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Editorial on the Research Topic
Micro/nanorobots in nanobiotechnology

Six decades have passed since Richard Feynman spearheaded one research direction towards
small-scale machinery, heralding the dawn of nanotechnology. Advances in microscopy have
significantly enhanced our understanding of fundamental principles at the microscopic level and
have provided us with versatile methods for control in microenvironments. Among these
advancements, micro/nanorobots emerge as unique devices that facilitate direct interaction with
microscopic entities, such as cells and molecules. These tiny machines, powered by field energy
conversion, enable precise control and serve as customisable building blocks to perform tasks in
various environments, particularly within complex biological systems. This Research Topic aims
to elucidate nanorobot-cell interactions and inspire the development of novel functions formicro/
nanorobots in biological contexts, ultimately advancing innovative treatments in clinical
applications.

Considering the potential of micro/nanorobots in the biomedical field, the review
articles in this Research Topic offer insights into the capabilities of such self-propelled
systems in medicine. Active control of micro/nanorobots can enhance local drug delivery
and improve therapeutic effectiveness whilst minimising side effects on healthy tissues.
Passive nanomedicines or non-motile particles have proven effective in cancerous
environments, including tumours in the liver, breast, glioma, pancreas, lung,
oesophagus, and cervical regions, as well as in treating endocrine diseases such as
diabetic complications and circulatory system diseases, such as ischemic stroke and
thrombosis. Integrating nanorobotics into these systems has the potential to
synergistically improve targeted drug delivery, biological barrier penetration (such as
the blood-brain barrier and deep tissues), and overall treatment efficiency.

Nanorobots can facilitate tissue growth and organoid formation when we examine their
interactions with tissues. At the cellular level, they enhance intracellular delivery of substances
such as oxygen (Zhang et al., 2019), siRNA (Esteban-Fernández De Ávila et al., 2016), and other
complexes, thereby achieving gene silencing (Yin et al., 2013) and knockout (Hansen-Bruhn et al.,
2018). Both the cytoplasm and nucleus are accessible targets (He et al., 2022). The hydrogel
magnetic microrobots discussed in this Research Topic have been employed to deliver drugs that
inhibit cancer cell proliferation and mobility and induce apoptosis.
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In the realm of biomedical diagnosis, functionalised micro/
nanorobots can bind to target genes, activate fluorescence signals,
and enable rapid and sensitive diagnoses for conditions such as head
and neck cancer (Qualliotine et al., 2019), HeLa cells (Esteban-
Fernández De Ávila et al., 2015), and Alzheimer’s disease (Sun et al.,
2021). They can also detect the SARS-CoV-2 virus by recognising its
spike protein (Mayorga-Martinez et al., 2022). Additionally,
nanorobots can enhance the efficiency of the enzyme-linked
immunosorbent assay (ELISA) (Wang et al., 2022) and improve
imaging diagnoses of deep tissues, such as intestinal diseases, which
are traditionally examined using an endoscope.

A typical treatment cycle of a nanorobotic system comprises four
sections: drug loading, targeted drug delivery, drug release (if the drugs
are coated internally or require specific contact with tissues for efficacy),
and nanorobot degradation or exclusion from the body. Regarding
actuation, three external driving fields are discussed in this Research
Topic: acoustic, magnetic, and electrical fields, due to their
biocompatibility and non-contact control manners. Additionally, light,
thermal and chemical (Simó et al., 2024) energies may enhance some
objectives, endowing nanorobots with multiple functions to navigate
complex and dynamic environments. Biosafety is a priority when
applying micro/nanorobots in biological environments and during
imaging procedures such as positron emission tomography (PET),
computed tomography (CT), photoacoustic computed tomography
(PACT), optical coherence tomography (OCT), magnetic resonance
imaging (MRI), and X-ray. A potential solution is to integrate living
cells (e.g., microorganisms, macrophages, platelets, stem cells, and
chimeric antigen receptor T cells) or cell membranes (e.g., platelet,
tumour cell, macrophage, and red blood cell membranes) to fabricate
biohybrid micro/nanorobots. These have proven effective in modulating
the immune system (Zhou et al., 2020).

Numerous reviews have emerged during COVID-19 and its
aftermath due to the lockdown, but now most research activities,
including experiments, have returned to normal thanks to the
sacrifices made by all humanity. Clinical trials and medical translation
of nanobiotechnology are complex processes that take time to manage.
Biological experiments demand significant time commitment and

patience to obtain valid data proving efficacy. Long-term dedication is
essential for researchers to solidify the fundamentals, and cross-
disciplinary integration is necessary to bridge the gap between
laboratory research and clinical applications. Biomimetic inspiration
can be drawn from nature for materials and designs, meanwhile,
emerging technologies including artificial intelligence (Yang et al.,
2024) may drastically advance nanorobotic biotechnology in
healthcare. Nowadays, open-access articles are becoming a new trend
removing barriers to knowledge, and the impact of refereed articles relies
on researchers’ integrity and scientific discoveries. Time will reveal what
research is pivotal and constructive to the community and society,
guiding younger generations to shape the future together. We look
forward to witnessing the breakthroughs of nanorobots that address
the health challenges everyone faces.
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The application of nanomedicine
in clinical settings

Qingsong Zhao1, Nuo Cheng2, Xuyan Sun2, Lijun Yan1* and
Wenlan Li1*
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As nanotechnology develops in the fields of mechanical engineering, electrical
engineering, information and communication, and medical care, it has shown
great promises. In recent years, medical nanorobots have made significant
progress in terms of the selection of materials, fabrication methods, driving
force sources, and clinical applications, such as nanomedicine. It involves
bypassing biological tissues and delivering drugs directly to lesions and target
cells using nanorobots, thus increasing concentration. It has also proved useful for
monitoring disease progression, complementary diagnosis, andminimally invasive
surgery. Also, we examine the development of nanomedicine and its applications
in medicine, focusing on the use of nanomedicine in the treatment of various
major diseases, including how they are generalized and how they are modified.
The purpose of this review is to provide a summary and discussion of current
research for the future development in nanomedicine.

KEYWORDS

cross-disciplinary, micro-/nanorobots, nanotechnology, nanomedicine, drug delivery

1 Introduction

Modern medicine is studied to pursue a new interdisciplinary discipline named
nanomedicine which combines nanotechnology and medicine (Zingg and Fischer, 2019;
Germain et al., 2020). An application of nanotechnology in medicine is called nanomedicine,
while a pharmaceutical product containing nanotechnology is known as nanomedicines. For
example, a pharmaceutical containing a nanotechnology component, usually the actual drug
or a vehicle that delivers it. Nanomedicine is an umbrella term for nanotechnology with
medical applications, whereas “nanomedicines” are pharmaceuticals containing
nanotechnology components (Hall et al., 2012).

A lecture given by Richard Feynman in 1959 at Caltech envisaged machines and devices
made of individual atoms, now known as “bottom-up” nanotechnology (Olsman and
Goentoro, 2018). Gerd Binnig and Harold Rohrer won the Nobel Prize in Physics in
1986 for their scanning tunneling microscopy technique, which enables the picking up of
individual atoms and assembling them into the desired arrangement, thus greatly enabling
the development of a new technology. Carbon 60 was discovered by Richard Smalley, Robert
Curl, and Harold Kroto in 1995, winning the Nobel Prize in Chemistry. As a result of their
research on graphene, a two-dimensional carbon molecule made up of nanoscale atoms,
Andre Geim and Konstantin Novoselov were awarded the Nobel Prize in Physics in 2010.

United States and European regulatory agencies approved the first generation of
nanomedicines in the mid-1990s (Ferrari, 2010). A typical application of nanomedicine
is liposomes, which are nanoparticles (NPs) derived from lipid molecules, similar to the basic
structure of cell membranes. With nanomedicines, cytotoxic drugs are selectively delivered
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to focal areas using nanotechnology, increasing drug concentrations
in targeted areas, reducing damage to non-targeted areas,
minimizing side effects, and achieving more therapeutic
outcomes at a lower cost than conventional therapeutic
modalities (Martin et al., 2020).Nanotechnology can establish
new routes of drug delivery and, through controlled release
systems, improve the absorption and utilization of drugs and
increase the targeting rate of drugs to a greater extent than in
conventional medicine.

Through the use of drug-loaded micro/nanorobots, the some
drugs can be effectively tracted and penetrated into the relevant
tissues. Nanotechnology has opened up new possibilities for drug
delivery (Maheswari et al., 2018). In recent years, a large number of
drug delivery systems have been developed, including liposomes
composed of phospholipid bilayers (Liu Y. et al., 2021). Hydrophilic
cores and lipophilic lipids bind hydrophilic and hydrophobic drugs
in liposomes, which are phospholipid vesicles. Targeting on cancer
therapies, liposomes are commonly used as carriers for targeted
delivery. Inorganic nanoparticles are known to carry drugs via
surface coupling (Wang X. et al., 2021), dendritic polymers with
shell-core properties (Kheraldine et al., 2021), as well as polymeric
nanoparticles. Among the propulsion sources for drug-delivery
nanorobots are magnetically driven (Hu et al., 2020; Sindhu
et al., 2021; Zhao et al., 2022; Li et al., 2023), which uses a
magnetic field to propel the device, optically driven (Dong et al.,
2016), which utilizes semiconductor-based photoinduced catalysis
to provide propulsion, acoustically driven (Ahmed et al., 2015),
chemically driven (Mou et al., 2016), and biologically driven (Park
et al., 2017; Halder and Sun, 2019). An external field drive for micro-
nanorobots can be provided by magnetic, optical, and acoustic
waves. It has the advantages of easy adjustment and high
controllability, but it relies more heavily on off-field devices for
power. Among these types of drives, magnetic drives are the most
commonly used, and compared with other micro-/nanorobot drive
methods, magnetic drives influenced bymagnetic field gradients and
magnetic field torques possess the characteristics of being easy to
acquire, easy to adjust magnetic fields, and capable of penetrating
into biological tissues without significant damage. It can be used in a
variety of liquid environments, which is the relatively most mature
driving method. Micro-/nanorobots fabricated with magnetic drive
as the power module can be broadly classified into spiral-propelled
micro-/nanorobots (Walker et al., 2015), oscillating magnetic field-
driven flexible micro-/nanorobots (Li et al., 2017; Xin et al., 2019; Liu
J. et al., 2021; Ji et al., 2021) and other types of magnetic field-driven
micro-/nanorobots, such as gradient magnetic field-driven micro-/
nanorobots (Li et al., 2016; Wang et al., 2022). Researchers are also
attempting to create micro-/nanorobots using a combination of
magnetic drive and other drive methods at the same time due to the
features such as easy adjustment of magnetic fields and non-
destructive penetration into biological tissues. This can be
accomplished by giving certain magnetic properties to micro-/
nanorobots while applying other driving methods. In recent
years, more types of magnetic nanorobots have been designed,
Yu et al. have fabricated trimeric nanorobots using three
magnetic Janus colloids of different diameters (Yu et al., 2022).
Inspired by the biological claws of tardigrades, Li et al. have designed
a magnetically driven swimming microrobots with claw geometry
and a red blood cell (RBC) membrane camouflage on its surface. It

achieves controlled motion and targeted dwellings in a high velocity
blood flow environment, providing a new idea for the precise
treatment of malignant tumors (Li et al., 2023). Micro-/
nanorobots powered by light are mainly actuated by
photoinduced catalysis in semiconductors, and the action of
light-driven micro-/nanorobots in biological tissues can be
controlled by adjusting light intensity, light frequency, light area,
light duration or by enhancing photocatalytic efficiency (Wang Q.
et al., 2020; Yang et al., 2021).Additionally, research on micro-/
nanorobots propelled by acoustics is essential, particularly the use of
ultrasonic waves that can penetrate biological tissues with greater
reliability (Díez et al., 2017; Mu et al., 2021). Wang et al. described a
novel intracellular antigen delivery strategy using ultrasound (US)-
propelled gold nanowires (AuNWs) nanomotors modfied with a
model antigen (ovalbumin, OVA). Due to the excellent
biocompatibility of AuNWs nanomotors, it can improve antigen
cross-presentation and cellular immunity and thus promote
immune efficiency of vaccines (Wang J. et al., 2021). In terms of
chemical drives, bubble propulsion mechanisms have received the
most attention to date. By adjusting the intensity and pulse of UV
irradiation, Mou et al. can remotely control whether or not bubbles
are generated, while utilizing the photocatalytic water redox reaction
on TiO2/Pt under UV irradiation16. It is important to note;
however, that bubble recoil propulsion does have limitations, and
the floating bubbles are unstable inmost physiological environments
outside of the gastrointestinal tract of human (Jang et al., 2019). As a
result of their inherent limitations, nanorobots remain challenging
in design and preparation today, including complex fabrication
techniques, difficulties in surface modification, difficulties in
flowing biofluids, and poor biocompatibility or poor
biodegradability, depending on the materials (Zhang et al., 2020).

There are many applications of nanomaterials, including drug
delivery, medical imaging, and other fields, that benefit from their
unique physicochemical properties and photothermal effects,
namely, its small size, light weight, easy adjustment, strong
penetrationand non-destructive penetration into biological
tissues. In recent years, nanomedicine has shown great potential
for applications. For instance, nanomedicines have been widely
applied. Since the first nanomedicine doxorubicin (DOX) was
introduced in 1995 (Barenholz, 2012), researchers have developed
a wide range of nanomedicines to date, including paclitaxel albumin
nanoparticles (Chen et al., 2021) and elitecan liposomes (Wang T.
et al., 2021), which are used to treat a variety of serious diseases. The
use of nanomedicine for disease monitoring and minimally invasive
surgery is among the many clinical applications of nanomedicine.
Consequently, the development of nanomedicine in disease
monitoring and minimally invasive surgery is not to be
underestimated, as nanorobots have many advantages over
conventional robots, including the ability to monitor and treat
lesions more efficiently (Mir et al., 2017).

1.1 Clinical applications of nanomedicine

Research for nanotechnology application in the medical field has
focused on the diagnosis of diseases, targeted delivery, and
minimally invasive surgical procedures. As a result of their small
size, light weight, flexibility, and nondestructive penetration into
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biological tissues, micro-/nanorobots achieve results that are
difficult or even impossible to achieve by conventional mean
(Fadeel and Alexiou, 2020). In terms of chemical reactivity,
fluorescence, magnetic permeability, and electrical conductivity,
nanomaterials demonstrate significant differences, and these
properties could lead to significant advancements in the
development of new drugs (Jacob et al., 2020). Imaging
techniques in the biomedical field are used to monitor the
pharmacokinetics and pharmacodynamics of nanomedicine, as
well as to improve nanomedicine-based therapeutic regimens in
preclinical research (Tuguntaev et al., 2022).

1.1.1 The use of nanomedicine in the treatment of
major diseases

With the unique advantages of nanotechnology, targeted drug
delivery has become a reality. By delivering therapeutic drugs
through nanocarriers and targeting their delivery to the focal
area, it is possible to increase the concentration of therapeutic
drugs in the focal area while minimizing side effects and damage
to non-targeted areas. Many nanomedicines have been developed by
researchers in the last few decades for different diseases, especially
for some major diseases, which have greatly reduced pain and
economic pressure for patients.

1.1.1.1 Oncology therapy related applications
The It is widely recognized that medical nanotechnology is a

promising approach to solve cancer challenges. Worldwide, cancer
is the leading cause of death, accounting for nearly 10 million (or
nearly one in six) deaths, according to a report published by the
World Health Organization (WHO). Among the conventional
cancer treatments, surgical resection, radiotherapy, and
chemotherapy are the most common. The current conventional
treatment for cancer kills cells indiscriminately in the focal area of
the body, causing severe pain to the patient during the treatment
procedure (Li et al., 2020). Drug delivery via nanomedicine carriers
is a viable alternative to conventional chemotherapy which suffers
from poor water solubility, poor tissue targeting, and severe systemic
toxic effects (Kumstel et al., 2020). Nanomedicine carriers increase
drug concentration within the target area and thus improve drug
utilization and efficacy by increasing the drug concentration in the
target area. As well, the nano drug carriers can be administered
within the tumor vasculature, thereby reducing the drug dose and
the toxic side effects on other tissues and organs.

In the world, liver cancer is the sixth most common type of
cancer. Hepatocellular carcinoma (HCC) has an 18% 5-year survival
rate, making it the second most lethal cancer following pancreatic
cancer. Its insidious onset and insensitivity to chemotherapy make
its treatment unsatisfactory (Zhang X. et al., 2016). As nanodrugs are
able to increase drug bioavailability and hepatic targeting while
reducing side effects on normal tissues, they offer greater
possibilities for treating hepatocellular carcinoma when
conventional therapies are ineffective (Bakrania et al., 2021;
Elnaggar et al., 2021). In the field of targeted therapies, sorafenib
(SOR) was the first systemic drug to demonstrate efficacy in patients
with advanced HCC and has been used as a first-line treatment for
more than 10 years. SOR alone is unlikely to achieve therapeutic
expectations because of its inherent toxic side effects and the
development of tumor resistance. This could be caused by the

development of resistant tumor variants. In addition to
traditional anticancer drugs, nanomedicines can be combined
together to enhance delivery, retention, and release of these drugs
into target cells and tumor tissues, thereby increasing the therapeutic
effectiveness of cancer treatment. The combination of SOR and
adriamycin has been proven to provide better therapeutic effects in
patients with advanced hepatocellular carcinoma in clinical trials.
Using a hybrid lipid-polymer nanoparticle containing a tumor-
targeting peptide (iRGD), Zhang J. et al. (2016) developed a
(DOX) and SOR delivery system containing iRGD (see
Figure 1A). In contrast to single drug delivery, the hybrid
delivery system resulted in greater bioavailability of the drug,
improving the effectiveness of the anti-tumor treatment. The
results of this study demonstrate that nanoparticles combined
with clinical anticancer drugs are capable of enhancing anti-HCC
efficacy, which is a direction of future research. In addition to the
combination of nanoparticles and anticancer drugs, the
combination of therapeutic nucleic acids and nanoparticles has
also shown promise for application. In the research of Oh et al.
(2016), DOX bound by electrostatic interaction was delivered
through liposomes coated with siRNA, and the combination of
DOX and siRNA inhibited tumor growth (see Figure 1B). Therefore,
synergistic antitumor therapy has the potential to effectively target
tumor cells and improve the antitumor effect, demonstrating its
great potential. A nanodrug (HA @ PDC-DOX2) was also developed
and synthesized by Wang J. et al. (2020), consisting of peptide-
adriamycin as the core and hyaluronic acid as the shell, to enhance
the stability and targeting capability of PDC-DOX2 (see Figure 1C).
A new gold nanoparticle (Do-AuNP) was successfully synthesized
from the extract of Dendrobium (DO), a traditional Chinese
medicine. Experimental results show Do-AuNP has better anti-
tumor efficiency as compared to gold nanoparticles in either vitro or
in vivo, providing a new approach (Zhao et al., 2021). One of the key
directions in nanomedicine research for the future will be to
combine nanoparticles with molecules, therapeutic drugs or
inter-nanoparticles in order to enhance the stability, therapeutic
effects, and reduce the toxic effects of nanomedicines.

In addition to being the most common malignant tumor in
women, breast cancer is also the leading cause of cancer deaths in
women. Researchers have developed a variety of nanomedicines
using a variety of materials to solve the problem of serious side
effects caused by therapeutic drugs. These nanomedicines target
cancer cells specifically and do not affect normal cells. It has been
reported that Cheng et al. (2021) have developed a novel
nanomedicine (CuQDA/IO@HA) containing copper ions and
quercetin to specifically target cancer cells via CD44 and induce
specific cytotoxicity in breast cancer (BRCA)-mutated cancer cells.
More importantly, CuQDA/IO@HA demonstrated no significant
adverse effects on normal tissues or organs, demonstrating the
ability to treat cancer cells by integrating metal ions with
nanomedicines. It is possible to reapply nanodrugs by integrating
metal ions. A number of nanomedicines based on nucleic acids,
including DNA and RNA, have been found to be particularly
effective when combined with chemotherapy. To enhance the
therapeutic efficacy and targeting on breast cancer, Zhan et al.
(2019) developed a novel tumor-targeting nanomedicine
(AS1411-T-5-FU) that was combined with 5-fluorouracil (5-FU)
using DNA-based delivery systems (see Figure 2A). As a result, this
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FIGURE 1
(A) Co-delivery of DOX and SOR by iRGD-modified lipid-polymer hybrid nanoparticles (Zhang J. et al., 2016). Reproduced with permission.
Copyright 2016, Nanomedicine: Nanotechnology, Biology and Medicine; (B) Schematic of preparation of Gal-DOX/siRNA-L (Oh et al., 2016).
Reproduced with permission. Copyright 2016, Nanomaterials; (C) Schematic illustration of formation of HA @ PDC-DOX2 (Wang J. et al., 2020).
Reproduced with permission. Copyright 2020, Materials Science and Engineering: (C)

FIGURE 2
(A) Schematic diagram of the structure of the nanomedicine (AS1411-T-5-FU) (Zhan et al., 2019). Reproduced with permission. Copyright 2019, ACS
Applied Materials & Interfaces; (B) Estimated atomic % of detected surface elements (Howard et al., 2022). Reproduced with permission. Copyright 2022,
Small.
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nanomedicine is capable of targeting and killing breast cancer cells
more effectively than 5-fluorouracil alone, showing DNA’s potential
as a nanomedicine material. Nucleic acid nanodrugs, however, face
considerable difficulties in clinical applications due to their poor
biocompatibility and low drug loading efficiency. Alternatively,
Howard et al. (2022) assembles herpes simplex virus (HSV1716)
with magnetic nanoparticles in order to precisely target cancer cells
through magnetic actuation (see Figure 2B), preventing antibodies
from attacking the virus in vivo before it can act, allowing the virus to
proliferate in cancer cells while accumulating immune cells in the
tumor, It can improve the treatment effect of disseminated tumors
by 50% by promoting antitumor immunity, inducing tumor
shrinkage, and increasing survival in a homozygous mouse model
of breast cancer. Each material has its own advantages and
disadvantages, and it appears to be a promising direction for
future research utilizing the advantages of the materials
themselves to their fullest extent and utilizing chemical coupling
as a means of circumventing their shortcomings.

It is extremely difficult to treat glioma using conventional
therapy as the blood-brain barrier severely hinders the anticancer
effects of chemotherapy on glioma. However, various specific
transporters on the blood-brain barrier can be utilized as targets
to deliver tumor drugs using targeted nanoparticle delivery systems
(Deng et al., 2020).Hortelao et al. designed an experimental
nanorobot which was modified by urease and constructed with
SiO2 as a shell. It can load therapeutic drugs into tumor cells for

release. As a result of loading nanobots with therapeutic drugs and
releasing them in the tumor area, the drug concentration in the focal
area increased and the drug utilization rate improved, and the drug
was also reduced as it was released into other tissues and side effects
were reduced (Llopis-Lorente et al., 2019). Therefore, it is apparent
that nanodrugs are more effective at breaking through the blood-
brain barrier than traditional chemotherapy treatments, which
offers more treatment options for those suffering from brain
diseases. The benefit of this approach is that it provides a greater
variety of treatment options for brain diseases and achieves a more
rapid therapeutic effect. Nevertheless, drug resistance is also a
problem when treating glioma with a single drug. The
combination of drugs, however, has good performance in treating
glioma. The synergistic effect of the combination of therapeutic
drugs and siRNA can significantly improve the anticancer effect in
various cancers. In an experiment conducted by Peng et al. (2018), a
targeted nanocarrier carrying temozolomide (TMZ) and anti-BCL-
2 siRNA was used to assess the physicochemical properties and
release profile of this drug, both in vitro and in vivo (see Figure 3A).
Moreover, the drug promoted targeted drug delivery and inhibited
tumor growth by activating pro-apoptotic genes in cancer cells,
resulting in a significant apoptotic response and prolonging patients’
survival periods. It is necessary to develop drugs for the treatment of
brain diseases that are capable of crossing the blood-brain barrier, as
well as to evaluate the clinical effectiveness of the drugs and to target
drug resistance.

FIGURE 3
(A) Schematic illustration of the preparation for TMZ-FaPec@siRNa micelle and the release of TMZ and siRNa inside cancer cells (Peng et al., 2018).
Reproduced with permission. Copyright 2018, International Journal of Nanomedicine; (B) Preparation process of the nanomedicine (Au/FeMOF@CPT
NPs) (Ding et al., 2020). Reproduced with permission. Copyright 2020, Advanced Science (C) Schematic diagram of the preparation of platelet
membrane-coated docetaxel (DTX)-loaded poly (lactic co-glycolic acid) (PLGA) nanoparticles (PM/PLGA/DTX) (Chi et al., 2019). Reproduced with
permission. Copyright 2019, Journal of Nanoparticle Research.
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Less than 5% of pancreatic cancer patients survive 5 years after
being diagnosed, making it the world’s deadliest cancer. To enhance
the quality of life and prolong the survival time of patients with
pancreatic cancer, Gao et al. (2020) proposed delivery of drugs by
ultrasound-targeted microbubble destruction (UTMD), which has
significantly improved the therapeutic effect on patients with
advanced pancreatic cancer. Due to its high biological toxicity,
however, it has some limitations when applied to patients who
are in good physical condition because it places high demands on
their physical function. As reported by Ding et al. (2020), a hybrid
nanodrug was fabricated (Au/FeMOF@CPT NPs) with metal
organic backbone nanoparticles (MOF) and gold nanoparticles
(Au NPs) (see Figure 3B), which improved the stability of the
nanodrug in the organism. It was effective because cancer cells
contain high concentrations of phosphate, resulting in the drug’s
complete release. Even though gold nanoparticles are one of the least
toxic metal nanoparticles, high concentrations may be genotoxic,
and drug safety needs to be considered as well (Desai et al., 2021a).
Nanomedicines are also being investigated for their potential
therapeutic applications in the treatment of tumors in other
organs, including the lung (see Figure 3C) (Chi et al., 2019;
Wang S. et al., 2020), the esophagus (Chen et al., 2020; Salapa
et al., 2020), and the cervical region (Sadoughi et al., 2021; Venkatas
and Singh, 2021). Considering nanomedicines’ excellent targeting

capability, future research should focus on improving the
bioavailability of drugs, increasing their concentration in tumor
sites, addressing possible drug resistance, and increasing their
therapeutic potential.

1.1.1.2 Endocrine disease treatment applications
Our standard of living has been improving in recent years, and

the lifestyle and diet structure have also been changing. As a result,
the incidence of diabetes mellitus (DM) and other diseases has been
increasing, while traditional hypoglycemic drugs have proved
difficult to treat diabetes, causing great inconvenience to patients
(Vessby et al., 2000). Additionally, diabetic patients are more likely
to require a prolonged hospital stay and have a higher cost of
hospitalization, particularly if they have chronic complications
(Karahalios et al., 2018). For the purpose of alleviating the side
effects associated with long-term insulin injections and the
administration of first-line diabetes treatments, including
biguanides, sulfonylureas, and glycosidase inhibitors, a variety of
nanoparticle-based delivery systems have been developed to replace
conventional medications (Chatzipirpiridis et al., 2015; Wang et al.,
2018). According toBanerjee et al. (2020), plasmid lipocalin
(pADN)-based nanodrugs were developed for treating insulin
resistance in type 2 diabetes in experiments with diabetic rats
(see Figure 4A). They avoided enzymatic degradation of the gene

FIGURE 4
(A) Schematic illustration of formation of chitosan-oleic-adipose homing peptide (AHP) micelles complexed with DNA (Banerjee et al., 2020).
Reproduced with permission. Copyright 2020, International Journal of Pharmaceutics; (B) Activation of intestinal L-cell GLP-1 secretion by lipid
nanoparticles (Beloqui et al., 2016). Reproduced with permission. Copyright 2016, Molecular Pharmacology; (C) Diagram of the functional role of
nanofiber-reinforced hydrogel (NFRH) (Qiu et al., 2021). Reproduced with permission. Copyright 2021, Journal of Colloid and Interface Science.
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product and significantly improved insulin sensitivity for up to
6 weeks, which is an effective therapeutic method. Due to the
pleiotropic nature of the secreted glucagon-like peptide (GLP),
L cells have attracted the attention of researchers, as Beloqui
et al. (2016) A nanostructured lipid carrier was added to L cells,
and the experimental results showed that nanostructured lipid
carriers can increase GLP-1 secretion in murine and human L
cells, which results in increased GLP-1 secretion for diabetes
treatment purposes. In order to treat diabetes, exosomes can be
used as nanomaterials (see Figure 4B). It has been found that these
agents are capable of influencing both glucose and lipid levels,
primarily through promoting glucose metabolism, enhancing
lipid metabolism, and reducing lipid deposition (Ashrafizadeh
et al., 2022). Therefore, they can serve as a new strategy for the
treatment of diabetes.

A major focus of current research is the use of nanomedicines to
treat diabetic complications, in addition to diabetes itself. Patients
with diabetes are at risk for a variety of complications, including
diabetic foot, diabetic neuropathy, diabetic nephropathy, diabetic
retinopathy, etc. (Desai et al., 2021b; Balogh et al., 2022) One of the
most common, serious, and expensive complications of diabetes is
diabetic foot. As a result of hyperglycemia and abnormal glucose
metabolism, diabetic patients develop lesions, neuropathy, and
infection, making diabetic foot wounds difficult to heal and
leading to long-term inflammation (Tatulashvili et al., 2020). In
the case of diabetic feet, conventional treatment methods, such as
blood glucose control and wound debridement, fail to heal the
wound in a timely manner, and once infection occurs untreated,
amputation is the only option (Mariadoss et al., 2022). Therefore, a
drug capable of improving poor wound healing is urgently needed
for diabetic. There has been some discussion regarding the potential
value of nanomaterials in wound healing and infection control in
this regard (Pormohammad et al., 2021; Simos et al., 2021). The
development of polymeric, metallic, and ceramic nanomaterials for
the treatment of acute and chronic wounds has been found to
accelerate the regeneration of damaged dermal and epidermal
tissues (Parani et al., 2016). Nanoparticles of silver (AgNPs)
synthesized by Varaprasad et al. (2010) are suitable for use as
antimicrobial dressings and wound dressings, which represents
an important advancement in the field of antimicrobial dual-ion
technology. By disrupting bacterial biofilms and causing aggregation
of blood cells and platelets, the peptide-modified NFRH developed
by Qiu et al. (2021) may accelerate wound healing by disrupting
bacterial biofilms (see Figure 4C). A growing number of diabetic
patients are living in China, which has led to an increased need for
treatment of diabetes and its complications, especially the severe
complications of diabetes.

1.1.1.3 Circulatory system therapeutic applications
The pathogenesis of many diseases, including deep vein

thrombosis, pulmonary embolism, and ischemic stroke, involves
thrombosis (Priya et al., 2021). In clinical practice, antiplatelet
agents, anticoagulants, and fibrinolytic drugs are commonly used
in the treatment of thrombosis, including arterial and venous
thrombosis (Loyau et al., 2018; Khoukaz et al., 2020). In contrast,
traditional thrombolytic drugs have a short half-life, low
bioavailability, poor targeting, and low output efficiency, and the
treatment must be repeated multiple times. An efficient drug is

urgently needed to combat the encroachment of thrombotic disease
in patients. Researchers have thus turned their attention to the
treatment of thrombosis after nanomedicines were first introduced
for the treatment of oncological diseases. Worldwide, ischemic
stroke is one of the leading causes of severe disability and death,
posing a serious public health problem as well as an economic
burden on families of patients. Blood supply to the brain from blood
vessels is impeded by thrombosis, resulting in a sudden reduction in
cerebral blood flow caused by a series of pathological changes. These
changes ultimately lead to cerebral ischemia, which can result in
severe disability and even death (Ma et al., 2021). Consequently, a
variety of nanomedicines have been developed with the goal of
improving the effectiveness and precision of thrombosis treatments
(Su et al., 2020). Timely and effective thrombolytic therapy is of
great clinical significance, and nanomedicines such as liposomes,
polymer nanoparticles, and magnetic nanoparticles offer great
potential (Liu et al., 2018). Furthermore, Xu et al. (2019)
developed a dextran-derived polymeric nanoparticle-based
nanocarrier (tP-NP-rtPA/ZL006e) for simultaneous delivery of
tissue fibrinogen and dextran-derived polymeric nanoparticles
(see Figure 5A). Compared to conventional free drugs, this
nanodrug reduced the ischemic area more effectively in in vitro
and in vivo experiments. By contrast, the small extracellular vesicle
(sEV)-based drug delivery system developed by Loch-Neckel et al.
(2022) is endogenous nanovesicles that have excellent targeting
capabilities and are naturally biocompatible (see Figure 5B).
These devices are more advantageous in treating CNS diseases,
providing greater benefits for the treatment of Alzheimer’s disease,
brain tumors and other diseases, as they can cross the blood-brain
barrier and target specific nerve cells. Nanomaterials have also
shown great potential when combined with traditional Chinese
medicine. Salvianolic acid B(SAB), a water-soluble phenolic acid
derived from Salvia miltiorrhiza, a traditional Chinese medicine.
According to Zhang S. et al. (2022), the RR@SABNPs are a brain-
targeted bionanopharmaceutical made of bovine serum albumin
nanoparticles that contain salvianolic acid and functionalized red
blood cell membranes that contain salvianolic acid. In addition to
stability, it is biocompatible as well. Influenced by single-cell
organisms, Zhang et al.propose a strategy to use programmed
alternating magnetic fields to enable amoeboid microrobots to
more effectively deliver thrombolytic drugs and unblock embolic
vessels (Zhang et al., 2023).

Furthermore, in a mouse model of infarction, the drug
significantly scavenged excess reactive oxygen species and
reduced infarct size. It is anticipated that the number of patients
who suffer from severe disability or even death as a result of
thrombosis will be greatly reduced.

1.1.2 Other disease treatment related applications
Nanomedicine has also demonstrated promising results in the

research of diseases other than tumors and blood clots mentioned
above. As the sixth leading cause of death in humans, pneumonia is
caused by a variety of pathogens such as bacteria, viruses, and fungi
that cause damage to lung tissue or interstitial lung. Despite their
effectiveness in treating common pneumonia, conventional drugs
are less effective in treating some critically ill patients, such as those
with acute lung injury. In light of this, the development of new drugs
for the specific treatment of critically ill patients is one of the most
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hotly debated topics in current research (Muhammad et al., 2022).
According to Mukhaerjee et al., silver Prussian blue (PB) analog
nanoparticles (SPBANPs), a new nanopharmaceutical formulation
developed by combining PB with silver salts (silver nitrate). The
SPBANPs demonstrated excellent antibacterial activity in Gram-
negative bacteria (Escherichia coli, Klebsiella pneumoniae, and
Pseudomonas aeruginosa) and Gram-positive bacteria (Bacillus
subtilis) (Mukherjee et al., 2020). A worldwide pandemic of
COVID-19 has caused the development of vaccines, and
nanotechnology has been an integral part of the development of
efficient, safe, and relatively affordable vaccines based on
nanomedicine principles in order to control the pandemic (Al-
Hatamleh et al., 2021; Shapiro, 2021). It has been determined that
vaccines based on nanomedicine principles will be effective, safe,
and cost-effective in the fight against the COVID-19 pandemic
across the globe. Nanotechnology has played an integral part in
developing such vaccines (Tang et al., 2017; Niu et al., 2021).
William M. Pardridge develops a drug that both encapsulates
plasmid DNA encoding a therapeutic gene and crosses the
blood-brain barrier (BBB). The drug uses Trojan horse liposomes
(THL), also known as polyethylene glycolated immunoliposomes,
formed by encapsulation of plasmid DNA inside polyethylene
glycolated liposomes with a net anionic charge, and THL is

developed as a receptor-targeted nanomedicine for the treatment
of human central nervous system disorders. (Pardridge, 2020).

1.2 Diagnostic applications of nanomedicine

Through the advancement of nanotechnology, nanomaterials of
various types, shapes, and sizes are being applied to biosensors in
order to enhance their sensitivity and accuracy in detecting diseases
(Spychalska et al., 2020). Salahandish et al. (2018), for instance, used
graphene, a material which is highly thermally stable and has good
gas barrier properties. For the detection of miRNA-21, which is a
breast cancer marker, a graphene-based (NFG) nanosensor with
silver nanoparticles (AgNPs) is developed with high sensitivity,
which could be useful for the early diagnosis of breast cancer
(see Figure 6A). Zhang et al. proposed the use of magnetic
properties of iron oxide nanoparticles as MRI contrast enhancer.
Such particles can form magnetic fields and are easily deformed and
manipulated. This method makes MRI of lesion sites easier to
visualize and also effectively reduces the amount of contrast
agent used (Zhang Z. et al., 2022).

During the treatment of diabetes, it is imperative to develop
new methods of monitoring blood glucose levels, since the

FIGURE 5
(A)Main components of the tP-NP-rtPA/ZL006e (Xu et al., 2019). Reproducedwith permission. Copyright 2019, ACSNano; (B) Schematic illustration
of formation of sEV biogenesis (Loch-Neckel et al., 2022). Reproduced with permission. Copyright 2022, Front. Pharmacol.

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Zhao et al. 10.3389/fbioe.2023.1219054

13

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1219054


current methods are relatively cumbersome to diagnose and
monitor. Biosensors based on nanoparticles offer increased
glucose monitoring sensitivity, allowing clinicians and
researchers to quantify diabetes levels and make further
diagnoses with greater accuracy (Kovatchev, 2018; Wang Y.
et al., 2021).

1.3 Surgical procedures utilizing
nanomedicine

It is also possible to use nanomedicine technology in minimally
invasive surgical procedures. Since micro-/nanorobots are small and
lightweight, they offer increased flexibility in narrow biological
tissue environments. Macro-/nanorobots can perform a number
of precise micro-operations and reduce tissue damage during
surgery, as well as perform functions that macro-/nanorobots
cannot.

In a live rabbit eye, Chatzipirpiridis et al. successfully
operated a micro-/nanorobot wirelessly by rotating around
its axis and injecting a 23-gauge needle into the central
vitreous fluid (see Figure 6B) (Chatzipirpiridis et al., 2015).
Researchers insert nanorobots into rat brains through the nose
to perform different types of movements by regulating the
magnetic field. They are currently investigating the insertion
of magnetic microrobots into neural tissue to induce behavioral
changes in small mammals (Soto et al., 2020). In the future, it
may be possible to develop micro-/nanorobots that can treat
diseases in other narrow areas of the human body. In this study,
it has been shown that micro-/nanorobots can significantly
reduce tissue damage during surgery owing to their own
properties, and their use in minimally invasive surgery holds
great promise. It has demonstrated excellent potential in
experimental studies, even though it has not yet been able to
be scaled up to the clinical setting.

2 Nanomedicine faces numerous
challenges

In Micro-/nanorobots are much smaller than macro-robots and
they can pass through biological tissues to reach the lesion, allowing
precise micro-operations and accurate drug delivery in complex
biological environments. There is a great deal of potential in
nanotechnology for the future. Medical nanotechnology still faces
many problems in practical clinical applications despite the
numerous breakthroughs and innovations in nanotechnology and
materials science in recent decades.

1) Micro-/nanorobots are used to deliver nanomedicines due to
their small size, allowing them to penetrate deep into biological
tissues with less damage and to cross the blood-brain barrier to
reach sites which conventional drugs are unable to reach.
However, their drug-carrying capacity is slightly insufficient,
and they can also have difficulty transporting large molecules.
Therefore, further research is needed to promote nanorobots to
break through in vivo biological barriers and achieve multi-drug
carriage more effectively.

2) A crucial aspect of the development process is the selection of
nanomaterials. In particular, the preparation of micro-/
nanorobots that utilize naturally occurring microorganisms in
nature must address the problem of life support for
microorganisms as well as the provision of nutrients necessary
for their growth. It is important to consider the toxicity,
degradability and applicability of the materials used in the
preparation of micro-/nanorobots using artificial technologies
(such as 3D printing) and whether they can be widely used.

3) Depending on the degree of lesions, the appropriate amount of
nanomedicine should be released, as well as how to provide timely
and accurate feedback regarding whether the expected effect has been
achieved. When the drug has been delivered and released into the
body, it should be completely and safely discharged outside the body.

FIGURE 6
(A) Schematic illustration of formation of nanocomposite fabrication (Salahandish et al., 2018). Reproduced with permission. Copyright 2018,
Biosensors and Bioelectronics; (B) cobalt-nickel (CoNi) microtube steered along a vein in a porcine eye (Chatzipirpiridis et al., 2015). Reproduced with
permission. Copyright 2015, Advanced Healthcare Materials.
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4) Currently, cross-disciplinary cooperation and exchange are
insufficient; basic research needs to be improved, and some
important theoretical issues involving nanomedicines still
require further study.

3 Overview and outlook

With continuous innovations and breakthroughs in nanomedicine
technology, diagnosis and treatment at the microscopic level are
increasingly becoming a reality, and nanomedicine technology is
widely used in clinical treatment, disease diagnosis and other
medical fields. However, nanomedicine does not yet have a perfect
solution to many major diseases, and safety issues and other problems
remain challenging. However, the system is not yet perfect and some
problems still exist. In the field of nanomedicine technology, solving the
material, functional and safety-related problems of nanocarriers is still a
hot spot for research with wider potential applications, which deserves
more in-depth exploration and research.
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Micro-nano robots have emerged as a promising research field with vast potential
applications in biomedicine. The motor is the key component of micro-nano
robot research, and the design of themotor is crucial. Among themost commonly
used motors are those derived from living cells such as bacteria with flagella,
sperm, and algal cells. Additionally, scientists have developed numerous self-
adaptive biomimetic motors with biological functions, primarily cell membrane
functionalized micromotors. This novel type of motor exhibits remarkable
performance in complex media. This paper provides a comprehensive review
of the structure and performance of micro-nano robots that utilize living cells and
functionalized biological cell membranes. We also discuss potential practical
applications of these mirco-nano robots as well as potential challenges that
may arise in future development.

KEYWORDS

micro-nano robots, micromotors, living cells and cell membranes, drug delivery,
immunotherapy, phototherapy

1 Introduction

The field of robotics has experienced a rapid development, resulting in their widespread
use in various industries. These robots come in different sizes, ranging from microscopic to
macroscopic, with the latter being commonly used in industrial production, service
industries, and military warfare. However, the size of macroscopic robots limits their
application in certain situations, such as in vivo interventional diagnosis and treatment
(Soto et al., 2022). This limitation has led to the emergence of micro-nano robots (Wang and
Pumera, 2015; Esteban-Fernández et al., 2018; Venugopalan et al., 2020; Wang and Zhang,
2021; Wang X et al., 2022), which are capable of operating on the micro-nano scale and
exhibit remarkable flexibility and adaptability. Furthermore, it is capable of working
collaboratively within a cluster (Law et al., 2022). In recent decades, micro-nano robots
have emerged as a promising field of research with applications in biomedicine, particularly
in targeted drug delivery and disease diagnosis and treatment (Zhang et al., 2022a; Wang
et al., 2023; Zhang L et al., 2023).

Over the past decade, significant advancements have been made in the design and
production of micromotors that utilize various driving methods (Hines et al., 2017; Wang C
et al., 2018; Venugopalan et al., 2020). These artificial micro-nano robots can be powered by
different propulsion mechanisms including magnetic actuation (Huang et al., 2022; T et al.,
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2018; Yu et al., 2022), light-actuated (Kadiri et al., 2021), chemical
propulsion that relies on surrouding chemical fuels (Xu et al., 2020),
ultrasound propulsion (Wu et al., 2014) as well as biohybrid
propulsion (Carlsen and Sitti, 2014; Ceylan et al., 2017; Buss
et al., 2020; Zhang et al., 2022b; Zhang B et al., 2023). These
methods allow micro-nano robots to operate in complex fluid
environments and perform biomedically relevant tasks such as
targeted drug delivery (Singh et al., 2019; Ji et al., 2021) and
precision surgery (Nguyen et al., 2018). This progress has
positioned artificial micromotors as a leading area of biomedical
research. While there have been successful reports of animal
experiments (Gao et al., 2015; Oral and Pumera, 2023) there are
still several critical issues that must be addressed before micro-nano
robots can be safely and effectively applied to living systems and
translated into practical applications. The reliability and biosafety of
micromotors depend on synthetic materials, which can trigger
immune reactions and contamination in complex living systems.
Thus, for in vivo application of micromotors, it is crucial to design
them biomimetically and ensure their biocompatibility to ensure
their efficient operation in physiological environments without any
adverse effects.

