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SUMMARY

To realize the potential to usemicro/nanorobots for targeted cancer therapy, it is
important to improve their biocompatibility and targeting ability. Here, we
report on drug-loaded magnetic microrobots capable of polarizing macrophages
into the antitumor phenotype to target and inhibit cancer cells. In vitro tests
demonstrated that the microrobots have good biocompatibility with normal cells
and immune cells. Positively charged DOX was loaded onto the surface of micro-
robots via electrostatic interactions and exhibited pH-responsive release
behavior. The nano-smooth surfaces of the microrobots activated M1 polariza-
tion of macrophages, thus activating their intrinsic targeting and antitumor abil-
ities toward cancer cells. Through dual targeting frommagnetic guidance andM1
macrophages, the microrobots were able to target and kill cancer cells in a 3D
tumor spheroid culture assay. These findings demonstrate a way to improve
the tumor-targeting and antitumor abilities ofmicrorobots through the combined
use of magnetic control, macrophages, and pH-responsive drug release.

INTRODUCTION

Recent developments in untethered mobile micro/nanorobots offer viable solutions in the field of biomed-

icine, such as addressing the challenges in targeted cancer therapies. Their small size permits them to

target narrow sites and play a therapeutic role in complex in vivo environments (Alapan et al., 2020; Miskin

et al., 2020; Soto et al., 2020; Wang et al., 2021; Wu et al., 2020; Yan et al., 2019). The current research trend

in micro/nanorobots is to focus on enhancing their functions to increase their therapeutic effects. Inspired

by nature, a growing number of micro/nanorobots combined with live cells were designed with increased

biocompatibility and applicability for in vivo applications (Berta Esteban-Fernandez de Avila et al., 2018;

Buss et al., 2020; Felfoul et al., 2016; Huo et al., 2020; Magdanz et al., 2020; Xu et al., 2020b; Yan et al.,

2017; Zhong et al., 2020). Eukaryotic cell-based microrobots fabricated via endocytosis of therapeutic

nanoparticles or encapsulation by cell membrane are regarded as some of the most effective designs

for cargo delivery and can potentially be widely applied to cancer detection, imaging, diagnosis, and ther-

apy (Agrahari et al., 2020; Ebrahimi et al., 2021; Zhou et al., 2021). Their major advantage lies in their ability

to be amasquerader to avoid clearance by the reticuloendothelial system, thus prolonging circulation time

in blood and increasing therapeutic effectiveness (Fan et al., 2020; Nikitin et al., 2020; Zhai et al., 2017). For

instance, the red blood cells (RBC) microrobots with internalized iron oxide nanoparticles actuated by ul-

trasound and magnetic field combine synthetic motors with long bloodstream circulation, safety, and ver-

satile cargo-carrying capabilities of RBC (Wu et al., 2014, 2015). Furthermore, the RBCmicrorobots showed

enhanced in vitro photodynamic therapy (PDT) effect through photosensitizer molecule (Gao et al., 2019).

Recently, natural self-propelled sperm emerged as promising biohybrid microrobots for active targeting

delivery. Recent work on the treatment of cervical and ovarian cancer spheroids using magnetically

controlled guided sperm robots loaded with chemotherapeutic agents (Xu et al., 2018, 2020a) demon-

strated the vast potential of eukaryotic cell-based microrobots for targeted cancer therapies.

With the fast developments in biology and medical science, immunotherapies using macrophages have

advanced significantly over the past decades (Han et al., 2019). Monocyte-derived macrophages are the

predominant immune cells that play important roles in inflammatory and neoplastic diseases (Ladanyi,

2015). Macrophages have a long blood circulation half-life and effective tumor-specific binding, making

them a viable candidate for tumor therapy. Taking advantage of these properties, Han et al. developed
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microrobots that were synthesized by endocytosis of drug-loaded magnet nanoparticles by macrophages

to target tumor spheroid in a microfluidic channel (Han et al., 2016). However, at the molecular level, en-

gineered macrophages via endocytosis may result in the activation of the NF-kB pathways (Wang et al.,

2014), which promotes tumor growth and angiogenesis (Luedde et al., 2007).

