMS molding. b Magnetic SMMF swimming in networks. c The snapshots of the
viability of Hela cells in DOX releasing area (A in b). d the snapshots of the viability of Hela cells in
control area (B in b). Quantitative statistics of releasing DOX (e) and Hela cells (f) �uorescence intensity,
which demonstrate that the SMMF can kill the cancer cell by controlling the DOX release in the targeted
position. The error bars represent the standard error of the three measurements. Scale bars, a-b 100 μm, c-
d 25 μm.
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