The combination of micromotor capabilities with the biological
properties of native cells have led to the development of living cell-
based micromotors (Li et al., 2017; Venugopalan et al., 2020). This
innovative approach offers new possibilities to overcome current
obstacles faced by micromotors in biomedical operations. By
drawing inspiration from nature, the basic biological functions of
natural cells, including immune immunity, antigen presentation, cell
or tissue-specific targeting, and selective binding of bacteria or
pathogens can be harnessed and synthesized into motile micro-
nanorobots. But living cells sometimes can fully meet the needs of

micromotor’s construction. Cell membrane coating technology is an
advanced and powerful technology that utilizes complex proteins,
channels, and biological functions of target cell membranes (Li T.
et al., 2018; Fang et al., 2018). The coupling of cell membrane and
micromotor produces new biocompatible devices that offer a wide
range of possibilities for various applications in the field of
biomedicine, generating great attention and interest among
researchers (Gao et al., 2016; Le et al., 2021).

This review delves into the latest research on the synthesis of
micromotors using living cells and functionalized biological cell-
membrane. The article also introduces the construction of
mircomotors, including the fabrication methods of materials and
their integration with biological tissues (Sun et al., 2020). The
control method and movement mode of the micromotors are
discussed, and examples of typical micromotors are given, with a
focus on their application in the field of biomedicine (Figure 1). The
review concludes by proposing some challenges and future prospects
for developing a new generation of mirco/nano robtic motors.

2 Micro-nano robotic motors based on
living cells

Biohybrid robots, which integrate biological entities and
synthetic materials, have emerged as a revolutionary development
in the field of robotics (Webster-Wood et al., 2022). The power
system of organisms in nature has evolved over tens of thousands of
years, making it an ideal model for efficient locomotion and
adaptation to environmental changes. As a result, the
combination of biological tissues and synthetic materials has
enabled the creation of motors with these capabilities. The

FIGURE 1
Living cells and functionalized biological cell membranes micro-nano robots for biomedical applications. Illustration presents a schematic
representation of various synthetic micro-nano robotic micromotors, which are functionalized by different cells and cell membranes for a variety of
biomedical applications, including photothermal therapy, immune modulation and drug delivery.

Frontiers in Bioengineering and Biotechnology frontiersin.org02

Niu et al. 10.3389/fbioe.2023.1277964

19

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1277964


emergence of biohybrid robots has sparked a wave of scientific
research, with many scientists achieving remarkable results in their
studies (Lv et al., 2023). In the following section, we will discuss the
latest advancements in biological components and synthetic
materials for micro-nano robotic motors based on living cells.

2.1 Microorganism

Micro-nano robotic motors can be categorized into two types
based on their driving method. The first type requires external
drive which can be limiting due to the need for complex
equipment and additional costs (Wang Y et al., 2018; Gao
et al., 2021). The second type is known as chemical/catalytic
motors, which are powered by intrinsic components such as
biological enzymes and redox reactions, generating gas to
propel the robot (Tang et al., 2020). As they do not require
external equipment, self-propelled micromotors are more
convenient for practical applications.

Asymmetric materials have emerged as promising candidates
for self-propelled micro-nano robots in recent years. Hahn’s team
has developed an asymmetric micro-nano robot powered by urea,
which used urea in the stomach as a bioavailable power source to
penetrate the gastric mucosal layer (Choi et al., 2021a). However,
these materials were often plagued by low biocompatibility and
potential biotoxicity of foreign substances. Therefore, the
development of biocompatible micro-nano robots is crucial for

their widespread use, particularly in overcoming physiological
barriers and facilitating efficient drug delivery.

Yeast cells are single-celled microorganisms that are highly
compatible and degradable by living organisms. They are capable
of regulating and inducing the biosynthesis of various inorganic
nanostructures in cells through a simple and safe synthesis process.
Zhang et al. designed a self-propelled yeast cell (CaY) micromotor
(Zhang L et al., 2023), (Cur@CaY-robot) (Figure 2A), through dual-
biomineralized and acid catalysis of calcium carbonate (CaCO3).
Under mild conditions, the cellular respiration of nano-CaCO3 in
yeast cells was biomineralized, providing a nano-scaffold for high-
encapsulation curcumin (Cur,a popular anti-inflammatory drug).
Simultaneously, the CaCO3 crystals outside the yeast cells provided
an asymmetric power source for self-propulsion through uniaxial
growth.

In the case of micromotor, yeast cells were responsible for
loading Cur, while the asymmetric outer layer of CaCO3 crystals
produced a significant amount of carbon dioxide (Figure 2B). This
allowed Cur@CaY-robot to move efficiently in gastric acid and
penetrate deeply into the thick gastric mucus, thus improving
drug accumulation in the stomach wall tissue and effectively
treating gastritis. Additionally, the calcium ions released by the
robot synergistically restored gastric motility in mice with gastritis.
The yeast micro-nano robot has excellent biocompatibility and
biodegradability, as well as good drug-loading ability (Figure 2C).

In addition, micromotors based onmicroalgae (Choi et al., 2023)
and sperm (Xu et al., 2018) have also been widely designed and

FIGURE 2
(A)Mechanism of yeast-cell-based Cur@CaY-robot. (B) SEM images of CaY-robots. (C) Histological section of the stomach at different times after
the oral intervention. Reproducedwith permission. Copyright 2023, ACS nano. (D) SEM images of CaY-robots. (E) Fluorescence image (top) of TBY-robot
loaded with Cur. TEM image (bottom) of a TBY-robot. Red arrows indicate the boundary of conjugated enzymes. Blue arrows indicate the packaged NPs.
Reproduced with permission. Copyright 2023, Science Advances.
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adopted. Microalgae with multiple flagella have been utilized as a
micromotor platform due to their excellent biocompatibility, fast
movement without the need for toxic fuel, long lifespan, and
versatility in various aqueous environments. As well, some sperm
utilize their flexible flagella to generate traveling deformation waves,
allowing them to swim in the opposite direction. The sperm cell also
possesses a remarkable capability to encapsulate hydrophilic drugs.
This unique feature allows the sperm membrane to safeguard drugs
from dilution in body fluids, immune reactions, and enzymatic
degradation. These abilities and features endow them with multiple
functions such as drug delivery, antitumor therapy, and promotion
of wound healing.

2.2 Macrophage

Living cells have developed unique abilities, such as an
endogenous biological motor. Macrophages, for instance, are a
cell type with migratory and chemotactic properties that can
follow chemokine concentration gradients to target lesion sites
and penetrate biological barriers, eliminating the need for
hazardous fuels or complex actuation devices (Shi and Pamer, 2011).

Enzymes have been increasingly used as catalytic bioengines due
to their capability of converting biocompatible substrate biofuels
into driving forces (Hortelao et al., 2021; Arqué et al., 2022; Wang H
et al., 2022). These enzyme-driven robots have been successfully
created by immobilizing enzymes asymmetrically on the surface of
inorganic substances or by asymmetrically polymerizing enzymes
into aggregates that display attraction at specific barriers.
Additionally, these robots can respond to enzyme-substrate
gradients, mimicking the collective driving force exhibited by
humans. However, the limitation of single-enzyme bioengine
drive restricts self-propelled micro-nano robots to local
physiological environments. Adapting to changes in the
microenvironment becomes challenging when attempting to
reach distant or deep lesions that are separated by multiple
biological barriers, such as in gastrointestinal (GI) inflammation
including chronic gastritis and inflammatory bowel disease.

Zhang et al. developed a self-propelled and self-adaptive twin-
bioengine yeast micro-nano robot (TBY-robot) that could navigate
autonomously to sites of gastrointestinal inflammation through
enzyme-macrophage switching (EMS) (Zhang W et al., 2023)
(Figure 2D). Glucose peroxidase (GOx) and catalase (Cat) were
commonly used as feed additives to relieve oxidative stress,
maintained microbial system homeostasis, and enhanced
intestinal function. The researchers synthesized a TBY-robot by
immobilizing GOx and Cat asymmetrically on the surface of anti-
inflammatory NP-packed YCs (NPY). The Janus-distributed
enzymes could break down glucose to create localized glucose
concentrations that could be used to power the TBY-robot.
When there was a gradient of glucose concentration in the
intestine, the micro-nano robots could pass through the intestinal
mucosal barrier and transport across the intestinal epithelial barrier
by microfolded cells. Once they arrived at the designated site, the
TBY-robot would switch to the macrophage biological engine and
autonomously migrate to the inflammatory site of the
gastrointestinal tract through a chemokine-mediated macrophage
relay.

Notably, the EMS was a crucial component for the TBY-robot to
carry out active and targeted anti-inflammatory drug delivery. The
small intestine was the only area where a glucose concentration
gradient exists due to glucose digestion and absorption, while the
colon and stomach lacked a glucose power source. As a result, these
robots could not directly access inflammatory sites in the colon and
stomach through single-enzyme bioengines. But the TBY-robot with
enzyme actuation and macrophage relay can cross multiple
biological barriers and autonomously navigate to long-distance
and deep lesions. Additionally, the TBY-robot’s enteric coating
prevented the inactivation of the enzyme biological engine,
stoped the drug from penetrating into the gastric juice which
evaluated by Cur loading effciency (Figure 2E), and could not
simultaneously release the drug directly in the alkaline colonic
environment.

The study found that the micro-nano robots’ lymphatic-blood
transport pathway was confirmed through the blockade of
microfolded cell transport and splenectomy. In animal models of
colitis and gastritis in mice, the TBY-robot showed promising results
in reducing inflammation and improving disease pathology. The
TBY-robot had features of enzyme activation and macrophage
chemotaxis, specifically EMS ability, which allowed it to adapt to
changes in the environment, penetrated multiple biological barriers,
reached deep inflammatory sites, and provided precise treatment for
gastric and intestinal inflammation. This TBY-robot was a safe and
versatile delivery tool for the treatment of gastrointestinal
inflammation and other inflammatory diseases.

2.3 Stem cell

Mesenchymal stem cells (MSCs) have the potential to
differentiate into multiple cell types and are often used for
cartilage regeneration (Filardo et al., 2016). They can also reduce
inflammation and treat damaged cartilage through chondrogenic
differentiation and peripheral tolerance induction. This therapy can
delay or avoid the need for cartilage replacement surgery. As the
number of cells in the lesion is one of the critical parameters,
researchers found that the low targeting efficiency of MSCs
requires invasive procedures and the use of large numbers of
cells combined with intra-articular injection or stent implantation
(Goldberg et al., 2017).

To improve the targeting of MSC therapy, researchers were
using magnetically driven micro-nano robots. These robots helped
target MSC delivery, support MSC through porous structures, and
used electromagnetic actuation (EMA) system composed of multiple
electromagnetic coils to make the targeting of MSCs precise. These
micromotors had shown biocompatibility ability to carry cells, and
cell transplantation in vitro or in simple in vivo environments (Li
et al., 2018b).

In their study, Go G et al. developed a micro-nano robot system
for knee articular cartilage regeneration using human fat-derived
MSCs (Go et al., 2020). The effectiveness of the system was verified
through in vivo experiments, with consideration given to its
feasibility for clinical trials. The micro-nano robotic system
allowed for targeted delivery of MSCs via needle-based injection
and magnetic targeting. The system included a magnetically driven
micro-nanorobot for cell loading, an EMA system for targeted MSC
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delivery in accordance with clinical treatment procedures. The
micro-nano robots were created by adsorbing magnetic micro-
clusters on the surface of PLGA micro-stents (Figure 3A). The
microrobot’s porous microstructure could support MSCs
(Figure 3B)and inject them into the joint cavity. It also had
magnetic driving capabilities provided by ferrous ferulate and
positively charged chitosan adsorbed on its surface, forming
magnetic micro-clusters. Ferumoxytol, an FDA-approved
superparamagnetic oxidized nano-iron drug, was coated with
polydextrose sorbitol carboxymethylether and magnetic
nanoparticles (MNPs). And the chitosan, a natural
multifunctional polysaccharide and representative cationic
polymer, was biocompatible and degradable. The magnetic
microclusters had adsorbed micro-nanorobots with stronger
magnetic properties compared to previous studies. These micro-
nanorobots ensured activity, degradability, proliferation, and
chondrogenic differentiation of MSCs. In order to improve the
effectiveness of stem cell-based cell transplantation, a microrobot-
mediated MSC delivery system was developed and tested in an in
vivo model using small mammalian knee articular cartilage. The
system included a targeting mechanism and a magnet designed to
immobilize the microrobot at the site of the cartilage defect after
positioning. The size and position of the magnet were optimized
based on the location of the defect, and the magnetic strength was
tailored to the microrobot. Results showed that the combination of

microrobots and targeting devices led to higher targeting efficiency
of stem cells and improved therapeutic capability.

2.4 Other cells

Chimeric antigen receptor T (CAR-T) cell therapy has
demonstrated promising results in treating hematological
malignancies. However, its efficacy in treating solid tumors has
been limited by the immunosuppressive microenvironment and
physical barriers. CAR-T cells must navigate a complex vascular
system in high-speed blood flow to reach the tumor tissue, which
significantly reduces their delivery efficiency (Turley et al., 2015; Ma
et al., 2019; Larson and Maus, 2021). Therefore, an ideal CAR-T
therapy requires a new type of cell that can successfully navigate the
circulatory system, penetrate the tumor tissue, and survive in the
harsh tumor environment to exert sufficient antitumor effects.

Recent studies have shown that magnetic particles modified with
T cell activators anti-CD3 and anti-CD28 can effectively induce
antigen-specific expansion of T cells in tumor tissue through
magnetic guidance and actuation (Kalamasz et al., 2004). These
modified magnetic particles also provided the bioactive micro-
nanorobot with an asymmetric structure and greater acoustic
impedance mismatch with medium, making it suitable for
ultrasound-driven controllable motion (Wu et al., 2014). This

FIGURE 3
(A) SEM images of magnetic microrobots. (B) Confocal images of MSCs that were incubated in microrobots for 24 h. Reproduced with permission.
Copyright 2020, Science Robotics. (C) Schematic illustration of M-CAR Ts’structure. Reproduced with permission. Copyright 2023, Advanved Materials.
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magnetic-acoustic power can be used to manipulate CAR-T cells
and facilitate spatial targeting and penetration of solid tumors. In
order to enhance the efficacy of CAR-T cell immunotherapy in solid
tumors, researchers have developed a microrobot that utilizes
immunomagnetic beads coated with anti-CD3 and
CD28 antibodies to promote the proliferation and activation of
CAR-T cells in the tumor microenvironment.

Tang et al. developed immunomagnetic bead-engineered CAR-
T microrobots (M-CAR Ts) that guided by magnetic-acoustic
sequential actuation which exhibited precise anti-flow motion
and obstacle avoidance capacity, allowing it to maintain its
planned route for targeted delivery (Tang et al., 2023)
(Figure 3C). M-CAR Ts therapy had unique acoustic
manipulation properties and could penetrate artificial tumor
tissue through magneto-acoustic sequences. In vivo, M-CAR Ts
could be targeted and concentrated in the peritumoral area through
programmed magnetic guidance. This allowed for precise
propulsion of M-CAR Ts into deep tumor tissue, overcoming the
limitation of a single driving method. Overall, M-CAR Ts were
versatile platform for precise tumor targeting and tissue penetration,
which could enhance cell-based solid tumor therapies.

Besides, Tang et al. developed urease-powered Janus platelet
micromotors (JPL-motors) (Tang et al., 2020) (Figure 4A). These
eliminated the need for external motor, making the robot
autonomous and long-lasting. The integration of endogenous
enzymes with platelet cells resulted in a biocompatible cell
robotic system with unique synergistic capabilities for various
biomedical applications. The availability of urea as a common
biological substrate in humans, particularly in the urinary system,
made this type of microenvironment an attractive option for initial
clinical studies. The method proposed in this study offered a
straightforward and reliable approach to asymmetrically modify
cell surfaces using urease. The Janus structure, which allowed for
asymmetric driving forces and active locomotion, was more
desirable than full enzymes covering the entire cell membrane.

The current technique for Janus cell modification involved
attaching platelets to a poly (L-lysine) (PLL) - modified substrate
to block the attached platelet surface and then used biotin-
streptavidin-biotin conjugation to modify the exposed cell
membrane with urease. This study showed that the use of urea
fuel in biocatalytic reactions of surface-bound urease could generate
efficient propulsion through chemielectrophoresis. As a result, JPL-

FIGURE 4
(A) Schematic of the fabrication of JPL-motors. Platelets were attached first to a PLL surface and thenmodifiedwith urease via a biotin-streptavidin-
biotin binding complex. (B) Deff and speed of JPL-motors and non-JPLs in the presence of different urea concentrations. Reproduced with permission.
Copyright 2020, Science robotics.
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motors exhibited efficient locomotion in various biological fluids
with the presence of urea, and significantly enhanced propulsion
compared to urease-fully modified (non-JPL) platelets due to their
asymmetric structure (Figure 4B). The research also indicated that
the modification of urease had minimal effects on the functional
proteins present on the surface of platelets, which allowed for the
design of targeting platforms based on the intrinsic and specific
binding of platelets to biological targets. The study demonstrated
that JPL-motors fueled with urea could effectively bind to cancer
cells and bacteria, leading to an enhanced therapeutic effect when
loaded with anticancer and antibiotic drugs respectively.

By combining platelets with a urease biocatalytic engine, a
biocompatible and biodegradable cellular robot with self-
propelling ability was created. The surface engineering technique
of Janus urease coatings was found to be a simple and robust
approach to functionalize native cell surfaces asymmetrically,
which had a great potential for the development of advanced
cellular motors.

3 Micro-nano robotic motors based on
functionalized biological cell
membranes

Since the development of cell membrane coating technology,
several methods have been employed to functionalize cell
membranes in a non-destructive manner. These methods include
lipid insertion, membrane hybridization, metabolic engineering and
gene modification, which aim to incorporate diverse functions into
natural cell membranes. The modification of membranes is
anticipated to augment the multifunctional and multitasking

capabilities of cell membrane-coated micromotors, enabling them
to better adapt to complex biological environments. The process of
preparing functionalized micromotors with cell membrane coating
typically involves three main steps: first, the synthesis of active
micromotors; second, the preparation of cell membrane vesicles;
third, the fusion of the cell nanovesicles and micromotors. This
section will address the various designs of cell membrane coatings
based on different micromotor designs.

3.1 Macrophage membrane

The role of immune cells in controlling tumor progression is
gaining recognition, particularly macrophages due to their long half-
life and tumor targeting abilities. Depending on the
microenvironment, macrophages can differentiate into M1 and
M2 phenotypes with distinct functions. M1 macrophages inhibit
cancer cell growth while M2 macrophages promote it (Xia et al.,
2020; Yang et al., 2022).

Song et al. drew inspiration fromM1macrophages and designed
an anticancer micromotor that encapsulated black phosphorus
quantum dots (BPQDS) to obtain photothermal and
photoacoustic properties, as well as magnetically oxidized
nanoparticles for magnetic control (Song et al., 2022)
(Figure 5A). The study demonstrated the potential of modified
magnetic nanoparticles (MPNs) for effective tumor therapy. The
MPNs were modified with positively charged polyethyleneimine
(PEI) to facilitate cell phagocytosis. These nanoparticles had good
biocompatibility, precise motion control, and excellent
photoacoustic (PA) imaging capabilities. Additionally, they could
utilize the intrinsic properties of macrophages and the immune

FIGURE 5
(A) Schematic of biomimetic M1 macrophage membrane-camouflaged magnetic nanorobots for cancer therapy. Reproduced with permission.
Copyright 2022, ACS Applied Materials&Interfaces. (B) Schematic fabrication of acoustic-propelled micromotor based on cancer cell membrane-coated
gold nanoshell@CaCO3 microparticle. Reproduced with permission. Copyright 2020, Advanced Therapeutics.
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properties of M1 macrophages. Under near-infrared radiation
(NIR), MPNs could generate high levels of reactive oxygen
species (ROS) to exert anti-tumor effects. In a mouse mammary
tumor model, antitumor drug doxorubicin (DOX)-loaded MPNs
demonstrated a good tumor growth inhibitory effect under external
magnetic field and near-infrared irradiation. Overall, the study
suggested that MPNs were promising nanotherapeutic platforms
for micro-nanorobot tumor therapy.

3.2 Cancer cell membrane

Cancer cell membranes coating technology has advantages in
cancer drug targeting and imaging due to the homogeneous
targeting capabilities provided by membrane antigens (Fang
et al., 2018). These membrane antigens also aid in regulating
anticancer immunity (Kroll et al., 2017). Additionally, cancer
cells are easily cultured and their cell membranes can be easily
extracted, further enhancing the benefits of this technology (Fang
et al., 2014).

Polymeric nanoparticles have been functionalized with cancer
cell membranes to replicate the antigenic composition of the original
cancer cells. This design has opened up possibilities for two types of
anticancer therapies. Firstly, cancer cell membrane-coated
nanoparticles (CCNPs) have been demonstrated to successfully
bind tumor-associated antigens to immune adjuvants of antigen-
presenting cells (Oroojalian et al., 2021), thereby stimulating anti-
cancer immune responses. Secondly, CCNPs contain cell adhesion
molecules sourced from cancer cells, enabling them to participate in
homotypic binding, a phenomenon observed in cancer cells that
causes them to stick together and resulting in tumor growth. The
homotypic binding property of CCNPs allows it to be involved in the
cell-specific targeting of cancer cells, which is a crucial aspect of
localized and directed cancer therapy (Zeng et al., 2022).

H et al. developed micromotors called CGNCaCO3, which were
made of G422 murine cancer cell membrane-camouflaged gold
nanoshell-covered CaCO3 (H et al., 2019) (Figure 5B). The
fabrication process involved synthesizing CaCO3 particles,
functionalizing gold nanoshells, and fusing cancer cell membrane
vesicles with the GNCaCO3 particles. The CGNCaCO3 micromotor
was able to autonomously move under the exposure of an external
acoustic field and accumulate on cancer cells due to its homotypic
binding to cancer cell membranes. When injected subcutaneously,
the micromotor enhanced the immune activity by camouflaging
cancer cells. The CGNCaCO3 micromotor possessed biological
characteristics similar to those of natural cancer cells, enabling it
to promote a diverse range of antigens and biological processes that
were not achievable with common synthetic motors.

3.3 Red blood cell membrane

Red blood cell (RBC) membranes have been extensively studied
as a coating material in various applications such as drug delivery
(Aryal et al., 2013), imaging (Rao et al., 2017), photothermal therapy
(Piao et al., 2014), and immune modulation (Hu et al., 2013). The
RBC membrane coating mimics host RBC and provides superior
immune concealment (Chen et al., 2019).

Swimming micro-nano robots in the circulatory system hold
great promise in precision medicine. However, they currently face
challenges such as limited adhesion to blood vessels, strong blood
flow, and clearance by the immune system. These factors reduce the
effectiveness of targeted interactions. Li et al. discussed the design of
a swimming micro-nano robot inspired by the claw structure of
tardigrades (Li et al., 2023) (Figure 6A). The robot featured a claw-
engaged geometry, a surface camouflaged with RBC membrane, and
magnetically actuated retention with a rotating magnetic field
(RMF) for better navigation. These minimized the effects from
blood flow. The researchers used intravascular optical coherence
tomography (IVOCT) to monitor the activity and dynamics of the
microrobots in the jugular vein of rabbits. The results showed that
magnetic propulsion was highly efficient even at flow rates of
approximately 2.1 cm/s, which was compared with the blood flow
characteristics in rabbits. The microrobots remained in the blood
vessels for more than 36 h (Figure 6B).

The effect of RBC membrane coating on vascular movement of
swimming microrobots was also investigated. In static plasma, the
swimming microrobots without RBC membrane coating showed a
gentle wobble behavior and remained immobile under the RMF in
the xz plane (maximummagnetic field of 30 mT). This reflected that
the adhesion of the claw-engaged structures in blood vessels was too
high to overcome the magnetic movement of the swimming
microrobots. In contrast, some swimming microrobots coated
with RBC membranes exhibited linear motion in blood vessels,
suggesting that the RBC membrane coating effectively regulated the
adhesion of swimming microrobots in blood vessels. In conclusion,
the controllable motion and magnetic drive retention in blood
vessels significantly improved the efficiency of targeted drug
delivery.

In addition, RBC membranes have been modified onto various
substrates, including magnesium microparticles (Wei et al., 2019),
magnetic hemoglobin (Gao et al., 2019), perfluorocarbon
nanoemulisions (Zhang et al., 2019) and chitosan-heparin layer-
by-layer assembled capsules (Shao et al., 2018). These modifications
have resulted in a diverse range of applications, including rapid
detoxification, photodynamic therapy, oxygen delivery, and
thrombus ablation with multiple functions.

3.4 Other cell membrane

Platelets (PL) are known to display unique surface moieties that
help them adhere to various disease-associated substrates, which can
be linked to vascular injury, immune evasion, and pathogen
interactions (Wang et al., 2020). Additionally, platelets play an
important role in regulating immune responses, maintaining
hemostasis, and participating in wound healing, making them
critical players in interacting with many types of cells (Chen and
López, 2005; Olsson et al., 2005). Due to their wide range of
biological interface capabilities, platelet membrane micromotors
have been developed using their membranes. Early studies of PL
membrane-encapsulated nanoparticles have shown that they have
several essential functions, including reduced cellular uptake by
immune cells (Kunde and Wairkar, 2021), subendothelial adhesion
(Hu CM et al., 2015), improved tumor targeting (Hu Q et al., 2015),
and enhanced affinity for pathogens (Zhuang et al., 2020).
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In a recent study, Li et al. fused platelet membrane-derived
vesicles (PL-vesicles) onto the surface of helical nanomotors to
create PL-nanomotors (Li et al., 2018c). The helical structures
were created through Pd/Cu co-electrodeposition in 400 nm
pores of polycarbonate films, followed by dissolving the copper,
releasing Pd nanostructures, and depositing Ni/Au bilayers to give
them magnetic properties (Figure 6C). The synthesized magnetic
helical nanostructures were then modified with 3-
mercaptopropionic acid (MPA) to provide a negative charge to
the Au surface, allowing for effective coating of the helical motor
after incubation under ultrasound.

Therefore, its magnetic propulsion was not affected by the presence
of biofilms. The study evaluated the propulsion and anti-biofouling
abilities of PL nanospheres in whole blood. The results showed that the
PL-nanomotor had higher propulsion efficiency compared to the bare

nanomotor. The bare nanomotor was hampered by severe biofouling,
while the light-emitting nanomotor exhibited efficient magnetic
actuation. These findings further supported the protective effect of
platelet membrane coating against biofouling in complex biological
matrices and suggested potential in vivo studies.

4 Applications of living cells and
functionalized biological cell
membranes micro-nano robots

(Table 1) lists applications for various micromotors. When the
efficient locomotor capabilities of synthetic micro-nano robots are
combined with the biological functions of native living cells or cell
membranes, these micromotors gain unique capabilities that greatly

FIGURE 6
(A) Biomimetic design of swimming microrobot. Reproduced with permission. (B) Time-lapse IVOCT images of microrobots. Copyright 2023,
Science Advances. (C) Schematic preparation of magnetic-driven micromotor consisting of platelet membrane-functionalized helical Ni/Au/Pd
nanostructure. Reproduced with permission. Copyright 2018, Advanved Materials.

TABLE 1 Biofunction and application of mirco-nano robots.

Construction Biofunciton Application References

Sperm Swim into the tumors Drug delivery Xu et al. (2018)

Microalgae Alleviate the hypoxic condition and modulate the immune responses Wound healing Choi et al. (2023)

Macrophage Phagocytic ability Cargo delivery Dai et al. (2022)

Stem cell membranes Secretion of paracrine factors Therapeutic cardiac regenertation Tang et al. (2017)

T cell membranes Ability to recruit and localize at tumor sites Enhance drug targeting Zhang et al. (2017)

Cancer cell membranes Promote anticancer immune responses Drug delivery Fang et al. (2014)

Lung epithelial cell Surface receptors that pathogens depend on for cellular entry Neutralize the virus Zhang et al. (2020)

Leukemia cell Targeting sites of inflammation Drug delivery Park et al. (2021)
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enhance their performance in improving various biomedical
applications. These applications include drug delivery,
immunomodulation, and phototherapy. The following sections
will discuss these functions in more detail.

4.1 Drug delivery

Neutrophils (NE) are crucial in the immune response as they
remove infections through various means like phagocytosis,
degranulation, reactive oxygen species, and NE extracellular traps
(NETs) (Jorch and Kubes, 2017; Papayannopoulos et al., 2018).
During inflammation, NE can cross the blood-brain barrier/blood-
brain tumor barrier (BBB/BBTB) by following the gradient of
inflammatory factors (Deoliveira et al., 2016; Oliveira et al.,
2018). NEs have been utilized as drug carriers to target
inflammatory tumors due to their chemotactic properties.
Although some reduction in tumor size has been observed,
complete cure of cancer in mice has not been achieved due to
limitations in drug-loading capacity, migration speed, and

accumulation efficiency of existing NE carriers (Xue et al., 2017;
Chu et al., 2018; Tang et al., 2019). Therefore, NE-based swimming
microrobots with significantly enhanced drug loading, locomotor,
and navigation capabilities hold promise for active delivery in vivo.

Zhang et al. developed dual-responsive (DR) hybrid NE
microrobots, also were knowed as neutrobots, that could be used for
the treatment of active malignant glioma in vivo (Zhang et al., 2021)
(Figure 7A). These robots had the ability to move intravascularly using
magnetic propulsion and exhibit chemotactic behavior along gradients
of inflammatory factors. To achieve this, the robots were coated with
paclitaxel (PTX) magnetic nanogel, which was coated on the outer
membrane of E. coli (E.coli) and then phagocytized by NE. The
camouflage provided by the Escherichia coli membrane prevented
the drug from leaking into the NE, resulting in a bioactivity similar
to NEs. The neutrobots could be individually propelled and exhibited
swarm locomotion in a rotating magnetic field (RMF), and had
demonstrated efficient operation in blood in vitro. In vitro model of
the BBB, magnetic actuation was found to significantly increase the
accumulation of neutrophils at the site of lesion. Additionally,
chemotactic motility allowed for BBB penetration. The efficacy of

FIGURE 7
(A) Schematic of active therapeutics of dual-responsive neutrobots in vivo. Reproduced with permission. Copyright 2021, Science Robotics. (B)
Toxin binding RBC membrane-coated Mg micromotor (micromotor toxoid) for oral vaccination. Reproduced with permission. Copyright 2019, Nano
Letters. (C) Schematic illustration of the self-thermophoretic propulsion nanomotors actively seeking and effectively endocytosing into tumor cells under
NIR light irradiation, thereby enhancing photothermal and chemotherapy. Reproduced with permission. Copyright 2020, Small.
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active targeted delivery was further confirmed in vivo through the use of
double-reactive neutrophils for the treatment of postoperative glioma.
The biohybrid neutrobots developed in this study demonstrated the
ability to harness NE’s natural characterisitic, which were otherwise
difficult to replicate. Such dual-response neutrobots might improve the
efficiency of active targeted delivery and noninvasive precision therapy.

Despited significant progress in intracellular and active targeted
drug delivery of micromotors, in vivo applications still posed
challenges. While RMF had been proven effective for intracellular
and targeted delivery of external stimuli, precise directional and
temporal control of ultrasound and photostimulation remained
difficulties. Additionally, active targeting of chemoattractant
micro-nano robots in vivo is hindered by the complex
coexistence of the circulatory system and various chemical
gradients, which makes the chemotactic motility of micro-nano
robots unfavorable. To improve practical application, the sensitivity
of micro-nano robots in vivo must be enhanced for precise motion
control with an extended tactical operating range (Choi et al.,
2021b).

4.2 Immune modulation

The task of creating effective micro-nano robots delivery systems
for transporting and enclosing antigenic agents and immunostimulants
is a significant challenge in the field of nanomedicine (Fang and Zhang,
2016; Zhou J. et al., 2020). The use of micromotors with enhanced drug
loading, sustained release, targeted delivery, and oral inoculation has
become increasingly popular.

One effective strategy to immobilize and neutralize toxins to the
carrier surface is through cell membrane coating technology. Combining
this technology with a micromotor platform has the potential to improve
cargo delivery and enhance tissue penetration. A recent development in
this field was the unique biomimetic micromotor toxoid strategy for oral
vaccines. This method involved preparing micromotor toxoids in a
sequential process that confered antigenicity by coating the
micromotors with a toxin-inserted erythrocyte membrane.

In Wei et al.s’ study, motor toxoid was administered orally to a
mouse and targeted to the gut (Wei et al., 2019) (Figure 7B). Once in
the gut, the micromotors were activated and propelled through the
surrounding fluid to enhance retention and penetration of the
antigen payload. To protect the motor toxoids from activation
and degradation in the low pH environment of the stomach, a
pH-responsive enteric coating was used. The study evaluated the
ability of motor toxoids to induce an immune response to
staphylococcal α-toxin by administering it along with static
microparticle toxoid as a passive control group. Based on the
absorbance data of the ELISA assay, it could be inferred that the
motor toxoid exhibited a higher production of α-toxin antibodies in
comparison to the static microparticle toxoid. The IgA titers data
indicated that the motor toxoid platform increased IgA production
by approximately ten times.

The combination of the cell membrane-based toxin retention
platform and micromotor technology showed promise for the
development of safe, effective, and easily administered
immunotherapeutic agents. This system could extend to safely deliver
various toxic antigen cargoes and provides efficient active delivery
capability.

4.3 Photothermal therapy

In the field of external propulsion, NIR light propulsion has
significant potential for biomedical applications. This is due to its
ability to penetrate deep into tissues, its biocompatibility, remote
control capabilities, ease of operation, and fast response. For
instance, Li et al. developed a tubular mesoporous silicon-based
micromotor that can be driven by NIR light (Li et al., 2021). These
micromotors, when injected into the bloodstream and activated at
the site of a lesion using infrared light, gain the ability to move and
facilitate their penetration into damaged blood vessels. By utilizing
the heat generated from near-infrared light, the micromotor can
function as a photothermal ablation agent for inflammatory
macrophages.

In addition to optimizing self-propelling and drug loading
abilities, micromotors need to possess good antibioadhesion and
specific targeting capabilities to serve as effective drug delivery
systems. In recent years, cell membrane coating technology has
emerged as a promising approach to fulfill these requirements. Zhou
et al. had demonstrated a NIR light-driven biomimetic micromotor
which was composed of carbon@silica (C@SiO2) with semi-yolk@
spiky-shell structure loaded with anticancer drug DOX and MCF-7
breast cancer cell membrane (mC@SiO2@DOX) for cancer therapy
(ZhouM. et al., 2020) (Figure 7C). This mC@SiO2@DOXmotor was
evaluated for photothermal and chemotherapy of breast cancer.
Owing to the asymmetric spatial distribution, the biomimetic mC@
SiO2@DOX nanomotor demonstrated efficient self-generated
thermal propulsion capability. Additionally, the coating of MCF-
7 cancer cell membrane significantly reduced the bioadhesion of
nanomotors in biological media and exhibited highly specific self-
recognition to the source cell line. The combination of efficient
propulsion and cognate targeting greatly enhanced cell adhesion and
increases cellular uptake efficiency from 26.2% to 67.5%. As a result,
the biomimetic mC@SiO2@DOX nanomotor showed a promising
photothermal and chemotherapy synergistic effect, with a growth
inhibition rate of MCF-7 cells exceeding 91%. The intelligent design
of this fuel-free, NIR light-driven biomimetic nanomotors might
open doors for the application of self-propelled nanomotors in
biomedicine.

In summary, the homotypic targeting effect of cancer cell
membrane-coated micromotors is ideal for localized
chemotherapy and phototherapy at tumor sites. Additionally, this
targeting capability can also be utilized with other cell membranes,
including platelets and leukocytes, for similar therapeutic purposes.
The fast motion capability of the micromotor, combined with the
specific targeting capabilities of cell membranes, makes it a
promising tool for future cancer treatments.

5 Future prospects

This article provides a comprehensive overview of the recent
advancements in micro-nano robotic motors, covering its
fundamental components, control techniques, and initial
applications. The field of micro-nano robots is currently
undergoing a significant transformation, thanks to the diligent
efforts of researchers, which could have far-reaching implications
in various domains such as biology, medicine, and engineering.
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Despite the significant strides made in this field, there are still
obstacles that impede laboratory research from translating into
real-world applications. For instance, after micro-nano robots
complete in vivo tasks, their residual presence in the body can be
cytotoxic, potentially leading to unintended harmful outcomes. In
this case, micro-nano robots made of biodegradable materials have
become the trend in healthcare and biomedical applications (Sitti
et al., 2015). Therefore, the development of micro-nano robots must
consider and tackle several crucial issues to ensure technological
progress.

The first problem the limited cell sources available for the
biological components of micro-nano robots. Stem cell
technology could be a solution, but the high cost of this
technology limits its ability to meet market demands.
Furthermore, the short lifespan of robots, which cannot exceed
several months, affects their practical application value. Developing
micro-nano robots that can maintain their locomotion ability for
longer periods can address this issue (Halder and Sun, 2019).
Therefore, there is a need to draw inspiration from nature to
find ways to generate long-term cell cultures and even achieve
cell immortalization.

Second, the challenge of maintaining locomotor performance in
micro-nano robots is closely tied to the optimization of materials.
These materials must meet several requirements, including
biocompatibility, stability, durability, and flexibility (Sun et al.,
2020). Despite the widespread use of various materials in
constructing micromotors, they still struggle to create an
environment that effectively induces cell orientation or
differentiation, similar to that provided by organisms. In
response, material science and fabrication techniques should be
integrated more closely to develop more advanced materials with
bioinspired form and function.

The third issue in micro-nano robots concerns the limitation of
practical applications due to the culture and testing of robots in liquid
environments. While attempts have been made to manipulate the
atmospheric conditions by encapsulating biological entities in closed
media, the resulting biohybrid systems are only viable for a few days (Li
et al., 2023). To overcome this limitation, researchers are exploring the
development of a human-like built-in circulatory system or biomimetic
vascular network. This would enable effective detachment from the
culture medium environment. Meanwhile, current micromotors are
mainly designed for a single function, whereas the potential of robotics
lies in building complex systems that can performmultiple functions to
adapt to various environments.

Micro-nano robots have demonstrated impressive performance
and hold practical potential across various fields. Future research
should aim to enhance their performance and explore their
applications in biological and medical domains. This review aims
to inspire multidisciplinary researchers to address these issues and
foster the development of micro-nano robots. We are confident that
micro-nano robots will continue to achieve exciting advancements
in the future.
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Acoustic-propelled micro/
nanomotors and nanoparticles for
biomedical research, diagnosis,
and therapeutic applications
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Huijuan Dong1* and Jie Zhao1*
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Acoustic manipulation techniques have gained significant attention across various
fields, particularly in medical diagnosis and biochemical research, due to their
biocompatibility and non-contact operation. In this article, we review the broad
range of biomedical applications of micro/nano-motors that use acoustic
manipulation methods, with a specific focus on cell manipulation, targeted
drug release for cancer treatment and genetic disease diagnosis. These
applications are facilitated by acoustic-propelled micro/nano-motors and
nanoparticles which are manipulated by acoustic tweezers. Acoustic systems
enable high precision positioning and can be effectively combined with magnetic
manipulation techniques. Furthermore, acoustic propulsion facilitates faster
transportation speeds, making it suitable for tasks in blood flow, allowing for
precise positioning and in-body manipulation of cells, microprobes, and drugs. By
summarizing and understanding these acoustic manipulation methods, this
review aims to provide a summary and discussion of the acoustic manipulation
methods for biomedical research, diagnostic, and therapeutic applications.

KEYWORDS

micro/nanomotors, targeted drug delivery, biocompatibility, acoustic manipulation,
biomedical engineering

1 Introduction

In the past decade, various methods have been used to manipulate micro droplets and
particles, including electrodynamics (Pollack et al., 2000; Li and Kim, 2020), acoustics
(Wiklund et al., 2012; Zhang et al., 2020), electromagnetics (Fan et al., 2020), and fluid
mechanics (Zhu and Wang, 2017). Acoustic levitation and manipulation are achieved by
adjusting the position of trapping point through active adjustment of the acoustic field, thus
there are no specific requirements for the shape or attributes of the manipulated objects
compared with other transportation methods (Li et al., 2018; Wang et al., 2022; Zhang et al.,
2023). Therefore, acoustic methods has shown a number of important benefits in biomedical
applications: such as simple configuration and low cost, high biocompatibility and low
contamination of reagents (Zhang et al., 2018) as well as high-speed fluid driving and large
driving force. Due to the above advantages, acoustic manipulation of bio-matter in air or
water has demonstrated various applications in medicine (Guttenberg et al., 2005; Zhang
et al., 2011; Peng Lee et al., 2013; Schmid et al., 2014) and biological research (Mohanty et al.,
2020).
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Specifically, the acoustic manipulation can be divided into Bulk
Acoustic Wave (BAW) type and Surface Acoustic Wave (SAW) type
according to themode of wave propagation. BAWs are normally excited
by PZT materials and they have a wide range of working frequency
(from tens of kHz to tens ofMHz), meaning that BAWs canmanipulate
objects ranging in size from millimeters to nanometers, and being
particularly suitable for guiding and micro-manipulating inside
biological organisms. By comparison, inter-digital transducers (IDT)
are often used to generate SAW. Its operating frequency is from several
hundred KHz to tens of MHz, and SAW is very ideal for acoustic
manipulation of micro- and nano-objects in liquid medium, for the
purpose of separation and detection. In this review, the ability of
acoustic manipulation for precise delivery is vital in diverse
biological research domains, such as intracellular substance delivery
and controlled cell growth, targeted drug delivery and genetic marker
delivery for diagnostic purpose. This review introduces the three
common techniques of acoustic manipulation for micro/nano-
motors: traveling waves, standing waves, and phased arrays.
Additionally, we provide a summary of the medical applications of
acoustic-driven micro/nano-motors.

2 Acoustic manipulation techniques
commonly used in biological
applications

2.1 Manipulation technique using standing
waves

2.1.1 Operation principle of standing wave
manipulation

Standing Wave (SW) acoustic manipulation is a technique that
harnesses the power of standing waves to control and manipulate
micro-objects such as particles or cells within air or a liquid medium.
It operates on the principle of constructive interference between two
counter-propagating sound waves. When these waves align, they
create stable regions of high and low pressure, known as antinodes
and nodes, respectively, within the fluid. Particles suspended in this
medium experience acoustic radiation forces that drive them towards
the nodes. By adjusting the phase and frequency of the sound waves,
precise control over particle positioning can be achieved. SW
manipulation finds applications in various fields, including
biomedicine, microfluidics, and materials science, enabling tasks
like cell sorting, patterning, and precise particle assembly.

SW is formed between the radiator and the reflector when their
distance is an integer multiple of the half wavelength. Therefore, the
SW node could be moved by adjusting the structural distance and
control the wavelength by changing the frequency at the same time. In
particular, (Fletcher et al., 1975), realized themovement of solid objects
in the acoustic field through adjusting the position of the movable wall
while concurrently modifying the frequency of the opposing speaker to
keep the acoustic chamber resonant and as a result, the object was
transported half the distance moved by the movable wall. This method
of moving the reflector can also realize in-plane manipulation in
non-resonant mode (Andrade et al., 2015), as shown in Figure 1A.
In this mode, the SW is formed by the superposition of the sound wave
emitted by the transducer and the first reflected wave, while higher-
order reflections can be ignored because the size of the transducer is
relatively small compared to the size of the reflector. Thus, the distance
between the excitor and reflector does not have to be an integer
multiple of the wavelength anymore. In their actual setup, the diameter
of the piezoelectric transducer and the concave reflector is 10 mm and
40 mm, respectively. The polystyrene sphere is levitated at a node
about a quarter wavelength away from the transducer surface and its
position can be changed by moving the reflector. Due to the
requirement of mechanical part to move the reflector, this SW
transportation method based on moving the reflector is difficult to
apply to SAW devices, which usually has a fixed distance between the
transducers. Also, the wavelengths required for micrometer-sized cells/
micro/nano-motors are much shorter than in air manipulation of
millimeter-sized objects, making it challenging to move the reflector in
such a precise way.