Macrophages are known to be double-edged swords for tumor therapy (Woo et al., 2015). Different macro-

phage phenotypes show varying effects on tumor immunity. Specifically, M1-polarized macrophages in-

hibited tumor growth via secreting chemokines, whereas M2 macrophages, which are tumor-associated

macrophages (TAMs), promote tumor growth and metastasis (Hu et al., 2020; Xia et al., 2020; Yong

et al., 2019). Therefore, it is important to activate the desirable macrophage phenotype in order to achieve

a more positive effect in tumor therapy (Deng et al., 2019; Zhang et al., 2019). The phenotype of macro-

phages can be determined by the surface properties of the materials to which the macrophages adhered

(Jin et al., 2019; Sahu et al., 2020). For example, macrophage growth along narrow grooves pattern sub-

strate can promote M2 polarization (McWhorter et al., 2013). Furthermore, a rough surface can promote

macrophage polarization toward the M2 phenotype, which will contribute to the regenerative capacity

of tumors in vitro and in vivo (Song et al., 2021). On the other hand, a smooth surface can induce inflamma-

tory M1 macrophage activation, and thus inhibit tumor growth via upregulated gene expression levels of

interleukins IL-1b, IL-6, and tumor necrosis factor (TNFa) (Duan and Luo, 2021; Hotchkiss et al., 2016). It was

reported that the surface roughness led to the activation of the macrophage’s NF-kB signaling pathway,

which is a possible explanation for the M1 polarization (Waterfield et al., 2010). Therefore, endowing

magnetically actuated microrobots with surface properties that can regulate macrophage polarization

will enhance their tumor targeting and treatment capabilities (Schmidt et al., 2020).

Magnetically driven achiral planar microrobots have garnered attention owing to their effective propulsive

ability under rotating or conical magnetic field actuation (Cheang et al., 2014b, 2017; Cohen et al., 2019). In

addition, propellers with achiral planar shapes offer the advantage of scalability and mass fabrication by

circumventing the need to fabricate complex 3D structures while maintaining swimming speed that can

compete with helical microrobots (Mirzae et al., 2018). Herein, a type of achiral microrobots (AMRs) modi-

fied from previous work (Cheang et al., 2014b, 2017) was fabricated using photolithography andmagnetron

sputter and then seeded with macrophage cells. The planar geometries of microrobots offer large flat sur-

faces for the uniform coating of the metal layers; thus, the fabricated AMRs can provide flat, nano-smooth

surfaces that can induce the differentiation of M1macrophages with a high expression of related cytokines,

promoting their antitumor and tumor-targeting abilities. Furthermore, AMRs have negative zeta potential

surfaces that enhanced the loading of positively charged doxorubicin (DOX) via electrostatic interactions

and enabled pH-triggered drug release; this further improved the tumor-specific targeting function of the

AMRs. Finally, the tumor-specific targeting of AMRs with M1 macrophages was verified in targeted drug

delivery experiments using 3D tumor spheroids. Such microrobots with immunoregulation functionality

will provide new insights into the development of functional microrobots with efficient tumor-targeting

ability.

RESULTS

Fabrication and characterization of L magnet microrobot

AMRs coated with nickel (Ni) and titanium (Ti) layers with nano-smooth surfaces were successfully prepared

using bottom-up fabrication processes, as shown in Figure 1A. First, a sacrificial dextran layer was spin

coated on a cleaned Si wafer. Then, 5 mm thick achiral planar structures were fabricated using photolithog-

raphy with negative photoresist (SU-8 2015). Next, 300 nm Ni and 30 nm Ti layers are coated on the SU-8

structures through magnetron sputtering; the Ni and Ti layers endowed the structures with magnetic and

biocompatible properties, respectively. Although electron beam evaporation is more commonly used for

coating micro/nanorobots, this technique might cause the metal coating to peel off when submerged in

fluid for a long period of time (Zhang et al., 2018). To address this problem, magnetron sputtering was

used to achieve more dense and adherent coatings.

Characteristics of the AMRs were investigated and are presented in Figures 1B–1J. Scanning electron mi-

croscopy (SEM) observations confirmed that the AMRs displayed smooth V-like shapes with arm lengths of

40 mm (Figures 1B). As evidenced by the energy-dispersive X-ray spectroscopy (EDX) element mapping im-

ages, each element (Ni and Ti) in the sample was distributed uniformly (Figures 1C and 1D). The atomic

force microscopy (AFM) morphology (Figures 1E–1G) shows that the metal surfaces are exceptionally
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smooth with a root mean square (RMS) roughness (Rq) of 1 to 3 nm, indicating uniform and smooth surfaces

at the nanoscale; this is consistent with SEM observations.

To test their magnetically actuated locomotion, AMRs were magnetically manipulated using a 10 mT

rotating magnetic field generated by three orthogonal pairs of electromagnetic coils arranged in

Helmholtz configuration42. The velocity of AMRs increased linearly with increasing rotating magnetic field

frequency from 1Hz to 13 Hz, as shown in Figures 1H. The average forward velocity of the AMRs at 13 Hz was

measured to be 202.39 mms�1. After reaching 13 Hz, a sharp decrease in velocity occurred due to step-out;

this is consistent with previously reported step-out behaviors (Cheang et al., 2014a). To demonstrate their

steerability, the AMRs were directed to move along a rectangle-shaped path. (Figures 1I and Video S1). A

representative AMR moving in a straight under the actuation of a 10 mT rotating field at 5 Hz is shown in

A

B C D

E F G

H I J

Figure 1. Fabrication and characterization of AMRs

(A) Illustration of the fabrication process for AMRs.

(B) SEM image of the AMRs. The inset is a zoomed-in image. Scale bars are 50 mm and 20 mm, respectively.

(C) EDX elemental mapping and (D) composition of AMRs. Scale bar is 20 mm.

(E) 2D AFM image and (F) surface profile. Scale bar is 0.2 mm.

(G) 3D AFM image.

(H) Velocity profile of AMRs as a function of rotational frequency. Error bars are GSEM.

(I) Optical images were taken every 1 s of a microrobot moving at 5 Hz. The magnetic field strength was 10 mT and the

frequency was 5 Hz. Scale bar is 100 mm.

(J) Motion control along the rectangle-shaped path. The trajectory (red line) was plotted using a MATLAB tracking al-

gorithm. Scale bars on all images are 100 mm.
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Figures 1J. The verification of control over speed and direction demonstrated the feasibility of controlling

the AMRs for targeted biomedical applications.

Cytotoxicity evaluation of AMRs

To prove the cytocompatibility of the AMRs, their cellular cytotoxicity and cell adhesion were studied. A

series of cell lines (cancer cells, fibroblasts, and macrophages) was used to gain a comprehensive evalua-

tion of the biocompatibility of AMRs (Figure 2A). CCK-8 assay was carried out to test the cell viability of

AMRs against mouse embryo fibroblast cells 3T3, mouse mammary cancer cell 4T1, human hepatoma cells

line HepG2, and mouse macrophages RAW264.7. As shown in Figure 2B, all of the cells proliferated well on

the AMRs and displayed no significant cytotoxicity after 24 h. Cell adhesion is also one of the important

A B

C

Figure 2. Cytotoxicity evaluation of AMRs

(A) Schematic diagram of cell culture with AMRs.

(B) Cell viability test by CCK-8 incubated with AMRs for 24 h. Error bars are GSEM, P values were calculated by one-way

ANOVA used to compare means. Asterisks indicate significant differences, *p < 0.05, n = 3.

(C) SEM and confocal images of different cells (4T1, 3T3, HepG2, and RAW 264.7) incubated with AMRs. Cell nuclei (blue)

were stained with DAPI after 24 h, cytoskeletons were stained with TRITC-phalloidin (red). Left panel, scale bar, 100 mm;

middle panel, scale bar, 10 mm and right panel, scale bar, 20 mm.
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indicators of cell activity on the AMRs. Cellular adhesion morphology was observed using scanning elec-

tron microscopy (SEM). The number of cells adhered to the AMRs was not significantly different

between the four cell lines. Cell morphology was further examined after staining the cytoskeleton of the

cell with TRITC-phalloidin (red), counterstained with DAPI (blue), and observed by the confocal micro-

scope. Cells were well spread and distributed, as shown in Figure 2C.