2.1.2 Biotweezer using frequency variation method
To manipulate micro/nanoscale objects in liquid, one-

dimensional acoustic transportation can be achieved without any
moving parts, by switching the frequency between different resonant
modes in a resonant cavity with fixed ends.

Ding et al. (Ding et al., 2012) employed two orthogonal pairs of
chirped interdigital transducer (IDT) devices to generate SAW and

FIGURE 1
Acoustic manipulation of particles and droplets using standing
waves (SW). (A). SW method by moving the reflector–normally used
for manipulate macro-objects. Adapted and reproduced with
permission from (Andrade et al., 2015). Copyright 2015, AIP
Publishing LLC. (B). Standing Surface Acoustic Wave (SSAW)
manipulation of biological objects, including cells and entire
organisms (C. elegans) by adjusting the frequency of two chirped IDTs
(Ding et al., 2012). (C). Single human breast cancer cell manipulation
using SAW by adjusting the phase shift between opposed IDTs.
Reproduced with permission from (Meng et al., 2011). Copyright 2011,
American Institute of Physics.
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micro and nanoscale biological objects, where C. elegans were
manipulated through frequency adjustment, as depicted in
Figure 1B. Their experiments also ensured that acoustic field is
safe to biological samples, because the power density of acoustic
tweezers was much lower compared to optical tweezers and
optoelectronic tweezers. (Jooss et al., 2022). conducted in vivo
experiments on the manipulation of microbubble particles in
zebrafish embryos. Using orthogonal opposing PZT transducers,
they created a high frequency (~4.0 MHz) BAW field within the
zebrafish embryo and adjusted the sound pressure nodes through
frequency modulation. As a result, controlled up-, down-, and cross-
stream manipulation of the entire vasculature system was achieved.
This enabled precise control of microbubbles in vivo for biomedical
applications.

2.1.3 Biotweezer using phase control approach
Acoustic manipulation by adjusting the phase provides a more

continuous and stable one-dimensional levitation transportation
capability compared to the above two methods (Park and Ro,
2013). This is because the transducers maintain a fixed excitation
frequency throughout the transportation process using the phase
control method, thereby allowing the utilization of transducers with
high quality factors to enhance the sound pressure of the acoustic
field. Consequently, the method of generating SWs through the
superposition of traveling waves emitted by a pair of transducers was
developed (Matsui et al., 1995; Haake and Dual, 2002; Kozuka et al.,
2007; Courtney et al., 2012; Dong et al., 2017). The position of the
pressure nodes has a linear relationship with the phase difference
between the two transducers. As early as 1995, (Matsui et al., 1995),
conducted experiments on the relationship between the phase
difference, the levitation position, and the acoustic radiation force
in the air using a coaxial dual transducer device. This method is then
used for precise transportation of single human breast cancer cell,
the benefits of sonoporation in increasing cell permeability are also
obtained simultaneously (Meng et al., 2011; Meng et al., 2014), as
shown in Figure 1C.

Apart from coaxial dual transducer devices, different forms of
resonant cavities could be used to expand the transportation range
(Kozuka et al., 2007; Park and Ro, 2013). On a more microscopic scale,
(Bernassau et al., 2013), developed an acoustic tweezer using seven PZT
transducers. By selectively exciting multiple transducers at 4 MHz and
adjusting the phase difference between them, they generated line or
hexagonal-shaped acoustic fields for cell patterning. They successfully
patterned and cultured C2C12 cell line and Schwann cells, forming
columnar structures under the lattice acoustic field, suggesting
potential applications in tissue engineering.

2.2 Fast transportation of micro/nano-
swimmers using traveling waves

During SW transportation, the objects are captured at the SW
nodes, which limits the shapes and sizes of objects and restrict the
speed and distance of transportation. However, the Traveling Wave
(TW) transportation method has overcome these limitations, the
TW method involves the generation of acoustic waves that
propagate through a medium in a single direction. Unlike SWs,
where waves interact to create stationary nodes and antinodes,

traveling waves maintain their directional movement. In TW
manipulation, these waves create a force field that can be
harnessed to control the movement and positioning of micro- and
nanoparticles suspended within the medium. This method is
particularly advantageous for achieving rapid and precise transport
of particles continuously over long distances and travel at high speeds.

In air-based TW transportation systems, the “excitation-
absorption” mode is commonly used to generate TWs, where
either a transducer or absorbent materials can be utilized to
absorb vibrations and thus form TWs along the vibrating plate.
(Hashimoto et al., 1998; Ueha et al., 2000). achieved TW-based near
field acoustic levitation and transportation using two transducers
and a vibrating plate, as shown in Figure 2A, where a TW with
standing wave ratio of 1.7 was formed. The terminal velocity of a
large planar object weighed 8.6 g reached 0.7 m/s, which is
significantly faster compared to SW transportation methods.
Absorbent materials such as silicone rubber can also be utilized
to generate a TW acoustic field in air to transport ethanol droplets
(Ito et al., 2010; Ding et al., 2012).

The “excitation-absorption” mode can also be used to generate
travelling surface acoustic waves (TSAW), so that liquid-based
transportation of micro/nano robots can be achieved. TSAW could
be formed either by the use of sound-absorbing gels (Renaudin et al.,
2006; Li et al., 2007; Collignon et al., 2015) or by setting a spatial phase
difference between the pairs of the IDTs (Sui et al., 2022; Dong et al.,
2023), as shown in Figure 2B. Another method for forming TSAW is
to use single curved-shape transducer that operates at high excitation
frequency from 100 MHz to 1 GHz (Destgeer et al., 2017). Higher
frequency TSAW is suitable for precise transportation of micro-scale
objects such as selective cell sorting because of its shorter acoustic
wavelength (Collins et al., 2016). Using similar principles, (Fonseca
et al., 2022), generated TWs in liquid with one PZT transducer to
simulate physiological flow environments in blood vessels, as
illustrated in Figure 2C. Operations in blood vessels was found to
be a complex and challenging procedure (Zhang et al., 2023), while the
acoustic method could also successfully transport micro/nanorobots
across the flow and upstream without special requirements on the
material used compared to magnetic propulsion methods (Li et al.,
2023), and it will not generate any additional magnetic fields. As
micro/nanorobots have many potential applications in medical field,
such as drug delivery (Yu et al., 2023) and noncontact biomedical
operations (Ji et al., 2021), and it has been demonstrated (Yu et al.,
2022) that passive micro/nanomotors are capable of being moved in
complex 3D environments, which enables the possibility to realize
targeted drug delivery by generating a localized acoustic field.

2.3 Transportation methods based on
transducer arrays and holograms

Phased array transducers represent an acoustic manipulation
technique that leverages an array of transducers, typically positioned
at precise intervals, emit acoustic waves with controllable phase shifts.
By carefully adjusting the timing and phase of the emission of each
transducer, it is possible to manipulate the resultant acoustic field
dynamically. This dynamic control allows for the creation of intricate
patterns of pressure nodes and antinodeswithin the field. Consequently,
small objects or particles within this acoustic landscape can be precisely
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levitated and manipulated in real-time and in three dimensions. The
transducer array could realize long-distance transportation of multiple
objects by changing the acoustic focal points, and the transportation
process is more stable compared to the above-mentioned SW method.
By controlling the excitation phase difference and amplitude of the
driving voltage applied to adjacent transducers, SW nodes can be
generated at any position in space. In 2014, (Hoshi et al., 2014;
Ochiai et al., 2014a; b), used two opposite ultrasonic phased arrays
to realize three-dimensional transport of millimeter-sized polystyrene
particles in air. The range of the sound field can vary widely compared
to the SW method and TW method, from 25 × 25 cm2 to 100 ×
100 cm2. The transducer arrays can also realize acoustic focus by
adjusting the orientation of the transducers mechanically (Marzo
et al., 2017; Youssefi and Diller, 2019; MatthewáReichert, 2020)
instead of modulating the phase between the transducers, the
advantage is to maximize the acoustic radiation force and reduce
parasitic reflections.

Compared with opposed dual arrays, single-sided array
reduces the cost and does not create additional acoustic nodes.
In the single-sided array configuration type, (Koyama and
Nakamura, 2010; Nakamura and Koyama, 2012; Kashima et al.,
2014), built a circular piezoelectric transducer array composed of
24 piezoelectric transducers. By switching the input signal between
the piezoelectric patches, manipulation of polystyrene ball with
circular trajectory with an accuracy of 7.5° was realized. Daniele
et al. (Foresti et al., 2013a; Foresti et al., 2013b; Vasileiou et al.,
2016) developed a one-dimensional array composed of multiple
15 × 15 mm transducers. Contactless droplet mixing and cell DNA
transfection were achieved. In 2015, Marzo et al. (Marzo et al.,
2015) developed a single-sided acoustic levitation array and does
not require the reflector structure, which provides large operating
area above the transducers array. This type of device can then be

used to manipulate objects noninvasively in living body, like
expelling a kidney stone (Ghanem et al., 2020) as shown in
Figure 3A.

FIGURE 2
Line transportation andmanipulation in plane using TW (A). Acoustic transportation device using TW formedwith passive electric network. Reprinted
with permission from (Hashimoto et al., 1998). Copyright 1998, Acoustic Society of America. (B). Droplet transportation by adjusting the temporal phase
shift of SAW. Reproduced with permission from (Sui et al., 2022). Copyright 2022, The Royal Society of Chemistry. (C). Traveling Surface Acoustic Wave
(TSAW) manipulation of Swarmbots inside blood flow using a focused IDT (Fonseca et al., 2022). Copyright 2022 The Authors. Advanced Materials
Interfaces published byWiley-VCHGmbH. This is an open access article under the terms of the Creative Commons Attribution-Noncommercial License.

FIGURE 3
Biomedical application of line transportation using transducer
arrays. (A) Transcutaneous acoustic manipulation of a 3-mm glass
sphere inserted through the ureter into the bladder of a pig using
ultrasonic phased array (Ghanem et al., 2020). (B) Programmable
acoustofluidic manipulation of zebrafish larvae using array of
hollowsquare shaped IDTs. Reproduced with permission from (Zhang
et al., 2019). Copyright 2019, The Royal Society of Chemistry.
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Transducer arrays can also be used to handle liquid using SAW,
and have the advantage of being rewritable and programmable,
compared with traditional acoustofluidic methods. In 2018, the team
of Huang (Zhang et al., 2018) proposed an array of IDTs which can
realize non-contact transportation of 1nL to 100 μL liquid along any
planar axis via acoustic-streaming-induced traps. They also
designed a hollow-square shaped IDTs and immersed it in water
(Zhang et al., 2019), contactless and programmable manipulation of
oil droplets and zebrafish larvae was realized on water, as shown in
Figure 3B. Like PZT arrays, IDT transducer array can be arranged
into other shapes than square matrix in order to accomplish
complex two-dimensional patterning of single or multiple cells,
such as fan-shaped (Wang et al., 2018) or ring-shaped (Tian
et al., 2019) and this being very useful in the cultivation of
special tissues. The phased array method for acoustic
manipulation offers significant advantages in terms of real-time
reconfiguration and precision. It allows for dynamic adjustments of
acoustic waves, providing the flexibility to control ultrasound beams.

Acoustic holography introduces a simpler and more cost-
effective approach compared to phased array transducers. It
utilizes acoustic holograms to modify the output of a single
ultrasonic transducer and create a designed 2D phase profile.
The acoustic hologram plate could be fabricated with a costumed
thickness distribution using the 3D printing technology, which is
intend to form local phase retardation. This would modulate the
phase shift physically (instead of electronically) to modify the
phase shift in phased array. When ultrasound waves pass through
the hologram, they emerge with the necessary phase distribution,
diffract to form a real image at the desired location, and continue
propagating. Therefore, the sound pressure distribution, designed
to show high fidelity and independent of the host container
geometry, is formed. Since the ultrasound is generated from
one single transducer, the acoustic holography no longer
requires a large number of transducers to achieve complex
shaped manipulation. Melde et al. (Melde et al., 2016) were
able to 3D print a hologram with 375 μm resolution and
achieved 15,000 acoustic pixels in the hologram, where only
one transducer operating at a frequency of 2 Mhz was used.
This device can not only be used for acoustic fabrication of
silicone particles soaked in a UV-crosslinker (Melde et al.,
2018), but also used for building 3D cell assemblies (Ma et al.,
2020a). Thus, acoustic technology has found various applications
in the field of biomedical and biomaterials research. In the next
section, some main biomedical applications of acoustic
manipulation of micro/nano-motors and bioactive particles are
reviewed.

3 Biomedical applications of acoustic
driven micro/nano-motors and
nanoparticles

3.1 Applications on cellular operations

Cellmanipulation is a very important technology in bioengineering,
micromanipulation has entered the operation level of subcellular level
and has been applied to cell surgery, single-cell analysis, and cell
translocation. Therefore, regulation of cell position and posture is an

important part of cell micromanipulation. Among many non-contact
cell manipulation techniques (Tang et al., 2022), both optical tweezers
and electric methods could cause damage or induce undesired
electrochemical reactions, while the acoustic methods could realize
controlled rotation of biomaterials size ranging from 0.1 μm to
1000 μm. In addition to enabling cell rotation through the ultrasonic
streaming flow effect, it also facilitates the transportation of complex
trajectories (Ma et al., 2020b), or allows for controllable cell deformation
(Guo et al., 2021) using bulk acoustic resonator. This study also shows
that the cell deformation tool can be used for cell membrane
permeability study, which could be used for research on cell surface
modification and drug uptake efficiency. Zhao et al. (Zhao et al., 2021)
developed a rapid drug screening method by changing the permeability
of leukemia cells (THP-1), and increased the speed of drug screening by
eight times. He et al. (He et al., 2022) have found that that acoustic
treatment significantly facilitated intracellular delivery into both the
cytoplasm and the nucleus, as shown in Figure 4A, with much higher
efficiency compared to endocytosis. Additionally, they discovered that
the acoustic treatment induced changes in the mechanical properties of
both normal and cancer cells, leading to improvements in cytoskeleton
integrity and cell stiffness. However, these effects were found to be

FIGURE 4
Acoustic manipulation techniques for cellular applications. (A).
Acoustic-induced intracellular delivery of gold nanorods (AuNRs) into
the cytoplasm and even the nuclei of cancer and normal cells.
Reproduced with permission from (He et al., 2022). Copyright
2022, American Chemical Society. (B). The neuron-like phenotype of
PC12 cells owing to shear stress caused by the acoustic streaming
effect. Reproduced with permission from (He et al., 2021). Copyright
2017, The Royal Society of Chemistry. (C). Red blood cell pattern in
two dimensions using Standing Surface Acoustic Waves (SSAW)
(Collins et al., 2015). Copyright 2015, The Authors. This work is licensed
under a Creative Commons Attribution 4.0 International License.
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dependent on the specific cell lines used in the experiments. When
acoustic streaming is applied to nerve cells, it can also stimulate the
neurite growth in the desired direction, as shown in Figure 4B (He et al.,
2021). Compared to other methods, acoustic-based approaches are
considered safer and more efficient. Another advantage of acoustic
manipulation is the ability to cell patterning through the formation of
standing waves, which is particularly useful in single-cell analysis. By
adjusting thewavelength of the soundwaves, the size of cell patterns can
be changed to accommodate cells of different sizes. Unlike other cell
manipulation techniques based on magnetic and electric field, acoustic
manipulation does not impact cell viability, thereby preserving the cells’
biological activity and functionality. (Shi et al., 2009). achieved 1D and
2D cell patterning by placing the IDTs horizontally or vertically to form
different SW acoustic fields. However, due to the larger wavelength of
the acoustic waves compared to cell size, each trapping position was
occupied by multiple cells. By increasing the frequency to reduce the
wavelength to about one-fourth of the cell diameter, (Collins et al.,
2015), realized single red blood cell pattern in two dimensions using
SSAW, as shown in Figure 4C. This can also be used to the cultivation of
special tissues such as engineering muscle tissue (Armstrong et al.,
2018), cartilage (Armstrong et al., 2022) and guide neurite outgrowth
(Gesellchen et al., 2014). Recently, (Zheng et al., 2023), assembled
in vitro breast cancer cells (MCF-7) tumor spheroids by the use of
acoustic microstreaming vortices generated with bulk acoustic waves.
Biocompability is also crucial in cell manipulation (Wiklund, 2012), and
it has been demonstrated that human white blood cells (Li et al., 2015),
breast cancerous cells (Qian et al., 2021) can remain high viability after
acoustic treatment.

3.2 Drug delivery and targeted therapy

Micro/Nano-motors offer targeted drug delivery and release
capabilities driven by external fields, where acoustically-driven
micro/nano-motors have no limits to the materials used and thus
offering higher safety and broader applicability than magnetically
driven methods. Common types of ultrasonic motors include rod/
wire-shaped, tubular, and helical micro/nanorobots (Li et al., 2022),
where acoustically-driven gold nanowire robots are commonly used in
medical applications. However, in the application of acoustic
manipulation in vivo, challenges arise due to the varying acoustic
impedance of different tissues, making precise guidance of medical
motors to the target area difficult (Lee et al., 2020). There have been
several studies combining drugs with micro/nano-motors for bacteria
eradication and capture. For instance, acoustic-driven nano-motors
(porous gold nanowire, p-AuNW) equipped with lysozyme can
eliminate bacteria within minutes (Kiristi et al., 2015), benefitting
from ultrasound propulsion, which efficiently removes dead bacteria
adhered to the surface of the acoustic nano-motor. This has been
demonstrated on M. lysodeikticus and E. coli bacterial models.
Moreover, Esteban et al. (Esteban-Fernández de Ávila et al., 2018)
successfully used acoustic propelled nanorobots to target and neutralize
methicillin-resistant Staphylococcus aureus (MRSA) bacteria by
employing gold nanowires cloaked with the membrane of human
red blood cells (RBCs) as efficient toxin decoys, as shown in
Figure 5A, where the trajectory of the nanorobots were recorded
with a microscope. This has demonstrated the ability of acoustic
propulsion to target and rapidly neutralize harmful pathogens.

Furthermore, acoustic-driven micro/nano-motors have also shown
promise in targeted release of anti-cancer drugs (Garcia-Gradilla et al.,
2014; Kiristi et al., 2015), as shown in Figure 5B. Wu et al. (Wu et al.,
2015) utilized RBC-based micro-motors propelled by 2.4 MHz acoustic
waves to deliver the chemotherapy drug DOX, reducing its toxicity to
human umbilical vein endothelial cells (HUVECs). By comparison, the
cell viability has decreased 19.7% by the use of free DOX. Encapsulating
chemotherapy drugs in acoustic-propelled micro-motors can effectively
reduce their toxicity to healthy cells, enhancing the effectiveness and
safety of cancer therapy.

Additionally, ultrasound-driven nano-motors have enabled
intracellular small interfering RNA (siRNA) delivery and gene
silencing, for example, using an assembly of polymeric micelles
and liposomes suppress the anti-apoptosis gene sirtuin 2 (SIRT2) in
nude mouse glioma model (Yin et al., 2013) and the GFP (HEK293-
GFP) gene-mRNA expression in living human embryonic kidney

FIGURE 5
Drug delivery and targeted therapy applications using acoustic
manipulation techniques (A). Human red blood cells (RBCs)
membrane coated nanorobots acoustically propelled to target and
neutralize methicillin-resistant Staphylococcus aureus (MRSA)
bacteria. Reproduced with permission from (Esteban-Fernández de
Ávila et al., 2018). Copyright 2018, The Authors, some rights reserved;
exclusive license American Association for the Advancement of
Science. (B) Ultrasound-powered gold nanowire motors targeted
release of anti-cancer drugs DOX to Hela cells. Reproduced with
permission from (Garcia-Gradilla et al., 2014). Copyright 2014, WILEY-
VCH Verlag GmbH and Co. KGaA, Weinheim. (C). Co-delivery of
paclitaxel and SsiRNA nanobubbles into lung cancer cells powered by
Ultrasound. Reprinted (adapted) with permission from (Hansen-Bruhn
et al., 2018). Copyright 2018 Wiley-VCH Verlag GmbH and Co. KGaA,
Weinheim.
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293 cells using gold nanowires (AuNW) wrapped with a Rolling
Circle Amplification (RCA) DNA strand (Esteban-Fernández de
Ávila et al., 2016). The former study only utilized ultrasound to
promote cell permeability, while the latter process was achieved
through ultrasound-induced concentration of nano-motors and
targeted cells into standing wave pressure nodes.

Moreover, (Hansen-Bruhn et al., 2018), effectively propelled Cas9/
sgRNA-loaded gold nanowires (AuNWs) across the cell membrane,
achieving efficient cleavage of the target GFP genomic sequence (95%
after 48 h) with no significant impact on cell viability, as shown in
Figure 5C. Furthermore, this team discovered that rapid acoustic
propulsion of nano-motors, combined with the high oxygen loading
capacity of red blood cell membrane-cloaked perfluorocarbon
nanoemulsions (RBC-PFC), enables efficient oxygen delivery to the
intracellular space of J774 macrophage cells and helps maintain their
viability (Zhang et al., 2019). The acoustic field can accelerate
intracellular oxygen delivery to cells, and the oxygen release rate can
be adjusted by tuning the ultrasound intensity.

3.3 Acoustic-driven nano-motors for
diagnostics

Acoustically-driven nano-motors can also be utilized for disease
diagnosis. For instance, when these coated gold nanowires (AuNWs)
are loaded with ssDNA that specifically binds to target mRNA
(Esteban-Fernández de Ávila et al., 2015), which allows for the rapid
detection of individual complete cells, enabling real-time disease
monitoring for cancer diagnosis. It holds great potential in cancer
diagnosis, patient follow-up, and monitoring disease progression.
Similar methods have been applied for the detection of intracellular
HPV16 E6 mRNA (Qualliotine et al., 2019), which is used for the
diagnosis of Human papillomavirus (HPV)–associated
oropharyngeal cancer (OPC) and the Alzheimer’s disease (Sun
et al., 2021) using polystyrene microparticles as genetic
biomarker carriers. In these methods, nano-motors are utilized to
enter the cells through acoustic propulsion. They act as probes,
binding to the target genes, which results in the switching of
fluorescence signals. This switching of fluorescence signals
enables the detection of specific genes. The use of these
techniques allows for rapid and sensitive gene detection,
providing powerful tools for biomedical research and diagnostics.

4 Discussion

Acoustic manipulation shows many advantages such as
simplicity in fabrication, biocompatibility, non-contact operation,
and compatibility compared with other microfluidic components.
These features make acoustic manipulation suitable for applications
in medical diagnosis and biochemical research. Despite the
differences in the generation principles of BAW and SAW, the
methods to control the position of sound traps during acoustic
transportation and manipulation is remarkably similar. Acoustic
manipulation not only enables cell rotation but also facilitates
transportation along complex trajectories. Additionally, research
shows that this technique can be used for studying cell
membrane permeability, thereby enhancing drug uptake

efficiency. Furthermore, improvements in gene silencing
strategies were achieved through acoustically propelled nano
particles, resulting in efficient, rapid, and accurate gene delivery
and silencing response. This method holds great potential for gene
therapy applications and serves as an efficient tool for targeted drug
delivery. The review presents the progress of acoustic-driven micro/
nanorobots in medical applications, providing novel insights for
research, diagnosis, and treatment in related fields.

Applying acoustic manipulation techniques to in vivo operations
stands as a significant challenge for the future. Within the internal
environment, addressing the complexity of biological tissues, fluid
dynamics effects, and precision of operations becomes crucial.
Furthermore, exploring ways to enhance the manipulation
capabilities of acoustically propelled micro/nanorobots, enabling
more intricate cell operations and precise delivery of various
types of drugs, emerges as a crucial research direction. The
authors eagerly anticipate witnessing the evolution of this
dynamic research field in the coming years, which is certainly
worth further comprehensive exploration and dedicated
investigation.
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Nowadays, global water scarcity is becoming a pressing issue, and the discharge of
various pollutants leads to the biological pollution of water bodies, which further
leads to the poisoning of living organisms. Consequently, traditional water
treatment methods are proving inadequate in addressing the growing demands
of various industries. As an effective and eco-friendly water treatment method,
micro/nanorobots is making significant advancements. Based on researches
conducted between 2019 and 2023 in the field of water pollution using micro/
nanorobots, this paper comprehensively reviews the development of micro/
nanorobots in water pollution control from multiple perspectives, including
propulsion methods, decontamination mechanisms, experimental techniques,
and water monitoring. Furthermore, this paper highlights current challenges
and provides insights into the future development of the industry, providing
guidance on biological water pollution control.
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1 Introduction

Water is a fundamental natural resource that is indispensable for biological survival,
scientific progress and industrial development. In recent years, water resources have been
continuously polluted, water scarcity has become a global problem. Some studies have shown
that water pollution has not improved in those days, and there has been little actual progress
in pollution prevention from a global perspective, with severe water pollution causing nearly
2 million deaths per year (Fuller et al., 2022). According to the United Nations Water
Development Report 2023, there has been a consistent annual increase in water consumption
over the past 40 years, and 10% of the world’s population is living in countries with high or
severe water scarcity. Furthermore, droughts, overuse, anthropogenic pollution, political and
geopolitical influences continue to cause a decrease in available water reserves (Gude, 2017),
where human activities have become a major contributor to water pollution, with about 50%
of anthropogenically generated wastewater being discharged directly into rivers or oceans
without any treatment, resulting in serious ecosystem damages and long-term impacts
(Shemer et al., 2023).

To conquer the increasing water pollution problem, various conventional purification
methods have been employed, such as precipitation/encapsulation, adsorption, membrane
technology, and more (Altowayti et al., 2022), these methods can achieve wastewater

OPEN ACCESS

EDITED BY

Fengtong Ji,
University of Cambridge, United Kingdom

REVIEWED BY

Huaping Wang,
Beijing Institute of Technology, China
Qianqian Wang,
Southeast University, China

*CORRESPONDENCE

Shimin Yu,
yushimin@ouc.edu.cn

Mu Li,
limu@hrbmu.edu.cn

Lin Wang,
linwang@hit.edu.cn

RECEIVED 10 October 2023
ACCEPTED 30 October 2023
PUBLISHED 09 November 2023

CITATION

Wang H, Jing Y, Yu J, Ma B, Sui M, Zhu Y,
Dai L, Yu S, Li M andWang L (2023), Micro/
nanorobots for remediation of water
resources and aquatic life.
Front. Bioeng. Biotechnol. 11:1312074.
doi: 10.3389/fbioe.2023.1312074

COPYRIGHT

© 2023 Wang, Jing, Yu, Ma, Sui, Zhu, Dai,
Yu, Li and Wang. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Bioengineering and Biotechnology frontiersin.org01

TYPE Review
PUBLISHED 09 November 2023
DOI 10.3389/fbioe.2023.1312074

41

https://www.frontiersin.org/articles/10.3389/fbioe.2023.1312074/full
https://www.frontiersin.org/articles/10.3389/fbioe.2023.1312074/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2023.1312074&domain=pdf&date_stamp=2023-11-09
mailto:yushimin@ouc.edu.cn
mailto:yushimin@ouc.edu.cn
mailto:limu@hrbmu.edu.cn
mailto:limu@hrbmu.edu.cn
mailto:linwang@hit.edu.cn
mailto:linwang@hit.edu.cn
https://doi.org/10.3389/fbioe.2023.1312074
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2023.1312074


recycling and reuse through graded purification and sludge
treatment. The precipitation/encapsulation method can convert
soluble metal ions in wastewater into insoluble precipitate in a
less costly way, but the generated sludge is easily affected by various
types of oils and fats in the wastewater, which increases the difficulty
of treatment. The adsorption method is mainly used for the
treatment of organic pollutants in wastewater, the pollutants are
stripped off by the adhesion generated at the interface of different
phases. Adsorption is considered a low development and
maintenance cost option (Abu Bakar et al., 2021), however, in
the face of wastewater with more complex components, different
adsorption layers are often required, which increases the
construction cost in the implementation of the project.
Membrane treatment is a relatively new water treatment method,
which can extract both dissolved solutes and insoluble dispersed
particles in water, targeting a wide range of pollutants and being very
environmentally friendly (Yusuf et al., 2020). However, membrane
treatment requires pre-treatment, which can otherwise damage the
membrane (Rahman et al., 2023), this raises the cost of membrane
treatment for further use. Although traditional water purification
methods have been developed towards low-carbon and intelligent
(Altowayti et al., 2022; Li et al., 2023), their disadvantages in terms of
equipment construction costs, biocompatibility and recyclability
limit their further development, especially in developing
countries where they will not be able to be used in large
quantities (Othman et al., 2022).

In recent years, micro/nanorobots and micro/nanomotor
technologies have shown great advantages such as low cost, high
efficiency and environmental friendliness in environmental
remediation and water purification applications, which have
gained widespread attention and have great potential for
development and application. Micro/nanorobots (MNRs) or
micro/nanomotors (MNMs), usually refer to microscopic
substances with actuation capability between 1 and 1 mm in size,
which can be both organic or inorganic, even artificially edited and
modified microorganisms from nature. Micro/nanorobots convert
external energy into self-propulsion through a variety of different
physicochemical mechanisms (Urso et al., 2023), with common
approaches including bubble (Liu et al., 2019; Ren et al., 2022; Yang
et al., 2023), light (Xiong et al., 2022; Palacios-Corella et al., 2023),
acoustic (Lu et al., 2020; Wang et al., 2021; Wang et al., 2022),
magnetic (Li et al., 2017; Li et al., 2018; Sun et al., 2020; Yu et al.,
2022; Li et al., 2023), biological (Lai et al., 2022) and other methods
(Fu et al., 2019; Kong et al., 2019; Xu et al., 2019). In addition to a
wide range of drive options, the working conditions for micro/
nanorobots are much easier to achieve, some studies show that
micro/nanorobots can even work under natural light (Kochergin
et al., 2020; Ying et al., 2021; Ullattil and Pumera, 2023), without any
pre-processing, obviously providing more possibilities in water
control such as pollutants’ on-site instantaneous collection and
degradation.

Furthermore, the self-propelled motion of the micro/nanorobots
is often accompanied by the flow of surrounding fluids, eliminating
the need for additional mechanical agitation required by traditional
water pollution treatment methods and static nano decontamination
techniques. This facilitates the process of pollutant capture and
material transfer, leading to improved efficiency and reduced
operation time in pollution treatment (Ying and Pumera, 2019).

Additionally, micro/nanorobots can operate effectively in size-
limited working conditions, especially within micro and nano-
scale environments, which distinguishes them from traditional
water pollution treatment methods. Based on these advantages, it
is clear that micro/nanorobots are more in line with the principle of
improving pollution treatment efficiency and expanding pollution
treatment capacity and reducing pollution treatment cost (Raha
et al., 2008). They also align with the direction of next-generation
advanced water treatment technology, featuring real-time
degradation, recycling, reuse, and higher material utilization rates.

Based on the studies conducted between 2019 and 2023, this
paper provides an overview of micro/nanorobots’ role in the field of
water pollution control. Here the driving mechanisms and methods,
specific decontamination methods, targeted pollutants,
experimental technologies and platforms have been reviewed.
This paper also discusses the feasibility and necessity of micro/
nanorobots used for long-term water monitoring. Analysing
principles and presenting cases, this paper describes the relevant
problems currently faced and envisions the future development of
the industry.

2 The actuation of micro/nanorobots

2.1 Actuation mechanisms

The actuation of micro/nanorobots is very different from that
of macro-robots, the former cannot achieve effective motion
through inertial force, and the “scallop theory” proposed by
Pursell in 1976 well explained that time-symmetric motions of
an object in low Reynolds number environments cannot result in
displacement (Zhou et al., 2021a). Therefore, the actuation of
micro/nanorobots is different from the “brute force actuation” of
macroscopic objects and is based on a new kinematic mechanism
that utilizes gradients for actuation. In fact, the motion of all
micro/nanorobots is the motion from high gradient positions to
low gradient positions, and all enhancement of the motion effect
is the enhancement of the gradient, including a larger gradient
difference, or a higher efficiency of the gradient utilization. The
specific method of generating gradients is to generate asymmetry,
which is done in the design process of micro/nanorobots through
the selection of materials or the design of structures. Common
methods to generate asymmetry include the use of magnetic
fields, acoustic fields, electric fields, concentrations of chemicals,
and the asymmetric structures of robots, etc. (Wang and Zhang,
2021).

2.2 Actuation methods

2.2.1 Bubble-driven propulsion
Bubble-driven propulsion is one of the most common methods

for actuation. When micro/nanorobots move in the water, various
biochemical reactions or physical phenomena on their surfaces lead
to the generation of micro/nano-sized bubbles. These bubbles
accumulate at the back of the micro/nanorobots and propel them
forward by moving in the opposite direction. Depending on whether
the body of the micro/nanorobot serves as a consumed substrate or
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not, bubble-driven micro/nanorobots can be categorized into two
types: “catalytic fuel decomposition” and “self-decomposition”.

Catalytic fuel decomposition robots contain a catalyst for fuel
decomposition reactions. For example, a robot might incorporate
asymmetrically distributed Pt metal, which catalyses the
decomposition of gas bubbles in the presence of H2O2, and the
robot itself does not experience any loss during the movement
process. Ji et al. (2019) designed a bimetallic Janus micromotor
PNIPAM@Au-Pt with bidirectional movement capability. The Pt
part can be oriented to serve as either the front or back, allowing
versatile movement. The driving mechanism involved Pt-catalyzed
H2O2 decomposition, resulted in self-diffusion for movement.
Temperature-induced PNIPAM chain modifications controlled
the micromotor’s hydrophilic and hydrophobic functions. At
temperatures below 32°C, electrons and protons migrated from
the Pt region to the Au region and reacted with H2O2 to
generate oxygen, when the temperature surpassed the critical
point, a phase transition occurred, changing the hemisphere of
the micromotor in contact with the fuel, switched propulsion
mechanism from self-electrophoretic propulsion to self-diffusive
propulsion. The actual movements and the different surface
reactions of the PNIPAM@Au–Pt micromotors are shown in
Figure 1A. The significance of this study lies in achieving micro/
nanorobots steering through thermal control, offering valuable
insights for subsequent module design.

A recent study has shown that the generation of intermediate
platinum oxides also affects the actuation of micro/nanorobots
during Pt-catalyzed H2O2 decomposition. Lyu et al. (2022)
observed a distinct behavior on conventional Pt-SiO2 robots,

their robots moved towards the Pt layer instead of away from it
when the thickness of the Pt layer exceeded 100 nm. After excluding
possible variables such as temperature, they determined that the
excessive thickness of the Pt layer and the presence of platinum
oxides, mainly PtO, induced a reversal in the direction of motion
through an auto-electrophoretic effect. This discovery enables
precise control over the motion direction of micro/nanorobots by
controlling the Pt oxides. This breakthrough introduces new
materials for the motion control of micro/nanorobots. Five paths
for manufacturing are shown in Figure 1B.

Using expensive Pt for micro/nanorobot fabrication can lead to
high production costs. Furthermore, the susceptibility to
electrochemical corrosion from Sulphur-containing substances
and other metal ions can degrade its catalytic performance and
cause the failure of the robots, known as “Pt-poison” (Casado-Rivera
et al., 2003; Orozco et al., 2013; Zhao et al., 2013). To address this,
researchers have explored alternative catalytic materials like
manganese oxides, such as MnO2 (Yang et al., 2023), Mn2O3 (Li
et al., 2021), and Mn3O4 (Bing et al., 2020), among which MnO2 is
most widely used. Manganese dioxide shows the advantages of
abundant sources, low cost, and stable chemical properties. It can
simultaneously participate in the oxidation process of pollutants and
is commonly employed in the treatment of organic pollutants. Yang
et al. (2023) designed a multifunctional FeOx@MnO2@SiO2

microrobot capable of degrading antibiotics such as Naproxen in
a peroxymonosulfate (PMS)/H2O2 system. In this robot, MnO2 is
responsible for decomposing H2O2 into oxygen bubbles, providing
propulsion in the solution and generating substances for antibiotic
degradation. The trajectories of a robot guided by ais shown in

FIGURE 1
(A)Diagramof the actualmovements and the surface actions of the PNIPAM@Au–Ptmicromotors in the Pt direction and Au direction (Ji et al., 2019).
(B) Varying compositions of the micromotor through five different manufacturing paths to achieve different movement effects (Lyu et al., 2022). (C)
Motion trajectories of FeOx@MnO2@SiO2 micromotors at 1 wt% of H2O2 solution guided by a magnet (Yang et al., 2023). (D)Mechanism diagram for the
four steps of the bubble implosion propulsion (Zhao et al., 2022).
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Figure 1C. Through experiments of varying durations, they explored
the connections between robot structure, velocity, and degradation
efficiency, revealing the relationship between catalytic efficiency,
motility behavior, and themechanism ofmotion. A highlight of their
work is that PMS can regulate the excessive formation of O2

resulting from H2O2 decomposition by occupying the Mn site
through interactions with the robots.

Self-decomposing micro/nanorobots directly engage in reactions
as substrates. For instance, a robot containing Mg metal catalyzes
H2O2 decomposition in an acidic environment. The endurance
matches the Mg consumption time, rendering the robot immobile
after the Mg depletion. Zhao et al. (2022) designed a fully
biodegradable microrobot propelled by hydrogen bubbles from the
Mg-hydrochloric acid reaction. The mechanism diagram is shown in
Figure 1D. Investigating the impact of bubble stabilizers on
propulsion patterns, they tested hydrochloric acid (six
concentrations) and surfactant Triton X-100 (five concentrations).
Findings demonstrated surfactant influence on the propulsion
direction of the robot. Generally, bubble-driven micro/nanorobots
exhibit lower motion precision than methods like magnetic driving.
For self-decomposition robots, bubbles are randomly generated,
producing disordered motion with limited control and switching
capabilities. The very limited endurance and the potential for
secondary contamination (e.g., Mg2+) render self-decomposition
micro/nanorobots incapable of performing tasks with high precision.

Both of these bubble-driven propulsion methods rely on fuel
decomposition. However, suitable fuel chemicals are often lacking in
polluted water, leading to the need for artificial addition of chemical
reagents like H2O2. The introduction of H2O2 has both advantages
and disadvantages. On one hand, its role as a strong oxidizing agent
enhances the pollutant oxidation process, contributing significantly
to pollutant degradation. Conversely, the addition of hydrogen
peroxide itself is costly and the addition of additional strong
oxidizing agents to an open body of water can cause unwanted
secondary damage to the body of water. It is noted that bubbles
themselves can function as microscopic robots. Generated bubbles,
often at the micro/nano-scale, come with physical adsorption effects
on their surface. The presence of microbubbles or clusters can
further amplify the efficiency of water pollution treatment.

2.2.2 Light-driven propulsion
Light-driven propulsion has become a popular option for water

pollution treatment due to the ready availability of natural light
energy. Additionally, light-driven materials tend to generate reactive
oxygen species (ROS) through the photo-Fenton reaction,
enhancing the treatment efficiency of pollutants (see Section
3.1 for more details). With the deepening of the study, new light-
responsive materials are applied, more specific parameters are
investigated, and new light-triggered motion mechanisms are
discovered.

The use of light-driven micro/nanorobots converts light energy
into kinetic energy, utilizing various frequency bands of light. The
more commonly used bands include visible light, near-infrared light,
and ultraviolet light. However, light cannot drive all forms of matter.
Photoactive materials, such as semiconductors, are necessary to
create a net displacement under light.

TiO2 is a commonly used semiconductor in the fabrication of
micro/nanorobots. Not only does TiO2 have a programmable

surface charge, providing the ability to specifically identify
contaminants, but it also has a Schottky barrier at its interface,
which would result in higher photocatalytic activity. The common
use of TiO2 is with the combination of different metals. In fact,
among the many metal-TiO2 combinations, platinum is the most
effective and provides the most stable power (Maric et al., 2020).
One common surface reaction of the metal/TiO2 robots is shown in
Figure 2A.

Functional optimization based on TiO2 robots is a major
research direction in the field. Xiao et al. (2020) tripled the
motion speed of a conventional TiO2 robot by adding an Au/Ag
bilayer coating. Through their experiments, they ruled out the
possibility that the Ag in the bimetallic layer alone could lead to
the speed increase and determined that the metallic coating works
through synergy to increase the speed of the TiO2 robot in the light.
This synergistic action did not depend on any fuel, and the
kinematic efficacy enhancement was achieved even in pure water.

Except for TiO2, other materials are also applied in the
manufacturing of micro/nanorobots. Villa et al. (2019) designed a
micro/nanorobot using the photoactive substance BiVO4 to capture
microorganisms. Under visible light, this robot can actively seek out
and non-destructively adhere to yeast cell walls through linear
motion, allowing for controlled capture and release of yeast cells
by switching the visible light on and off, which can serve as
disinfection motile tools for the removal of microbial
contamination in water (Figure 2B). Li et al. (2023) constructed
near-infrared light-driven micro/nanorobots named JMPPs@Au by
depositing Au nanoparticles (NPs) onto the half surface of MPPs.
The motion propelled by NIR light is explained in Figure 2C. By
controlling the light on and off, their experiments demonstrated the
positive impact of light on pollution removal.

These materials absorb photon energy, generating electron-hole
pairs (e−-h+) exposed to light. When excess electrons accumulate on
the surface of the material, they can react with pure water, generating
bubbles and initiating a photochemical reaction under light
irradiation. This process ultimately leads to bubble creation or
autophoresis, showing another major advantage of certain light-
driven robots, which is their independence from external fuel
sources (Urso et al., 2023). Wang et al. (2020) designed a cost-
effective, easily fabricated robot with good motion capabilities even
under low light intensity. The robot did not rely on any fuel source
operating across the entire visible light spectrum. It achieved
impressive movement, covering 18 times its body length in just
1 s in pure water. Even at one-third the intensity of sunlight it
showed great motion effect. This study presents the fastest pure
water-driven micro/nanorobots and highlights the advantages of
non-toxicity and minimal secondary pollution.

Since the robot can be activated by all light larger than the
material band gap, this represents a large range of light that can open
up light-driven micro/nanorobots, which provides the possibility of
controllable multimodal motions. Xing et al. (2020) reported a
micro/nanorobot with pH-responsive multilight propulsion. The
surface reactions of the robot are shown in Figure 3A. The robot was
first propelled by self-diffusion in 3.0% hydrogen peroxide. Then,
the weak acidity of H2O2 triggered the disassembly and
reorganization of gold nanoparticles on the robot, leading to a
contact between gold and platinum nanoparticles, which changed
the propulsion mechanism to self-electrophoresis. Asymmetric and
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aggregated gold nanoparticles can also generate a thermal gradient
under laser irradiation, thus generating motion by auto-
electrophoresis. The robot can achieve three different
mechanisms of optical propulsion. Chen et al. (2021) designed a
Cu2O@CdSe micro/nanorobot driven by visible light, which is able
to move horizontally or vertically by only adjusting the direction of
the asymmetric light field, and the stopping and going can be
controlled by switching on and off the light (Figure 3B). This
design accomplished multidirectional positioning of the robot.
Feng et al. (2021) designed a robot with more complex functions,
and their robot can achieve orientation control and vertical motion,
horizontal motion, and rotation.

With easier-to-create driving environment, more readily
available driving fuel, fast robot movement speed, wide range of
target pollutants, and beneficial concomitant reactions such as the
photo-Fenton reaction, light-driven micro/nanorobots have
demonstrated great advantages for applications in water pollution
treatment.

2.2.3 Magnetic actuation
Magnetic actuation presents another prevalent option. A micro/

nanorobot with magnetic abilities exhibits motion that consumes
minimal energy in an inhomogeneous magnetic field, where the
asymmetry primarily arises from the magnetic field gradient. In
contrast to various other drive methods, magnetic drives can provide
very high accuracy, which is advantageous when performing
precision operations (Ji et al., 2021; Ji et al., 2023). Meanwhile,
the main drawbacks of magnetically driven micro/nanorobots are

that the mechanical structure is relatively fixed and typically requires
stronger actuation forces to overcome friction from the substrate or
surrounding fluids (Hou et al., 2023a).