Inducing M1 macrophage polarization by AMRs

It is well established that inducible nitric oxide synthase (iNOS), tumor necrosis factor-a (TNF-a), cluster of

differentiation 86 (CD86), and interleukin-1 (IL-1) are defined as polarization markers of M1 macrophages

and arginase-1 (Arg-1), transforming growth factor-b (TGF-b), mannose receptor C-type 1 (MRC1, also

CD206), and interleukin-10 (IL-10) are defined as markers of M2 macrophages (Jin et al., 2019). Based on

these markers, immunofluorescent staining, flow cytometry analysis, and real-time PCR were performed

to characterize macrophage polarization induced by the AMRs. Immunofluorescent staining shows that

the macrophages on the AMRs displayed a high expression of iNOS (M1 marker), whereas expression of

Arg-1 (M2 marker) is very low, as shown in Figure 3A. Real-time PCR analysis proved that the macrophages

had a higher expression level of M1-macrophage-related genes (IL-1 and TNF-a) and a lower level of

M2-macrophage-related genes (IL-10 and TGF-b) on the AMRs (Figure 3B and 3C). M1 macrophage polar-

ization was also verified by flow cytometry results. AMRs treatment showed significant expression of M1

biomarker (CD86) at approximately 90% (Figure 3D and 3E). These results strongly indicate that the mac-

rophages were polarized to the M1 phenotype on the surfaces of the AMRs.

Drug loading on AMRs

Drug loading and release are critical functions for targeted tumor therapy using the AMRs. To load drug

molecules on AMRs, the surface of the AMRs was modified by sodium citrate and allowed to bind to

positively changed DOX molecules via electrostatic interactions. It has been reported that sodium citrate

has plentiful active carboxyl groups, often used as stabilizers to modify Gold (Au), Ti, and magnetic

nanoparticles for improved biocompatibility (Kang et al., 2018; Murphy and Jana, 2002; Raza et al.,

2016). Figure 4A shows the schematic of the surface functionalization of AMRs. Zeta potential measure-

ments were performed to characterize the charge of the surfaces of the AMRs before and after modifica-

tion, the results are presented in Figure 4B. For the unmodified AMRs with Ti surfaces, the zeta potential

was slightly negative (��5 mV) under PBS 7.4 conditions, which were consistent with previous reports

(Miyauchi et al., 2004; Tsang et al., 2019). The citrate-modified AMRs have a negative surface charge

with a zeta potential of �22.6 G 4.9 mV. After being loaded with DOX, the zeta potentials of the AMRs

increased to�10G 3.7 mV, indicating that the cationic DOX ions are adsorbed on the surfaces of themodi-

fied AMRs. DOX loading efficiency (DLE, defined as the weight ratio of DOX to the modified AMRs) was

found to be 45%.

pH-responsive drug release

Considering the relatively acidic environments of tumor tissues compared with healthy tissues (Vaupel

et al., 1989), it is possible to achieve pH-responsive drug release when the AMRs reach the tumor. To verify

this, the drug release profiles for the DOX-loaded AMRs were characterized in PBS buffer at neutral pH 7.4

and acidic pH 5.5. As shown in Figure 4C, the drug release profile at neutral pH displayed a relatively slow-

release profile; on the other hand, the drug release profile at pH 5.5 suggests a burst drug release of almost

45% within the first 12 h, then followed by a slow and sustained release. The initial and overall release rates

of the whole test period were faster in acidic conditions than in neutral conditions. The maximum DOX

release from the surface of the AMRs after 48 h at pH 5.5 and pH 7.4 was about 50% and 28%, respectively.

The pH-sensitive behavior is due to the disruption of the electrostatic interaction (Curry et al., 2015). When

pH is decreased, the -NH2 group of DOX undergoes protonation, which could weaken the electrostatic

interaction between DOX and AMRs, leading to a higher release. The pH-sensitive drug releasemechanism

can be exploited to minimize drug release near healthy tissue and reduce side effects during drug delivery.

Polarized macrophages and magnetic dual targeting cancer cell therapy

Conventional 2D tumor cell culture models cannot realistically reflect the situation of targeted tumor

therapy in vivo. To simulate the complexity of the in vivo tumor environment, the antitumor efficacy of

DOX-loaded microrobots was evaluated using a 3D tumor spheroids model (Figure 4D and 4E). Schematic

of macrophage and magnetic dual-targeted cancer cell therapy was presented in Figure 4G. Multiple
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AMRs loaded with DOX andM1macrophages were actuated by a 10mT rotatingmagnetic field at 10 Hz, as

shown in a representative experiment in Figure 4F and Video S2. Driven by a rotating magnetic field, the

AMRs moved toward the tumor spheroids from afar. After reaching the proximity of the tumor spheroids,

the rotating magnetic field was turned off; this allowed the macrophages to achieve tumor-specific target-

ing of individual tumor spheroids. AMRs were incubated for 24 h and spheroids viability was tested using

live/dead staining. In the control groups with no AMRs, only live cells (green) were observed with no dead

cells (red) present, as shown in the representative case in Figure 4H. In the groups using AMRs with dual

magnetic field and M1 macrophage targeting, dead cells were detected, demonstrating that the DOX

released from dual targeting AMRs could kill tumor cells.

DISCUSSION

The ideal micro/nanorobots need to have accurate targeting and autonomous drug delivery ability, and at

the same time, be stable and non-toxic in the biological environment and degradable after performing

A

B C

D E

Figure 3. Polarization of M1 macrophages induced by AMRS

(A) Representative images of double immunofluorescence of iNOS antibody (green, M1 macrophage), Arg-1 (red, M2

macrophage), and nuclei (blue). Scale bar is 20 mm.

(B) Illustration of macrophages displaying different degrees of polarization cultured on the AMRs.

(C) Real-time PCR analysis of the RAW 264.7 cells cultured on the AMRs for 1 day, housekeeping gene b-actin was used as

an internal control.

(D) Flow cytometric analysis of CD206 and CD86 after treatment with AMRs.

(E) Quantitative data of M1 CD86 and M2 CD206 population (%). Error bars are GSEM. p values were calculated by one-

way ANOVA, *p < 0.05.
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their tasks. Although micro/nanorobots have achieved encouraging results in tumor targeting, there are

many problems and obstacles to be overcome before they can be used in clinical applications. In the

past, relatively few designs of micro/nanorobots considered how the surface properties of the material

A B

C

D E F

G H

Figure 4. Polarized macrophages and magnetic dual targeting cancer cell therapy

(A) Schematic of functionalization and drug conjugation of AMRs.

(B) Zeta potentials of AMRs, modified AMRs, and DOX-loaded AMRs (DOX@AMRs).

(C) The cumulative drug release profile of DOX@AMRs at different pH.

(D) Schematic of tumor spheroid formation by culturing 4T1 tumor cells in matrigel and agarose.

(E) A representative photograph of tumor spheroids. Scale bar is 1 mm.

(F) Dual targeting of AMRs toward a tumor spheroid using magnetic guidance and M1 macrophage tumor-specific

targeting. Scale bar is 200 mm.

(G) Schematic of macrophage and magnetic dual-targeted cancer cell therapy.

(H) Calcein-AM (green)/PI (red) assay was used to visualize the live cells (green) and dead cells (red) in the tumor

spheroids. Error bars are GSEM. Scale bar is 200 mm.
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can be utilized to interact with cells to promote targeting capability. It is known that immune cells can differ-

entiate into M1 or M2 phenotypes based on the properties of the surface they are cultured on, and the M1

andM2 phenotypes can inhibit and promote tumor development, respectively. Thus, using material-based

modulation of macrophage polarization to design microrobots that are endowed with the tumor-specific

targeting and inhibition capability of M1macrophages is a promising strategy in cancer immunotherapy. In

this work, we used the nano-smooth surfaces of drug-loaded magnetic microrobots to activate M1 macro-

phages for tumor spheroid targeting.

In summary, we developed a type of magnetic and M1 macrophage dual targeting drug-loaded micro-

robots with immunomodulatory capability for targeted cancer cell therapy, and we evaluated their tar-

geted therapy performance in vitro experiments. The microrobots exhibited excellent biocompatibility

against normal cells and immune cells. Electrostatic interactions between positively charged drug mol-

ecules and negatively charged microrobot surface promoted efficient drug loading and enabled pH-

responsive drug release. Owing to their nano-smooth surfaces, the microrobots promoted M1 polariza-

tion of macrophages demonstrated by immunofluorescence, flow cytometry, and real-time PCR, which

enhanced tumor-specific targeting and tumor growth inhibition toward 3D tumor spheroids. Combined

with magnetic actuated motion, the microrobots can travel a long distance to the proximity of the tumor

spheroids and then allow the M1 macrophages to specifically target individual spheroids. This study pro-

vides insights into the design and fabrication of medical microrobots and promotes the cross-disciplinary

development of microrobots and targeted tumor therapy. By emphasizing the surface properties of the

AMRs, insights were gained into how cellular behavior mechanisms can be exploited for targeted tumor

therapy.