The magnetism of a micro/nanorobot is designed by adding
magnetizing materials to the robot. Common materials include Ni,
Fe2O3, Fe3O4, etc. The use of these materials provides modularity to
the robot design, which can be referred to as a “magnetic drive
module”. A magnetically propelled sponge porous microrobot is
presented by Ma and wang (2019). This robot possessed super-
hydrophobicity and achieved in situ oil removal. They enhanced a
commercially available sponge material by incorporating
superhydrophobic PDA/Fe3O4 nanoparticles, resulting in the
creation of a three-dimensional porous superhydrophobic sponge
with magnetic properties, which can be used to effectively adsorb
various types of oil contaminations. They also conducted
experiments in path planning, enabling the robot to follow
different routes for removing oil droplets from water. This
demonstrated precise motion control throughout the operation.
The sponge robot maintained a high absorption capacity even
after five reuses, providing a reference for the potential reuse of
superhydrophobic sponges for environmental remediation.

In fact, the incorporation of magnetically driven materials into
robots has gained widespread acceptance, even in challenging
environments where magnetic propulsion is difficult to achieve,
such as open water. Additionally, in operational contexts that do not
require delicate manipulation, researchers still incorporate magnetic
materials where appropriate, primarily to harness the magnetic
properties for recycling purposes. The study by Singh et al.

FIGURE 2
(A) Schematic illustration of the reactions of the metal/TiO2 micromotors under UV light irradiation in study (Maric et al., 2020). (B) Sketch of the
workflow of BiVO4 micromotors for microorganisms’ removal, and photos of BiVO4 micromotors capturing microorganisms under UV light irradiation
(Villa et al., 2019). (C) Scheme of NIR light-propelled motion for MB removal. This microrobot made a 10.2% increase in the removal efficiency of MB dye
under NIR light irradiation (Li et al., 2023).
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(2020) also highlights the magnetic recyclability of micro/
nanorobots. Their micro/nanorobot was developed using carbon
nanospheres with Pt for H2O2 decomposition (propulsion) and Ni
for magnetic attraction (magnetically drivenmodule). The robot was
specifically designed for dye degradation and cannot degrade oil
droplet material in real-time. Therefore, after operating in an oil-
contaminated environment, the retrieval of both the contaminants
and the micro/nanorobot is necessary. As shown in Figure 4A, tasks
can be easily accomplished using magnets.

Furthermore, there are examples of micro/nanorobots exhibiting
multimodal motions under magnetic field actuation. Sun et al. (2023)
developed a magnetic hydrogel micro/nanorobot (MHM) capable of
mechanically disrupting biofilms. The work of the robot can be found
in Figure 4B. By incorporating Fe3O4 material, the robot responds to
an external magnetic field and utilizes Fe3O4 for contaminant
treatment through the Fenton reaction. The MHM operated in
two modes of motion controlled by an applied magnetic field,
planar rotational and oscillatory modes. The study noted that the
robot can be loaded with H2O2, which in this case, served as a biocide
rather than a motion fuel. Zhang et al. (2021) designed a match-
shaped micro/nanorobot with two modes of motion, rotary motion
and linear motion under a magnetic field (Figure 4C). By switching
the external magnetic field, they can realize the in situ switching of
motionmodes. This study is promising for micro-motion and sensing
applications. In addition, it has been shown in the literature that

liquid-based reconfigurable microrobots can offer additional
possibilities under magnetic control. Ferromagnetic fluids have
different motion and deformation behaviours, e.g., they can split/
aggregate, or transform states. In addition, the self-assembly and
collective behaviour of ferromagnetic fluids show excellent motions,
which may show more applications in the field of water pollution
treatment in the future (Wang et al., 2023a).

Clusters of micro/nanorobots can be used to compensate for the
shortcomings of individual robot motion. Various approaches such
as parallel operation and coordinated operation on multiple objects
have been proposed, as well as advanced drive mechanisms and
operation schemes (Wang et al., 2023b). However, trying to make
clusters that are in the same environment exhibit different responses
is currently subject to further research. Xu et al. (2022) proposed a
new decoupled control method to achieve different movements for
micro/nanorobots in the same magnetic field. They designed the
micro/nanorobots with different magnetization directions to
perform phase-different planar crawling motions within an
oscillating magnetic field. Based on this model, complex co-
operation of micro/nanorobots under the same excitation will
become possible.

2.2.4 Biological actuation
Biological actuation refers to the modification of natural

microorganisms into robots through surface modifications and

FIGURE 3
(A) Schematic illustration of the propulsion mechanism, switched self-electrophoretic propulsion, light-induced self-thermophoretic propulsion
(Xing et al., 2020). (B) Schematic illustration of light-controlled self-propulsion behavior of Cu2O@CdSe micromotors. Trajectories and the speed of the
Cu2O@CdSe micromotors changed as the light switched on and off. Experimental conditions: 0.005 mM tannic acid solution and 1.8 W/cm2 blue light
(Chen et al., 2021).
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the addition of functional modules. Unlike the previously
mentioned drives, which are externally controlled, this category
represents truly self-driven micro/nanorobots. As microorganisms
are natural materials, the utilization of bio-driven micro/nanorobots
offers viable ways to mitigate the risk of potential secondary
contamination.

Soto et al. (2019) designed a rotifer microrobot, named “rotibot”,
by utilizing a marine rotifer as a carrier (Figure 5A). The rotifer was
electrostatically attached inside the mouth by functionalized
microbeads. The movement of the cilia of the rotifer created
fluid flow toward its mouth, enabling the treatment of
contaminants through functionalized microspheres. The robot
relied exclusively on the self-propulsion of the rotifers and did
not require any external fuel. Through experiments, the robot
demonstrated its effectiveness as a dynamic micro-cleaning
platform for the removal of a variety of environmental
contaminants, including E. coli, neurotoxicants, and different
heavy metals. Additionally, Shimizu et al. (2021) achieved the
design of a biohybrid windmill by placing captured microalgae
within an orthogonal frame. By incorporating capture chambers
at the edges of the frame, they constrained the motion of the
captured microalgae to be isotropic to the orthogonal axes. This
design aimed to prevent motion cancellation caused by the non-
uniform movement of the microalgae. Experimental tests
demonstrated that the bio-windmill could rotate at an angular

velocity of 0.78 rad/s. Similar to this work, Xie et al. (2021)
achieved the manipulation of artificial microstructures through
algal cells by capturing algal cells in tiny structures. The
orientation of the robot can be controlled by capitalizing on the
phototropism of the algae with the integration of an external light
source. The motion of the robot when entering the Y-shaped tunnel
is shown in Figure 5B. This study successfully demonstrated the
cargo transport and autorotation capabilities of an algal microrobot,
showing its potential for precise object manipulation on a miniature
scale.

In addition to the aforementioned examples, algae have also
been used in the assembly of other types of robots. Zhang et al.
(2021) developed algal microrobots that can be used to remove the
SARS-CoV2 virus fromwastewater by modifying the surface of algae
with ACE2 receptors (Figure 5C). ACE2 receptors, known for their
high affinity to viral spiking proteins, serve as potent cellular
receptors for SARS-CoV-2, enabling targeted virus recognition.
The researchers selected Chlamydomonas reinhardtii due to its
ease of mass production, swift mobility in various water
environments, extended lifespan, and feasibility for surface
modifications. Their experimental results demonstrated an
impressive 89% removal rate of SARSCoV-2 pseudo-virus,
providing a design concept and template for real-time
purification of coronavirus wastewater. Similarly, Moghazy et al.
(2023) employed Nile algae to create porous cellulose microspheres

FIGURE 4
(A) The motion trajectory of a magnetically guided micromotor move in H2O2 fuel and pure water. The Figure also shows a micromotor traps
contaminants in the microchannel, and the real-time images of the process (Singh et al., 2020). (B) Schematic illustration of cargo release when heated
above the lower critical solution temperature (LCST) of the motors; bacteria-killing free radicals generated in the process of Fenton reaction when the
motors are immersed in the H2O2 solution; a wobbling motion of the motor driven by the external magnetic field; disruption on the biofilm by
catalyzing the released H2O2 solution (Sun et al., 2023). (C) Schematic illustration of the motion of the magnetic matchstick micromotor in the magnetic
field. The Figure also shows trajectories of the magnetic matchstick micromotor moving in 2% H2O2 solution when the magnetic field is on or off (Zhang
et al., 2021).
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designed for the removal of methylene blue dye and copper ions
from aqueous media, significantly enhancing the adsorption
capacity of their robots. The fabrication of their robot is
illustrated in Figure 5D.

2.2.5 Other actuation methods
Besides the above methods, there are also common actuation

methods such as the Marangoni effect, thermal-driven propulsion,
acoustic actuation, optimal actuation and electric manipulation.
More specifically, techniques like laser scanning and even
photosynthesis have been utilized.

The Marangoni effect is the phenomenon of mass transfer
due to the existence of a surface tension gradient at the interface
of two liquids with different surface tensions. This effect can be
triggered by various mechanisms. For example, Sun et al. (2019)
designed a novel micro/nanorobot with controllable motion
behavior based on infrared light. The propulsion of this robot
relied on the Marangoni effect generated when polypyrrole
nanoparticles (PPyNPs) were exposed to infrared light.
PPyNPs exhibit strong absorption bands in the near-infrared
region, allowing them to convert light energy into heat. This

process reduced the local surface tension near the irradiated
area, leading to the generation of a solution tension gradient.
The cessation of the robot’s motion can be achieved by adding
surfactants to eliminate the thermal Marangoni effect,
counteracting most of the tension gradient. Another classic
example is the robot designed by Yoshida et al. (2021) for
release via ethanol, which also serves as a classic design for
energy storage. During operation, the loaded ethanol diffused
spontaneously. The released ethanol rises to the free surface due
to buoyancy and reduces the surface tension of the water, created
a tension gradient that enables the robot to move.

Ultrasonic and electric fields are also significant driving
methods for micro/nanorobots. Xiaolong Lu et al. designed a
device based on locally enhanced acoustic flow for driving
microrobots. The platform conducted precisely transport along
a given path. Through numerical simulations and specific
experiments, it was demonstrated that the acoustically driven
microrobots have high motion accuracy (Lu et al., 2019).
Reorientation of the water dipole moment due to a rotating
electric field can rotate carbon nanotubes immersed in aqueous
solution, which gives theoretical basis for electric manipulation of

FIGURE 5
(A) Schematic illustration of the Mechanism for the formation of the rotibot, and the microscopy images of the Mechanism for the formation of the
rotibot (Soto et al., 2019). (B) Images of mass E. elegans cells swimming in the Y-shaped microfluidic channel. Algal cells are in the red ellipses, yellow
arrows represent light direction (Xie et al., 2021). (C) Schematic illustration of the ACE2-algae-robot remove the spike protein and SARS-CoV-2 virus
(Zhang et al., 2021). (D) Schematic illustration of the fabrication of the Nile water algae cross-linked cellulose microsphere (NACS) (Moghazy et al.,
2023).

Frontiers in Bioengineering and Biotechnology frontiersin.org08

Wang et al. 10.3389/fbioe.2023.1312074

48

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1312074


underwater micro/nanorobots. The study of Zhongyu Fu et al.
showed that the radius and length of the nanorobot affects the
rotation angle, speed and cycle time, providing a reference for the
use of micro/nanorobots underwater guided by electric fields (Fu
et al., 2019).

A classic case of thermal drive is the thermal fluctuation-based
motor designed by Lou et al. (2021) utilizing inherent thermal
motion. Their self-thermal reflective nanorobot, built on Janus
particles with unidirectional transmission, can reverse direction
by adjusting the frequency of an external potential. The motor
achieved a speed close to the superposition of the drift speed of a
pure Brownian motor and the self-propulsion speed of a pure auto-
thermophoretic particle. Furthermore, Kim et al. (2019) designed a
laser scanning-based micro/nanorobot using shape memory alloy
(SMA). Each laser scan triggered a material deformation, enabling
the crawling motion of the robot. The wireless self-recovery-like
motion achieved by this robot can serve as a reference for other
deformable micro-scale structural driving methods.

2.2.6 Enhancement of drive effects
The enhancement of micro/nanorobot motion effects through

algorithm optimization is also a mainstream direction. Algorithms
and various optimized control methods can be used to compensate
for design flaws in the robot body and improve motion performance.
Hou et al. (2023b) designed a microdrill that enabled propulsion
driven by a magnetic field. By introducing a camera system, they
implemented a control strategy that can utilize vision for dynamic
feedback, thereby switching the direction and frequency of rotation
according to the local environment, enabling the microdrill to move
flexibly and penetrate obstacles efficiently. Xu et al. (2022) developed
a broad learning system (BLS) based learning servo control strategy
and applied it to a micro-robotic system. They combined the
traditional Lyapunov theory with a new learning-based approach
to obtain constraints on the controller parameters. Their model did
not require adjusting of the controller parameters and achieved an
applied extension of BLS. Liu et al. (2021) proposed a path planning
algorithm for three-dimensional motion of micro/nanorobots. Their
design can compensate for the angle between the robot’s direction
and the magnetic direction when there are weight perturbations and
lateral perturbations in 3D space. Experiments demonstrated that
their method has sub-millimeter accuracy in three-dimensional
space.

Through the design and integration of modules, it is possible to
achieve the effect of “1 + 1>2”. Zheng et al. (2021) designed a hand
module that can grip tiny objects by changing the local ion density or
pH. Through experiments, they performed grasping and transport
of magnetic microspheres, demonstrating the effectiveness of the
design. This programmable hand-like structure offers possibilities
for the dynamics of micro-nano robots. Zheng et al. (2022) also
designed a single-step aniso-electrodeposition method that can be
used to fabricate modular micro/nanorobots. Such modular robots
can achieve a wide range of motions such as spiralling, twisting,
bending and curling, and performmultiple tasks such as propulsion,
grasping and object transfer simultaneously in response to magnetic
field, ionic and pH stimuli. In addition, the authors further explored
the possibility of loading other functional modules (e.g., cells, drugs,
and magnetic nanoparticles) onto this module to achieve
multifunctionality.

In addition, hybrid actuation has been developed through
module integration in the design of micro/nanorobots (Wang
et al., 2020). In the field of water pollution, the main focus is on
hybrid designs between optical, bubble and magnetic drives (Ying
et al., 2019; Shen et al., 2020; Li et al., 2022; Mayorga-Burrezo et al.,
2023). Through the hybrid-driven operation, the operation accuracy
can be improved, the operation range can be increased, the
operation conditions can be reduced, the material recovery can
be realized, and it can also improve the efficiency of water pollutant
degradation.

3 Water pollutant control using micro/
nanorobots

3.1 Control principles and detection
methods of water purification

3.1.1 Control principles using micro/nanorobots
Continuous discharge of wastewater has significantly degraded

soil and water quality, posing severe threats to organisms and
ecosystems. Despite increasing evidence of worsening water
pollution, research in this area remains limited (Bayabil et al.,
2022). Along with the development of industry, more and more
new pollutants gradually begin to accumulate and have negative
ecological effects. These pollutants include polycyclic aromatic
hydrocarbons, pharmaceuticals and personal care products,
pesticides, phthalates, hormones, engineered nanomaterials, and
perfluorinated compounds (Eumann and Schildbach, 2012; Gkika
et al., 2022). Furthermore, these new pollutants, along with
traditional pollutants such as metal ions and oil, synergistically
interact with ecosystems, leading to more serious ecological
disasters. For example, some studies have shown that the
diffusion of antibiotics and heavy metals, among other factors,
can result in bacteria mutations in wastewater. This, in turn,
leads to the gradual increase of drug resistance and the
development of new types of pathogenic bacteria, ultimately
leading to infections with biological populations (Sambaza and
Naicker, 2023). The spread of pollution in wastewater poses a
threat that necessitates strategies to prevent further harm. This
global public health issue demands immediate human action
through wastewater treatment and water purification.

There are three primary steps involved in using micro/
nanorobots for wastewater treatment and water purification, (i)
capture, (ii) transfer, and (iii) degradation.

(i) The capture process typically involves electrostatic adsorption
or chemical binding. However, as previously mentioned, the
limited strength of the electrostatic adsorption effect may not
always meet the requirements for effective use.

(ii) Transferring pollutants is sometimes not essential, as the
development of micro/nanorobot technology is just
beginning and cannot yet fully achieve real-time
degradation of pollutants. Therefore, the proposed transfer
is a compromise method to collect unprocessable pollutants
and utilize other degradation methods. In the case of heavy
metal pollution, the transfer of harmful elements out of the
water body is also necessary.
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(iii) The degradation process is the core of water pollution
treatment, centered around a series of biochemical
reactions that generate chemically active substances to
break down pollutants into environmentally friendly
substances. The most frequently employed active
substance is Reactive Oxygen Species (ROS), which was
first utilized in 1987 (Glaze et al., 1987), to facilitate the
decomposition of organic matter into water and carbon
dioxide. This approach simultaneously fulfills the
fundamental requirement of avoiding secondary
pollution, including the contamination of intermediate
substances and the introduction of new pollutants during
the treatment process. Numerous common mechanisms
exist for pollutant degradation, with several of the more
commonly used methods outlined here.

(i) Fenton reaction, involves the production of hydroxyl radicals
from ferrous or ferric ions and hydrogen peroxide.

(ii) Fenton-like reaction, which is a similar process induced by
other catalysts, e.g., Pt with H2O2 to produce hydroxyl
radicals.

(iii) Heterogeneous photocatalysis, which means photons with
energy greater than or equal to the band gap of the material
irradiate the photocatalytic material (semiconductor or
photosensitizer), generating electron-hole pairs that
migrate to the surface of the photocatalyst, where they
react with water and oxygen to produce ROS. ROS
production is easier if a strong oxidizing agent, such as
H2O2, is present in the process.

This is precisely why Fe2O3 nanoparticles are extensively
employed in large quantities in the case above. Fe2O3 serves not
only as an active semiconductor for visible light, enabling
multiphase catalytic reactions under such illumination, but also
as a catalyst for the Fenton reaction, which directly participates in
the generation of active substances and promotes pollutant
degradation. Additionally, Fe2O3 possesses magnetic properties,
making it suitable for use as a magnetic module in micro/
nanobots. As a result, it imparts the products with the capability
of precise propulsion and magnetic recycling under magnetic
control. This feature enhances the versatility of the products even
further (Urso et al., 2023).

3.1.2 Detection methods and integrated platforms
Detection methods play a crucial role in water purification

experiments. Traditional water quality testing is mainly based on
liquid or gas chromatography, combined with mass spectrometry.
However, these methods demand substantial quantities of freezers
and solvents for preparation (Wang et al., 2017), resulting in high
operational costs. These methods are less effective in identifying
trace contaminants like toxic ions and persistent organic pollutants.
Different pollutants necessitate distinct observation and detection
techniques. For instance, metal toxic ions are commonly detected
using Atomic Absorption Spectroscopy (AAS) and Inductively
Coupled Plasma Mass Spectrometry (ICP-MS), which offer high
sensitivity but require bulky and expensive instruments unsuitable
for on-site analysis. Dyes often rely on their distinct ultraviolet
absorption peaks, while plastics are typically detected through
Fourier Transform Infrared Reflection (FTIR), Raman

spectrometry, and Mass Spectrometry (MS). Different sizes of
pollution also require diverse equipment and methods. For
micron-level pollution, initial detection is often accomplished
through optical microscopy and scanning electron microscopy
observations, whereas nanoscale pollution requires tools like
transmission electron microscopy and nanoparticle tracking and
analysis techniques (using diffraction imaging) for accurate
observation. In the context of the micro/nanorobots discussed in
this paper, fluorescence techniques and pulse voltammetry are the
commonly employed detection methods (Rojas et al., 2016).

The advancement of experimental techniques in water
refinement has spurred the exploration of integrated and
functional experimental platforms. Zhao et al. (2023) developed a
micro/nanorobot-based colorimetric detection platform, enabling
rapid quantitative and high throughput qualitative colorimetry. The
micromotors within the platform not only catalyze chemical
reactions but can also transform into a rotor through magnetic
drive, accelerating reactions via micro-stirring. Their platform
system was made with 48 micro-orifices, which can perform up
to 48 micro-droplet reactions simultaneously while rapidly
catalyzing the target substances and displaying the corresponding
colors for spectroscopic testing and analysis. The compact and
portable integrated platform brings the traditional laboratory
experience to water body testing, thereby significantly facilitating
water quality assessment (Zhao et al., 2013).

Fan et al. (2023) faced the limitations of a single light source and
developed a control platform based on multiple light field coupling,
which realized the light-drive propulsion for both individual and
collective micro/nanorobots, achieved by programming four light
sources to emit in different directions. This platform served as a
versatile tool for applying optical actuation to similar robots,
meeting a range of purposes. Denniss et al. (2022) developed a
low-cost, modular and open-source dynamic optical
microenvironment, known as DOME, capable of inducing
collective behaviors using light. This platform aimed to enhance
the visualization of biologically-modified micro/nanorobots. The
open-source modular design ensured high scalability and easy
adaptation to new requirements, allowing the effective operation
of different types of bio-modified micro/nanorobots by adjusting
physicochemical parameters such as light source, microscope
settings, ambient atmosphere, temperature, and so on. The
DOME platform also offered the potential for future expansion
of drive methods, the creation of a multi-drive observation setup,
and even the integration of intelligent algorithms for analyzing
single-unit behavior and group phenomena of the robots, along
with monitoring physicochemical parameters. The images and the
illustrations of the above platforms this paper mentioned above is
shown in Figure 6.

3.2 Latest research on water pollution
control using micro/nanorobots

3.2.1 Removal of micro/nanoplastics
Plastics are composed of long chains of polymers, with covalent

bonds connecting the monomers. Due to their low cost and good
performance, they are widely used in industry and daily life.
However, the non-biodegradability of certain plastics has resulted
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in their accumulation within the ecosystem. Moreover, plastics not
only serve as environmental pollutants themselves but also trigger a
series of ecological hazards. Micro/nanoplastics encompass a range
of plastic particles with dimensions smaller than 5 mm. Owing to
their small size and large surface area, microplastics readily absorb
pollutants and offer substrates for the growth of microorganisms like
bacteria. Additionally, they attract diverse pollutants through
adsorption, culminating in heightened toxicity. Generally,
nanoplastics are prone to suspension and dispersion due to water
turbulence. Their higher surface-volume ratio results in enhanced
adsorption of microorganisms and contaminants, facilitating deeper
penetration into biological tissues. Recently, micro/nanoplastics
have been found in various organisms. Shrimp ingest these
particles while feeding on decaying material or plankton, causing
issues such as appetite loss and tissue deformation (Urso et al.,
2023). Research in 2022 measured the mass concentration of plastic
polymer components in human blood for the first time, showing the
absorption of plastic particles into the bloodstream (Leslie et al.,
2022). In addition, micro/nanoplastic particles have been found in
different plant and animal species, including fish and algae (Ribeiro
et al., 2023).

Micro/nanorobots use various methods for capturing and
degrading micro/nano plastics. The three primary capture
methods include i) electrostatic interaction, ii) electrophoretic
attraction and iii) adhesion. i) Electrostatic interactions require
surface charge programming, typically achieved by
pH adjustment. For example, TiO2 becomes positively charged in
acidic conditions and negatively charged in alkaline surroundings.
However, precise pH control can be challenging even in confined
spaces. ii) Electrophoretic attraction relies on creating chemical
gradients around operating micro/nanorobots, facilitating the

capture of micro/nanoplastics. iii) Adhesion is achieved by
mimicking DOPA proteins secreted by mussels, through a
structurally similar design of another protein PDA, which can be
used as coatings for microplastic adhesion. After capturing the
micro/nanoplastics, the micro/nanorobot completes their
oxidation through several methods. This includes breaking the
chemical bonds of polymers, photocatalytic degradation, and
enzymatic degradation. For example, the Fenton reaction can be
employed to break the polymer bonds, while photo-active materials
generate electron-hole pairs under light, initiating chemical
reactions with water and other substances. This generates reactive
oxygen species (ROS), achieving photocatalytic degradation.
Alternatively, enzymes can be directly used for decomposition.

In recent years, a notable study on plastic treatment involves the
use of two bubble-propelled micro/nanorobots conducted by Ye
et al. (2021). They used twomotors, Fe3O4-MnO2 and Fe2O3-MnO2,
for microplastic decomposition, demonstrating that the Fe2O3-
MnO2 microrobot effectively eliminates microplastics suspended
in aqueous solution through the synergistic action of catalytic
degradation, surface adsorption and adsorption bubble separation
mechanisms (Figure 7A). Remarkably, adsorption bubble separation
led to over 10% removal of suspended microplastics from
contaminated water within a span of 2 h. The study also clarified
the main contributions of different remediation mechanisms in
pollutant removal. Zhou et al. (2021b) prepared adherent
polydopamine PDA@Fe3O4 magnetic microrobots called
“MagRobots”, by modeling the basic properties of marine mussel
adhesion. Microplastic enzymatic degradation was achieved by
loading lipase onto the surface of PDA@Fe3O4-MagRobots.
Leveraging magnetic actuation, these robots exhibited good
kinematic abilities, enabling them to navigate predefined path

FIGURE 6
(A) Schematic illustrations of an integrated catalytic micromotor platform which enable efficient dual-mode colorimetric detection by self-stirring
micro-reaction (Zhao et al., 2023). (B) Schematic illustration of the multi-light-fields based optical driving platform and a physical view of the multi-light-
fields-based optical driving platform (Fan et al., 2023). (C) A picture of Dynamic Optical MicroEnvironment (DOME) with dimensions and the schematic
illustration of the optical components (blue) and the wireless communication links (dashed lines) within DOME (Denniss et al., 2022).
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and precisely target and removemicroplastics at a specific point. The
trajectories of the robot guided by magnetic field can be seen in
Figure 7B.

3.2.2 Removal of heavy ions
Heavy metal ions, primarily consisting of elements with

relative atomic masses ranging from 63 to 200, are mainly
transition metals such as Ni, Hg, Pb, Cu, Zn and Cd. These
metals are difficult to degrade when dissolved in water, thus they
are prevalent pollutants with the capacity to accumulate in
sedimentary layers within soil, plants and animals, posing a
persistent threat to public health. This includes potential risks
such as myocardial infarction and lung cancer. The conventional
approach to removing heavy metal ions is electrocoagulation,
which offers a practical solution for eliminating heavy metals and
other pollutants from water. This method is particularly
attractive due to the small size of sludge generated during
treatment, but its widespread implementation in many
facilities is limited by the high costs involved (Aguiar et al.,
2023). Furthermore, hexavalent ferrate has been used to remove
various metal ions, including Pb, Cd, Fe, Zn, Mn, Cu, As, Co, Ni,
and Al. Research findings indicate that hexavalent ferrate can be
used as a multipurpose chemical for the effective removal of toxic
metal ions. However, its efficiency in removing certain harmful

metals is limited, and it can even have adverse effects on water
quality. Practical tests involving hexavalent ferrate have been
carried out, but the outcomes have often been unsatisfactory
(Dong et al., 2019). Over the past years, micro/nanorobots have
emerged as a promising approach for treating metal ions,
attracting attention for their fast and thorough clean-up
capabilities.

(i) Lead ions. Lead ions are among the most abundant heavy
metals in the Earth’s crust and are widely used in industry.
Unfortunately, the widespread utilization of lead has led to its
prevalence as an environmental pollutant. Being a toxic heavy
metal, lead is a neurotoxic metal with no metabolic benefits,
easily absorbed by the body, non-biodegradable by living
organisms, and extremely difficult to discharge (Wu et al.,
2023). Addressing this issue, Gong et al. (2021) designed
Fe3O4-MnO2 biohybrid magnetic helical microrobots
(BMHMs) based on Spirulina cells. Actuated by the rotating
magnetic fields, these robots can accomplish spinning around
three orthogonal axes (demonstrated in Figure 7C). These
microrobots demonstrated a remarkable ability to remove
Pb2+ from wastewater and achieved an adsorption efficiency
exceeding 95%. It is noteworthy that the BMHMs can also be
recycled after simple regeneration.

FIGURE 7
(A) Schematic illustration of adsorptive bubble separations for dissolved pollutants and microplastic removals (Ye et al., 2021). (B) Time-lapse of the
microplastic removal process using PDA@Fe3O4 MagRobots. The image shows approaching, Surface adhesion and movement with the assistance of a
transversal rotating magnetic field (Zhou et al., 2021b). (C) Schematics illustration of the BMHMs’ propulsion and spinning, and time-lapse images of the
BMHMs in the movement mode of directional propulsion, stand erect and spin around (Gong et al., 2021). (D) Schematic diagram of the self-
propelled SCCM, and the plot of themovement speed of the SCCM in different concentrations of H2O2. The diagram also gives a comparison of the effect
of the presence or absence of H2O2 on adsorption in a static environment, and shows adsorption of different soluble metal ions by the SCCM under
different conditions (Shang et al., 2022).
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(ii) Copper ions. Copper is usually recognized as a highly
hazardous heavy metal (Rahman et al., 2023). While it is
essential for vital human functions and physical wellbeing,
excessive copper intake can result in acute gastrointestinal
symptoms, liver enzyme systems inactivation, and even
movement disorders. Global copper pollution has been on
the rise in the aquatic environment and has been recognized
as a significant source of heavy metal contaminants due to
health risks (Liu et al., 2023). In response to this concern, Shang
et al. (2022) developed micro/nanorobots known as SCCMs
using responsive hydrogels of carboxymethyl chitosan (CMC)
and polyacrylamide (PAM) labelled with platinum
nanoparticles (PtNPs). These robots demonstrated the ability
to treat a wide range of heavy metal ions (see details in
Figure 7D), including Cu2+. The SCCMs robots exhibited a
self-reporting feature, making the adsorption/desorption
process visible to the naked eye through observable colour
change.

(iii) Mercury, found in substances like mercury thermometers, is
one of the most common and accessible heavy metals.
However, it poses significant bio-toxicity, especially in the
form of free mercury ions, which can lead to mercury
poisoning upon entering the human body. In response, Li
et al. (2021) developed a new fluorescent micromotor
propelled by the asymmetric decomposition of hydrogen
peroxide, with Mn2O3 serving as the catalyst. The

fluorescence effect of the micromotor showed good
selectivity and sensitivity in detecting Hg2+ (Figure 8C),
enabling the detection of mercury ions even at low
concentrations.

(iv) Radioactive ions, specifically dissolved radionuclides, exhibit
mobility within the natural environment. If not appropriately
treated, they can enter the aquatic environment, such as rivers
and groundwater. This increases the risk of biological exposure
to radioactive radiation. In contrast to other pollutants,
radioactive contaminants have extremely long half-lives and
are more insidious and potent toxins that can remain for
extended periods (Ma et al., 2023). In this regard, Park et al.
(2021) tackled the removal of radioactive 137Cs from
contaminated solutions using a clay Janus microsphere
micro/nanorobot (Figure 8B). Their robots have outstanding
repulsive magnetism and motion effects, by incorporating a
magnetic module, the micro/nanorobot could precisely locate
radioactive sources under an applied magnetic field in a liquid
environment containing competing ions, and the results
demonstrated that the robot could remove more than 98.6%
of 137Cs from an aqueous medium containing potassium,
sodium, calcium, and magnesium ions.

(v) Arsenic. Although arsenic is not classified as a heavy metal, its
contamination is often treated as such. Arsenic poses a high
level of toxicity to all forms of life. The element has been
designated as a Group I human carcinogen with the highest

FIGURE 8
(A) One second Time-lapse images of the AO–Mn2O3/γ-AlO&IJlig;OH micromotor in H2O2 solutions with different concentrations of 1%, 2%, and
3%. The images below are the fluorescence effects of themeasurement of different metal ions, and fluorescence effects of themeasurement of different
concentrations of Hg2+ (Li et al., 2021). (B) Time-lapse images of the MIMS/Pt motors in the environment of 10 wt% H2O2 with 0.5 wt% Triton-X100. The
image of the robot recycling, shows that a magnet will do the trick. The last diagram shows the Cs removal process of the MIMS/Pt under varying
conditions (Park et al., 2021). (C) Adsorption performance of As3+ and Sb3+ in the singular system on Fe3O4@TA@UiO-66 (Qi et al., 2019).
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classification by the World Health Organization (Nicomel
et al., 2016). Traditional techniques for removing arsenic
include oxidation, coagulation-flocculation and membrane
methods, but these approaches are currently not deemed
sufficiently practical due to cost and process limitations
(Dilpazeer et al., 2023). Addressing this issue, a novel
magnetic core-shell microsphere named Fe3O4@TA@UiO-
66 was developed by Qi et al. (2019). This microsphere has
the capability to remove both As3+ and Sb3+ from wastewater.
The adsorption experiments carried out have demonstrated the
high adsorption capacity of the magnetic Fe3O4@TA@UiO-
66 for As3+ and Sb3+ (Figure 8C). Moreover, it can be rapidly
separated from the aqueous medium within 2 min after
treatment and the composite exhibited effective removal
performance for As3+ and Sb3+ across a wide range of
solution chemical conditions.

3.2.3 Removal of oil
Environmental pollution caused by oily substances, like oil,

primarily results from human activities, particularly offshore oil
spills and wastewater discharges from industrial platforms. Oily
substances not only induce soil toxicity but can also infiltrate the
food chain via water sources, causing harm to ecosystems. The
potent accumulative impact of oil pollution can easily lead to the
phenomenon of bioaccumulation in organisms.

Addressing this issue, Wang et al. (2019) developed a multi-
responsive walnut-shaped microrobot that achieved kinetic and
magnetic responses through catalase and ferric tetroxide,
generating motion via bubble formation in a fuelled
environment. The hydrophobic PCL polymer component within

the microrobot enabled strong adhesion upon contact with oil
droplets, facilitating the collection of oil droplets from the
solution (Figure 9A). The removal of oil droplets and energy
reuse can be achieved through magnetic field separation.
Similarly, Ma and Wang. (2019) introduced a microrobot based
on a magnetically propelled superhydrophobic sponge, which
effectively captured chloroform, methylene chloride, and toluene
with high capacity. The sponge microrobot enabled precise motion
control and selective separation simultaneously. Even after five
regeneration and reuse cycles, the sponge robots maintained their
high absorbency and recycling capacity. Wang et al. (2022)
introduced an efficient robotic platform for pollutant adsorption
(Figure 9B). The system involved a flapping-wing micro-plane for
long-distance travel and a low-cost multifunctional Janus
microrobot for pollutant purification. During operation, the
flapping-wing aircraft flied over the targeted water body,
releasing the microrobot. Comprising silicon microspheres, a
nickel layer and a hydrophobic coating, the robot is designed to
absorb oil and treat organic pollutants. Controlled by a rotating
magnetic field, the manipulable microrobot can navigate the water
environment, continuously searching for oil droplets.

3.2.4 Removal of microorganism
Waterborne diseases from pathogenic microorganisms pose a

severe global health threat. Globally, approximately 1.6 million
annual deaths are due to biological contaminants in water, like
bacteria, viruses, protozoa and worms. These microorganisms can
enter the human body to cause health risks through direct
consumption of contaminated water (Kumar et al., 2019). E. coli,
common in freshwater, is antibiotic-resistant and can cause serious

FIGURE 9
(A) Effectiveness curve and visual representation of the degreasing by the walnut-like micromotor, the red curve represents the stationary
counterpart, and the images of the process of the capture of the oil by the walnut-like micromotor (Wang et al., 2019). (B) Schematic illustration of
microfluidic-based electrochemical biosensor (Wang et al., 2022). (C) Trajectories of microrobots under light with light on (blue) and off (red), and the
schematics illustration of the reaction. The photos below show the total and detail of the movement of PEDOT/MnO2@Ag micromotors, and the
motion mechanism guided by a magnet (Debata et al., 2022).
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illnesses like haemorrhagic colitis and haemolytic uremic syndrome
through the production of verodoxin (Siri et al., 2023). Initial
techniques to eliminate harmful organisms in water included
antibiotics, enzymes, metal ions, etc., or UV light, chlorine
compounds, and ozone. However, these methods generate toxic
by-products.

Debata et al. (2022) developed a structurally simple Ni-Au/
TiO2-SiO2 Janus robot for safe capture of E. coli. Fuelled by
hydroquinone/benzoquinone, the speed of the robot could be
adjusted by changing the UV intensity (Figure 9C). The
microrobot captured and transported silicon particles and
E. coli through a Ni-Au coating, where the introduction of Ni
allowed the robot to be driven by a magnetic field. E. coli’s safety
during capture was confirmed via live/dead fluorescent dye test.
Liu et al. (2020) proposed PEDOT/MnO2@Ag microrobots for
microbial killing based on the excellent bactericidal ability of
silver ions. The synergistic catalytic action of MnO2 and Ag
facilitated rapid swimming in low H2O2 levels. Compared to a
0.2% hydrogen peroxide, E. coli death increased by about 14%,
benefiting from the combined effect of the mass transfer due to
the continuous motion of the microrobot and the dynamic release
of silver ions.

3.2.5 Removal of harmful organics
In recent years, there have been reports of using micro/

nanorobots for the removal of other organics present in water

treatment processes, such as dyes, pesticides, psychoactive drugs,
phenol and therapeutic drugs.

(i) Dyes. Textile wastewater generally contains a variety of
synthetic dyes, including azo dyes, indigo dyes,
triphenylmethane dyes, anthraquinone dyes and aromatic
methane dyes. These dyes exhibit specific traits such as
resistance to light, acid and alkali treatments, which can
pose potential health risks like carcinogenicity and
teratogenicity (Deng et al., 2018). In this regard, Uygun
et al. (2021) designed a self-propelled microrobot powered
by laccase, which effectively degraded various dyes. Their micro
motors successfully removed a wide range of dyes, including
acid red, reactive brown 10, alkali blue 6B, and bright blue 6,
with dye concentration reduction ranging from 76% to 94%,
proving the overall dye removal ability of the robot. Li et al.
(2015) designed a multilayer microrocket and investigated its
absorption behavior for pollutant purification. Their study
proved that the H2O2 fuel concentration has a positive effect
on the motion of the microrockets (Figure 10A), and by
controlling the direction of the applied magnetic field, the
motion of the microrockets in any required direction can be
controlled. In addition, the motion of the multilayered
microrockets enhanced the fluid dynamics and improved the
removal of methyl-paraoxon and rhodamine 6G and so the
water purification efficiency.

FIGURE 10
(A) Schematics illustration of the self-propulsion and pollutants purification by artificial multilayered microrocket, and diagrams of the removal of
methyl-paraoxon and rhodamine 6G by artificial multilayered microrocket (Li et al., 2015). (B) Schematics illustration of the degradation of organic
pollutants by Fe-zeolite micromotors. The diagram shows the effect of initial conditions on phenol degradation and the degradation efficiency in the
reuse of the microrocket (Ma et al., 2020). (C) Schematics illustration of the motion of the microrobot and the generation of ROS, and the effect of
initial SMX concentration on degradation (Rayaroth et al., 2021). (D) Energy-dispersive spectroscopy (EDS) elemental mappings of bare GO-Pt, 2D-Me-
Ge modified and 2D-Ph-Ge modified microrobots respectively (Moric et al., 2020). (E) Fluorescent mechanism of the magnetic COF-functionalized
micromotor, and the schematic diagram of the structure of the magnetic COF-functionalized micromotor (Wang et al., 2021).
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(ii) Pesticides. The use of pesticides has tripled in the last 50 years
(Wang et al., 2022). Widespread conventional pesticide use has
become ecotoxic to plants, animals, and microorganisms, and
emerging nano-pesticides have been used without proper
environmental assessment (Ale et al., 2023). In this regard,
Song et al. (2023) designed a micro/nanorobot using
magnetotropic bacteria (Magnetospirillum AMB-1) along
with organic matter to effectively remove chlorpyrifos (a
widely used organophosphate pesticide in agriculture) from
various aqueous solutions. The robot can be precisely
controlled under a magnetic field. When subjected to a
clockwise magnetic field, the swarm exhibits circular
swarming behavior. The micro-mixing during this process
improved pesticide removal efficiency. The controllable
magnet AMB-1 can be propelled under a magnetic field to
efficiently remove pesticides dynamically. Authors suggest a
potential approach for practical application by placing
permanent magnets on water pipes in treatment plants to
operate a swarm of machines inside pipes for toxin treatment.

(iii) Psychoactive drugs. Various psychoactive compounds (e.g.,
carbamazepine, pesticides, etc.) have accumulated in the
environment, directly affecting freshwater systems, soils, and
organisms. These compounds are found in plants through soil
accumulation and in animals through the food chain. Exotic
psychoactive substances have even been discovered in fish
brains (Vejvodova et al., 2023). Pacheco et al. (2022)
developed a PEI@PCL/Fe3O4 microrobot to remove
nitroxide Sulphur ions (neurotoxic agents within pesticides)
from real water samples. In experiments, the robot effectively
removed the target from complex water samples such as tap
water, when subjected to a magnetic field. The robot achieved
about 60% removal of the nerve agent in a short time. Notably,
the researchers used real water samples instead of idealized
samples, enhancing the credibility of their results. To us, this
work provides a reference sample for the large-scale removal of
nerve agents from water bodies.

(iv) Phenol. Due to its high toxicity and limited biodegradability,
phenol can act as a pollutant even at very low concentrations. It
is toxic, carcinogenic, mutagenic and teratogenic. Several
methods have been developed for the removal of phenolic
compounds from wastewater, including common
chemisorption and oxidation techniques, which however,
come with high energy and maintenance costs (Saputera
et al., 2021). Recently, Ma et al. (2020) designed a
micromotor for efficient phenol degradation using a Fenton-
like reaction on iron zeolite (Figure 10B). The micromotor
featured a porous structure with enhanced catalytic properties.
The process employed an asymmetric Pt layer to catalyze the
decomposition of H2O2, enabling the self-propulsion of the
robot. The self-propelled motion, along with the formation of
bubbles, enhanced fluid mixing and improved the degradation
efficiency. The iron zeolite micromotor can be collected and
reused to prevent secondary pollution and waste.
(v)Therapeutic drugs. The most commonly found drugs in
groundwater include anti-inflammatory medications such as
diclofenac, paracetamol (PTM) and ibuprofen. Prolonged
exposure to these compounds can have harmful effects on
biota, such as gill changes in fish and kidney problems in birds.

Antibiotics are another group of drugs widely present, which
greatly favor the emergence of drug-resistant bacteria and have
been identified as significant water pollutants (Sacco et al.,
2023). Rayaroth et al. (2021) developed a Janus Fe/C3N4

microrobot driven by a chromate-hydrogen peroxide (Cr6+/
H2O2) redox system, with its kinematic attributes analyzed.
The findings indicated that Cr6+ alone cannot effectively drive
the Fe/C3N4-based microrobot, and it was the Cr6+/H2O2 redox
system generating oxygen bubbles that significantly propel the
C3N4 robot. Here the formation of active substance ROS was
confirmed by electron spin resonance experiments to
effectively degrade sulfamethoxazole (SMX) (Figure 10C). Ye
et al. (2022) designed a Fe-MnO2 microrobot to remove
tetracycline antibiotic contaminants. Their simple design,
easy fabrication, good kinematic performance, magnetic
recovery capability, and excellent decontamination
effectiveness across a wide pH range served as a valuable
reference for the degradation of antibiotics in water.

3.3 Water monitoring

In the previous section, this paper focused on water treatment
and purification. However, complete pollution clean-up cannot be
quickly achievable, and water bodies face potential secondary
pollution risks. Hence, long-term monitoring of water quality is
necessary. Water quality monitoring entails identifying and
quantifying pollutants, serving as an important tool for decision-
making and improving water quality. Furthermore, traditional
techniques for monitoring water are often costly, requiring skilled
professionals and complex equipment, and in many cases do not
allow for direct analyses and immediate results in polluted areas.
Presently, the emphasis in water monitoring technology lies in
developing low-cost, convenient and user-friendly devices and
sensors, aiming to make significant strides in this domain (Silva
et al., 2022).

Traditional methods for real-time water monitoring involve
utilizing various spectroscopic detection techniques and
molecular methods (Zolkefli et al., 2020). These instruments are
not only cumbersome but also inevitably introduce data errors for
water bodies that cannot be preserved over extended periods in
water quality classification. In situ measurements help to reduce
costs by eliminating the need for sampling, sample preservation,
transportation and laboratory analyses, which is where the
advantage of micro/nanorobots lies. Due to current technological
constraints, micro/nanorobot systems and platforms are not yet
capable of full-scale water quality monitoring, only water quality
testing. However, the use of micro/nanorobot systems for water
quality analysis offers the advantages of cost-effectiveness and
immediate on-site results. These systems can already serve as an
alternative means of gathering data to improve water quality. In
other words, while micro-nano robotic systems cannot entirely
replace the water monitoring process, they can effectively
substitute for several important testing stages.

In addition to the colorimetric method mentioned above,
fluorescence methods offer an alternative approach to water
monitoring. Fluorescence techniques address two main
challenges. Firstly, integrating all target substances into a single
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micro/nanorobot platform remains unfeasible, which means that
there is a possibility of using multiple robots simultaneously in the
water body, necessitating rapid identification using fluorescence
methods. Moric et al. (2020) have developed highly stable
fluorescent markers based on chemically modified 2D
germanium compounds, available in a variety of different marker
colors such as blue, violet and red, facilitating the tracking of specific
robots within intricate swarms of micromachines. The efficacy of
these markers was demonstrated through experiments, where robots
carrying target substances were labelled with blue markers, while
naked robots were marked with a red substance (Figure 10D). These
robots exhibited strong and distinct fluorescence signals, thus
offering a potential avenue for imaging. Secondly, the water
column is cluttered with contaminants, demanding distinct
responses for different contaminants. Wang et al. (2021)
demonstrated a nanorobot equipped with a fluorescent ‘switch’
for detecting explosive substances in water (Figure 10E), and by
combining the change of fluorescence with the work of Maric et al.
(2020), differentiated responses to different substances can be
achieved.

Based on the method of water monitoring using micro/
nanorobots, there is a requirement to develop and design
evaluation metrics and engineering systems for micro/
nanorobot-assisted water monitoring systems. The existing
metric employed for water quality assessment is the Water
Quality Index (WQI), which encompasses various
physicochemical parameters of water such as dissolved oxygen,
total bacterial flora, pH, temperature, nitrogen, phosphorus, and
turbidity (Shen et al., 2016). The WQI, which first appeared in
1960 (Horton’s Index), enables the quantification of water quality
in diverse contexts, including recreational, irrigation, and public
water supply. Therefore, developing WQI indicators based on
micro/nanorobots presents a significant avenue for integrating
these systems into long-term monitoring of water quality. This
involves identifying pertinent physicochemical parameters with
superior performance for micro/nanorobots, establishing
parameter ranges through extensive experimentation, and
ultimately setting industry standards.

Finally, the integration of micro/nanorobots with emerging
technologies can also be accelerated. The main technologies in
progress encompass colorimetric methods or electrochemical
sensors for assessing water bodies like drinking water, rivers and
lakes. Nevertheless, there are well-established micro/nano-robotic
systems, technologies and approaches that can simplify and improve
existing water monitoring technologies while also reducing costs.
Additionally, the integration of water monitoring links with the
Internet can also accelerate data collection abilities, which is relevant
for real-time, online water quality monitoring.

4 Conclusion and future perspective

This paper reviews the progress made in the past 5 years
regarding micro/nanorobots in addressing water pollution.
Although micro/nanorobots have exhibited several benefits,
including high efficiency, precise motion control, targeted
pollutant removal, and recyclability, challenges remain to be
addressed within this field.

(i) Costly

Apart from employing basic chemical methods like
hydrothermal methods for manufacturing micro/nanorobots,
several of these approaches can be costly, potentially impacting
the feasibility of mass production and industrial implementation.
The incorporation of precious metals like platinum, gold, and silver
in micro/nanorobots also raises material expenses. Reducing the
utilization of precious metals to enhance cost-effectiveness has
become a mainstream development in the industry.

(ii) Capture without degradation

According to the literature collected and analyzed, it is evident
that not all micro/nanorobots can successfully attain the ultimate
objective of pollutant degradation. Presently, numerous robots are
limited to merely removing contaminants from the water column,
which is mainly caused by insufficient available oxidation techniques
and the absence of integration of functional modules within the
robot.

(iii) Utility in open water bodies

The direct decontamination of open water bodies using micro/
nanorobots remains unrealized. On one hand, the stability of robot
movement is not yet high enough to resist the various unpredictable
factors present in the natural environment. On the other hand, the
mechanisms of capture and degradation, along with the excessively
large movement spacemay not be suitable for water bodies exposed to
nature. It has been suggested that the application ofmicro/nanorobots
for water purification should not be aimed at open water bodies, but
rather confined within specific containment units, which would serve
as the basic modules for water purification, and then can be replicated
to achieve industrialization and factorization (Urso et al., 2023).

(iv) Idealization Experiments

The current laboratory-based advancements often remain
highly theoretical, with limited experimentation involving actual
water samples. Meanwhile, target substances are often overly
idealized, such as replacing dyes with methylene blue and
rhodamine B, or employing E. coli as a proxy for harmful
bacteria. These factors contribute to a disconnection between the
existing outcomes and practical real-world applications.

(v) Secondary Pollution

Micro/nanorobots could potentially contribute to secondary
water pollution. Firstly, the biochemical reactions occurring
during the operation of these robots must be thoroughly assessed
to prevent the generation of potentially bio-toxic substances.
Additionally, the widespread deployment of micro/nanorobots
may lead to their accumulation in the ecosystem, transforming
them into environmental pollutants. To address this concern, the
use of biodegradable materials should be prioritized in the design of
micro/nanorobots.

(vi) Better evaluation indexes are needed
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Currently, there is a lack of standard evaluation indexes for the
experiments on water pollution treatment of micro/nanorobots. For
example, the pollutant removal effect, the removal time needed, etc.
Most of the indicators used now are based on the experience of the
experimenters. Scholars, including Mihail N. Popescu, have recognized
this issue, proposing qualitative analyses of small samples over
quantitative analyses in resource-poor environments (Popescu and
Gaspar, 2023). In the future, the establishment of complete
engineering metrics is essential to facilitate the widespread adoption
of micro/nanorobots for addressing water pollution challenges.

(vii) Further performance improvements

While this paper frequently employs the term “micro/
nanorobots”, it is important to note that the existing research
may not fully encompass the capabilities of a genuine “robot”.
Until now, the terms “micro/nano-swimmers” or “micro/nano-
motors” offer a more accurate depiction of these entities. Micro/
nano-robotic systems still need further exploration of diverse
propulsion methods, in-depth studies on multifunctional
integration, exploration of potential collective effects, and
addressing important issues such as robot signal processing, self-
repair, and human-robot interaction. These efforts are imperative
for comprehensively improving performance and expediting the
industrialization of this field.
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Safety tests and clinical research
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Conventional swabs have been used as a non-invasivemethod to obtain samples for
DNA analysis from the buccal and the nasalmucosa. However, swabsmay not always
collect pure enough genetic material. In this study, buccal and nasal microneedle
swab is developed to improve the accuracy and reliability of genomic analysis. A
cytotoxicity test, a skin sensitivity test, and a skin irritation test are conducted with
microneedle swabs. Polymer microneedle swabs meet the safety requirements for
clinical research and commercial use.When buccal and nasalmicroneedle swabs are
used, the amount of geneticmaterial obtained is greater than that fromcommercially
available swabs, and DNA purity is also high. The comparatively short microneedle
swab (250 μm long) cause almost no pain to all 25 participants. All participants also
report that the microneedle swabs are very easy to use. When genotypes are
compared at five SNP loci from blood of a participant and from that person’s
buccal or nasal microneedle swab, the buccal and nasal microneedle swabs
show 100% concordance for all five SNP genotypes. Microneedle swabs can be
effectively used for genomic analysis and prevention through genomic analysis, so
the utilization of microneedle swabs is expected to be high.

KEYWORDS

buccal microneedle swab, nasal microneedle swab, genomic analysis, safety test, clinical
research

1 Introduction

Genetic analysis is a powerful tool to identify gene function and control, disease
classification, biomarker identification and drug discovery (International, 2004; Chen
et al., 2009). DNA sequence variation can occur within species, often in the form of
single nucleotide polymorphisms (SNPs). SNPs are single base-pair changes that occur at
specific positions along the DNA strand, representing genetic variations within a population.
They can influence various traits, including susceptibility to diseases, physical attributes, and
drug responses (Manolio et al., 2008; Chen et al., 2009).

There are two common methods of collecting DNA for genetic analysis: using a syringe to
draw blood, and using a swab to retrieve samples of saliva or mucosal tissue (Walker et al., 1999;
Lee and Ladd, 2001). Blood collection is commonly used because blood circulates throughout
tissues and biomarkers such as DNA are abundant in blood (Yip et al., 2017; Donohue et al.,
2019). However, this method has several disadvantages: significant pain caused by the syringe,
difficulty in collecting blood from the elderly, the risk of infection, and the necessity of medical
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expertise (Vagnoli et al., 2015; Cheng et al., 2016; Fukuroku et al., 2016;
Chen et al., 2022). Swabs, on the other hand, are easy use, cause less
pain, and thus facilitate greater patient compliance (Walker et al., 1999;
McBride et al., 2010). Samples of saliva and tissues separated from
mucosal tissue can be collected easily, mainly from the buccal mucosa,
by using a swab (Theda et al., 2018; Kam et al., 2020). However, swabs
have the disadvantages of greater difficulty in collecting a sufficient
amount of DNA and the resulting lower DNA purity (Lee and Ladd,
2001).

Microneedles are used to deliver drugs or to extract body fluid from
the skin with little pain (Park et al., 2005). Microneedles have been
reported to be clinically safe, although minor problems such as skin
irritation and erythema have been reported (Chen et al., 2019; Santos
et al., 2021). However, the pain caused by microneedles depends on the
length of the microneedle (Gill et al., 2008; Jeong et al., 2017). Shorter
microneedles with length less than 500 μm cause very little pain and
skin was resealed within about 20 min after insertion (Bal et al., 2008;
Haq et al., 2009; Gupta et al., 2011; Chen et al., 2019). Thus, shorter
microneedles have beenmanufactured for commercial use in fields such
as the cosmetics industry (Kim et al., 2012).

Currently,microneedles are used diagnostically to detectmetabolites
such as glucose and cholesterol or cell-free nucleic acids present in the
interstitial fluid by absorbing interstitial fluid or by delivering interstitial
fluid through the microchannel of hollow microneedles (Al Sulaiman
et al., 2019). However, microneedles have not been used to directly
collect tissue samples. In particular, microneedles have not been used to
collect biomarkers from mucous membranes, including the oral and
nasal cavity. In a previous study, we developed and optimized a
polymeric microneedle swab for sampling buccal mucosa
noninvasively. Ex-vivo and in-vivo studies resulted in the
development of a microneedle swab that can retrieve a greater
amount of DNA and also provide greater DNA purity compared to
commercially available cotton swabs. In addition, animal experiments
have shown that a microneedle swab enables the analysis of biomarkers
in the buccal mucosa that contain genetic information (Kim et al., 2022).

In the current study, two types of microneedle swabs, buccal and
nasal microneedle swab, were fabricated in established way from the
results of previous studies. Clinical efficacy was observed in four
areas when these microneedle swabs were applied to the buccal and
nasal cavities: (International, 2004): medical grade buccal and nasal
microneedle swabs were produced for safety and clinical research,
(Chen et al., 2009), the amount and purity of DNA collected from
buccal and nasal mucosa were evaluated, (Manolio et al., 2008), the
genotypes of the five SNP loci in the obtained DNA were compared
with the corresponding genotypes obtained fromDNA in blood, and
(Walker et al., 1999) the safety of a microneedle swab was evaluated.
Through this clinical study, the safety and clinical efficacy of nasal
and buccal microneedle swabs were verified.

2 Materials and methods

2.1 Characteristics of microneedle swab

Buccal and nasal microneedle swabs consist of a head and a
handle connected to the head (Kim et al., 2022). Microneedles are on
both sides of the head. There is a breakpoint on the handle so that
the head can be separated and put into a 1.5-mL tube after the

sample is obtained. The difference between microneedles for the
buccal swab and for the nasal swab is the size of the head and the
number of microneedles. However, the number of microneedles per
unit area is the same for both swabs.

The buccal microneedle swab has a total of 890 microneedles,
445 per side. The nasal microneedle swab has a total of
502 microneedles, 251 on each side. In both swabs, microneedles
are arranged in a zigzag pattern. The height of the microneedles is
250 μm, and the distance between the microneedles is 200 μm. The
sharpness of the tip is 20 μm (Table 1A). The total length of the
buccal microneedle swab is 14 cm, and the breakpoint of the handle
is 3 cm below end of the head. The length and breakpoint of the
nasal microneedle swab are 10.5 cm and 2.5 cm, respectively. The
head of the buccal microneedle is 6 mm wide by 15 mm long by
2 mm thick. The head of the nasal microneedle swab is 5 mm wide
by 10 mm long by 2 mm thick (Table 1B).

Polymeric microneedle swabs were manufactured by injection
molding obtained from Cyclic Olefin Copolymer (COC) in Quad
Medicine’s medical device GMP (good manufacturing practice)
facility (Seongnam-si, Gyeonggi-do, Korea) (Supplementary
Figure S1, S2). Polymeric microneedle swabs were prepared using
injection molding. Molds for buccal swabs and nasal swabs were
made of stainless steel using a computer numerical control (CNC)
machine. The stainless steel mold can also be used to mold other
thermoplastic polymers. The injection temperature was
200°C–250°C, and the injection pressure was 80–110 MPa.
Commercial buccal swabs were SK-2S (rayon swabs) from
Isohelix, and commercial nasal swabs were NFS-1 (flocked nylon
swabs) from Noblebio. The geometries of microneedle swabs and
commercial swabs were observed using a mirrorless camera (Canon
EOS RP, Japan), a stereo microscope (Leica M205, Wetzlar,
Germany), and a scanning electron microscope.

2.2 Safety tests of microneedle swab

Prior to clinical tests, cytotoxicity, skin sensitivity, and skin
irritation tests were performed to confirm the safety of the
microneedle swab.

2.2.1 Cytotoxicity test
Mouse fibroblast NCTC clone 929 (L-929; American Type

Culture Collection, United States) was used to evaluate the
toxicity of the microneedle swab. The test substance was eluted
using minimum essential medium (MEM; liquid, gibco) with 10%
(v/v) horse serum (gibco) and 1% (v/v) penicillin-streptomycin
(gibco). The elute was brought into direct contact with the cells,
and the reaction was observed under a microscope. MEM medium
containing no substance was used as a solvent control (Reagent
control), and high-density polyethylene film and ZDEC
polyurethane film (Hatano Research Institute, Food and Drug
Safety Center, Japan) were used as negative and positive control
materials, respectively. The head of the microneedle swab was
broken at the breakpoint (6 cm2/1 mL 10% MEM medium),
placed in the medium, and stirred for 24 h in a 37 °C 5% CO2

incubator. Negative and positive controls were eluted at a rate of
1 mL of 1× MEM medium per 0.1 g at 37 °C for 24 h in a 5%
CO2 incubator with stirring. All eluates were not pH adjusted, stored
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at room temperature, and used within 4 h. The monolayer of
cultured cells was treated with trypsin (trypsin/EDTA, gibco) to
adjust the cell concentration to 105 per 1 mL, and the cultured cells
were injected (2 mL each) into about 10 cm2 wells (6-well tissue
culture plate,Φ 35 mm/well). After culturing for more than 24 h in a
37 °C, 5% CO2 incubator, monolayer of cultured wells was selected,
marked as either a test substance treatment group or a control group
(a solvent control group, a negative control group, and a positive
control group), and then the medium was removed. The test
substance treatment group, a solvent control group, a negative
control group, and a positive control group were dispensed into
selected wells and incubated for 48 h in a 37 C 5% CO2 incubator.
After culturing, cell lysis and morphology were observed under a
microscope (Nikon, Japan). The presence of a uniformmonolayer of
cells was expressed as (+), and the absence of a confluent monolayer
was expressed as (−). When the color of the medium changed to
yellow after elution, it was determined that the mediumwas changed
to acidic by the eluted material, and when it turned crimson or
purple, it was determined that the medium was changed to basic. To
demonstrate the validity of the test, the solvent control group and
the negative control group should not show cytotoxicity (Grade 0),
and the positive control group should show moderate to high
cytotoxicity (> Grade 2).

2.2.2 Skin sensitivity test
In order to evaluate the skin sensitivity of microneedle swabs,

sensitization was induced by intradermal injection and topical
application of polar and non-polar solvent eluates with 300–370 g
Dunkin Hartley guinea pigs (Samtako Bio Korea, Gyeonggi-do,
Korea). The mortality, general symptoms, and skin sensitivity of
the guinea pigs were evaluated. This test was approved by the
Animal Ethics Committee (approval number: IAC 2022-2242)
and carried out in accordance with the Law on Laboratory
Animals [Law No. 18969 (2020-06-10, partially amended)] and
standard operating guidelines.

Sterile saline (Daihan Pharm. Co., Seoul, Korea) was used as a
polar elution solvent and cottonseed oil (Junsei Chemical Co.,
Tokyo, Japan) was used as a non-polar elution solvent. The
elution rate was 6 cm2/mL (surface area of the test substance:
4.88 cm2/ea) and eluted by stirring in a shaking water bath
(50 °C, 72 h). The solvent control group was eluted under the

same conditions. The test groups for each elution solvent (G2,
G4) consisted of 10 guinea pigs each, and the control group (G1,
G3) consisted of 5 guinea pigs each. Intradermal induction and local
induction were carried out by shaving the intrascapular region, and
induction and skin reaction evaluation were performed by shaving
the upper flank.

In the intradermal induction step, three samples of solvent,
solvent and Freund’s complete adjuvant (FCA; Sigma-Aldrich) (1:1),
and solvent, FCA, and extract (1:1:1) were intradermally injected
into the left and right sides of the skin of the scapula, respectively
(Supplementary Figure S3A,B).

For the topical induction step, 0.5 mL of 10% sodium dodecyl
sulfate (SDS; BIONEER) was applied 5 days after completion of
intradermal induction. A filter paper (2 cm × 4 cm) was wetted with
the test substance (0.4 mL) and applied to the intradermal injection
site for 48 h The control substance (0.4 mL) was applied in the same
manner.

In the induction phase, at 13 days after the local induction phase,
filter papers (2 cm × 2 cm) wetted with the test substance (left,
0.2 mL) and the control substance (right, 0.2 mL) were placed for
24 h using Coban (TM, 3M) and then removed.

The skin reaction was evaluated according to the table
(Supplementary Figure S3C). If the control group’s grade is less
than 1 grade and the test group’s grade is 1 or higher, it is considered
to indicate skin sensitization of the test group.

2.2.3 Skin irritation test
The eluate from the microneedle swab was administered

intradermally to NZWnl rabbits (Pizhou Dongfang Breeding,
China) to evaluate skin irritation. This was approved by the
Animal Ethics Committee (approval number: IAC 2022-2133)
and performed in accordance with the Law on Laboratory
Animals [Law No. 18969 (2020-06-10, partially amended)] and
standard operating guidelines.

The head of the microneedle swab was separated at the
breakpoint, and the head was put in sterile saline solution
(Daihan Pharm. Co., Ltd) and cottonseed oil (Junsei Chemical
Co., Ltd). The skin irritation test was performed in the same
manner as the skin sensitivity test.

After the rabbits’ body weight was measured, hair was removed
from the back before administration of the test substance, and three

TABLE 1 Geometric characteristics. (A) Microneedles of buccal swab and nasal swab. (B) Geometric characteristics of commercial swabs (Isohelix, Noblebio) and
buccal and nasal microneedle swabs.

(A) MN swab Height [μm] Number [ea] Interval [μm] Width [μm] Sharpness [μm]

Buccal 250 890 200 200 20

Nasal 250 502 200 200 20

(B) Swab
characteristics

Total Head Shaft

Length [cm] Length [cm] Width [cm] Thickness [cm] Length [cm] Breakpoint [cm]

Buccal Isohelix 16 1.5 0.75 0.3 14.5 4

MN swab 14 1.5 0.6 0.2 12.5 3

Nasal Noblebio 15 1.5 0.3 0.3 13.5 9

MN swab 10.5 1 0.5 0.2 9.5 2.5
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healthy rabbits weighing 2.0 kg or more with clean skin were
selected. On the day of administration, 0.2 mL each of the
extracts of sterile physiological saline and cottonseed oil and each
solvent control material were administered intradermally to 5 sites
near the rabbit’s spine (Supplementary Figure S4A).

Changes in general symptoms and the death of any animals were
observed for all animals once a day for 3 days. Body weight change
was measured three times. Immediately after administration, the
presence of abnormalities at the administration site was checked,
and erythema, crust formation, and degree of edema formation were
observed and recorded according to grade at 24, 48, and 72 h after
administration (Supplementary Figure S4B). Immediately after
intradermal administration, photographs were taken to record
the shape of the injection site.

Skin irritation was evaluated by adding up all grades of
erythema observed at 24, 48, and 72 h after administration, and
then dividing the total number of observations by 15 (3 scoring
time points × 5 test injection sites). The values calculated for
each animal were added together and divided by 3. When the
difference between the scores of the test substance and the control
substance was 1.0 or less, it was considered that there was no skin
irritation.

2.3 Clinical test of microneedle swabs

2.3.1 Sterilization of microneedle swabs
Sterilization and validation of sterilization of the microneedle

swab were confirmed by Greenpia Technology Co., Ltd. (Yeoju-si,
Gyeonggi-do, Korea). Buccal and nasal microneedle swabs were
treated with 15.0 kGy gamma sterilization for clinical study. Sterility
validation was performed according to the validation protocol
described in ISO11137-2:2013.

2.3.2 Clinical research and subjects
The clinical research was conducted by randomly recruiting

25 healthy subjects from Kangbuk Samsung Hospital. The
participants were between 19 and 70 years old, and informed
consent was obtained from all participants. This study was
approved by the Kangbuk Samsung Hospital Clinical Review
Board (IRB File No: KBSMC 2022-10-001-001).

2.3.3 Sampling method
Commercial swabs were used as controls. A commercially

available rayon swab (SK-2S, Isohelx) was used for the buccal
swab, and a flocked nylon swab (NFS-1, Noblebio) was used for
the nasal swab.

SK-2S buccal swab sampling was carried out according to the
manufacturer’s instructions. For buccal microneedle swab, buccal
samples were collected by rubbing each side of the swab 5 times for
a total of 10 times of wiping both sides (Supplementary Figure
S5A). Samples were collected by rubbing the inside of the cheek
vigorously 10 times for at least 20 s. Only one side of the cheek was
used for each swab. That is, when taking a microneedle swab from
the left cheek, SK-2S should be applied only on the opposite right
cheek.

When collecting a sample using a nasal microneedle swab, inside
of the one nostril and its surroundings are wiped in a circular motion

3 times for a total of 6 times with both side of the swab
(Supplementary Figure S5B). NFS-1 nasal swab sampling was
also carried out in the opposite nostril according to the
manufacturer’s instructions.

After buccal and nasal samples were collected, the swab handle
was cut at the breakpoint, placed in a 1.5-mL tube, and stored in the
refrigerator (Supplementary Figure S5A,B). Blood samples were
collected using a 5-mL Streck tube and stored at freezer before
the experiments.

2.3.4 DNA extraction, concentration, and purity
measurement

The collected buccal, nasal swabs and blood samples were
subjected to a DNA extraction process using a HiGene™ gDNA
Prep kit (Biofact, Daejeon, Korea) according to the manufacturer’s
protocol. The experiment was conducted in two ways depending on
the sample.

1) Buccal and nasal swab samples were processed as described
below.

The swab was put into the tube, 450 uL of GD1 Buffer was
added, and the solution was mixed by vortexing for 1 min. After
vortexing, the solution was immediately transferred to a new 1.5-mL
tube to prevent cell sedimentation. After 5uL of Proteinase K
(20 mg/mL) and 2uL of RNase A (4 mg/mL) was dispensed, the
solution was mixed by vortexing for 1 min and incubated at 56°C for
10 min. After incubation, 200uL of GD2 Buffer was added, vortexed
for 10 s, and incubated at 70°C for 10 min. After incubation,
centrifugation was performed at 13,000 rpm for 5 min. The
supernatant of the centrifuged sample was transferred to a new
1.5-mL tube and inverted 20 times by adding 200 uL of GB buffer.
After 200ul of Help B Buffer was added to a spin column equipped
with a collection tube, the solution was centrifuged at 7,000 rpm for
1 min. The sample solution containing GB buffer was added to the
spin column and centrifuged at 7,000 rpm for 1 min 500 uL of 80%
ethanol was added to the spin column and then centrifuged at
13,000 rpm for 30 s. This process was repeated one more time. After
the washing process, the spin column was idling at 13,000 rpm for
3 min. The spin column was inserted into a new 1.5-mL tube, and
50 uL of DNA Hydration Solution was added for DNA elution and
incubated at room temperature for 1 min. The spin column was
removed after centrifugation at 13,000 rpm for 2 min. Finally, DNA
is obtained in the 1.5 mL tube for use in downstream applications.

2) Blood samples were processed as described below.

Whole blood (200ul), GD2 buffer (400 uL), and Proteinase K
(20 uL, 20 mg/mL) were added into the tube and mixed by vortexing
for 1 min. After incubation at 56°C for 10 min, 200 uL of GB buffer
was added and inverted 20 times. Help B Buffer (200 ul) was added to
the spin column equipped with a collection tube, and the column was
centrifuged at 7000 rpm for 1 min. The sample solution containing
GB buffer was added to the spin column. The column was centrifuged
at 7,000 rpm for 1 min. The rest of the steps are the same as the
process described above for buccal and nasal swab samples.

The concentration and purity of the extracted DNA samples
were measured at a wavelength of 260 nm using a NanoDrop® ND-
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1000 spectrophotometer (Nanodrop Technologies Inc., NC,
United States).

2.3.5 Genotyping
Genotyping was performed with 22 DNA samples, which

satisfied the purity criteria (1.6–2.1). Five SNPs (rs1065757,
rs3752752, rs921115, rs1009480, rs1009480, rs1820795) were
randomly selected among the SNPs with a minor allele frequency
in the range of approximately 0.4–0.5 in Koreans. Since SNPs are
biallelic, genotyping can be more definitive when selecting SNPs
among evenly distributed alleles. Genotyping was performed using
the Sanger sequencing method (ABI 3500XL Sequencer®, Applied
Biosystems, United States).

2.3.6 Visual Analogue Scale (VAS)
The pain caused by the buccal and nasal microneedle swab

was investigated using the Visual Analogue Scale (VAS) for the
25 subjects who participated in the clinical trial. The VAS pain
index was expressed as a number from 1 (no pain at all) to 10
(very painful), and the values were interpreted through a table
(Supplementary Figure S6) (Wewers and Lowe, 1990; Caffarel-
Salvador et al., 2021). Bleeding was checked when the buccal
and nasal microneedle swab was used, and satisfaction was
expressed as a number from 1 (very uncomfortable) to 10
(very satisfied).

2.4 Statistical analysis

For statistical analysis of microneedle swabs and commercial
swabs, we set a effect size (f = 0.4) (Cohen, 2013), power 80% and an
alpha error probability of 0.05. Under these conditions, the total
sample size needed was 66, and the sample size for each group
was 22.

DNA concentrations from buccal and nasal microneedle swabs
and commercial swabs were tested by paired t-test. The test was
performed at the significance level of 0.05 (95% confidence level),
and p ≤ .05 was considered significant.

The five SNPs were selected to compare the genotypes of DNA
obtained from buccal and nasal microneedle swabs and those
obtained from blood. The concordance rate (%) of genotypes
from each person’s blood and buccal or nasal microneedle swab
and Kappa statistics were calculated. Kappa statistics evaluate the
degree of concordance between measurement methods, and it is a
statistical method that measures whether the results from the two
methods coincide with each other by chance.

Concordance rates and kappa statistics were calculated using
only genotypes called simultaneously by both methods. If missing
data occurred at any locus of the five SNP loci in the blood sample,
the locus was excluded from calculation. When missing data
occurred at any locus of the five SNP loci in a buccal or nasal
swab sample, the locus was considered a genotype mismatch. This is
because it is considered that the sampling performance through the
swab has degraded.

The lower the kappa value, the lower the degree of concordance,
and the closer the value is to 1, the higher the degree of agreement.
Kappa values were interpreted according to the criteria
(Supplementary Figure S7) (McHugh, 2012).

3 Results

3.1 Characteristics of microneedle swab

The dimensions of the head of the buccal microneedle swab used
in clinical trials were 6 mm × 15 mm × 2 mm (W × L × T), and the
size of the head of the nasal microneedle swab was 5 mm × 10 mm ×
2 mm (W × L × T). The size of the microneedle swab head was
determined based on the size of the commercial buccal and nasal
swabs (Figures 1, 2). One thousand samples were prepared in a
single process, and when the deviation in the length of the
microneedles (n = 100) was measured, the relative standard
deviation (RSD) among the samples was less than 1%. For the
buccal microneedle swab, the accessibility of the swab to the buccal
mucosa was considered. The head size of the of nasal microneedle
swab and the commercial swab was determined by the fact that the
location of the nasal sample was 2-3 cm from the entrance of the
human nose.

Considering user convenience and potential error in use,
microneedles were placed on both sides of the swab head.
Because the length of the microneedles is 250 μm, it is not easy
to find the side where the microneedles are located. Therefore,
microneedles were placed on both sides of the swab head so that the
user could obtain a reproducible amount of sample from both sides
with same number of repetitions of swabbing.

3.2 Safety of microneedle swab

3.2.1 Cytotoxicity test
Cells were treated with the eluate of the polymer microneedle

swab made of cyclic olefin copolymer (COC). A uniform monolayer
of cells was formed during culture, but mild inhibition of cell
proliferation (10% of total cells) was observed. The solvent
control and negative control showed no toxicity (Grade 0) to the
cultured cells, and the positive control caused cytotoxicity (Grade 4)
to 75% of the total cell. Since the color of the culture medium did not
change, the eluate from the microneedle swab did not change
acidity. Therefore, there was very weak cytotoxicity to mouse
fibroblasts. The microneedle swab showed Grade 1 (slight)
cytotoxicity according to the cytotoxicity criteria of ISO 10993-5,
and meets the cytotoxicity test criteria for medical devices that must
be Grade 2 (mild) cytotoxicity or lower (Table 2).

3.2.2 Skin sensitivity test
A skin sensitivity test was conducted for 24 days. During the

experimental period, the mortality rate due to test substance
administration was 0% in polar (G2) solvent test and non-polar
(G4) solvent test groups, and no general symptoms appeared in test
groups (Supplementary Figure S8A). When skin reactions were
observed at 24 h and 48 h after the challenge, skin reactions such
as erythema and edema were not observed in the test group
compared to the control group. In both G2 and G4 solvent test
groups, the skin response score and sensitization rate were 0.0% and
0.0%. In both the polar (G1) and non-polar (G3) solvent control
groups, the skin response score and sensitization rate were 0.0% and
0.0%, respectively, indicating that there was no solvent sensitization.
As a positive control test using dinitrochlorobenzene (DNCB)
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according to ISO 1993-10, skin reactions such as erythema and
edema were observed in the same manner. The skin response scores
were calculated as 1.4, 1.7 and the sensitization rates were 100%
(Supplementary Figure S8B). In addition, test groups G2 and G4 and
control groups G1 and G3 showed no weight loss (Supplementary
Figure S9). Therefore, the microneedle swab does not cause skin
irritation, and it is made of a material that does not cause skin
sensitization.

3.2.3 Skin irritation test
For 3 days after administration, general symptoms and weight

loss were not observed in all rabbits, and no rabbits died (Table 3).
The difference between the test substance and the control substance
was calculated as 0.00 for both sterile saline and cottonseed oil
extracts (Supplementary Figure S10A,B). As a result of a positive
control test using 0.5% SDS according to ISO 10993-23, well-defined
to severe (dark red) erythema (grade 2–4) was observed at 24, 48,

FIGURE 1
Optical image of (A) buccal commercial swab head (SK-2S, Isohelix, scale bar 1 mm) and (B) buccal microneedle swab head. Scanning electron
microscopic images of (A’) commercial swab and (B’) microneedle swab (scale bar 100 μm).

FIGURE 2
Optical image of (A) nasal commercial swab head (NFS-1, Noblebio, scale bar 1 mm) and (B) nasal microneedle swab head. Scanning electron
microscopic images of (A’) commercial swab and (B’) microneedle swab (scale bar 100 μm).
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and 72 h after intradermal administration. Finally, the difference
between the test substance and the positive control substance was
6.22, and it is a value greater than 1.0 (Supplementary Figure S10C).
In the skin irritation test, each eluate from the microneedle swab
satisfied the safety requirements because the difference in scores
between the negative control substance and the sample is less than
1.0. Thus, the material constituting the microneedle swab was
proven to be safe.

3.3 Clinical study of microneedle swab

3.3.1 Sterilization efficacy of microneedle swab
The result of the sterilization validation test of the microneedle

swab showed that a dose of at least 15 kGy was allowed as a regular
sterilization dose according to the ISO 11137 VDmax

15 method for
the sterilization assurance level. The maximum permissible dose for
the product was properly investigated through the gamma
irradiation process of Greenpia Technology Co., Ltd., and the
effect on product performance or packaging was confirmed to be
suitable by the manufacturer.

3.3.2 DNA yield and purity
The clinical research was conducted with randomly recruited

25 people from Kangbuk Samsung Hospital. The study consisted of
healthy subjects between the ages of 19 and 80 years with the
informed consent of all them (Table 4).

The amount of DNA obtained from a buccal microneedle swab
was 33 ± 14 ng/μL, and the amount of DNA obtained with a
commercial buccal swab (SK-2S, Isohelix) was 16 ± 18 ng/μL.
Thus the buccal microneedle swab retrieved twice the amount of
DNA as the commercial swab (p < .001) (Figure 3A). The DNA
purity of the buccal microneedle swab was 1.75 ± 0.08, and the DNA
purity of the commercial swab was 2.12 ± 0.37. Thus the DNA purity
of the sample obtained by the buccal microneedle swab was within
the appropriate range (1.6–2.1) for genetic analysis (Figure 3B)
(Ahmed et al., 2013).

The amount of DNA obtained from the nasal cavity by the nasal
microneedle swab was 9 ± 3 ng/μL, and the amount of DNA
obtained by the commercial nasal swab (NFS-1, Noblebio) was
5 ± 2 ng/μL. Therefore, the amount of DNA obtained by the

TABLE 2 Qualitative analysis results of cytotoxicity test. Grade 0: none, Grade 1: slight, Grade 2: mild, Grade 3: moderate, Grade 4: severe.

Well Confluent
monolayer

% Growth
inhibition

%Cells without intracellular
granulation

%
Rounding

%
lysis

Reactivity Grade

Test 1 (+) 10 0 0 0 Slight 1

Test 2 (+) 10 0 0 0 Slight 1

Test 3 (+) 10 0 0 0 Slight 1

N.C. 1 (+) 0 0 0 0 None 0

N.C. 2 (+) 0 0 0 0 None 0

N.C. 3 (+) 0 0 0 0 None 0

R.C. 1 (+) 0 0 0 0 None 0

R.C. 2 (+) 0 0 0 0 None 0

R.C. 3 (+) 0 0 0 0 None 0

P.C. 1 (−) 100 N/A N/A 100 Severe 4

P.C. 2 (−) 100 N/A N/A 100 Severe 4

P.C. 3 (−) 100 N/A N/A 100 Severe 4

Note. Test = microneedle swab extraction; N.C., negative control; R.C., reagent control; P.C., positive control. (+) = present, (−) = absent, N/A = not applicable.

TABLE 3 Skin irritation test results of clinical signs and mortality for eluent from microneedle swab.

Number of rabbits Day(s) after application Mortality (%)

0 1 2 3

n = 3 Normal Normal Normal Normal 0

TABLE 4 Characteristics of the study participants.

Subject characteristics Count Percentage(%)

Gender Male 18 72

Female 7 28

Age (years) 19–25 13 52

26–30 9 36

60–70 3 12

Total participation 25 100
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nasal microneedle swab was two times greater than that by the
commercially available nasal swab (Figure 4A). The amount of DNA
obtained is affected by how many times a swab is wiped and the
pressure used when swabbing (Kim et al., 2022). The deviation in
DNA amount can be caused by individual differences in the swabs
used to collect samples, as shown in the variance in DNA amount in
Figure 4A. The DNA purity was 1.75 ± 0.17 for the nasal
microneedle swab and 2.16 ± 0.71 for NFS-1 (Noblebio),
indicating that the purity of microneedle swabs was within the
appropriate range (1.6–2.1) for genetic analysis (Figure 4B).

In the ex-vivo porcine buccal tissue experiment in our previous
study, the microneedle swab showed twice as much DNA yield as the
commercial rayon swab and the nylon flocked swab, and in the in-vivo
experiment with pigs, the DNA yield of the microneedle swab was

greater than that of the nylon flocked swab (Kim et al., 2022). Similar
to the previous results, in the clinical trials of this study, microneedle
swabs showed higher DNA yields than the commercial cotton swabs
in both the buccal and the nasal samples, and the microneedle swabs
showed a purity suitable for downstream genomic analysis.

3.3.3 Genotype concordance
Genotype concordance was assessed with DNA samples,

satisfying the DNA concentration and purity criteria. Genotypes
were compared at five SNP loci from the blood of the same person,
buccal, nasal microneedle swabs, and commercial swabs. The buccal
and nasal microneedle swab showed a Kappa value of 1.0 for all five
SNP genotypes, and the concordance rate was 100%. The SK-2S
swabs (Isohelix) also showed a Kappa value of 1.0 and a concordance

FIGURE 3
Comparison of buccal microneedle swab with Isohelix buccal swab. A sample was collected by rubbing each side of the swab 5 times for a total of
10 times wiping both sides of the microneedle swab. (A) DNA concentration, (B) DNA purity. (***: p < 0.001).

FIGURE 4
Comparison of nasal microneedle swab with Noblebio nasal swab. The inside of one nostril and its surroundings were wiped in a circular motion
3 times for a total of 6 times wiping both sides of the microneedle swab. (A) DNA concentration obtained, (B) DNA purity. (***: p < 0.001).
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rate of 100%. Only one sample collected from a commercial nasal
swab (NFS-1, Noblebio) in the nasal cavity showed a mismatched
genotype for one SNP (rs921115) between the blood and the nasal
swab, which resulted in a concordance rate of 95% and a Kappa
value of 0.9 for commercial cotton swab (Table 5).

This observation suggests that both the commercial buccal swabs
and the buccal or nasal microneedle swabs in this study are suitable for
use in downstream genetic analysis. Even though one discrepant
genotype was found, the commercial nasal swabs may also be
considered suitable for analysis. This discrepancy may be caused by
weak frictional strength during nasal swabs, depending on the participant.

For accurate genetic analysis, a sufficient amount of DNA
should be obtained and it must have sufficient purity.
Commercial cotton swabs pick up fragments of epithelial cells
present in saliva. When the buccal tissue is swabbed, bacteria or
food present on the mucosal surface and saliva affect sample
collection and analysis (Brownlow et al., 2012). In addition,
cotton swabs showed low extraction efficiency and low recovery
efficiency of less than 50% even though they had high absorption
capacity in sample collection (Bruijns et al., 2018). Compared to
conventional rayon swabs and nylon flocked swabs, microneedle
swabs showed improved release efficiency because microneedles
were exposed to the extraction medium (Wise et al., 2021; Kim et al.,
2022). Therefore, the microneedle swab has advantages not only in
sample collection but also in analysis.

3.3.4 VAS measurement of pain caused by
microneedle swabs

Since microneedle swabs contact with the buccal surface, pain
caused by the swabs is a major consideration. The VAS pain scale of
the buccal microneedle swab was 1.0 ± 0.2 and the nasal microneedle
swab was 1.0 ± 0.4 (Figure 5A). A value of VAS 1 is very low pain
perception (Supplementary Figure S6; scale of VAS pain scale). Also,
none of the participants in the clinical study reported any bleeding
and pain during the swabbing process.

As the microneedle length increases, pain increases
proportionally (Gill et al., 2008; Jeong et al., 2017). In an ex-vivo
experiment in a previous study, a microneedle swab with a length of
250 μm caused a scratch of about 20 μm (Kim et al., 2022). In other
clinical studies, when 250 μm long microneedles pierced the skin,
the pain was too low to feel (Griffin et al., 2017; Fernando et al., 2018;

Samant et al., 2020). For a microneedle swab, since only the surface
of the buccal mucosa is swabbed, a scratch 20 μm deep is much less
than the insertion depth of a 250 μm longmicroneedle. As the length
of the microneedle increases, more sample can be obtained, but the
risk of pain or infection can also increase. Thus, the 250 μm long
microneedle has an optimal geometry for obtaining samples from
the mucosal surface safely and efficaciously (Kaushik et al., 2001;
Gupta et al., 2011; Jeong et al., 2017).

When study participants were asked about the satisfaction and
convenience of the microneedle swab, the average satisfaction
reported for the buccal swab and the nasal swab was 9.7 ±
0.8 points and 9.5 ± 0.9 points (out of 10 points), respectively
(Figure 5B). This means that buccal and nasal microneedle swabs are
easy to use and have high accessibility because they are non-invasive
and thus have excellent user accessibility.

4 Discussion

Buccal and nasal microneedle swabs have the advantage of
obtaining a large amount of high-purity cells with less force than

TABLE 5 Kappa statistics and genotype concordance rate.

Sampling Buccal Nasal

Comparison
target

Blood - MN (n = 22) Blood - Isohelix (n = 22) Blood - MN (n = 22) Blood - Noblebio (n = 22)

SNP Kappa Concordance
rate (%)

Kappa Concordance
rate (%)

Kappa Concordance
rate (%)

Kappa Concordance
rate (%)

rs1065757 1.0 100 1.0 100 1.0 100 1.0 100

rs3752752 1.0 100 1.0 100 1.0 100 1.0 100

rs921115 1.0 100 1.0 100 1.0 100 0.9 95

rs1009480 1.0 100 1.0 100 1.0 100 1.0 100

rs1820795 1.0 100 1.0 100 1.0 100 1.0 100

aKappa: Kappa result ranges from 0 to 1. The higher the value of Kappa, the stronger the agreement.

FIGURE 5
Survey results. (A) VAS pain scale: 0, no pain; 10, pain as bad as it
could possibly be. (B) Satisfaction scores for buccal and nasal
microneedle swabs: 0, very uncomfortable; 10, very satisfied. Pink:
buccal; blue: nasal.
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the previous sampling method using a cotton swab. Thus, using
buccal or nasal swabs is expected to increase the accuracy of the
genomic analysis. None of the participants in the clinical study
reported any bleeding or pain during the swabbing process.
However, there is a risk of irritation to the mucous membrane if
the user does not follow the sampling guidelines. In the future, we
will continue to evaluate the safety of microneedle swabs in a wider
range of areas and suggest directions for use through additional
clinical studies.

As we go through the COVID-19 pandemic era, the medical
community is gradually moving toward a non–face-to-face testing
system. Therefore, in the future, rather than visiting a hospital to
collect blood and test for disease, it is expected that there will be a
method of collecting samples at home using a diagnostic kit and
sending the sample to be tested for disease. In addition, for large-
scale genomic analysis, such as the study of population genetics,
sampling methods using buccal or nasal swabs will facilitate the
recruitment of many participants. In other words, individuals can
easily participate in large-scale research by filling out a consent form
online and collecting samples using a sampling kit delivered to their
home without having to visit a hospital.

In this study, we examined the applicability of buccal and nasal
microneedle swabs by comparing their performance (DNA
concentration and purity) and analyzed genotype concordance
with commercial swabs in a limited number of participants. In
addition, safety tests (e.g., cytotoxicity test, skin sensitivity test, skin
irritation test) were conducted based on guidelines established by the
Korean Minister of Food and Drug Safety. Moreover, buccal and
nasal microneedle swabs met the safety requirements for clinical
study and commercial use. Finally, the microneedle swab for clinical
study was registered as a Grade 2 medical device by the Korean
Minister of Food and Drug Safety.

However, additional research is needed to apply buccal and
nasal microneedle swabs in large-scale genomic analysis. That is, the
reproducibility of these swabs must be evaluated under various
conditions (e.g., between samplers, between sampling times, etc.). In
addition, a large number of samples should be used to compare the
genetic analysis performance of buccal and nasal microneedle swab
samples with existing sampling methods and to verify their
reliability. We plan to pursue this research in the future.

Genetic data obtained through buccal or nasal microneedle
swabs is very sensitive personal information. The data contain a
variety of information about an individual’s health, ancestry, and
potential predisposition to various diseases. Therefore, it is
important to keep these data secure to prevent unauthorized
access and misuse. In addition, when a company or organization
uses an individual’s genetic data for research, participants must fully
understand the implications of sharing their genetic data and give
prior consent for use of the data. The company or organization is
also obligated to protect personal information by anonymizing such
information, and the data must be used ethically.