Limitations of the study

Future work to improve the capabilities of the microrobots will focus on several aspects: biodegradability,

drug loading efficiency, imaging, in vivo experiments, andmolecular mechanisms for phenotype activation.

The material used to fabricate the microrobots was SU-8, which is not biodegradable. We will try to fabri-

cate the microrobots using biodegradable hydrogel and iron oxide nanoparticles. Once the hydrogel is

degraded, the drug within and the macrophages will be released at the tumor site, and the nanoparticles

will be cleared by the body. While this work was able to achieve triggered release under acidic conditions

using the loading method of non-covalent electrostatic adsorption, it is important to increase the loading

efficiency of themicrorobots for practical applications. A higher concentration of anticancer drugs internal-

ized into the cancer cells can yield a better therapeutic result; thus, we will continue to investigate ways to

increase drug loading efficiency while maintaining release behaviors favorable to cancer therapy.

Biocompatible porous materials (such as metal-organic frameworks and porous bioactive titanium) and

stimuli-responsive polymers can be integrated with micro/nanorobots for the enhancement of drug

loading capability in the future work.

The microrobots will also be further modified to be used with photoacoustic (PA) imaging by incorporating

materials that can produce high contrast such as gold or black phosphorus. This work evaluated the dual

targeting ability of AMRs against tumor spheroids, which is sufficient for proof of concept; to evaluate the

in vivo efficacy for practical applications, future work will include targeted therapy evaluation in mouse and

zebrafish cancer models. While the results conclusively showed that the surface properties of the microro-

bots can consistently activate the M1 phenotype, we plan to conduct further experiments in the future to

gain a deeper insight into the molecular mechanisms that lead phenotype activity by priming control

groups, such as RAW 264.7 macrophages, into the M1 or M2 phenotypes using LPS/IFN-g and IL-4-

inducing agent respectively,. Previous work also revealed that rough dioxidemicroparticles cannot activate

the immune response, while spiky microparticles can exert mechanical force and trigger NLRP3 inflamma-

some activation (Wang et al., 2018). This not only supports our results but also suggests that integrating

spiky structures into the designs of future micro/nanorobots might be beneficial to their immunomodula-

tory function.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include the following:
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SYBR� Green PCR Master Mix TaKaRa Cat#RR420A

PrimeScript RT reagent Kit TaKaRa Cat#RR037A

Experimental models: Cell lines

4T1 Cell Bank of the Chinese Academic of Sciences SCSP-5056

NIH-3T3 Cell Bank of the Chinese Academic of Sciences SCSP-515

RAW 264.7 Cell Bank of the Chinese Academic of Sciences SCSP-5036

HepG2 Cell Bank of the Chinese Academic of Sciences SCSP-510

Oligonucleotides

Primers for IL-1 Forward:

AACCTGCTGGTGTGTGACGTTC

This paper N/A

Primers for IL-1 Reverse:

CAGCACGAGGCTTTTTTGTTGT

This paper N/A

Primers for TNF-a Forward:

CCTGTAGCCCACGTCGTAG

This paper N/A

Primers for TNF-a Reverse:

GGGAGTAGACAAGGTACAACCC

This paper N/A

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact U Kei Cheang (cheanguk@sustech.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The article includes all datasets generated or analyzed during this study. This paper does not report orig-

inal code. Any additional information required to reanalyze the data reported in this paper is available from

the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell lines and cell culture

4T1 mouse breast cancer cells (SCSP-5056), NIH-3T3 fibroblasts (SCSP-515), RAW 264.7 macrophages

(SCSP-5036), and HepG2 liver cancer cells (SCSP-510) were obtained from the Cell Bank of the Chinese

Academy of Sciences (Shanghai, China). Cells were cultured in DMEM supplemented with 10% (v/v) FBS

and 1% (v/v) penicillin-streptomycin at 37�C in an atmosphere with 5%CO2. All incubations were performed

in DMEM at 37 �C. At 70–80% confluency, cells were trypsinized and subcultured for other experiments.

METHOD DETAILS

Fabrication of AMRs

The magnetic achiral microrobots were fabricated using standard photolithography and magnetron

sputtering. First, dextran solution (10% w/v) was spin-coated on a clean silicon wafer at 1000 rpm for 10

s, followed by drying by baking at 120�C for 2 min to form a water-soluble sacrificial layer. Next, the

SU-8 negative photoresist was spin-coated at 3,000 rpm, followed by soft-baking at 95�C for 2 min. Then

the patterns with the shape of the AMRs were transferred from a chromium mask onto the SU-8 layer by

UV exposure (SUSS MA6/BA6) for 20 s to induce photoresist cross-linking. After post-baking at 95�C for

2 min, development for 1 min, and dried at room temperature, well-defined achiral-shaped SU-8 micro-

structures were created. Subsequently, Ni and Ti metal layers were sequentially deposited onto the

SU-8 microstructures via magnetron sputtering (KYKY-500CK-500ZF), with thicknesses of 300 nm and

30 nm, respectively; after this process, the AMRs with the composition of SU-8/Ni/Ti were created on

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Primers for IL-10 Forward:

AGCCTTATCGGAAATGATCCAGT

This paper N/A

Primers for IL-10 Reverse:

GGCCTTGTAGACACCTTGGT

This paper N/A

Primers for TGF-b Forward:

ATATCTGCCATAACCGCACTG

This paper N/A

Primers for TGF-b Reverse:

CTGAAATGAAAGGGCGATCTAGT

This paper N/A

Primers for b-actin Forward:

GGCAGTGTTTTGGGCATATTC

This paper N/A

Primers for b-actin Reverse:

GATGACGATATCGCTGCGCTG

This paper N/A

Software and algorithms

Origin OriginLab Corporation https://www.originlab.com/

FlowJo software c10 Flowjo https://www.flowjo.com/solutions/flowjo
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top of the sacrificial layer. Finally, the substrate with the AMRs is immersed in deionized water to dissolve

the dextran sacrificial layer to release the AMRs for experiments.

Characterization of AMRs

The structures of the AMRs were confirmed using a scanning electron microscope (SEM, Zeiss Merlin,

Germany) equipped with an energy dispersive spectrometry (EDS) analyzer at 200 kV. The element analysis

was carried out using EDS. The surface roughness was examined using an atomic force microscope (AFM,

MFP-3D Stand Alone, Asylum Research, USA). For AFM imaging, contact mode using oxide-sharpened sil-

icon nitride tips was applied, and information was collected in an area of 1 3 1 mm.

The surface zeta potential was measured using aMalvern model Zetasizer Nano ZSP zeta potential analyzer

(BI-200SM, Bruker, USA). Infrared spectra were obtained using a Fourier transform Spectrophotometer

(Perkinelmer 1720 IR. USA) in potassium bromide disks.

Cell viability evaluation

Cell viability was assessed using CCK-8 kit according to the manufacturer’s instructions. Briefly, 100 mL cell

suspension was seeded in 96-well plates at a density of 2 3 104 cells per mL. AMRs were added to the cells

and incubated overnight. Then, the CCK-8 reagent was added and incubated in the darkness for 1 h.

Finally, the absorption value at 450 nm was read by a multifunctional full wavelength microplate reader (In-

finite 200 Pro, Tecan Austria GmbH, Austria).

Immunofluorescent staining of polarized macrophages

The immune response of macrophages induced by the surface properties of the AMRs was verified using

immunofluorescence staining of the polarized macrophages. In brief, murine macrophage cell line (RAW

264.7) was seeded onto the AMRs and cultured for 1 day. Then, the cells were fixed in 4% (w/v) paraformal-

dehyde for 15 min and washed with PBS three times. The fixed cells were permeabilized for 10 min in 0.1%

Triton X-100 in PBS at 4�C. Next, the cells were blocked with 1 wt% BSA at RT for 1 h. Afterward, the cells

were incubated with primary antibody diluted in blocking buffer (M1 marker, iNOS, 1:100; M2 marker,

arg-1, 1:100) at 4�C for overnight. The next day, the cells were washed three times with PBS. After washing,

the corresponding diluted secondary antibodies (TRITC Conjugated AffiniPure Goat Anti-Mouse IgG (H +

L) and DyLight 488 Conjugated AffiniPure Donkey Anti-Rabbit IgG (H + L)) were added and incubated for

1 h, followed by washed with PBS three times. Finally, nuclei were counter-stained with DAPI for 5 min. The

cells were washed again with PBS followed by the addition of the antifade mounting medium. The stained

cells were imaged by confocal microscopy. The fluorescence intensity was quantitatively analyzed using

flow cytometry (FACSVerse, BD, USA) with 10,000 events collected.