To harness the full potential of genomics in long-term research
and medical practice, it is essential to continue advancing
technology and computational tools for genomics, ensuring the
privacy and ethical use of genetic data, and integrating genomic
data into routine medical care. In that respect, continual
improvement of buccal and nasal microneedle swab sampling
techniques is important to secure reliable genetic data. For

example, it is necessary to evaluate how reproducible genotypes
obtained based on samples collected at different times for various
genetic loci for the same person are obtained. In addition, it is
necessary to evaluate whether a sufficient amount of DNA is
consistently obtained with high purity and whether genotyping
results are error-free when using the buccal or nasal microneedle
swab sampling kit in a test group consisting of a larger number of
people.

5 Conclusion

This studywas conducted to confirm the safety of themicroneedle
swab and to evaluate its clinical performance. The microneedle swab
manufactured in good manufacturing practice (GMP) satisfied all
safety test standards regarding cytotoxicity, skin sensitivity, and skin
irritation. It also passed the sterilization efficacy test. Buccal and nasal
microneedle swabs showed two times higher DNA yields and greater
purity than commercial cotton swabs. When the genotypes of SNPs
were compared between samples collected by microneedle swabs and
blood samples, all genotypes tested were concordant, confirming that
microneedle swabs were suitable for clinical use. The VAS pain index
during sampling was 1, which is difficult to perceive, and user
convenience also showed satisfactory characteristics.

For large-scale genomic analysis in areas such as population
genetics, buccal or nasal microneedle swab sampling methods
allow for easy recruitment of many participants. Although this
study evaluated the performance and safety of the buccal or nasal
microneedle swab using a small number of samples, such evaluations
should be conducted with a larger number of samples in the future.

Therefore, the newly developed microneedle swab can effectively
and easily collect DNA from the buccal and nasal mucosa.
Microneedle swabs can be used for DTC tests as well as disease
diagnosis and prevention through genomic analysis, so its utilization
is expected to be high.
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Advancements in materials,
manufacturing, propulsion and
localization: propelling soft
robotics for medical applications
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Soft robotics is an emerging field showing immense potential for biomedical
applications. This review summarizes recent advancements in soft robotics for
in vitro and in vivo medical contexts. Their inherent flexibility, adaptability, and
biocompatibility enable diverse capabilities from surgical assistance to minimally
invasive diagnosis and therapy. Intelligent stimuli-responsive materials and
bioinspired designs are enhancing functionality while improving
biocompatibility. Additive manufacturing techniques facilitate rapid prototyping
and customization. Untethered chemical, biological, and wireless propulsion
methods are overcoming previous constraints to access new sites. Meanwhile,
advances in tracking modalities like computed tomography, fluorescence and
ultrasound imaging enable precision localization and control enable in vivo
applications. While still maturing, soft robotics promises more intelligent, less
invasive technologies to improve patient care. Continuing research into
biocompatibility, power supplies, biomimetics, and seamless localization will
help translate soft robots into widespread clinical practice.

KEYWORDS

soft robotics, medical applications, intelligent materials, manufacturing methods,
localization technology

1 Introduction

The definition of soft robotics has been continuously evolving since the first prototypes
were developed in the late 1990s, as relevant materials, actuation technologies, fabrication
procedures, and applications have adapted to new scientific advances (Suzumori et al., 1992;
Tondu and Lopez, 2000). One of the most important yet simplest definitions uses Young’s
modulus, ranging from 104 to 109 Pascals, to define “Soft” (Majidi, 2014; Rus and Tolley,
2015; Hartmann et al., 2021). This definition is well-suited to characterize the majority of
early bio-inspired soft robot samples, but excludes many later developed robots that
incorporate embedded rigid components. An additional advancing definition is that if a
robot is constructed frommaterials that are relatively soft and safe compared to its operating
environment, it can be classified as a soft robot, even if it is of some rigid components or
structures (Cheney et al., 2015; Chen et al., 2017). To date, numerous soft robotics studies
have incorporated rigid components within their actuation modules or internal structures
with variable stiffness, enabling adaptation to surroundings and safe interaction with
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organisms (Lee et al., 2017; Medina-Sánchez et al., 2018; Thalman
and Artemiadis, 2020). Potential applications for soft robots span
industrial to medical scenarios, including but not limited to
grasping, targeted drug delivery, monitoring, rehabilitation,
function verification, diagnosis, and treatment (Rao et al., 2015;
Al-Fahaam et al., 2016; Li et al., 2016a; Chen X.-Z. et al., 2017; Yang
G.-Z. et al., 2019; Kim H. et al., 2020; Terzopoulou et al., 2020;
Dupont et al., 2021; Zhou and Alici, 2022; Kortman et al., 2023). In
particular, the possibility of using soft robots in minimally invasive
therapies may represent a paradigm shift in medical treatments.
Their high accessibility, adaptability, and safety when operating in
the complex in vivo environment with multiphase physics offers
significant benefits (Chautems et al., 2019; Wang C. et al., 2022).

Soft robotics has emerged as a transformative technology in the
field of biomedicine, offering promising solutions for both in vitro
and in vivo applications. In vitro (Hui and Régnier, 2011; Li et al.,
2020; Zhang S. et al., 2022; Li et al., 2022), soft robots have played a
pivotal role in advancing disease modeling, cell and tissue culture
engineering, environmental monitoring, surgical assistance, and
rehabilitation therapies. These platforms empower researchers to
investigate disease processes, screen drugs, and optimize treatment
plans, particularly in disease models involving the rectum,
respiratory system, heart, and other vital organs. In the domain
of in vivo applications (Li et al., 2017; Xing et al., 2020; Law et al.,
2022; Ma et al., 2022; Wang et al., 2023), soft robots offer distinct
advantages such as minimally invasive capabilities, compact
dimensions, remote controllability, biocompatibility, and
adaptability to complex fluidic environments. They hold
tremendous potential in targeted drug delivery, biopsy sampling,
thrombus dissolution, and minimally invasive procedures spanning
various medical disciplines, including cardiology and oncology.
Recent advancements have yielded innovative solutions, including
magnetically actuated robotic capsules designed for site-specific
drug delivery (Shimanovich et al., 2014), soft robotic capsules
with fine needle biopsy capabilities for precise tissue sampling,
and untethered flexible manipulators for challenging in vivo
biopsies (Rehan et al., 2020). Soft catheters, among the most
promising soft architectural designs for practical applications, are

playing a pivotal role in thrombus treatment and cardiac arrhythmia
intervention by facilitating direct drug delivery, cardiac tissue
modulation, and even in vivo bioprinting. They offer minimally
invasive, highly efficient solutions for addressing these critical
cardiovascular conditions.

To harness the potential applications of soft robotics, several
critical factors must be taken into accounts. While soft robots can
manifest in various forms, two fundamental considerations in the
construction of a soft robotic system are the robot’s design and
actuation, with control strategy serving as an integrative bridge
between these components, illustrated in Figure 1A. The design of
the robot encompasses various facets, including structural
considerations, material selection, fabrication techniques,
functional specifications, physicochemical characterization,
kinematic properties, and biocompatibility. Materials can span a
spectrum from hydrogels to elastomers, tailored to achieve desired
attributes such as stiffness, haptic feedback, and biodegradability
(Wang X. et al., 2022; Middelhoek et al., 2022; Chen et al., 2023). The
fabrication process benefits from the use of rapid prototyping
techniques like three dimensional (3D) printing and molding
(Liu et al., 2015; Yang et al., 2015; Wu et al., 2016; Li J. et al.,
2018; Yang et al., 2020). The second pivotal factor is actuation (Xuan
et al., 2016; Gao et al., 2019; Hou et al., 2023; Tang et al., 2023),
which spans options such as pneumatic systems, hydraulic systems,
and smart materials like shape memory alloys (SMA) or dielectric
elastomers (DE). Proper actuation involves selecting the appropriate
actuation mechanism and medium, modeling and calibrating the
dynamic actuation field, and precisely regulating the magnitude and
distribution of forces and motions. Closed-loop feedback control
connects the robot to the actuator by modulating the actuation field
based on sensory inputs that monitor the robot’s state and its
environment. This control mechanism facilitates the realization
of the robot’s predetermined motions and functions.

Soft robotics is an emerging field that holds significant
potential for medical applications due to the inherent
flexibility, adaptability, and biocompatibility of soft robots
compared to traditional rigid robots. This review summarizes
recent advancements in soft robotics for diagnostic, therapeutic,

FIGURE 1
(A) considerations in the design and construction of soft robots. (B) summarized aspects in this paper.
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and rehabilitative purposes, overing aspects such as applications,
materials and fabrication, actuation and localization, illustrated
in Figure 1B, as well as addressing challenges and prospects for
the future. In vitro applications of soft robots outside the body
include disease modeling, drug screening, surgical assistance,
rehabilitation, and medical imaging. For in vivo applications,
soft robots enable minimally invasive capabilities like targeted
drug delivery, biopsy sampling, and precision surgery by
navigating narrow spaces inside the body. Soft robot materials
and manufacturing methods are also discussed, with a focus on
intelligent materials like stimuli-responsive hydrogels and self-
healing biomaterials that enhance functionality. Rapid
fabrication techniques including 3D printing and self-assembly
facilitate iterative design. For in vivo navigation systems,
propulsion mechanisms can be categorized into two primary
categories based on their energy sources: self-contained and
external wireless propulsion. Self-contained relies on internal
energy sources within the device itself, such as tendon-driven,
chemical fuels, and biomechanical motion. External wireless
propulsion refers to the wireless driving of the device through
externally generated sources such as magnetics, acoustics, or
optics. Precise localization during in vivo operation is enabled
by tracking modalities such as fluorescence imaging (FI),
magnetic resonance imaging (MRI), ultrasound (US), and
computed tomography (CT) scans. Key challenges for
translating soft robots into clinical practice include
biocompatibility, degradability, biomimetic design, and
tracking/visualization capabilities. Furthermore, with
continuing research into intelligent materials, bioinspired
design, propulsion, and localization, soft robots can enable the
next-generation of diagnostic, therapeutic, and rehabilitative
technologies.

2 Medical applications

Soft robots can offer several benefits over traditional rigid
robots in terms of usages in medical applications. They are often
more flexible and can conform to complex surfaces, and are also
safer to interact with delicate tissues and organs, as they do not
cause physical damage or trauma. The development of advanced
soft robotics technology will likely lead to even more innovative
applications in medicine. As materials science and engineering
continue to advance, soft robots may become increasingly
adaptable to various environments and able to perform more
complex tasks. As a rapidly evolving field, robotic surgery (Li
et al., 2010) not only reduces the workload for medical staffs and
alleviates patients’ suffering but also finds extensive application
in both in vivo and in vitro medical tasks. Soft robots exhibit
substantial promise in medical applications, due to their
remarkable flexibility, adaptability, and safety features. Soft
robots are proficient in tasks such as precise lesion
localization, minimally invasive tissue resection, targeted drug
delivery, and various surgical procedures. They also hold the
potential to evolve into exoskeletons for rehabilitation purposes,
with a wide range of potential applications (Ding et al., 2017).
This chapter will focus on summarizing the potential medical
applications of soft robots.

2.1 In vitro

In vitro medical applications of soft robots include but not
limit to: environmental monitoring (Rao et al., 2015; Chen X.-Z.
et al., 2017), surgical assistance (Kim H. et al., 2020),
rehabilitation therapy (Al-Fahaam et al., 2016), targeted
delivery (Li et al., 2022), developing disease models (Roche
et al., 2017; Zrinscak et al., 2023), functional structures
(Calderon et al., 2019; Pang et al., 2021; Ying et al., 2021) and
tissue engineering (Zhou Y. et al., 2021). Solovev et al. (2010)
wirelessly controlled microrobots using external magnets to assist
with loading, transport, delivery, and assembly of microparticles
and nanosheets in fuel solutions, shown in Figure 2A. Given
ethical constraints, direct in vivo experimentation with humans
can be highly complex, so establishing accurate in vitro disease
models is crucial for furthering soft robotics in biomedicine. In
Zrinscak et al. (2023), the authors introduce disease models of the
gastrointestinal tract, respiratory system, cardiovascular system,
and other organs amenable to soft robotics research. Adams et al.
(2017) fabricated a kidney using diverse materials, illustrated in
Figure 2B. Roche et al. (2017) developed a device to enhance
cardiac function and performed in vitro experiments shown in
Figure 2C. Zhou C. et al. (2021) achieved direct ink writing of
flexible, stretchable conductive traces via ferromagnetic soft
catheter robot (FSCR), shown in Figure 2D. Rehan et al.
(2020) conceptualized a computer aided design (CAD) based
capsule robot design comprised of an actuation mechanism and
sampling mechanism shown in Figure 2E. With soft robotic cell
culture platforms, clinicians and scientists can better study
disease processes, screen pharmacological agents, and optimize
therapeutic regimens. Another promising exterior application is
wearable devices to provide ambulatory assistance and gait
rehabilitation for patients with mobility impairments (Li et al.,
2018). Compared to rigid exoskeletons, soft exoskeletons are
lighter, more compliant, and less restrictive of the user’s
natural movements, promising greater comfort. As one
example, Yang X. et al. (2019) developed a soft, continuous
exoskeleton mimicking the spine to aid with bending and
lifting activities, designed to conform to human anatomy and
reduce forces on the back. Ying et al. (2021) designed artificial
ionic skins with multifunctional strong adhesives that exhibit
high stretchability, anti-freezing ability, and environmental
stability in Figure 2F. Moreover, soft robotics can enhance
imaging techniques. A novel soft robotic effector was proposed
aiming at safely obtain standard views required for prenatal
diagnostic fetal US exams. Its adjustable shape conforms to
varied maternal anatomies, enabling more flexible and reliable
fatal imaging (Lindenroth et al., 2020). In summary, while soft
robots demonstrate immense potential in ex vivo contexts, their
in vivo applications are more anticipated. However, at present,
this field is still in its infancy, experiencing both laboratory
demonstrations and industrial development. It still leaves a
last step for being truly utilized in medical applications.
Currently, for achieving in vivo applications, there often lack
sufficient strength, stability, and precision to perform complex
surgical tasks. Additionally, their sensors and control systems
require further improvement to achieve more accurate and
reliable operation.
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2.2 In vivo

Soft robots enable unique capabilities for minimally invasive
endoscopic surgeries (Gifari et al., 2019), permitting direct
puncturing, cutting, or extracting of cells and tissues with
extreme precision down to the cellular scale. Compared to bulky
rigid robots, soft robots can traverse narrow blood vessels and
anatomical tracts to access lesions at hard-to-reach interior
locations. Advantages like small sizes (Ren et al., 2021), remote
controllability (Zhou C. et al., 2021), biocompatibility, adaptability
to low Reynolds number fluid environments (Digumarti et al., 2018),
and facile conversion of external power to motion make soft robots
well-suited for in vivo use. Consequently, soft robots hold
tremendous potential for targeted drug delivery, biopsy sampling,
thrombus dissolution and other minimally invasive procedures

(Wang et al., 2017), while continuing to break new ground in
cardiology (Chautems et al., 2019), oncology (Forbes, 2010; Luo
et al., 2016) and other medical fields. Current in vivo soft robotic
systems mainly take the forms of capsules (Basar et al., 2018),
catheters, microgrippers, and micro/nanomotors that harness
nanotechnology for precise motion control. Pokki et al. (2017)
validated the potential of soft robots, which can be injected into
rabbit, for ocular disease diagnosis, therapy, and drug delivery,
shown in Figure 3A. Achieving localized targeted drug delivery
(Shimanovich et al., 2014) can effectively avoid these pitfalls,
spurring intense research in biomedicine. Zhou and Alici (2022)
proposed a magnetically actuated robotic capsule for site-specific
drug release in the gastrointestinal tract. The capsule contains an
extendable needle to directly inject drugs into diseased
tissues, enabling rapid absorption and enhanced delivery efficacy.

FIGURE 2
In vitro applications of soft robots. (A)Microsurgery. Reproduced with permission (Solovev et al., 2010). Copyright 2010, Wiley. (B) Kidney organoid.
Reproduced with permission (Adams et al., 2017). Copyright 2016, ABE. (C) Enhance cardiac. Reproduced with permission (Roche et al., 2017). Copyright
2017, AAAS. (D) Ink writing. Reproduced with permission (Zhou C. et al., 2021). Copyright 2021, Springer Nature. (E) Capsule robots that can perform
biopsy sampling. Reproducedwith permission (Rehan et al., 2020). Copyright 2020,Wiley. (F) Artificial ionic skins. Reproducedwith permission (Ying
et al., 2021). Copyright 2021, Wiley.

Frontiers in Bioengineering and Biotechnology frontiersin.org04

Bo et al. 10.3389/fbioe.2023.1327441

77

https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org
https://doi.org/10.3389/fbioe.2023.1327441


Lu et al. (2018) designed soft robots capable of rapid locomotion in
environments like the stomach, enabling targeted drug delivery via
cargo capsules. Additionally, a multilayered microrobot termed
metal-organic framework (MOF) to qualify as small-scale robot
was developed, with each layer providing distinct functionality
(Terzopoulou et al., 2020), it enables targeted drug delivery by
loading therapeutics into biodegradable drug carriers. Preliminary
depictions have emerged for future integrated application scenarios
of 3D printing in vivo and biodegradable microrobotic swimmers
(Ceylan et al., 2019). Li et al. (2016b) proposed an intestinal
micromotor system using micromotors coated with an enteric
polymer layer to convey payloads to specific locations.
Propulsion activated at the target site enabled local tissue
penetration and retention, as shown in Figure 3B, achieving
directional transportation in the jejunum. Similarly, Karshalev
et al. (2018) proposed micromotor pills for cargo delivery
focused on the stomach, achieving higher retention compared to
other methods as shown in Figure 3C.

Common tissue sampling techniques like surgery, needle
aspiration, and biopsy carry procedural risks while often
yielding insufficient or inaccurate samples affected by
surrounding tissues. With advances in in vivo soft robotics,
soft robots guided by imaging can access tumor or lesion sites
to perform tissue and cell sampling in a safer, more efficient, and
thorough manner, significantly enhancing diagnostic accuracy
and utility. For example, a magnetically-driven soft robotic
capsule for fine oligonucleotide analogs can capture and
isolate proteins. Additionally, antibody-coated microrockets
allow selective capture and separation of cancer cells for
diagnosis and therapy (Li et al., 2016a). Diller and Sitti (2014)
proposed untethered, precisely manipulative microgrippers
capable of non-invasive access to confined spaces for

executing out-of-plane 3D operations and assembly tasks to
create complex 3D materials and structures.

Medical catheters can administer thrombolytic drugs or
physically intervene in cardiac tissues to enable treatment of
thrombosis and cardiac arrhythmias. Thrombosis, characterized
by clot formation obstructing blood vessels, is a high-incidence
cardiovascular disease warranting novel therapies. As a high-
incidence cardiovascular disease, thrombus treatment has
attracted much attention. Thrombi are solid clotted masses
formed from components in the blood that block blood vessel
lumens, disrupt blood flow and thus cause other cardiovascular
diseases. Conventional treatments like anticoagulants,
thrombolytics, aspiration, surgical removal, or stenting each have
limitations in invasiveness, efficacy, or recurrence risk. Ideal
thrombosis treatment should rapidly and thoroughly dissolve
clots in a minimally invasive manner without increasing bleeding
risk. Hu et al. (2018) overcame limitations of standalone tPA
thrombolysis using modified tPA-loaded microrobots,
significantly improving thrombolytic efficacy in Figure 3D.
Intravenously injected microrobots could be renally excreted
without damaging kidneys or liver, enabling effective treatment
for ischemic stroke. Soft robotic catheters hold great potential for
in vivo thrombolytic interventions. In Figure 3E, Hwang et al. (2022)
proposed a microrobotic system for real-time remote manipulation
of micro-guidewires by physicians. The multifunctional soft robot
catheter put forward (Rogatinsky et al., 2023) can achieve stable,
dexterous, and efficacious performance within the heart,
surmounting core impediments stemming from dimensional
disparities, maneuverability requirements, and remote operability,
while concurrently expanding possibilities for minimally invasive
intracardiac procedures. Clinical studies in coronary, iliac, and renal
arteries demonstrated feasibility and effectiveness. Similarly,

FIGURE 3
In vivo applications of soft robots. (A)Work in vitreous. Reproduced with permission (Pokki et al., 2017). Copyright 2016, Wiley. (B) Targeted delivery
in Gastrointestinal. Reproduced with permission (Li et al., 2016b). Copyright 2016, ACS. (C) Targeted delivery in stomach. Reproduced with permission
(Karshalev et al., 2018). Copyright 2018, ACS. (D) Thrombolysis by tissue plasminogen activator (tPA) microrods. Reproduced with permission (Hu et al.,
2018). Copyright 2018, ACS. (E) Navigation of microrobotic guidewire. Reproduced with permission (Hwang et al., 2022). Copyright 2022, Wiley.
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arrhythmias arising from irregular cardiac electrical patterns can be
addressed by soft cardiac ablation devices capable of precise
electrophysiology modulation. Beyond drug delivery and tissue
intervention, soft robotic catheters also demonstrate promise for
in vivo bioprinting. For example, Zhou C. et al. (2021) utilized a
magnetically-driven soft catheter to conduct minimally invasive
bioprinting inside the body.

3 Materials and manufacturing

A crucial distinction between soft robots and traditional rigid
robots is the utilization of highly stretchable, flexible materials. The
most common materials used in soft robotics are silicone,
elastomers, and hydrogels. Silicone robots are made from a
flexible and durable silicone material, while elastomer robots are
made from a viscoelastic material that can be stretched and
compressed. Hydrogel robots are composed of a water-based gel
that can be easily molded and shaped. Ideal materials possess high
elongation (>200%) and low Young’s modulus (0.1–10 MPa) (Rus
and Tolley, 2015; Hartmann et al., 2021; Zhu et al., 2023), while
Polydimethylsiloxane (PDMS) (Shepherd et al., 2011; Gossweiler
et al., 2015; Lu et al., 2018) and Ecoflex (Shepherd et al., 2011; Rusu
et al., 2023) are prevalent in existing soft robots. We highlight
emerging smart materials that could enhance soft robotic
performance and efficacy in this chapter. In particular, stimuli-
responsive hydrogels (Panda et al., 2023) capable of altering their
shape or mechanical properties on demand could enable soft robots
to adapt to dynamic in vivo environments. We summarized the
materials involved in this paper in Supplementary Table S1.

3.1 Materials

Smart materials capable of sensing and responding to external
stimuli are enabling new paradigms in soft robotics. As novel
materials that can respond to external stimuli such as
temperature, light, US, pH, ions, and magnetic fields by changing
their properties or functions accordingly. Common smart materials
include poly(N-isopropylacrylamide) (PNIPAM), liquid crystal
elastomers (LCE), SMA (Song et al., 2016), MOF (Ikezoe et al.,
2015), macromolecules (Tang et al., 2020), etc. Hydrogels are a
versatile responsive material, exhibiting significant volume change
under temperature, pH, light, and other triggers. Composite
hydrogels confined with other materials can direct strain to
targeted regions or directions, imparting multifunctional
responsiveness (Jeon et al., 2017; Banerjee et al., 2018). The
incorporation of conductive fillers can impart conductivity to
hydrogels. Conductive nanofillers can provide resistivity-based
tactile sensing and, via composite formation, stimulate actuation.
Moreover, doping with other materials in the hydrogel matrix can
enable actuation capabilities (Zhou et al., 2018). In order to enhance
biocompatibility more effectively, efforts have been made to
optimize biocompatibility, biocompatible hydrogels like gelatin
methacryloyl (GelMA), derived from enzymatically degradable
gelatin, represent a promising alternative to poly(ethylene glycol)
diacrylate (PEGDA) for fabricating soft microrobotics. GelMA
polymer is derived by functionalizing gelatin (a denatured and

partially hydrolyzed polypeptide mixture) and can substitute
PEGDA for fabricating helical microstructures. Gelatin can be
digested by proteases like matrix metalloproteinase-2 (MMP-2).
Compared to PEGDA, GelMA exhibits lower toxicity (Wang
et al., 2018; Ceylan et al., 2019). MOFs are highly porous
crystalline coordination polymers possessing desired traits for
motile micro/nanodevices including high payload capacity,
biodegradability, biocompatibility, and stimulatory
responsiveness, can efficiently transduce stimuli into micro/
nanorobot motion. Zhang X. et al. (2022) reported a near-
infrared light-driven, shape-programmable hydrogel actuator by
loading MOFs on a PDMS film, achieving distinct shape changes
under near-infrared irradiation, and demonstrated how to fabricate
MOF. Tang et al. (2020) introduced a deoxyribonucleic acid (DNA)
nanorobot where DNA molecules can self-assemble and self-
organize into stable structures through interactions. Moreover,
the programmability of DNA allows specific functions via
sequence synthesis and modification. This DNA hydrogel robot
exhibits ultrasoftness and supertoughness, enabling shape adaptivity
and magnetically-driven navigation in confined, unstructured
spaces in Figure 4A. In addition, Ahn et al. (2019) fabricated
liquid crystal elastomer-carbonate/carbon nanotube (LCE-CNT)
composite films capable of reversible photoinduced bending
shown in Figure 4B. Sun et al. (2022) demonstrated magnetically
driven mucus microrobots using non-Newtonian fluids, which can
achieve functions including grasping solid objects, swallowing and
transporting harmful substances, monitoring human body
movement, as well as circuit switching and repairing.

Further advancements in smart materials may enable additional
capabilities, such as bio-inspired designs or self-healing functions.
For example, Rogóż et al. (2016) harnessed the photosensitivity of
LCE to create a soft, caterpillar-like robot driven by asymmetric
illumination. The robot’s segmented body deforms under patterned
light to inch forward through peristaltic motion. In another
demonstration, Mao et al. (2014) activated flexible SMA rays in a
starfish-inspired soft robot capable of multi-modal locomotion and
obstacle clearance twice its height. By combining responsive
materials with bioinspired designs, these robots exemplify how
smart material actuation can achieve lifelike motion in soft-
bodied systems. In particular, self-healing materials hold
particular promise for enhancing soft robot robustness during
prolonged in vivo operation (Terryn et al., 2021). Polyimide (PI)
is a high-performance polymer renowned for its outstanding
thermal stability, mechanical robustness, and chemical resistance.
The Young’s modulus of PI is typically between 2.5 and 6 GPa,
depending on factors like polymer structure, manufacturing
technique, and temperature. When incorporated into composites,
PI’s excellent mechanical properties and deformability enable its use
in developing soft robots that can function for prolonged periods in
vivo (Rubehn and Stieglitz, 2010; Dong et al., 2013). Zhu et al. (2023)
introduced a novel dynamic covalent PI with softness, stretchability,
recoverability, rapid room-temperature self-healing, and
multimodal actuation capabilities. By reducing crosslink density
and utilizing intermolecular hydrogen bonding, the polymer matrix
achieved softness, stretchability, recoverability, and rapid self-
healing at room temperature. Through the addition of magnetic
particles, wireless magnetically-controlled actuation was realized in
soft robots under external magnetic fields shown in Figure 4C.
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In addition, biomaterials with good biocompatibility and
degradability are also gradually being studied by scholars.
Common biological materials that can be used for soft robot
fabrication include algae, bacteria, sperm, cardiomyocytes (Sun
et al., 2019), spores, etc. Sun et al. (2019) achieved crawling of
soft robots driven by cardiomyocytes in Figure 4D. Sareh et al.
(2013) mimicked the flagella of the alga Volvox to develop planar
actuators. By optimizing the segmentation patterns and bioinspired
driving signals, they successfully replicated the motion of natural
cilia in artificial cilia. These exhibited good performance in low
Reynolds number environments. Magdanz et al. (2020) introduced a
hybrid magnetic microrobot using self-assembled non-motile sperm
cells and magnetic nanoparticles. These function as biocompatible,
controllable, and detectable biohybrid tools with potential for
targeted in vivo therapies shown in Figure 4E. Justus et al. (2019)
engineered a soft gripper containing engineered bacteria, a flexible
light-emitting diode (LED) circuit, and a soft pneumatic actuator.
Their study demonstrated that the bio-LED-actuator module can
detect chemical signals by pressurizing and releasing contents of a

hydrogel injected with chemicals. It can also make viable decisions
using chemical sensing and feedback during pick-and-place
operations, and integrating chemically responsive synthetic cells
and soft materials for biosensing soft robots. As these cases illustrate,
harnessing biological building blocks and bioinspired designs can
impart unique capabilities to soft robots while ensuring
biocompatibility.

3.2 Manufacturing methodologies

Rapid fabrication technologies like 3D printing (Joyee and Pan,
2019) and shape deposition modeling enable accelerated design
iterations compared to conventional manufacturing. Wang et al.
(2018) printed helical microstructures using two-photon
polymerization (2PP). Next, incubating these microstructures in
an aqueous suspension of magnetic iron oxide (Fe3O4) nanoparticles
imparted magnetism, yielding biodegradable GelMA helical
microrobotic swimmers shown in Figure 5A. Yin et al. (2021)

FIGURE 4
Materials of soft robots. (A) DNA. Reproduced with permission (Tang et al., 2020). Copyright 2019, Wiley. (B) Optical-stimulated material.
Reproduced with permission (Ahn et al., 2019). Copyright 2019, Wiley. (C) Self-healing material. Reproduced with permission (Zhu et al., 2023). Copyright
2023, Wiley. (D) Cardiomyocytes. Reproduced with permission (Sun et al., 2019). Copyright 2019, Wiley. (E) Sperm. Reproduced with permission
(Magdanz et al., 2020). Copyright 2020, AAAS.
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fabricated visible light-driven jellyfish-like miniature soft robot
(JMSR) robots using molds and ultraviolet (UV) light shown in
Figure 5B. By facilitating agile modification of product categories
and dimensions, these advanced techniques are well-suited for
iteratively prototyping soft robots with complex geometries and
functionalities. The rapid prototyping of soft robots is being
facilitated by numerous techniques, including 3D printing,
templated deposition, and self-assembly methods. These
approaches allow for the expedited fabrication of soft robot
prototypes while also creating new opportunities for customized
medical devices. In the following sections, we review recent advances
in these promising fabrication paradigms.

3D printing enables multi-material fabrication to achieve complex
structures and geometries, while providing high degrees of freedom
and design flexibility. By avoiding complex machining and assembly
in traditional manufacturing methods, Zhou et al. (2022) successfully

printed an intermediate skeleton for a continuous robot with rigid-
soft-rigid structures. Photolithography holds great promise in the
fabrication of soft robots. This advanced light-based manufacturing
technique demonstrates remarkable precision, scalability, material
compatibility, integration of functionalities, and design flexibility,
making it particularly suitable for soft robot manufacturing (Qin
et al., 2014). The recent advancements in laser lithography technology
and molecular alignment engineering have enabled the arbitrary 3D
pattern design of LCE. By harnessing predetermined driving
characteristics, these engineered LCE structures can exhibit a
diverse range of motions as a cohesive unit (Rogóż et al., 2016). In
addition to the aforementioned techniques, there are other
manufacturing methods. The fabrication of soft robots can also be
achieved through templated deposition or assembly/self-assembly
approaches. Templated deposition utilizes a sacrificial mold or
template to guide the structured build-up of materials, enabling

FIGURE 5
Fabrications methods of soft robots. (A) 2PP. Reproduced with permission (Wang et al., 2018). Copyright 2018, Wiley. (B) Photopolymerized and
template. Reproduced with permission (Yin et al., 2021). Copyright 2021, ACS. (C) Template, electrodeposition and electropolymerization. Reproduced
with permission (Zeeshan et al., 2014). Copyright 2013, Wiley. (D) Deposition. Reproduced with permission (Yu et al., 2021). Copyright 2021, Wiley. (E)
Assembly. Reproduced with permission (Gao et al., 2016). Copyright 2016, Wiley. (F) Self-assembly. Reproduced with permission (Wu et al., 2014).
Copyright 2014, ACS.
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precise control over the resulting structure. Meanwhile, assembly or
self-assembly methods can be used to construct soft robots by
integrating and joining components either manually or
automatically. Utilization of electrodeposition and
electropolymerization technique in conjunction with 3D template
assistance resulted in the fabrication of hybrid helical microrobots
shown in Figure 5C (Zeeshan et al., 2014). Yu et al. (2021) proposed a
light-responsive nanocomposite thin film that can be used for mass
production of sandwich-structured devices, as shown in Figure 5D. To
improve biocompatibility for better in vivo application, incorporating
biomaterials through assembly/self-assembly approaches can
effectively enhance bio-compatibility. Gao et al. (2016) developed
bone marrow-derived mesenchymal stem cell membrane cloaked
gelatin nanogels as an efficient tumor-targeting drug delivery
platform, as shown in Figure 5E. Wu et al. (2014) fabricated red
blood cell micromotors using a self-assembly approach, as depicted in
Figure 5F. A novel approach is presented for the development of a bio-
hybrid magnetic microrobot utilizing electrostatic self-assembly of
non-motile sperm cells and magnetic nanoparticles (Magdanz et al.,
2020). A method combining ordered self-assembly and sol-gel
reaction was introduced to fabricate bio-inspired silica honeycomb
membranes with controlled structural and chemical characteristics
(Aynard et al., 2020). Overall, these advanced fabrication paradigms
are overcoming traditional manufacturing limitations to unlock new
horizons in soft robot design and performance.

4 Propulsion and localization

Appropriate soft robotic actuation and localization depend on
the intended in vivo versus in vitro application. For external devices
like exoskeletons, tethered fluidic or tendon-driven actuators suffice
(In et al., 2015). However, for in vivo applications, traditional
tethered soft robots are gradually being replaced by untethered
propulsion methods due to invasiveness concerns. Untethered
actuation can be further classified as self-contained or external
wireless, depending on whether the power source is internal or
external to the body. Unlike ex vivo soft robots, determining position
and orientation is critical for in vivo soft robots. Current imaging
modalities explored for soft robot localization include US, MRI, FI,
CT scans, etc. In particular, swarm robotics with multiple miniature
soft robots can enhance localization through collective imaging. In
summary, choosing suitable energy sources and imaging techniques
based on the intended environment will maximize functionality and
biocompatibility of soft robots for practical applications ranging
from drug delivery to minimally invasive surgery.

4.1 Propulsion methodologies

Actuating soft robots externally using fluids and tendons has
matured considerably. Roche et al. (2017) utilized compressed air to
actuate silicone artificial muscles for compression and twisting,
mimicking normal cardiac motions to assist failing hearts. Phan
et al. (2022) presented hydraulically actuated artificial muscle fibers
for smart textiles with high plasticity, adaptivity, and mechanical
programmability for multimodal motion and shape shifting. The
focus now shifts towards internal propulsion mechanisms. Self-

contained is the ability to produce on-board thrust for autonomous
motion. Initially studied for microparticles via chemical reactions or
external field excitation, self-contained has recently been applied in
biomedicine with nanotechnology and microrobotic advancements.
For soft robots, internal propulsion can be categorized into
chemically-driven, biologically-driven self-contained or wireless
propulsion. Chemical driving involves asymmetric bubble release
from reactions, self-electrophoresis, or diffusiophoresis from local
concentration and potential gradients at the surface (Moran and
Posner, 2017). Comprised of a chemical catalyst surface and a
narrow channel holding chemical fuel, reactions occur as fuel
flows over the catalyst, generating bubbles that asymmetrically
emit from a wider outlet to produce thrust. By tuning conditions
like the reaction and channel geometry, microrocket motion can be
controlled in Figure 6A (Li et al., 2016a).

Biological driving integrates biological and non-biological
materials, exploiting innate or environmental taxis for
propulsion. Commonly used bio-components include sperm,
bacteria, algae, and cardiomyocytes. Singh et al. (2020) developed
a sperm-propelled microrobot that harnesses flagellar beating for
thrust with inherent biocompatibility and high speeds, overcoming
propulsion and compatibility challenges. Bacterial motility is highly
efficient and controllable at the microscale, enabling autonomous
navigation in complex fluids (Carlsen and Sitti, 2014). Exploiting
bacterial taxis and extracellular responses enables precise drug
release in tumor microenvironments for cancers like
hepatocellular carcinoma, colorectal cancer, and prostate cancer
(Forbes, 2010). Careful concentration control prevents toxic
immune reactions (Hosseinidoust et al., 2016). Zhuang et al.
(2015) utilized bacterial pH taxis for propulsion. Like bacteria,
algae exhibit taxis. Weibel et al. (2005) attached payloads
(1–6 μm polystyrene microparticles) to phototactic
Chlamydomonas reinhardtii and steered the loaded swimming
cells via phototaxis for light-triggered cargo release. Sun et al.
(2019) fabricated a cardiomyocyte-powered robot where
cardiomyocytes interacted with carbon nanotube layers to
generate directional motion via asymmetric leg designs. Shown in
Figure 6B, Morimoto et al. (2020) encapsulated skeletal muscle
tissue in collagen structures, achieving locomotion through
contraction of the muscle tissue in the collagen. Skeletal muscle
actuation is also possible (Morimoto and Takeuchi, 2022).

External wireless propulsion is an active research area focusing
on magnetic (Frutiger et al., 2009; You et al., 2021), optical (Ahn
et al., 2019; Yin et al., 2021), and acoustic (Xu et al., 2017; Zhou Y.
et al., 2021) actuation. Magnetic driving generates forces or torques
using magnetic field gradients or alternating fields, which can
modulate velocity and trajectories through changes in field
strength and direction. This enables motions like rolling,
tumbling, precession, corkscrewing, and travelling-wave
propulsion (Nelson et al., 2010). Hua et al. (2022) proposed a
novel magnetically actuated FSCR for intragastric diagnosis and
therapy. The FSCR uses a composite shell of ferrofluid, permanent
magnets, and soft elastomers remotely actuated by external
permanent magnets, the key features include: 1) The composite
shell has a soft outer surface to reduce tissue damage while
improving magnetic circuits for controlled, safe motion via the
ferrofluid-magnet combination. 2) The FSCR integrates an
oscillation module for advanced functions like drug release.
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Acoustic waves oscillate microswimmers via applied ultrasonic
forces. Goudu et al. (2020) demonstrated magnetic actuation of
untethered hydrogel microrobots for grasp, transport, and release of
cargo shown in Figure 6C. Ultrasound propulsion offers excellent
controllability and tunability by modulating parameters like
frequency, amplitude, and duration to precisely control speed

and direction (Rao et al., 2015). Real-time control, longevity,
non-invasiveness, wireless, and biocompatibility enable precise
drug delivery and imaging via micro/nanorobotic manipulation,
including ultrasonic excitation and oscillations in acoustic
suspensions (Xu et al., 2017). Terzopoulou et al. (2020)
alternately activated/deactivated UV-vis light to produce walking

FIGURE 6
Propulsions of soft robots. (A) Propulsion by chemical. Reproduced with permission (Li et al., 2016a). Copyright 2016, ACS. (B) Propulsion bymuscle
tissue. Reproducedwith permission (Morimoto et al., 2020). Copyright 2020, APL. (C) Propulsion bymagnetic. Reproducedwith permission (Goudu et al.,
2020). Copyright 2020, Wiley. (D) Propulsion by optical. Reproduced with permission (Rogóż et al., 2016). Copyright 2016, Wiley. (E) Propulsion by
tendon. Reproduced with permission (Zhang et al., 2021). Copyright 2020, Wiley.
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motions of a ribbon-like MOF film through cyclic swelling and
shrinking. Rogóż et al. (2016) fabricated LCE soft robots capable of
photo-driven actuation shown in Figure 6D. Light can also generate
secondary effects like photothermal responses (Terzopoulou et al.,
2020).

In addition to individual approaches, hybrid actuation combines
multiple integrated mechanisms for enhanced versatility (Kim D.-I.
et al., 2020; Hu et al., 2022). Zhang et al. (2021) demonstrated active
steering of tendon-magnetically driven soft continuum robots
through tendon actuation in a vascular model shown in
Figure 6E. For example, Laschi et al. (2012) coupled tendons
with SMA to achieve both longitudinal and lateral driving in a
robotic arm. Yuan et al. (2020) created Janus micromotors with two
dimensional (2D) nanomaterial coatings responsive to chemical
fuels, light, and magnetism. Selective coating of the hemispherical
motors enabled a bubble propulsion engine powered by catalytic
nanoparticles, a magnetic engine propelled by iron oxides, and an
optical engine driven by quantum dot illumination. Such
multifunctional hybrid systems overcome limitations of
individual actuation modes for more robust soft robotic control.

4.2 Localization and tracking

Unlike ex vivo settings, determining soft robot position and
orientation is critical for in vivo targeting and navigation. Currently
pursued medical imaging modalities for soft robot localization
include FI (Luo et al., 2016; Singh et al., 2017), MRI (Böll et al.,
2019), US (Wang and Zhang, 2020), and CT (Masamune et al.,
2001). Each approach has tradeoffs in factors like resolution, field-
of-view, accessibility, and compatibility with soft materials that
guide appropriate matching to the clinical application. For
instance, while MRI provides excellent soft tissue contrast, the
magnetic fields may interfere with soft robots incorporating
ferromagnetic components.

FI provides high detection sensitivity for tracking soft robots
labeled with appropriate fluorescent markers. It allows real-time
monitoring of dynamic changes in target substances (Singh et al.,
2017) and facilitates the acquisition of multi-channel image
information by simultaneously utilizing multiple fluorescence
dyes with different excitation wavelengths and emission filters.
However, the presence of intrinsic fluorescence can interfere with
the fluorescence signal of the target substance. Similarly, the imaging
capability in deep tissues is constrained by attenuation and
scattering, and heavily relies on the efficiency and specificity of
fluorescence dye selection and labeling. Servant et al. (2015)
monitored magnetic navigation of microswimmers using near-
infrared probes (NIR-797) dye-labeled artificial bacterial flagella
(ABFs). FI is a versatile localization modality, but optimal dye
selection and tissue depth constraints warrant consideration.

MRI is a technique that utilizes magnetic fields and radio waves
to generate images of the internal tissues of the human body. Its
greatest advantage lies in the absence of ionizing radiation,
eliminating the risk of radiation-induced harm to the human
body. Additionally, MRI exhibits high tissue contrast, enabling
clear visualization of soft tissue structures, facilitating disease
diagnosis and anatomical observations. Moreover, MRI can
generate multi-planar images to provide comprehensive

anatomical information. However, there are limitations due to
the underlying imaging principles. Patients with implanted
cardiac pacemakers, for example, are unable to undergo MRI
scans, and the presence of other metallic implants may result in
thermal injuries or adverse reactions. Furthermore, the high cost of
MRI equipment and the need for specialized personnel for
maintenance and operation restrict its widespread availability.
Additionally, MRI scans are time-consuming, making long-
duration procedures challenging to undertake. MRI was utilized
to track porous iron-based MOF nanocarriers as integrated
theranostic drug delivery systems (Böll et al., 2019).

US imaging employs the propagation and reflection
characteristics of US waves to generate images of internal tissues
in the human body. After being generated by an US transducer, US
waves propagate through the tissue via a conductive medium,
undergoing refraction, scattering, and absorption. Due to
inconsistencies in the reflection of sound waves at different tissue
structures and interfaces, images can be generated based on the
reflected waves captured by the receiver (Boda-Heggemann et al.,
2008). It allows high frame-rate, real-time imaging at relatively low
cost without radiation, accurately capturing morphology and
positional information of soft robots, making it well-suited for
clinical applications. Recently, de Oliveira et al. (2022) proposed
and validated a magnetically controlled bioinspired soft robot
system based on US tracking and closed-loop control. Camera
and US feedback enabled motion planning and control with
small tracking errors. Wang et al. (2020) utilized US imaging to
guide magnetic nanoparticles and tPA to blood clots and induce
deformation for optimal thrombolysis, thus achieving thrombolytic
therapy. Thus, US imaging is a versatile, accessible option for soft
robot localization.

CT scanning offers rapid image acquisition, generating images
within a few seconds. It is well-suited for emergency situations and
urgent assessments, providing high resolution to visualize
anatomical details and abnormalities. CT can generate multi-
planar images, offering comprehensive anatomical information
and is applicable to various body regions for diagnosing diseases
and injuries. However, due to the use of X-rays in CT scanning,
exposure to radiation increases the patient’s radiation dose.
Consequently, frequent CT scans are not advisable, and it is
contraindicated for pregnant women or patients with allergies to
contrast agents. Shahriari et al. (2017) developed a CT-compatible
remotely actuated needle-guiding robot that fuses CT and
electromagnetic sensor data for needle tip localization and
steering, enabling targeting of >5 mm lung nodules to reduce
complications. While advantageous for anatomical delineation,
judicious use of CT is warranted given radiation concerns.

5 Challenges and prospects

Soft robots, as an emerging robotic technology, hold vast
promise for medical applications due to their flexible and
compliant nature. Compared to conventional rigid robots, soft
robots have gained preliminary usage in surgical assistance,
targeted drug delivery, rehabilitation training and demonstrated
great potential by virtue of their biomimetic properties. In order to
optimize the clinical implementation of soft robots, they still face
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challenges related to the biocompatibility and degradability of
materials, the extension of biomimetic approaches, and modeling.

The biocompatibility of soft robots is primarily influenced by the
materials and components used in their construction. There are two
common strategies in this regard. The first involves constructing the
entire soft robot using materials that exhibit high biocompatibility.
The second is creating an external “shell” that encapsulates materials
and components with lower biocompatibility. For instance, this can
be achieved by sputtering a layer of “biometal” titanium on the
robot’s surface (Li N. et al., 2018), or by encapsulating the entire
robot with hydrogels (Nasseri et al., 2023), PDMS (Niu et al., 2022),
chitosan (Niu et al., 2017), etc. Furthermore, if the operational
duration of the robot is brief and it can be degraded or expelled from
the body afterwards, the requirements for biocompatibility can be
moderately reduced. An example of this is the magnetically
controlled capsule endoscope, which can be expelled from the
body after completing its diagnostic function (Hua et al., 2022).

Most biological materials degrade over time, thus medical
devices designed for temporary interventions should have
degradable, integrative, or minimally disruptive clearance
capabilities after completing specific tasks. Biodegradable robots
that can be metabolized in vivo or ex vivo can serve as transient
diagnostic and therapeutic tools to minimize harm to the body.
Currently, aliphatic polyesters including poly(lactic-co-glycolic
acid) (PLGA), poly(L-lactic acid) (PLLA), poly(D,L-lactic acid)
(PDLLA), and poly(caprolactone) (PCL) are popular due to their
biocompatibility and hydrolytic degradability. Furthermore,
introducing bio-cleavable bonds into hydrogel structures enables
degradable soft robotics using composite matrix precursor
polymerization or helical microstructures from hydrogels.
PEGDA and GelMA can serve as hydrogel precursors.
Additionally, naturally-derived alginate and chitosan are useful
for degradable robots. Compared to conventional approaches,
biodegradable robots can enable cheaper, safer, and more
efficient surgeries (Llacer-Wintle et al., 2021). Goudu et al.
(2020) developed fully degradable soft millimetric robots with
encoded 3D magnetic anisotropy for static and dynamic shape
control. As a proof of concept, reversible deformations were
demonstrated in hydrogel millimetric grippers in glycerol and
biologically-relevant media. The grippers executed cargo
grabbing, rolling transport, and release through magnetic field
modulation. Complete degradation of the grippers by MMP-2
was achieved at physiologically-relevant concentrations.
Additionally, biocompatibility testing of the degradation products
using human umbilical vein endothelial cells showed no acute
toxicity.

As natural systems have evolved over billions of years, bio-
inspired designs can be leveraged to enhance soft robotics. By
mimicking the structures, morphologies, functions, and processes
of biological organisms, the stability, adaptability, and capabilities of
soft robots can be improved. Through biomimetic designs of
structure and form, soft robots can achieve increased robustness
and adaptability to complex environments. Functional biomimesis,
such as replicating locomotion, sensing, and control schemes from
nature, can enable more efficient energy conversion, flexible
movements, and intelligent control. By studying biological self-
assembly and self-healing, soft robots can possess desirable
resilience and self-repairing abilities. The applications of bionics

in soft robotics extend beyond morphological designs to algorithmic
control as well, for example, through ant colony optimization, neural
networks, and other bio-inspired control schemes to augment the
autonomous mobility and adaptability of soft robots (Wang and
Chortos, 2022).

When soft robots are utilized for biomedical applications,
accurate modeling is highly desired to minimize adverse impacts
on the human body. However, unlike traditional robots made of
rigid components, soft robots employ materials that often exhibit
nonlinear characteristics such as viscoelasticity, large strains, or
deformations, making kinematic and dynamic modeling
extremely challenging. Moreover, soft robots possess near infinite
degrees of freedom, necessitating novel control approaches tailored
for soft robots. Currently, finite element analysis (FEA) can provide
relatively precise models. To further enhance control accuracy of
soft robot motion, future work may integrate deep learning artificial
intelligence (AI) to optimize modeling and control from large
datasets, while developing more sophisticated sensors for
feedback of soft robot states to enable more precise closed-loop
control. In summary, precise modeling and control of soft robot
dynamics and interactions remain open challenges vital for
advancing biomedical applications of soft robotics. Advanced
numerical methods, data-driven modeling, AI-enabled control
algorithms, and real-time state feedback through innovative
sensory solutions will likely play key roles in realizing the
immense promise of soft robots to safely augment human
capabilities and improve wellbeing.

6 Conclusion

This review has provided a comprehensive overview of recent
advancements in soft robotics for biomedical applications.
Significant progress has been made in in vitro and in vivo
contexts owing to the unique capabilities of soft robots including
flexibility, biocompatibility, adaptability, and miniaturization. For
in vitro applications, soft robots show potential for cell culture
engineering, surgical assistance, drug screening, and wearable
assistive devices. In vivo, they enable minimally invasive
diagnosis, targeted drug delivery, biopsy sampling, and catheter
interventions by safely navigating the body.

Several key aspects were highlighted that are propelling soft
robot development. Intelligent stimuli-responsive materials and
bioinspired designs are enhancing functionality while ensuring
biocompatibility. Rapid manufacturing techniques like 3D
printing facilitate iterative prototyping and customization.
Untethered propulsion methods utilizing chemical fuels,
biological motility, or external wireless actuation overcome
previous constraints, expanding the range of accessible sites.
Precision navigation and localization are enabled by tracking
modalities like FI and US imaging. Algorithmic control further
augments soft robotic capabilities.

While still an emerging field, soft robotics holds immense clinical
promise. With continuing advances in materials, manufacturing,
propulsion, and localization, soft robots are poised to revolutionize
minimally invasive diagnosis and therapies. Areas warranting further
research include biocompatibility, biomimetic designs, degradability,
and on-board power supplies. Seamless integration with medical
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imaging for localization and control also remains an open challenge.
As these capabilities mature, soft robotics could enable the next-
generation of intelligent diagnostic and therapeutic technologies to
improve patient outcomes.
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Using micro/nanorobots (MNRs) for targeted therapy within the human body is
an emerging research direction in biomedical science. These nanoscale to
microscale miniature robots possess specificity and precision that are lacking
in most traditional treatment modalities. Currently, research on electrically
controlled micro/nanorobots is still in its early stages, with researchers
primarily focusing on the fabrication and manipulation of these robots
to meet complex clinical demands. This review aims to compare
the fabrication, powering, and locomotion of various electrically controlled
micro/nanorobots, and explore their advantages, disadvantages, and potential
applications.

KEYWORDS

electrically-controlled MNRs, MNRs, application, fabrication, Janus 1

1 Introduction

Micro/nanomotors (MNRs), characterized by their small size and precise control
capabilities, represent a class of intelligent robots operating in the micro- and nanoscale
dimensions. These robots possess the ability to navigate freely within the microscopic
world and harness external environmental energy for propulsion and manipulation
(Feng et al., 2023). As a result, MNRs have found extensive applications in the field of
modern medicine, including targeted drug delivery, precision healthcare, biosensing,
and waste removal (Vujacic Nikezic and Grbovic Novakovic, 2022; Zhou et al., 2022).
Current research endeavors predominantly focus on magnetic (Diller et al., 2013; Peyer
et al., 2013; Servant et al., 2015; Li et al., 2019; Xie et al., 2019; Fang et al., 2023), optical
(Wang J. et al., 2019; Dai et al., 2022; Wang et al., 2023), acoustic (Abbas et al., 2020; Das
et al., 2022; Wu et al., 2023), thermal (Tu et al., 2017), and biohybrid MNRs (Park et al.,
2013; Han et al., 2016; Wang X. et al., 2019; Magdanz et al., 2021; Song et al., 2022).
In contrast, studies pertaining to electro-controlled MNRs remain limited, considering
the intricate balance between fabrication complexity, cost-effectiveness, feasibility of
energy supply, and existing clinical demands. From a technological standpoint, the
materials employed in electro-controlled MNRs are often constrained by the limitations
imposed by their motion mechanisms, necessitating a certain level of conductivity or
charge-carrying capability. Consequently, the development of novel materials for
electro-controlled MNRs is hindered (Demirörs et al., 2018). In terms of energy
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supply, the storage and transmission of energy at the micro- and
nanoscale are inherently limited, thus rendering electro-
controlled MNRs reliant on external power sources or wireless
energy transfer for their energy needs. This complexity and
dependence on external sources impose significant constraints
on the feasibility of electro-controlled MNRs in practical
applications (Fath et al., 2022).

However, compared to other MNRs, electro-controlled MNRs
still possess several advantages. Firstly, electric fields offer high
energy efficiency and a wide range of modulation, enabling
efficient propulsion of MNRs at extremely low voltages while
exhibiting different motion capabilities and patterns at various
voltage levels (Kim et al., 2017; Shen et al., 2020; Lee et al., 2021).
Secondly, electro-controlled MNRs can alter their shape and
mechanical properties through the adjustment of electric fields,
allowing adaptation to diverse application requirements (Jang
et al., 2021; Liu et al., 2021; Zheng et al., 2022). Moreover, in
drug delivery, electro-controlled MNRs offer unique advantages.
As carriers, they not only achieve precise motion but also enable
precise drug release through external electric fields, facilitating
ideal drug administration. This review summarizes the fabrication,
energy supply, and motion mechanisms of electro-controlled
MNRs, compares their relative advantages, and emphasizes the
need for further research in terms of biocompatibility and
propulsion. By evaluating existing studies, the review provides
insights into the future clinical applications of electro-
controlled MNRs (Figure 1).

2 Fabrication of electro-
controlled MNRS

The primary challenge in the fabrication of micro-motors lies in
achieving robust locomotion of robots in low Reynolds number
fluids, such as blood, at the nanoscale (Zheng L. et al., 2023). In such
fluids, inertial forces are exceedingly small, while MNRs often
require precise control, necessitating continuous power input
(Wang, 2009; Soto et al., 2020). Furthermore, conventional fuels
like chemical propellants are typically biologically harmful (Lv et al.,
2023), prompting biomedical researchers to demand more
compatible propulsion methods. In addition to these
considerations, researchers must also address cost and fabrication
complexity to meet the growing practical demands of clinical
applications.

During the fabrication process of MNRs, several factors
significantly influence the design. i) Energy sources for MNRs:
These robots can be broadly categorized into externally propelled
and self-propelled types. For externally propelled MNRs, precise
control of the external field on the robot particles is crucial,
encompassing both collective and individual configurations
(Zheng L. et al., 2023). The external field can also serve as a
means of recharging the robots, for instance, through wireless
charging techniques (Kim et al., 2017). Conversely, self-propelled
MNRs often rely on chemical and biological energy sources, with
common catalytic media including light (Dong et al., 2018; He et al.,
2021), electricity (Seh et al., 2017; Suen et al., 2017), and chemical

FIGURE 1
A Review strategy.
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environments (Lyu et al., 2021). Consequently, the fabrication
process must consider not only the MNRs themselves but also
the design of their accompanying external fields. ii) Modes of
motion for MNRs: In addition to conventional field-guided
motion, MNRs can exhibit a diverse range of motion patterns
based on their design. Under external field stimulation, these
robots can achieve rotation, translation, and helical propulsion,
among other modes (Lee et al., 2023). For electro-controlled self-
propelled MNRs, specific motion behaviors can be achieved through
the design of structures such as Janus particles, which exploit distinct
hemisphere configurations (Shen et al., 2020). Additionally,
biomimetic structures, including flagella-like structures (Ma et al.,
2012), sperm-like structures (Celi et al., 2021; Mayorga-Martinez
et al., 2021), and cilia-like structures (WangW. et al., 2022), offer the
ability to facilitate flexible forward and backward motion and
directional changes. In the context of electro-controlled MNRs,
careful consideration must also be given to the manipulation
methods, such as the selection between alternating and direct
current fields, as well as the design of microfluidic chips.

Currently, common methods for the fabrication of MNRs
include Photolithography (Iacovacci et al., 2019; Mu et al., 2021),
Template-guided electrodeposition (Ji et al., 2021; Li et al., 2021; Lu
et al., 2022), Additive manufacturing (Otuka et al., 2014; Li and
Pumera, 2021; Liu et al., 2022), and Glancing angle deposition
(Cohen and Walt, 2019; Ghosh and Ghosh, 2020; Dasgupta et al.,
2022). Photolithography involves the use of photosensitive materials
and a photomask. The light emitted by a photolithography machine
passes through the patterned mask and exposes a thin film coated
with photoresist. The photoresist undergoes a change in properties
upon exposure, allowing the pattern from the mask to be replicated
onto the film, resulting in the formation of corresponding
protruding structures (del Barrio and Sánchez-Somolinos, 2019).
Template-guided electrodeposition utilizes electric current to reduce
metal ions (or conductive polymers) onto the surface of an electrode
covered with a porous membrane (Medina-Sánchez et al., 2018). In
this process, adjusting the pore size of the membrane enables control
over the size of the robot, and the porous membrane can be dissolved
after fabrication to release the robot. Currently, there are five main
additive manufacturing (also known as 3D printing) techniques
used for the fabrication of MNRs: Direct laser writing (DLW),
Stereolithography, Microscale continuous optical printing, Inkjet
printing, and PolyJet (Zheng L. et al., 2023). Glancing angle
deposition is a novel thin film deposition technique that involves
controlling the tilt and rotation of the substrate to obtain
nanostructured porous films different from traditional dense
films. With the assistance of a rotating substrate, it is possible to
achieve nanopores with various diameters and shapes (Wang Z.
et al., 2022).

The fabrication of electrically controlled MNRs primarily
focuses on the preparation of Janus particles. Given material
constraints, common techniques for fabricating electrically
controlled Janus particles include electron beam deposition
(Demirörs et al., 2018; Zhang et al., 2019). Demirörs et al.
Demirörs et al. (2018) used 4.64 μm diameter silica particles to
prepare sub-monolayer structures. They coated a suspension of
these particles onto a glass substrate and formed a sub-
monolayer after drying. Subsequently, they employed the Plassys
II (Plassys Bestek) electron beam deposition technique to vertically

deposit a 15 nm thick layer of platinum onto the sub-monolayer.
The researchers then subjected the samples to ultrasonication in
deionized water to collect the particles, which were subsequently
collected by centrifugal concentration. Similarly, by depositing a
15 nm nickel layer and a 15 nm platinum layer onto a dried colloidal
sub-monolayer, Janus particles with magnetic responsiveness can be
prepared. Similarly, Zhang et al. Zhang et al. (2019) used drop
casting to prepare 3 nm single-layer SiO2, which was then
suspended in 20 μL of ethanol and dispersed by ultrasonication
(Figure 2B). After drying, a 50 nm titanium film was deposited onto
the silica microspheres using electron beam deposition, followed by
ultrasonic collection. Building upon these fabrication methods, Lee
et al. (2019) employed glancing angle deposition to deposit size- and
shape-tunable 10 nm chromium and 30 nm gold onto polystyrene
microspheres at small angles of 0° < φ < 20° (Figures 2A, 3B). These
nearly symmetric mirror-like triangular structures endowed the
particles with unique motion capabilities and trajectories.

For electrically controlled MNRs in forms other than Janus
particles, electron beam deposition and photolithography techniques
are also commonly used for their fabrication. Fennimore et al.
Fennimore et al. (2003), for example, used photolithography to
attach multiwalled carbon nanotubes with 10 nm chromium and
90 nm gold, creating rotatable nanoscale motors.

Overall, the fabrication of electro-controlled MNRS does not
differ significantly from other types of micro- and nanomotors.
Rather, the fabrication of electro-controlled MNRS tends to be
relatively limited due to the constraints of material properties
(Figure 2C). MNRs driven by electric fields require materials
with good conductivity, while electrically controlled MNRs based
on Janus particles require specific electrically responsive materials.
However, research on conventional polymers and metals for these
applications is relatively mature. Currently, research on the
fabrication of electro-controlled MNRS should focus on two
directions: i) Optimizing existing fabrication methods and
material performance to achieve the production of conventional
robots through lower cost and lower complexity approaches. ii)
Integrating MNRs with biological structures to create artificial
muscles, bio-hybrid electrically responsive robots, and so on, and
conducting in-depth research on biocompatibility and autonomous
locomotion.

3 Energy acquisition of electro-
controlled MNRS

The energy for electro-controlled MNRS primarily originates
from external electric fields and self-propulsion (Wang and Zhang,
2021). Electro-controlled MNRS powered by external electric fields
can be categorized into two types: i) Direct external field-driven
motors (Kim et al., 2017; Lee et al., 2019; Zhang et al., 2019; Shen
et al., 2020; Demirörs et al., 2021; Zheng Y. et al., 2023; Haque et al.,
2023). This method of energy supply is the most prevalent and offers
advantages such as simplicity, contactless operation, and minimal
waste generation. ii) External field-powered motors (Guanying et al.,
2007; Lv et al., 2022). This non-contact power supply mode avoids the
need for intricate wiring connections and finds promising applications
in human environments. Once charged, thesemicro- and nanomotors
acquire the ability for autonomous motion within a certain time
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frame, enabling them to performmore precisemovements in complex
environments. Self-propelled electro-controlledMNRS primarily exist
in the form of electrochemical Janus particles (Nie et al., 2018; Lee
et al., 2021; Liu et al., 2021; Yang et al., 2022; Liao et al., 2023), which
will be discussed further in subsequent sections.

3.1 Electrically controlled MNRs operated by
direct external fields

To respond to external electric fields, electric field-driven MNRs
require materials that possess inherent conductivity. Two types of
electric fields, alternating current (AC) and direct current (DC) can
be employed for remote control of MNRs’ propulsion. Common
propulsion mechanisms include electrostatic tweezers (Fan et al.,
2011), induced charge electrophoresis (ICEP) (Gangwal et al., 2008),
electrophoretic flow (Calvo-Marzal et al., 2010), electrohydrodynamic
flow (EHD) (Ma et al., 2015), and self-electrophoresis (sDEP)
(Boymelgreen et al., 2016).

3.1.1 MNRs manipulated by electrostatic tweezers
Electrostatic tweezers are a technique that employs an

alternating electric field applied to patterned electrodes to
manipulate suspended nanoparticles. This technique allows for
controlled rotation, positioning, and cargo release of nanowires,
among other functionalities (Fan et al., 2011). Xu et al. Xu et al.
(2015) demonstrated the polarization effect of electrostatic tweezers
on a specific type of micro- and nanorobot composed of plasma-
sensitive nanorods as rotors, patterned nanomagnets as bearings,
and microelectrodes as stators (Figure 3A). They systematically
validated the polarization effect of electrostatic tweezers on this
type of micro- and nanorobot, which can be utilized to modulate the
release rate of biochemical substances on the surface of
nanoparticles, demonstrating its potential for drug loading and
release applications. Furthermore, the alternating magnetic field
required for electrostatic tweezers can also be generated under
optical induction. Zhang et al. (2022) provided a detailed
overview of the working mechanism and experimental setup
of optoelectronic tweezers, along with its applications in non-

FIGURE 2
(A) A schematic ofmetal (Au) deposition using glancing angle deposition onto a substrate coatedwith amonolayer of polystyrene (PS)microspheres.
The arrows indicate the direction of incident metal vapors (Lee et al., 2019). 2019, The Author (s). (B) Schematic of a SiO2–Ti particle undergoing induced
charge electrophoresis (IECP) (Zhang et al., 2019). 2019 American Chemical Society. (C) Schematic diagram of the steps involved in the preparation of
microtubules by template-assisted electrodeposition (Li et al., 2021). 2021 The Authors. Published by Wiley-VCH GmbH.
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biological and biological fields, indicating the future directions of
electrostatic tweezers.

3.1.2 MNRs manipulated by electrophoretic flow
Another method for manipulating MNRs using an AC electric

field is electrophoretic flow. Electrophoretic flow is the fluid motion
induced by applying a voltage across porous media, microchannels,
and other fluidic conduits, relying on the generated dipole moment
(Alizadeh et al., 2021). The advantages of electrophoretic driving
include a simple system architecture, ease of operation, and a planar
flow profile. However, electrophoretic driving is susceptible to factors
such as applied electric field strength, channel surface, microfluidic
properties, and heat transfer efficiency, resulting in relatively poor
stability. Additionally, this driving mechanism is only applicable to
electrolyte solutions, limiting its range of applications. Calvo-Marzal
et al. (2010) utilized an AC electric field to drive PPy-Cd/CdSe-Au-
CdSe hybrid fuel-free semiconductor diode nanowires based on the
electrophoretic flow mechanism, enabling motion along the direction
parallel to the electric field axis. This structure can easily attach drugs,
biosensing structures, and other entities, making it promising for
biomedical applications.

3.1.3 MNRs manipulated by
electrohydrodynamic flow

By applying a high voltage between two electrodes, an electric
field is formed in an electrolyte solution. When the applied voltage
exceeds a certain threshold, corona discharge occurs, causing ions
of the same polarity as the electrode to move towards the
other electrode, creating space charges. The resulting current
induces Coulombic forces between the ions, leading to
electrohydrodynamic flow (Peng et al., 2023). Ni et al. (2017)
employed sequential capillary-assisted particle assembly (sCAPA)
to connect microspheres of different materials into defined-
shaped mixed clusters, referred to as “colloidal molecules.”
These clusters can actively translate, circulate, and rotate under
the driving force of asymmetric electrohydrodynamic flow.
Clustered particles possess motion characteristics and cargo-
loading capabilities that individual nanoparticles lack, making
them advantageous for targeted drug delivery.

Comparing electrophoretic flow and electrohydrodynamic
flow, both involve electrokinetic phenomena that induce fluid
motion through an applied electric potential. Electrophoretic
flow offers high efficiency, controllability, low diffusion, and

FIGURE 3
(A) Nanomotors accomplish rotation and drug release due to polarisation in the presence of electric tweezers (Xu et al., 2015). 2015 WILEY-VCH
Verlag GmbH andCo. KGaA,Weinheim (B)Under an alternating electric field, particles exhibit helicalmotion and undergo chiral turnover (Lee et al., 2019).
2019, The Author (s) (C) Under concentration polarisation electrophoresis (CPEP), Janus particles move along predetermined orbits (Katzmeier and
Simmel, 2023). 2023, The Author (s).
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simple devices but has relatively low flow velocities, sensitivity
to interfering charges, and complex control requirements
(Slater et al., 2010). On the other hand, electrohydrodynamic
flow can enhance mixing at the microscale and has the potential
for electrochemical-driven self-propulsion, but its research is
still in its early stages, and control techniques are lacking.
Further research is needed to address the limitations and
explore the full potential of electrohydrodynamic flow.

3.1.4 MNRs manipulated by induced charge
electrophoresis

Induced charge electrophoresis (ICEP) is a special nonlinear
electrokinetic phenomenon (Gangwal et al., 2008). Generally, in a
non-uniform alternating current field, net electrostatic forces induce
particle motion, a phenomenon known as dielectrophoresis.
Building upon this, Murtsovkin, (1996) discovered that the
polarization of the ion double layer can also cause nonlinear
electro-osmotic flow at low frequencies (kHz). Based on this,
Bazant and Squires, (2004) introduced the term induced charge
electrophoresis to describe the collective motion resulting from the
action of an externally applied electric field on the self-induced
diffusive charges near a polarizable surface.

Unlike electrophoretic flow, ICEP is a driving method
commonly used for Janus particles. The direction of particle
motion is perpendicular to the field direction. This is because, in
an electric field, the metal hemisphere of a Janus particle
polarizes more strongly than the dielectric hemisphere,
resulting in a higher electro-osmotic strength on the metal
side. Lee et al. Lee et al. (2023) applied an external alternating
electric field to a cluster of Janus particles and demonstrated the
diverse motion modes generated by ICEP, showcasing its
rich potential.

This manipulation method of MNRs distinguishes itself
from electrophoretic flow and electrohydrodynamic flow by
directly acting on the particles themselves, with the particle
motion direction typically different from the electric field lines
(Figure 3C). Compared to traditional electrophoresis, this
electrophoresis mode has more limited applications but
provides higher precision, making it highly valuable in the
field of electrically controlled microactuators.

3.2 MNRs manipulated by
electrohydrodynamic flow

With the increasing demand for painless diagnosis, high security,
and accurate detection, wirelessly powered MNRs have become a hot
research area (Gao C. et al., 2021). Guanying et al. (2007) proposed an
inductively coupled wireless power transfer system employing two
coils. The coupling coefficient between these coils wasmeasured based
on axial, transversal, and spacing deviations. By selecting suitable
tuning capacitors and transmission frequencies, the researchers
derived and optimized the power transfer efficiency. Compared to
the parallel resonant circuit topology, the series resonant circuit (SRC)
demonstrated greater adaptability on the receiving end. To address
the uncertainty in the direction of the receiving coil, the researchers
also proposed and studied a multi-coil receiving structure.
Experimental results showed that when the receiving coil was

positioned at the center of the transmitting coil, the system could
stably receive up to 170 mWof direct current power with an efficiency
of 1.3%, meeting the power requirements of certain microsystems.
Although researchers have made significant progress in miniaturizing
the structure, the design and fabrication of nanoscale wirelessly
powered robots remain relatively unexplored territory.

3.3 MNRs manipulated by other methods

In addition to external field powering, converting other forms of
energy into electricity is also a commonmethod of energy supply for
MNRs. Fan et al. introduced the concept of Triboelectric
Nanogenerators (TENG) in 2012, which can directly convert
mechanical energy from our daily activities into electricity and
has found extensive applications in engineering (Zhong et al.,
2013; Wang et al., 2017). TENG exhibits high output voltage and
low output current characteristics. The short-circuit current is
typically in the milliampere or microampere range, while the
open-circuit voltage can reach several kilovolts (Lee et al., 2015;
Seung et al., 2015). Lv et al. (2022) designed a TENG that can be
driven by ultra-weak mechanical stimuli. The study found that by
adjusting the driving frequency, separation distance, and motion
amplitude, a maximum energy conversion efficiency of 73.6% and
an energy output of 48 pJ can be achieved. This work holds
significant importance in expanding the applications of TENG in
the field of biomicrorobotics. Furthermore, Nie et al. (2018)
combined TENG with electrowetting techniques to achieve self-
powered manipulation of microfluidics. They developed a miniature
car with four droplets as wheels, limiting its volume to tens of
nanoliters, and accomplished precise stepping motion and
cargo loading.

Moreover, the idea of converting mechanical energy into
electricity can potentially be integrated with other micro/
nanorobot designs. Lee et al. (2021) designed a nanobiological
supercapacitor (nBSC) catalyzed by redox reactions, which has a
volume of only 1 nL and operates at high potentials ranging from 1V
to 1.6V. To withstand the pressure and temperature variations in
blood flow, the research team utilized a planar structure that self-
assembles into a compact three-dimensional tubular geometry.
Combining this tubular structure with energy conversion systems
like TENG may potentially enable the development of MNRs with
high energy storage capacity and continuous motion/supply.

Bubble propulsion is an important mode of propulsion in liquid
environments. In electrochemistry, there are various methods to
generate a large number of bubbles, which provides an exciting
theoretical basis for the integration of electrically controlled micro/
nanorobots with bubble propulsion. Zhan et al. (2023) have
developed a photopyroelectric slippery surface (PESS) based on
the photopolymerization-electric effect to achieve versatile
manipulation of bubbles. Under near-infrared light irradiation,
the PESS generates dielectric wetting and nonuniform electric
fields, resulting in the simultaneous application of the Laplace
force and dielectrophoresis force on the bubbles, enabling high-
speed movement. These bubbles can be efficiently and precisely
guided along arbitrarily designed paths, covering a wide range of
volumes. More importantly, PESS allows for the splitting, merging,
and detachment of underwater bubbles, offering a promising
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approach for selective chemical reactions, self-assembly, and cargo
transportation.

4 Motion modes of electrically
controlled MNRs

As mentioned earlier, electrically controlled MNRs generally
move under the influence of electric fields or electric field-induced
fluid flow. This mode of motion typically relies on the direction and
strength of the electric field, making the motion of MNRs
predictable and highly controllable (Yang et al., 2020; Wang
et al., 2021). In addition to linear and curved motion, common
motion modes include rotation, vibration, and spiral movement.
Individual MNRs often exhibit limited motion states, such as linear
motion or controllable motion under orbital confinement. Brooks
et al. achieved the spiral motion of spherical colloids with low-
symmetry metal patches in an alternating current electric field (Lee
et al., 2019). However, when MNRs move collectively, they can
demonstrate a wider range of motion patterns. Lee et al. (2023)
utilized asymmetric Janus particle clusters to achieve five different
states of motion: translation, rotation, butterfly pattern, spiral, and
orbital motion. This enables electrically controlled MNRs to have
enhanced motion capabilities in complex three-dimensional
environments.

In different modes of motion, electrochemically-controlled
micro/nano robots can adapt to different environments to
demonstrate multitasking capabilities. Here are some basic
motion modes and their application: i) Rolling: Electrically
controlled MNRs that can roll have potential applications in
targeted drug delivery within the bloodstream. Their rolling
motion enables them to navigate through blood vessels, reaching
specific target sites for drug release. ii) Swimming: MNRs capable of
swimming can be used for tasks such as clearing clogged arteries or
delivering therapeutic agents to specific organs or tissues. Their
swimming motion allows them to propel through fluids, facilitating
navigation within the body. Some special swimming pattern like
spiral render them ability to navigate complex environments such as
vascular networks and tumor microenvironments. iii) Crawling:
MNRs with crawling capabilities can be employed for tasks like
tissue exploration or wound healing. Their crawling motion enables
them to navigate through intricate structures, such as the digestive
tract or damaged tissue, for diagnostic or therapeutic purposes.

5 Applications of electrically
controlled MNRs

5.1 Overall application scenarios of
electrically controlled MNRs

Electrically controlled MNRs have made significant
advancements in design and fabrication. Compared to other
manipulation methods, the major advantage of electrically
controlled MNRs is their low cost and non-contact manipulation
capability (Wang et al., 2021). Although magnetically controlled
MNRs possess similar properties, they fall slightly behind in terms of
manipulation ability, precision, and real-time responsiveness (Han

et al., 2018; Wang et al., 2021). MNRs with conductive or
semiconductive properties can be precisely controlled and exhibit
multidirectional movement or rotation in three-dimensional space
through changes in external electric fields (Fan et al., 2005; Guo
et al., 2018; Han et al., 2018). Kim et al. (2014) designed an ordered
array of nanoscale motors through bottom-up assembly, where
nanowires act as rotors, patterned nanomagnets serve as
bearings, and quadrupole microelectrodes function as stators.
Under the influence of an electric field, the nanomotor array can
perform chiral rotations with controllable angles and speeds
(exceeding 18,000 r.p.m.). This research demonstrates the
significant implications for nanoelectromechanical systems,
nanomedicine, microfluidics, and on-chip laboratory
architectures. However, the application of electrically controlled
MNRs is still limited in the human body, especially in complex
environments such as the bloodstream, due to the rapid decay of
electric fields with distance and their instability in high-particle
environments (Wang and Gao, 2012). Currently, mainstream
research suggests that electrically controlled MNRs have a unique
advantage in size control. Due to dielectrophoretic forces, electric
fields can achieve precise control at the microscale (Velev et al., 2003;
Han et al., 2018), whereas the size of magnetically controlled MNRs
is typically limited by magnetic materials (Gao Y. et al., 2021). It can
be expected that, once the challenges of interference resistance and
sustained operation of electrically controlled MNRs are addressed,
they will demonstrate promising performance in targeted tumor
therapy, drug delivery, nucleic acid biomarker detection,
diagnostics, sensing, microsurgery, blood clot ablation, and
wound healing.

On the other hand, research on MNRs propelled by
electrochemical reactions has reached relatively mature stages.
The electrochemical reactions occurring in asymmetric particles
provide a strong theoretical foundation for self-propelled electrically
controlled MNRs (Paxton et al., 2004; Paxton et al., 2005; Wang
et al., 2013). The electrochemical and fluidic properties resulting
from redox reactions (Luo et al., 2019) enable MNRs with
electrochemical capabilities to exhibit good performance in self-
propulsion and sustained propulsion (Paxton et al., 2005; Calvo-
Marzal et al., 2010; Kümmel et al., 2013; Dai et al., 2016). Sun et al.
(2023) combined MNRs with nano-catalytic medicine to achieve
deep tumor penetration induced by self-propulsion and catalytic
reaction-triggered tumor therapy in vivo (Figures 4A, C). They
utilized self-propelled Janus nano-catalytic robots (JNCR) guided
by magnetic resonance imaging (MRI) for enhanced tumor
treatment inside the body. JNCR exhibited active mobility in the
H2O2 solution. Compared to passive nanoparticles, these self-
propelled JNCRs could penetrate deeper into tumors after
intratumoral injection, thereby improving tumor treatment
efficacy. These robots demonstrated biocompatibility in mouse
models and hold the potential for integrating MNRs with nano-
catalytic medicine, thereby improving tumor therapy and achieving
clinical translation. However, H2O2 exhibits certain biological
toxicity in the body (Wang et al., 2021), and further exploration
is needed for the in vivo application of related electro-catalytic-
driven microelectric motors. Conversely, non-contact electric fields
have a greater advantage in terms of safety. Chen et al. (2014)
proposed a wireless-powered microrobot based on an Archimedean
spiral, which possesses a highly integrated active motion module.
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The researchers fabricated and tested a prototype for wireless
capsule endoscopy (WCE) using radiofrequency-based power
transfer. Through design modifications, a cylindrical ferrite core
was added to the receiving coil array, significantly improving the
coupling efficiency (up to 12%). Such designs can also achieve
functionalities such as targeted propulsion and integration with
imaging techniques, while significantly enhancing safety.

5.2 Applications of Janus particles in
electrically controlled MNRs

Janus particles with distinct dielectric properties have emerged
as a highly promising choice for electrically controlled MNRs. These
particles possess induced charges and an asymmetric distribution of

electric dipole s (Demirörs et al., 2018), enabling their propulsion
and manipulation through ICEP (Lee et al., 2023), Lee et al. (2023)
discovered that magnetic locking assemblies of metallic-dielectric
Janus particles exhibit five distinct motion states under the influence
of ICEP, with four of them achievable using Janus dimers alone.
Furthermore, the asymmetric nature of Janus particles leads to an
imbalanced electrokinetic flow on both sides of the particle (Ma
et al., 2015), endowing them with self-propulsion capabilities. With
this combination of characteristics, Janus particles have
demonstrated significant potential in biomedical applications
such as drug delivery, cell manipulation, and targeted transport.
In all these applications, precise positioning and navigation of Janus
particles are often crucial initial steps.

Current mainstream MNRs employ various methods for
localization and guidance, including magnetic (Diller et al., 2013;

FIGURE 4
(A) Mechanisms of Self-Propelled Janus Nanocatalytic Robots for 4T1 tumor-bearing mice (Sun et al., 2023). 2023 American Chemical Society (B)
Retention of PEDOT/Zn micromotors on mouse gastric mucosal tissues. Scale bars, 100 μm (Gao et al., 2015b). 2014 American Chemical Society (C)
Saturated oxygen (sO2) levels in the tumour vasculature after saline or Janus nanocatalytic robots injections at 0, 1, 3, 6, 9 and 12 h (Sun et al., 2023).
2023 American Chemical Society.
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Peyer et al., 2013; Servant et al., 2015; Li et al., 2019; Xie et al., 2019;
Fang et al., 2023), optical/thermal (Wang J. et al., 2019; Xie et al.,
2019; Dai et al., 2022; Wang et al., 2023), and acoustic (Abbas et al.,
2020; Das et al., 2022; Wu et al., 2023) methods, as well as physical
constraints through microstructure fabrication and microfluidic
manipulation (Katuri et al., 2016; Patteson et al., 2016). However,
these approaches are often limited by the physical structures of the
materials themselves or the complex interactions between materials
and microfluidic channels, making it challenging to explore new
directions and optimize their performance. Despite these
limitations, the development of electrically controlled Janus
particles, particularly those controlled by ICEP, has been
relatively limited until the introduction of a self-powered
microelectromotor by Yoshizumi et al. (2015). This
microelectromotor utilizes alternating-current electroosmosis
(ACEO) and positive dielectrophoresis (pDEP) for control and is
capable of simple, low-cost two-dimensional motion. The micro
electromotor is composed of a gold/platinum bilayer Janus particle
and can be individually controlled for self-propulsion using grid
electrodes formed at the bottom and top of microchannels,
eliminating the need for external guiding devices such as multi-
axis manipulators. The behavior of 5 μm PS/Pt/Au
microelectromotors was investigated in deionized water and 1M
H2O2 solution. Experimental results revealed that the MNRs
possessed a negative zeta potential in the water solution. When
immersed in a fuel solution, the electrochemical reactions of gold
and platinum induced an electric field resulting from charge
separation, causing electrophoretic fluid to flow along the surface
of the microelectromotor towards the negative electrode, thereby
enabling its motion. However, similar to the design by Sun et al., the
self-propelled motion of the Janus particle microelectromotor was
observed only in the presence of H2O2 solution, with an average
velocity of approximately 7 μm/s. Additionally, Clausius-Mossotti
factor (CMF) measurements conducted on PS, PS/Pt, and PS/Pt/Au
particles revealed that PS particles exhibited behavior similar to
negative dielectrophoresis at higher frequencies, while PS/Pt and PS/
Pt/Au particles exhibited negative dielectrophoresis-like behavior at
all frequencies, attributed to enhanced polarization from the metal
shell structure. At low frequencies, PS, PS/Pt, and PS/Pt/Au particles
were dragged toward the center of the ITO electrode due to ACEO
effects, and pDEP effectively attracted the MNRs to the edge of the
electrode. Such structural and design considerations provide novel
ideas for the two-dimensional motion of electrically controlled Janus
particle microelectromotors. Building upon this research, Zhang
et al. (2019) proposed a similar collection and anchoring mechanism
for Janus particles under the propulsion of ICEP. The team reported
a universal strategy for propelling, constraining, and collecting
metal-dielectric Janus microspheres using an interdigitated
microelectrode design. Interdigitated microelectrodes exhibit
rich alternating-current electrodynamic characteristics and are
widely employed in applications such as the detection and
separation of biological samples, as well as biochemical and
electrochemical sensing. It was observed that particles could
be propelled along the center of the electrode towards both
ends via ICEP and subsequently trapped by electroosmosis,
without the need for additional fuel. Furthermore, the
particles rotated at the closed end of the electrode,
decelerated, and accumulated at the open end. By simply

modifying the electrode configuration, a maze pattern
composed of serpentine chains could be formed. This study
presents a versatile electrode-based strategy for controlling one-
dimensional transport and aggregation of MNRs in a
configurable, switchable, and non-contact manner, offering
potential benefits for fundamental research and applications
such as sensing, sorting, and transport.

Compared to static positioning, the control of Janus particles’
motion holds greater clinical value. Lee et al. (2019) discovered that
asymmetric metallic patches on the surface of spherical colloids can
be driven by an alternating electric field, guiding the colloids tomove
along nonlinear helical trajectories. By altering the size and shape of
the patches, the details of particle motion, such as trajectory speed
and radius, can be adjusted. Particles with approximately mirror-
symmetric triangular patches can perform helical motion rather
than linear propulsion. In porous membranes, helical trajectories
offer functional advantages for particle navigation compared to
linear propulsion. This implies that Janus particles propelled in a
helical manner are an ideal modality in complex environments such
as the human body. Moreover, as particle symmetry is further
reduced, the motion patterns become increasingly complex. By
comparing particles with complex helical trajectory motion to
particles with ordinary linear motion, the research team found
that particles with complex trajectories are more likely to find
and traverse channels in porous matrices, further demonstrating
the advantages of helical motion for in vivo applications. Similarly,
Demirörs et al. (2021) found that Janus particles are influenced by
external electric fields and the chemical properties of their contact
surfaces, allowing the particles to be coupled to rolling motion in
orthogonal electric fields under certain conditions, and estimating
the contact surface friction properties using derived mathematical
ratios. Rolling motion mimics migration behaviors observed in
leukocytes and macrophages, indicating that electrically
controlled Janus particles’ motion is not limited to pure fluidic
environments but can also occur at the fluid-substrate interface.
Furthermore, the rolling response of Janus microrobots can be
utilized for reversible cargo capture and release using electric
fields, enabling the manipulation of cargo particles at the
microscale. By combining functional molecules, Janus
microrobots can be used to create microscale chemical gradients
or achieve programmable release with spatiotemporal control,
applying to bioanalytical platforms for drug screening, medical
diagnostics, or fundamental biological research.

Another key feature of Janus particles is their self-propulsion
ability. Compared to external field manipulation, self-propelled
Janus particles offer the following advantages: i) better mobility
in complex environments such as high ionic environments like
blood, ii) spontaneous emergence of collective behaviors, and iii)
potential for self-assembly. This is due to the generation of surface
forces upon breaking symmetry, resulting in a phenomenon known
as self-electrophoresis (Boymelgreen et al., 2016) Similar concepts
have been demonstrated in early zinc-based micromotors. Gao et al.
(2015a) conducted in vivo studies of artificial micromotors in mice
through oral administration (Figure 4B). The results showed that
propulsion forces driven by gastric acid could effectively enhance the
binding and retention of micromotors and their payloads on the
gastric wall. The micromotor body gradually dissolves in gastric acid
and autonomously releases the carried payload without leaving any
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toxic residues. In addition to drug delivery, self-propelled
micromotors also assist in detoxification (Orozco et al., 2013)
and self-healing systems (Li et al., 2015). Building upon such
research, asymmetric self-propelled Janus particles with more
complex structures naturally hold greater development potential.
Das and Yossifon, (2023)employed optoelectric tweezers to achieve
simultaneous manipulation of Janus active particles and electrically
driven self-propulsion while discretizing the external field space.
Microscopic objects were manipulated using optically induced
dielectrophoresis, generating and controlling multiple beams of
light through a digital micromirror device (DMD) in a dynamic
and programmable manner. Additionally, by controlling the
number and types of illuminated regions, the self-assembly of
active particles into specific configurations can be guided.
Compared to random assembly, this system allows for
deterministic combination of non-active particles, forming
complex hybrid structures. The study demonstrates that
sufficiently large active particles can uniformly manipulate
synthetic/biological cargo particles. Moreover, the photoelectric
effects generated by manipulating particles can also induce effects
like electroporation on cells, indicating the potential realization of
gene transfection, cell fusion, and cell separation for individual
target cells using this approach. Similarly, Peng et al. (2020),
inspired by the motion patterns of Escherichia coli, developed a
photothermal-electrically driven Janus particle that exhibits rotation
within a plane under a temperature gradient-induced electric field,
in addition to conventional photoelectric effects. By adjusting the
rotation laser beam’s timing, the particle can be positioned in any
desired direction, enabling efficient active control of the swimming
direction. Through dark-field optical imaging and feedback control
algorithms, autonomous propulsion and navigation of MNRs have
been achieved. This approach overcomes the disorder in long-
timescale motion direction caused by random Brownian motion
of Janus particles.

As research progresses, an increasing number of scientists
recognize the limitations of single-driven MNRs, especially Janus
particles, in complex application environments due to strict energy
and environmental constraints (Xu et al., 2017). MNRs with
different responses often require different asymmetric materials,
such as magnetic Janus particles composed of Fe2O3/ZnFe2O4/
Mn2O3 (Yang et al., 2023), asymmetrically sound-pressure-driven
Au nanowires (Wang et al., 2012), and electrochemically catalyzed
Pt/Au microparticles (Paxton et al., 2004). Zheng et al. [116]
developed a double-layered bowl-shaped structure consisting of
platinum and α-Fe2O3, integrating five driving engines: light,
sound, magnetic, electric, and chemical. Under an alternating
electric field, the inner platinum and outer α-Fe2O3 layers
exhibit asymmetric polarization, inducing motion through
charge-induced electroosmosis (ICEO). The other four
propulsion mechanisms enhance the performance of the micro-
robot in specific applications. These multi-driven Janus particles
may possess unique adaptability and advantages in complex
biological environments.