Inflammation-related gene expression

The expression levels of inflammation-related genes (Arg-1 and iNOS) were determined using real-time

PCR. After incubating the cells with the AMRs for 24 h in DMEMmedium, total RNAwas extracted from cells

using a modified Trizol protocol. RNA was quantified using a NanoDrop spectrophotometer (Thermo,

USA). Complementary DNA (cDNA) was synthesized from RNA using a Prime Script RT Reagent Kit.

Gene expression analysis was performed on a CFX96TM Real-Time PCR Detection System (Bio-Rad,

USA) using SYBR Premix Ex Taq TM. PCR conditions were set as follows: initial denaturation at 95�C for

30 s, followed by 40 cycles at 95�C for 5 s; and 60�C for 30 s; melt curve from 65�C to 95�C with an increment

of 0.5�C/5s. Levers of genes were normalized to GAPDH as a housekeeping gene. Cells cultured without

samples were used as the control. Data were analyzed using the comparative 2-DDct method. The exper-

iment was performed in triplicate.

DOX loading and release from AMRs

DOX was loaded onto the AMRs via electrostatic interaction. Before drug loading, AMRs were modified by

citrate. The reaction was performed by immersing the microrobot in 10 mM saline sodium citrate for 1 h,

followed by removal of the free salt solution by washing with water. Then different concentrations of

DOX were incubated with the citrate-modified AMRs at 37�C for 4 h. Then, supernatants containing

non-loaded DOX were collected. The DOX-loaded AMRs in the pellet were washed twice with water

and centrifuged at 5,000 rpm, and then resuspended in 1 mL of PBS for further use. The DOX concentration
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in the supernatant solution was measured by UV�Vis spectra at l = 480 nm. Drug loading efficiency (DLE)

was determined as follows: DLE (wt %) = weight of loaded drug/weight of total AMRs.

Magnetic actuation and motion control

The locomotion performance of the AMRs was tested in a uniform rotating magnetic field generated by

three orthogonal pairs of Helmholtz coils. Samples were placed in a 2 cm diameter polydimethylsiloxane

(PDMS) chamber sealed with a glass coverslip to prevent evaporation. Themagnetic field strength (mT) and

rotational frequency (Hz) of themagnetic field were controlled by a LABVIEWprogram. Data analysis for the

motion control experiments was performed by tracking the position of the microrobots over time in the

recorded videos. A tracking algorithm written in MATLAB was used to process the captured videos and

calculate the forward velocity of the AMRs.

Targeted treatment of 3D cancer cells spheroids by AMRs

Targeted anti-cancer cell therapy using dual targeting AMRs was assessed using 3D cancer cell spheroid

models in a microfluidic channel. 3D cancer cell spheroids were generated using the matrigel and agarose,

which are commonly used and commercially available ECM materials. First, agarose solution (1.5%, w/v)

was prepared by heating at 121�C for 20 min; then, 60 mL of the agarose solution was coated on the bottom

of the wells on a 96-well plate at 37�C for 30 min. Next, the 100 mL 4T1 cell suspension (500 cells) in 2.5%

matrigel was added to the agarose-coated wells. The culture medium was half-changed every 3 days

with the fresh medium. The formation of aggregates was monitored under the microscope and transferred

to a microfluidic chip after the spheroids were formed. For experiments, the AMRs were placed inside

the microfluidic chip with cell spheroids. The chip was then placed inside the Helmholtz coil system

where the AMRs loaded with macrophage and DOX were magnetically guided to target the spheroids.

When the AMRs got close to the spheroids, the magnetic field was stopped to allow the macrophage to

specifically target the spheroids; simultaneously, the relatively acidic environment around the spheroids

triggered DOX release. The effectiveness of the targeted cancer cell therapy was evaluated by observing

the viability of the cancer cells in the spheroids through live/dead staining. Cell viability was evaluated us-

ing CCK-8 kit.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data are represented as the meanG SEM. P-values were calculated by one-way ANOVA test unless other-

wise indicated. p values < 0.05 were considered significant. N = 3, where n denotes the number of times the

data was replicated.
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