Overall, Janus particles with asymmetric chemical structures are
excellent materials for electric field-driven and self-propelled
systems, offering the following advantages: i) Multifunctionality:
The two different surfaces of Janus particles can exhibit distinct
functionalities. For example, one side may possess biocompatibility

for drug binding or act as a biosensor, while the other side may have
conductivity for power generation or catalytic activity. In future
developments, these surfaces could be interchangeable to adapt to
different biological environments such as blood, blood vessel walls,
and tissue structures. ii) Controllability: Under certain conditions,
such as various external fields and electron tweezers microfluidic
chip control, Janus particles can be precisely positioned and
manipulated within a certain range. The influence of external
field-driven and self-propelled Janus particles has significant
implications for applications such as targeted tumor therapy and
precise cell manipulation. iii) Aggregability: Janus particles can be
precisely positioned and aggregated under certain electrical field
stimulations, such as discrete electric fields and optoelectric chips,
leading to cluster effects and unexpected functionalities and motion
patterns. This offers limitless possibilities and surprises in the future
development of biomedical applications.

However, Janus particles also face some challenges: i) Difficulty
in preparation: The synthesis of Janus particles often requires special
methods and conditions, which may increase complexity and cost.
ii) Biocompatibility: Some Janus particles require biologically
harmful environments such as H2O2, and most of the research
on Janus particles is limited to in vitro studies, lacking validation for
biocompatibility. iii) Stability: Janus particles composed of inert
materials like Au/Pt exhibit relatively high stability, but the stability
and durability of other active materials such as iron and zinc need
further consideration.

5.3 Electrophysiological processes in bionic
electro-controlled MNRs

To address the issues of large size, complex manufacturing, low
efficiency, high frictional losses, and generation of hazardous waste
associated with traditional rigid MNRs (Wang, 2009; Alizadeh et al.,
2020; Soto et al., 2020; Huang et al., 2022), in addition to artificial
micro/nanoparticles, bionic micro motors have also rapidly
developed in the past decade. Bionic micromotors can be broadly
categorized into three types: MNRs that mimic/utilize bacteria/algae
(Ma et al., 2012; Park et al., 2013; Rogowski et al., 2020; Rogowski
et al., 2021; Xie et al., 2021; Gwisai et al., 2022), those that mimic/
utilize sperm (Magdanz et al., 2013; Medina-Sánchez et al., 2016;
Chen et al., 2021), and bionic micro motors that mimic muscles. Shi
and Yeatman (2021) defined a class of responsive materials or
devices that are small in scale, low in stiffness, and capable of
replicating the core functionality of natural muscles as artificial
muscles. These artificial muscles exhibit various modes of response,
including electrical (Jang et al., 2021), pressure-based (Jang et al.,
2015; Jang et al., 2017) chemical environment-based (Mashayekhi
Mazar et al., 2019), thermal (Haines et al., 2014; Mirvakili and
Hunter, 2017), and magnetic (Lee et al., 2018) responses. In this
review, electrically stimulated artificial muscles are considered as
part of electrically controlled MNRs.

Electrically stimulated artificial muscles often utilize stimulation
signals directly to achieve contraction. Jang et al. (2021), inspired by
skeletal muscle myofibrils, developed a bundle-shaped biohybrid
artificial muscle (Figure 5A). By integrating skeletal muscle cells with
hydrophilic polyurethane and carbon nanotube nanofibers, they
created a structure resembling natural skeletal muscle fibers. The
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nanofibers provided a stretchable scaffold, similar to the framework
of actin andmyosin, while the incorporation of skeletal muscle fibers
helped drive the biohybrid artificial muscle. Reversible contraction
of the biohybrid artificial muscle can be achieved through electric
field stimulation. This electrically driven artificial muscle holds
tremendous potential for driving motion and drug delivery
systems in implantable medical robots. Furthermore, the
integration of biohybrid artificial muscles controlled by motor
neurons is of significant importance for brain-machine interfaces.

In addition to bionic muscles prepared through biohybrid
approaches, ion polymer actuators made of electrically lightweight,
low-power, active polymers have also received attention (Shahinpoor
and Kim, 2005; Khan et al., 2015). These actuators are flexible,
lightweight, low-power, and can be processed at the nanoscale,
making them ideal for artificial muscles. Khan et al. (2019)
synthesized ion-exchange polymer films based on polypyrrole/
polyvinyl alcohol (PPy/PVA), incorporating PEDOT:PSS/SWNT/IL
electrodes that can change conformation through externally applied
voltage. To investigate size-dependent electromechanical actuation
performance, the researchers fabricated ion polymer actuator films
with four different sizes of PPy nanoparticles. Compared to other
expensive perfluorinated polymer-based actuators, the PPy/PVA
polymer composite films showed enhanced electrical performance
and tip deflection performance, with the electrodes utilizing a hybrid
PEDOT:PSS/SWNT/IL electrode film. Based on this, a microgripper
device with two fingers composed of PPy/PVA/EL ion-exchange
polymer films was developed. MNRs designed with this approach

exhibit electrophysiological functionality similar to natural muscles,
and their ability to change conformation through externally applied
voltage provides additional functional potential beyond natural
muscles. In the field of implantable medical robots, such bionic
muscles can meet macro-scale requirements with a micro-scale
configuration, enabling tasks such as object grasping and
precision surgery.

Building upon artificial muscles, researchers believe that the
piezoelectric properties of artificial muscles can be effectively
extended to artificial cochlea. Jang et al. (2015) developed a
piezoelectric artificial basilar membrane (ABM) composed of a
microelectromechanical system (MEMS) cantilever array, which
emulates the tonotopic characteristics of the cochlea and
produces clear tones within the audible frequency range.
Through experiments conducted on animal models, the
characteristics of ABM as a potential front-end for cochlear
implant applications were validated. The frequency selectivity of
ABM was confirmed by measuring electrically evoked auditory
brainstem responses (EABR).

Overall, the advantages of bionic artificial muscles are evident.
As an ideal microactuator mechanism, they possess the following
features: i) Soft and resilient mechanical characteristics: Artificial
muscles exhibit flexibility and elasticity similar to natural muscles,
enabling highly deformable motions (Figures 5B, C). ii) Flexible
driving mechanisms: Microactuators provide precise control and
adjustment, allowing fine movements and power output of artificial
muscles. iii) Small size and high efficiency: Microactuator-driven

FIGURE 5
(A) The structural similarities and differences between natural muscles and artificial muscles (Jang et al., 2021) 2021, The Author (s). (B) Polarized
Optical Microscope of Liquid Crystal Formation observed at 45° angles with respect to cross-polarizers (top) and Scanning Electron Microscope image of
an Electrographite flake (bottom) (Kim et al., 2022). 2022, The Author (s). (C) The shape deformation of artificial muscles during relaxation and contraction
(Kim et al., 2022) 2022, The Author (s).
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artificial muscles demonstrate acceptable efficiency at the
micrometer to sub-centimeter scale, making them highly suitable
for microsystem applications. This potential opens up avenues for
development in the following areas: i) Robotics and human-machine
interaction: Microactuator-driven artificial muscles can be
employed in the motion and operation of robots, enabling more
natural and flexible human-machine interaction. ii) Prosthetics and
rehabilitation devices: Artificial muscles can be utilized in the
production of lightweight and efficient prosthetics and
rehabilitation devices, offering improved movement and
functional recovery. iii) Medical instruments: Microactuator-
driven artificial muscles can be employed in microscale medical
instruments such as endoscopes and minimally invasive surgical
devices, enabling precise manipulation and control. iv) Flexible
electronic products: Artificial muscles can be integrated into
flexible electronic products, such as wearable devices and smart
textiles, for a more comfortable and adaptive user experience. v)
Biomedical research: Artificial muscles can be utilized in biomedical
research, including biomimetic models and tissue engineering,
aiding in the understanding and simulation of biological system
movements and functions.

6 Discussion

In conclusion, although the clinical application of electrically
controlled MNRs is still in its early stages, their complex motion
patterns, self-propulsion capabilities, and deformability have shown
promising potential. However, the practicality and stability of
electrically controlled MNRs are still subject to exploration due
to fabrication challenges and the highly ionic environment within
the human body.

In the future, qualified electrically controlled MNRs should
possess the following characteristics: i) Good biocompatibility to
avoid recognition as foreign objects and clearance by the immune
system; ii) Dual control of external fields and self-propulsion to
accomplish tasks in complex environments; iii) Strong deformability
allowing a single robot to perform multiple tasks; iv) Low-cost
fabrication with streamlined production.

As research progresses, the applications of electrically controlled
MNRs will become increasingly diverse and suitable for various
purposes. With the help of the aforementioned characteristics,
electrically controlled MNRs hold tremendous potential for
applications in the following areas: i) Targeted drug delivery:

This form of targeted delivery based on electrically controlled
MNRs can enhance the efficacy of drugs, reduce side effects, and
enable more effective treatment methods. ii) Diagnostic monitoring
of biomarkers and pathological changes: By performing monitoring
within the body, these MNRs can provide more accurate, sensitive,
and real-time diagnostic results. iii) Minimally invasive surgery and
interventional therapy: Electrically controlled MNRs can be utilized
for minimally invasive surgical procedures and interventional
therapies, thereby reducing surgical trauma and recovery time.
iv) Cancer treatment: In the fields of early cancer detection,
targeted drug delivery to tumors, and precise radiotherapy,
electrically controlled MNRs can improve treatment efficacy and
reduce side effects.
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The development of micro/nanorobots and their application in medical
treatment holds the promise of revolutionizing disease diagnosis and
treatment. In comparison to conventional diagnostic and treatment methods,
micro/nanorobots exhibit immense potential due to their small size and the ability
to penetrate deep tissues. However, the transition of this technology from the
laboratory to clinical applications presents significant challenges. This paper
provides a comprehensive review of the research progress in micro/
nanorobotics, encompassing biosensors, diagnostics, targeted drug delivery,
and minimally invasive surgery. It also addresses the key issues and challenges
facing this technology. The fusion of micro/nanorobots with medical treatments
is poised to have a profound impact on the future of medicine.

KEYWORDS

micro/nanorobot, biosensor, diagnosis, targeting drug delivery, surgery

1 Introduction

Micro/nano robots refer to robots or robotic systems whose size is on the micron or
nanometer scale. These robots typically consist of micro or nano-scale components and can
perform specific tasks, such as operations at the cellular level or assembly and repair at the
molecular level (Xie et al., 2019). With the rapid advancement of nanotechnology and
materials science, micro/nano robots find applications in various fields of biomedicine
(Mohammadinejad et al., 2016). The miniaturization of robot systems to the micro/nano
scale holds immense potential in the diagnosis and treatment of various diseases (Nelson
et al., 2010). These diminutive robots can penetrate deep or otherwise inaccessible regions
within our bodies, conducting various medical procedures, and showcasing great promise in
areas such as diagnosis, drug delivery, and surgery (Soto et al., 2020; Zhao et al., 2022).

Various methods exist for constructing micro/nano robots. Initially, one needs to define
the tasks the micro/nano robot is intended to perform, specifying parameters such as size,
shape, materials, sensors, actuators, and more. Physical methods like photolithography,
chemical methods involving the synthesis of molecular components using chemical
substances, or 3D printing technology can be employed to create parts. In addition,
self-assembly technology enables the automatic assembly of nanoparticles into desired
structures by controlling molecular interactions. When the size of an object is reduced to the
micrometer or nanometer range, the ratio of inertial force to viscous force (Reynolds
number) becomes negligible, making it necessary to continuously provide power to propel
small robots. The driving modes for micro/nano robots primarily include chemical
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propulsion driven by local chemical and biochemical energy sources
(e.g., H2O2, urea), physical field propulsion driven by external fields
(e.g., light, ultrasound, or magnetic fields), and biological propulsion
driven by microorganisms or cells (e.g., sperm). Building upon these
propulsion methods, micro/nano robots can navigate deep or
inaccessible regions of the body, performing various medical
tasks and demonstrating significant potential in areas such as
diagnosis, drug delivery, and surgery. For instance, in the realm
of diagnostics, novel micro/nano machines are used for real-time
measurements of blood glucose and lipid levels (Yu et al., 2021).
These microdimmers are controlled by an applied magnetic field
and exhibit distinct movement speeds and postures in response to
different concentrations of glucose, cholesterol, and triglycerides,
facilitating the measurement of blood glucose and lipids. In the field
of surgery, micro/nano robots can access deep tissues that are
beyond the reach of larger robots and human surgeons (Nguyen
et al., 2021). For example, guided spiral robots have been employed
for targeted thrombectomy and recanalization in small blood vessels
(Nguyen et al., 2021). In the medical domain, micro/nano robots can
accomplish tasks that are unattainable on a macro scale, thus
enhancing the precision and refinement of medical treatments.

This paper will primarily present research findings on the
medical applications of micro/nano robots and elaborate on their
current status and challenges in four key areas: biosensors,
diagnostics, targeted drug delivery, and surgery.

2 Application of micro/nanorobot
in medicine

2.1 Biosensor

Traditional medical examinations involve the analysis of human
tissues using various physical and chemical methods within fields
like microbiology, immunology, biochemistry, hematology, and
cytology. With the advancement of precision medicine, there is a
growing demand for higher levels of accuracy and specificity in these
examinations. However, traditional medical examination methods
have their limitations. Biosensors, as a method of inspection, can
detect biological information within samples. Traditional biosensors
often require strict sample environments. In contrast, micro/
nanorobots used as sensors exhibit characteristics such as

FIGURE 1
(A) Magnetic Nanorobot-Enabled Automated and Efficient ELISA (nR-ELISA) Analysis. Adapted with permission from Wang et al. (2022). Copyright
2022 American Chemical Society. (B) MagRobots were modified with antibody against SARS-CoV-2 spike protein. Adapted with permission from
Mayorga-Martinez et al. (2022). Copyright 2022 Elsevier Science and Technology Journals. (C) The preparation of fluorescent magnetic spore–based
(spore@Fe3O4@CDs) microrobots involves the combination of facile chemical deposition and subsequent encapsulation and functionalization
techniques. Adapted with permission from de Ávila et al. (2016). Copyright 2016 American Chemical Society.
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sensitivity and speed, holding significant promise within the field of
medicine (Deng et al., 2021; Hegde et al., 2023). One classic
biochemical detection technique is the Enzyme-Linked
Immunosorbent Assay (ELISA). This method quantifies analytes
through enzymatic reactions, followed by chemical colorimetry.
ELISA has gained widespread use in the medical field (Aydin,
2015). Wang et al. (2022) developed a micro/nano motor
designed for immune probes, enhancing the efficiency of
Enzyme-Linked Immunosorbent Assay (ELISA) using Fe3O4@
SiO2 core-shell nanorods. These nanorods were further modified
with a capture antibody (AB-1) to create a mobile analytical probe
based on nanorobots (see Figure 1A). These nanorobots are
propelled by a magnetic field and can be guided to target
positions through the influence of gradient magnetic fields and
rotating magnetic fields. Due to their one-dimensional structure,
these robots can rotate and agitate liquids under the influence of a
magnetic field, thereby improving the detection efficiency. In an
effort to enhance the sensitivity and specificity of virus and protein
detection, Mayorga-Martinez et al. (2022) developed a magnetic
microrobot (see Figure 1B). This microrobot was modified with
anti-SARS coronavirus type 2 spike protein and loaded with pre-
concentrated spike protein. Additionally, anti-SARS coronavirus
type 2 spike protein coupled with Ag-AuNRs was employed as a
marker. This detection platform exhibits heightened sensitivity,
reducing the detection limit for severe acute respiratory
syndrome coronavirus type 2 by an order of magnitude when
compared to traditional detection methods. The utilization of this
microrobot platform for virus and protein detection can be applied
to similar virus or protein detection scenarios.

Utilizing the microrobot platform, individuals can achieve the
detection of toxins. de Ávila et al. (2016) devised a self-propelled
micromotor constructed from reduced graphene oxide (RGO) and
platinum (Pt). They modified this micromotor with a specialized
ricin B aptamer labeled with fluorescein-amidine (FAM) dye (see
Figure 1C). Through a visual “on-off” fluorescence reaction and
rapid binding to toxins, this system enables quick and sensitive
detection across various media. Consequently, trace amounts of
ricin can be detected in complex biological samples, and the
advancement of this microrobot platform holds significant
promise for detecting other biological threats, making it
invaluable for biological defense applications. In a separate
development, Zhang et al. (2019) introduced an efficient, spore-
based fluorescent magnetic robot. They integrated porous natural
spores with Fe3O4 particles and coupled them with functionalized
carbon dots (CDs), allowing for tracking through fluorescence
emission. These microrobots can rapidly detect Clostridium
difficile toxin, with their detection efficiency confirmed on
bacterial culture medium and clinical stool specimens.

2.2 Dignosis

Traditional medical examinations primarily operate at a macro
level, making it challenging to access deep tissues without causing
patient discomfort or trauma, as seen in procedures like endoscopy
or biopsy. Additionally, certain imaging examinations, such as those
involving radiation or magnetic resonance imaging, can be impacted
by metal interference or patient movement. Micro/nanorobots

possess remarkable tissue-penetrating capabilities. Furthermore,
they can be externally controlled to navigate through the body’s
internal environment, thereby enhancing the efficiency and
precision of various medical applications (Aziz et al., 2020).
These applications include tumor detection, enhanced imaging
signal acquisition, pathological biopsy, and more (Tu et al., 2017;
Yang, 2020).

Micro/nanorobots have the potential to replace conventional
endoscopes in diagnosing intestinal diseases. Traditional
colonoscopy, a well-established clinical practice for direct
intestinal observation and biopsy, has certain drawbacks. Its
larger size relative to microscopic objects can potentially cause
discomfort or injury to patients during the procedure. Moreover,
there are inherent limitations in observing and operating in certain
blind spots within the intestine during examinations (Tapia-Siles
et al., 2016; Tumino et al., 2023). In response to these challenges,
technological advancements have led to the development of non-
invasive endoscopic capsules and capsule endoscopes that can
actively navigate within the intestinal tract under magnetic field
guidance. However, these solutions also have their limitations
(Bianchi et al., 2019). To address these issues, Han et al. (2020)
introduced an innovative micro-robotic model for diagnosing
intestinal diseases. This micro-robot, designed using principles of
bionics, features a two-layer folding mechanism to anchor itself to
intestinal tissue. Additionally, it includes a stretching mechanism
that allows for axial motion within the intestine, with radio waves
serving as the means of propulsion. Robots with this design can
move both forward and backward within the intestine while securely
attached to the intestinal wall. The safety and effectiveness of this
microrobot have been confirmed through in vitro experiments
conducted in pig intestines.

Micro/nanorobots offer significant advantages in enhancing
medical imaging by reaching deep tissues and providing strong
penetration capabilities, ultimately leading to clearer images.
Photoacoustic imaging is an innovative imaging technique that
combines the benefits of optical resolution and acoustic
penetration, and it finds a wide range of clinical applications
(Attia et al., 2019; Manohar and Gambhir, 2020; Gröhl et al.,
2021). Yan et al. (2020) and others devised a microrobot made
from a mixture of photoresist and nickel particles. They control the
movement of this microrobot using an external magnetic field and
utilize photoacoustic imaging for imaging purposes. Their
verification experiments demonstrated that this microrobot
exhibits high sensitivity in turbid biological tissues. Magnetic
imaging is another widely used method for visualizing
microrobots (Zhang et al., 2022a). In comparison to other
imaging techniques, magnetic imaging offers superior resolution
and penetration depth while avoiding the ionizing radiation
associated with some imaging methods. During the research and
development of microrobots, magnetic materials are incorporated to
generate distinct signals from surrounding tissues in a magnetic
field. Yan et al. (2017) prepared a spirulina micro robot coated with
Fe3O4, offering superparamagnetic properties and enabling it to
move in a targeted manner within biological fluids under the
influence of an external magnetic field. This microrobot serves as
a contrast imaging tool, enhancing imaging performance.
Furthermore, it can be biodegradable and exhibits selective
cytotoxicity towards cancer cells.
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Micro/nanorobots also play a vital role in ionization imaging,
significantly enhancing diagnostic capabilities. Ionization imaging is
a prevalent method for disease diagnosis in clinical practice, and one
such technique is Proton Emission Tomography (PET), which relies
on radioactive nuclides. PET is particularly effective at detecting
deep tissue distribution of radioactive nuclides. However, it may lack
anatomical and morphological details, leading to its frequent
combination with CT and MRI in clinical settings (Wållberg and
Ståhl, 2013). One drawback of nuclide-based examinations is their
high equipment cost, limited real-time imaging capabilities, and
lengthy acquisition times. Dahroug et al. (2018) addressed this by
developing a microrobot coated with an iodine isotope surface,
tracked using PET-CT. Their work confirmed PET-CT’s ability to
image microrobot models within deep tissues, demonstrating the
technique’s capacity to locate microrobots (see Figure 2A). By
incorporating magnetic nanoparticles and a pH-responsive
design, a micro robot can be propelled by an external magnetic
field while being equipped with an X-ray contrast agent for real-time
X-ray imaging (see Figure 2B) (Darmawan et al., 2022). This
versatile microrobot, carrying doxorubicin, can facilitate real-time
imaging diagnostics and combat tumor cells in gastric cancer.

2.3 Targeting drug delivery

The traditional drug delivery route primarily involves systemic
circulation, but it has limitations such as poor tissue permeability
and local drug delivery capability, resulting in inefficient drug
delivery. However, with the advancement of microrobot
technology, these challenges can be overcome. By utilizing
microrobots to transport drugs, it becomes possible to target
deep tissues for precise drug delivery, leading to increased
delivery efficiency and reduced drug dosages (Li et al., 2017a; Li
et al., 2017b; Ji et al., 2021). Microrobots can even navigate biofilm
structures to deliver drugs, and this drug delivery method has been

extensively studied in conditions like inflammation and tumors
(Yang et al., 2017; Lin et al., 2021). In the realm of drug delivery,
there is a growing desire for microrobots to autonomously navigate
to affected areas for precise treatment (Fan et al., 2022).
Consequently, the means of propelling these robots is a critical
challenge that requires resolution. Early solutions involved the
design of micro/nanorobots driven by chemistry, which converts
chemical energy into kinetic energy, enabling them to self-propel.
Such robots can transport and release various substances, including
drugs, nucleic acids, and microorganisms (Wu et al., 2013). Wu et al.
(2014) developed a chemically driven polymer-based microrobot
that can be securely released upon near-infrared light stimulation.
By incorporating biological enzyme catalysis, these robots can self-
propel even at lower hydrogen peroxide fuel concentrations,
significantly advancing the potential of micro/nanorobots for
drug delivery (see Figure 3A).

Beyond chemical propulsion, prevalent methods for actuation
encompass magnetic, optical, and even pH-based approaches (Wu
et al., 2016; Chen et al., 2018; Yu et al., 2018; Yu et al., 2023).
Magnetic propulsion, in particular, stands out as a safer alternative,
eschewing the byproducts of chemical propulsion that could
potentially disrupt human circulatory and tissue systems.
Numerous micro- and nanorobotic systems harnessing magnetic
drive have been engineered, showcasing enhanced drug delivery
efficiencies both in vitro and in vivo (Gong et al., 2022). These
microrobots are often embedded with magnetic particles or affixed
with permanent magnets, allowing for precision control by
modulation of magnetic field direction and intensity to realize
targeted therapeutic delivery. Mu et al. (2022) devised a
hydrogel-based microrobot for drug delivery, utilizing a synthetic
lethal drug that, while inherently cytotoxic to normal cells, is guided
by genomic markers. Through magnetic manipulation, the
microrobot devised by Mu and others can be steered with
precision to tumor sites, thereby mitigating adverse effects and
augmenting the efficacy of drug delivery. Peng et al. (2017)

FIGURE 2
(A) PET-CT for tracking tubular Au/PEDOT/Pt micromotors. Adapted with permission from Vilela et al. (2018). Copyright 2018 American Chemical
Society. (B) Conceptual design of the pH-responsive microrobot for targeted drug delivery, X-ray imaging, and retrieval. Reproduced with permission
from Darmawan et al. (2022); published by Royal Society of Chemistry, 2022.
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demonstrated the capabilities of a magnetically-driven nanorobot.
They ingeniously incorporated magnetic metallic nickel in situ into
catalytic platinum nanoparticles, ensuring the synergistic
coexistence of nickel and platinum. This integration enables the
nanorobot to be driven in dual modes. The controllability of the
nanorobot was validated using a human cervical cancer cell model,
heralding significant potential for precise drug delivery applications.
In targeting the digestive system for drug administration, pH-
sensitive mechanisms are often employed to steer robots (Gao
et al., 2012; Sattayasamitsathit et al., 2014). Gao et al. (2015)
unveiled an acid-powered, zinc-based microrobot capable of
efficient propulsion and targeted drug delivery within acidic
environments, negating the need for conventional fuel sources. In
vivo experiments using mice demonstrated that, unlike traditional
orally administered drugs that rely on passive diffusion, these micro/
nanorobots actively navigate and persist within the gastric walls.
This zinc-based microrobot is designed to decompose in acidic
conditions without releasing harmful substances, thereby proving
non-toxic to human tissues. Further advancing the field, their team
proposed a magnesium-based microrobot tailored for treating
Helicobacter pylori infections by delivering antibiotics. This
microrobot possesses a proton depletion feature, potentially
reducing the reliance on proton pump inhibitors and minimizing
side effects associated with their long-term usage, as compared to
traditional passive drug diffusion methods (de Ávila et al., 2017).

Soto et al. (2016) introduced acoustic microcannons that harness
sound wave energy for propulsion and manipulation of minute
payloads. By incorporating a magnetic component, the
microcannons can be precisely positioned during the drug release
process. These researchers aspire to use acoustic cannons, either
singly or in arrays, to transport drugs and vaccines, thus broadening
their practical utility. They aim to minimize resistance by optimizing
the microcannons’ shape and density, enabling the “nano bullets” to
penetrate target tissues efficiently without excessive energy
discharge. Such microcannons have the potential for a variety of
applications, including drug delivery, tissue penetration, and
destruction, actualizing the concept of a “magic bullet”
(see Figure 3B).

In the realm of medical applications, micro/nanorobots confront
several challenges, including the penetration of biofilm structures
and the navigation and drug administration within specialized
tissues such as the vitreous body and the lungs. The latter organ,
replete with macrophages designed to eliminate foreign entities,
poses a particular challenge: evading the human immune system’s
clearance mechanisms to achieve targeted drug delivery remains a
formidable hurdle for micro/nanorobotic technologies. Zhang et al.
(2022b) have engineered a microrobot system tailored for
intratracheal drug delivery (see Figure 3C). This system
comprises microrobots cloaked in the cell membrane of
neutrophils, with a core of algae modified with nanoparticles that

FIGURE 3
(A) Janus capsule engine navigates to the cell layer through an external magnetic field and releases drugs activated by near-infrared light. Adapted
with permission from Wu et al. (2014). Copyright 2014 American Chemical Society. (B) Acoustic triggered micro gun, which can load and launch nano
bullets, is a powerful micro ballistic tool. It can efficiently load and launch a variety of goods, and provide better target location and enhanced tissue
penetration performance. Adapted with permission from Soto et al. (2016). Copyright 2016 American Chemical Society. (C) Schematic depicting the
use of algae-NP-robot for the treatment of a bacterial lung infection. C. reinhardtii algae is modified with drug-loaded NPs and then administered in vivo
for the treatment of P. aeruginosa lung infection. Reprinted with the permission from Zhang et al. (2022b). Copyright 2022 Nature Publishing Group. (D)
Peritumoural-accumulated M-CAR Ts were propelled by acoustic force from tumor-fixed acoustic tweezers to migrate deeply into the deep tumor.
Immunomagnetic beadsmodifiedwith anti-CD3/CD28 in situ stimulated the proliferation and activation of CAR T cells, thus achieving a robust antitumor
effect. Reproduced with permission from Tang et al. (2023); published by John Wiley and Sons, 2023.
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ferry therapeutic agents. In contrast to purely synthetic constructs,
these biologically hybridized microrobots inherit the intrinsic
properties of their biological components. They exhibit facile
cultivation, self-propulsion via flagellar motion, and improved
distribution and retention within pulmonary tissues. Notably, the
flagellar activity has been demonstrated to decrease macrophage-
mediated clearance of the microrobots. The presence of the
neutrophil cell membrane not only shields the microrobots from
the host’s biological milieu but also facilitates targeted pathogen
binding and drug delivery. Substantiated through both in vivo and
in vitro studies, the efficacy of this biologically hybrid microrobot
system in treating bacterial pneumonia has been confirmed. In
recent years, advancements in biomimetics and micro/
nanorobotics have given rise to a burgeoning array of bio-
integrated microrobot systems (Middelhoek et al., 2022). These
systems are designed to harness biological features to diminish
the rate of immune clearance by the body and to enhance the
efficiency of drug delivery (Li et al., 2016; Yu et al., 2022; Zhang et al.,
2023). Li et al. (2023) have pioneered the design of a biomimetic
micro-robot, which emulates the claw-like appendages of certain
aquatic microorganisms. This novel design offers a significant
advancement over traditional synthetic micro-robots. The claw
structure enables the robot to anchor to the vascular
endothelium in a manner akin to these organisms, rendering it
less susceptible to the shearing forces of blood flow. Such an
adaptation ensures active retention within the circulatory system.
Furthermore, the researchers have ingeniously enveloped the micro-
robot with a layer of red blood cell membrane, capitalizing on its role
as a natural transport medium. This coating effectively camouflages
the robot, mitigating immune detection and clearance. During in
vivo trials in the rabbit jugular vein, the biomimetic robot exhibited
proficient propulsive behavior and demonstrated its potential for
active, targeted drug delivery. The blood-brain barrier (BBB)
represents a formidable physiological barricade segregating the
brain’s milieu from the systemic circulation. While it serves as a
protective shield against exogenous substances, potentially
detrimental to neural tissue, it concurrently poses a significant
challenge for delivering therapeutic agents to the brain (Kadry
et al., 2020). Joseph et al. (2017) designed a synthetic vesicle with
chemotaxis to cross the blood-brain barrier. This is a fully
synthesized organic nanorobot that encapsulates glucose oxidase
alone or together with catalase into nanoscale vesicles. These vesicles
demonstrate sensitive movement toward regions with higher glucose
concentrations, following the external glucose gradient. Moreover,
they have exhibited that the chemotactic ability of these nanorobots,
coupled with their affinity for the low-density lipoprotein receptor-
related protein 1 (LRP-1), enhances their permeability across the
BBB by fourfold. Nanorobots are also emerging as instrumental
tools in the rapidly advancing domain of cancer immunotherapy.
While Chimeric Antigen Receptor T (CAR-T) cell therapy has
shown promise in treating hematological malignancies, its
efficacy in solid tumors is curtailed by physical barriers and the
immune microenvironment (Ma et al., 2019; Li et al., 2021).
Addressing this, Tang et al. (2023) have engineered a living
micro-robot using CAR-T cells, which are augmented with
immune magnetic beads through click conjugation (see in
Figure 3D). This construct is magnetically steerable and capable
of navigating fluids and circumventing obstacles. It demonstrates

the capacity for long-range travel and accumulation in tumor
models, showing an impressive ability to penetrate deep into
tumor tissues aided by acoustic waves, thereby enhancing the
infiltration of exogenous CD8+ T cells sixfold. The inclusion of
anti-CD3/CD28 immune magnetic beads promotes the activation of
the infiltrating CAR-T cells, substantially bolstering their anti-tumor
efficacy. In conclusion, nanorobots represent a paradigm shift in
enhancing the precision and efficiency of drug delivery, overcoming
environmental barriers, and refining targeted therapeutic
interventions. It is the collective hope of the research community
that these advanced microrobot systems will soon transition into
clinically viable tools for healthcare practitioners.

2.4 Surgery

As surgical methodologies evolve, particularly with the advent of
minimally invasive techniques, there is an escalating demand for
reduced trauma and increased precision in reaching surgical targets.
Traditional approaches, whether open or minimally invasive, confront
limitations in the depth of tissue accessibility and the inability to operate
under significantly microscopic conditions. The emergence of micro/
nanorobotics in surgical arenas promises to mitigate these challenges.
These diminutive robots are designed to navigate and congregate
precisely at targeted sites, directed by external stimuli. Their
compact form factor enables traversal through capillary networks to
locations that are otherwise inaccessible via conventional surgical
methods, facilitating interventions at the cellular scale. Such
capability not only reduces the scale of surgical incisions but also
abbreviates the recuperation period, heralding significant prospects for
clinical treatments (Nelson et al., 2010). Micro/nanorobots offer the
distinct advantage of operating at considerable distances with robust
tissue penetration capabilities. Xi et al. (2013) have pioneered a remotely
controllable “surgical knife,” a testament to the innovative strides in this
field. This groundbreaking work presents a novel magnetically-guided
micro drill designed forminimally invasive surgery. Fabricated from 2D
nanomaterials with acutely sharp tips, these microsurgical tools can
dynamically alter their orientation by modulating the frequency of an
external magnetic field in tandem with the solution’s viscosity. The
reported experimental data suggests that these micro drills can execute
precise drilling tasks in soft biological tissues and navigate through fluid
mediums mirroring the viscosity of blood. Such magnetic-controlled
micro drills hold immense promise for minimally invasive medical
interventions, including targeted micro drug delivery and the removal
of vascular plaques. Further extending the scope of microsurgical
innovation, Liu et al. (2022) introduced a micro robot capable of
conducting intricate surgical procedures within the confines of
microscale blood vessels. This magnetic-driven, soft continuum
micro robot is fabricated from a blend of polydimethylsiloxane
(PDMS) and neodymium iron boron (NdFeB) particles, allowing for
precision navigation and manipulation via magnetic control.
Experimental demonstrations validate the soft continuum micro
robot’s significant flexibility and particle manipulation prowess,
rendering it highly effective for operational tasks within
microvascular structures. However, further improvements are
required, particularly in terms of the size and control accuracy of
soft continuous microrobots. Nguyen et al. (2018) also showcased a
micro/nanorobot designed for intravascular surgery. This system
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comprises a spiral microrobot guided by specially manufactured wires
and an enhanced electromagnetic excitation system. Experiments have
demonstrated its capacity to generate a maximum magnetic field with
nearly zero phase delay across a broad operating frequency range. The
system offers precise motion control and cutting force, making it
suitable for thrombectomy procedures within the vascular system. In
the future, in vivo experiments can be conducted to assess the clinical
effectiveness of the mechanical thrombectomy device proposed in
this study.

The ability of microrobots to penetrate tissues can be harnessed
for tissue and specimen biopsies. With the ongoing advancements in
minimally invasive surgery technology, there is a growing need to
miniaturize surgical instruments for procedures conducted through

natural openings or small incisions. Currently, one of the primary
features of minimally invasive surgical instruments is their reliance
on connecting wires or cables to transmit energy and signals while
being controlled externally. These connecting wires restrict the
flexibility of surgical tools and their capacity to access hard-to-
reach areas within the body. Gultepe et al. (2013) have pioneered the
development of wireless and autonomous microsurgical tools
designed for accessing narrow channels inside the body. These
microtools can autonomously move and grasp tissues through
thermal activation. Constructed from thermally sensitive
materials, they can be controlled using external heat sources. The
researchers demonstrated the viability of these microtools for in vivo
pig bile duct biopsies through experiments, offering a novel

FIGURE 4
(A)A hydrogel robot can perform surgical operations. Adaptedwith permission fromBreger et al. (2015). Copyright 2015 American Chemical Society.
(B) A double actingmicro robot that can create cell incisions. Reproducedwith permission from Srivastava et al. (2016); published by JohnWiley and Sons,
2016. (C) A magnetic microrobot for catalytic biofilm degradation. Reproduced with permission (Cheng et al., 2022). Copyright 2022, Chen Cheng. (D)
Amultifunctional microcomputer robot carrying sperm to realize utilization. Reproducedwith permission from Rajabasadi et al. (2022); published by
John Wiley and Sons, 2022.
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approach to in vivo pig bile duct biopsies. In the fields of robotics and
surgery, the ability to grasp and securely hold objects is a crucial task,
particularly when it comes to tissue biopsy. Breger et al. (2015)
introduced a novel design and preparation method for a self-folding
micro fixture that combines thermosensitive hydrogel and hard
polymer. By incorporating iron oxide nanoparticles into the porous
hydrogel layer, this micro fixture becomes responsive to magnetic
fields, enabling remote control. The micro fixture comprises a rigid
PPF segment and a soft PNIPAM AAC layer, which automatically
closes when the temperature exceeds 36°C. Experimental results
demonstrate that this self-folding micro clamp effectively clamps
onto cell tissue, and the clamping and release times can be regulated
by temperature adjustments (see Figure 4A).On the other hand,
Leong et al. (2009) developed an innovative micro fixture with
mobility and quality control capabilities, driven by biological signals.
Utilizing the principles of thin-film strain drive and self-assembly,
this micro fixture was designed, manufactured, and subjected to
experimental validation. The research findings reveal that this micro
fixture exhibits excellent grasping and handling capabilities, making
it suitable for operation in various environments.

One of our primary objectives is the miniaturization of robots
to an incredibly small scale, potentially at the cellular or even
subcellular level. These miniature robots could perform surgical
operations within this dimension, and even be used for tasks like
transmitting or harvesting DNA and RNA. Solovev et al. (2012)
developed a self-driving nanotube structure through molecular
beam epitaxy. He utilized bubbles generated by the
decomposition of hydroxide fuel to propel these nanotubes. By
depositing a ferromagnetic layer on the nanotube, remote
magnetic guidance of nanotools can also be achieved. These
nanotube tools possess a small diameter and a unique
asymmetric structure, allowing them to generate spiral motion
and perform drilling on biomaterials. These micro/nano tools are
capable of carrying multiple yeast cells for transportation.
However, it’s worth noting that the propellant used is toxic to
mammalian cells, limiting its feasibility for applications
involving living cells. In another approach, Srivastava et al.
(2016) proposed a micro robot with dual functionality for
targeted drug delivery and cell surgery. They extracted
calcified porous microneedles from Dracaena species with
drug-carrying capabilities and coated them with a magnetic
layer for cell penetration under the influence of a magnetic
field. The carried drugs have the potential to eliminate nearby
harmful and malignant cells while also releasing supplementary
drugs to enhance the body’s defense against infections. The
robot’s ability to penetrate single cells can also serve as an
anchoring mechanism for drug release, especially in secondary
treatments mediated by other drugs. This robot system offers the
potential to significantly reduce treatment side effects, including
those associated with chemotherapy (see Figure 4B). Harder et al.
(2023) introduced a microrobot constructed from alginate. This
microrobot relies on a combination of photothermal drive and
temperature sensing to precisely stimulate a single cell. It
activates the intracellular thermosensitive ion channels,
leading to changes in intracellular calcium content. While
preliminary experiments were conducted on human embryonic
kidney cells, and a comprehensive evaluation of toxicity and
biocompatibility is yet to be performed, the emergence of this

robot platform presents a novel approach for studying the
thermobiology of cells and mammalian tissues.

With the ongoing development of microrobot technology, its
application in surgical procedures has been gradually transitioning
into clinical practice. Even though it is still primarily in the
experimental stages with animal subjects, the results obtained
thus far inspire confidence. Ullrich et al. (2013) introduced a
microrobot designed for minimally invasive surgery in the
posterior segment of the eye and presented the outcomes of
activity experiments conducted in rabbit eyes. These microdevices
are injected into the vitreous cavity and can be guided to the lesion
site through wireless control via a magnetic field. Surgeons can then
manipulate the microrobots for necessary treatments, such as
mechanical procedures or targeted drug delivery. The initial
application of this technology focuses on drug delivery to lesions
near the retina, aiming to reduce the required drug dosage and
prolong treatment duration. This approach allows for injection into
the eye, manipulation, and subsequent removal of the microrobot,
offering a potential adjunctive method for ophthalmic treatments.
However, further research is needed to explore the interaction and
impact of these microrobots on intraocular tissues. On a related
note, Wu et al. (2018) designed micropropellers capable of moving
within the eye under external magnetic field control, enabling
precise delivery of drugs and therapeutic substances to target
areas. These micropropellers feature a super-lubricated surface
coating, reducing friction resistance within the vitreous of the
eyeball, allowing them to move freely within the eye. Using
technologies like optical coherence tomography (OCT),
researchers successfully observed the movement and positioning
of these micropropellers in pig eyes, providing a new technique for
intraocular surgery and treatment.

Microrobots are increasingly finding applications in various
surgical fields. Nguyen et al. (2018) introduced the concept and
requirements for micro-robot-assisted cholesteatoma surgery. By
combining microscopy, imaging technology, and laser ablation
tools, residual cholesteatoma cells can be detected and removed.
However, a complete robot system for clinical experiments has not
yet been fully developed. Cheng et al. (2022) also summarized the
progress of microrobots in dentistry. Microrobots can magnify
differences that are imperceptible to the naked eye, leading to
more precise treatments. They offer unparalleled advantages in
procedures like root canal resection, dental pulp treatment, and
even tumor treatment (see Figure 4C). Sperm has become a focal
point of research in the micro/nanorobot field due to its flagellar
structure and innate self-movement capabilities. Sperm’s ability to
evade human immune responses and deliver drugs has led to the
development of various microrobot systems (Medina-Sánchez et al.,
2018). In the field of assisted reproduction, studies have explored the
use of microrobots, prepared using single sperm, for treating
conditions such as oligospermia and azoospermia (Magdanz
et al., 2017). However, the functions achievable with only a single
sperm cell are limited. Subsequently, Rajabasadi et al. (2022)
developed a microrobot carrier capable of carrying multiple
sperm, constructed from various intelligent materials (see
Figure 4D). This microrobot can achieve in situ sperm
capacitation through localized heparin release and degrade the
cumulus complex surrounding the oocyte, thereby enhancing the
probability of fertilization.
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3 Conclusion and future perspective

This paper serves as a comprehensive summary of the
remarkable achievements in the application of micro/
nanorobots in the field of medicine, particularly in the
domains of biosensors, image diagnosis, targeted drug
delivery, and minimally invasive surgery. Micro/nano robots
offer advantages that traditional treatment methods cannot
match, including their ability to reach deep tissues, minimize
trauma, and enhance treatment efficiency. Presently, research in
this field is still in its infancy, and there remain significant
challenges to overcome on the path toward clinical
transformation. One primary challenge is ensuring the
biosafety of these micro/nano robots. Given their need to
navigate deep tissues or even aggregate, it is imperative that
these robots exhibit non-toxic and degradable characteristics.
Additionally, concerns arise regarding the generation of chemical
waste during robot operations, which may potentially harm the
human body. While some biodegradable micro/nano robots have
been successfully developed, precise control over their
degradation environment and timeline remains essential.
Moreover, these biodegradable robots primarily undergo
degradation in PBS solutions or animal models, leaving their
parameters and functions in a human environment largely
uncharted. A second significant challenge revolves around the
control of these robots and the aspiration to orchestrate their
collective movement. Future advancements driven by fields like
artificial intelligence may allow for the autonomous movement of
robot clusters, even facilitating coordination between individual
robots. Such developments hold tremendous promise, especially
in complex treatment domains like large-scale medication and
tumor immune environment therapy. The third major challenge
involves the reduction of material and production costs to enable
mass production of these robots. This endeavor intersects with
materials science and 3D printing technologies. Researchers aim
to explore a broader range of biological and synthetic materials
while seeking more efficient and cost-effective fabrication
methods. The ultimate goal is to establish a safe and widely
accessible micro/nano robot system, ensuring that more
individuals can benefit from precise and efficient medical
treatments. In conclusion, the journey toward realizing the full
potential of micro/nanorobots in the treatment of human
diseases is long and multifaceted. Numerous details await
exploration, including ethical considerations. It is anticipated

that research into the micro/nano robot platform will experience
rapid growth in the coming decade. As long as safety and
controllability conditions are met, micro/nano robots hold the
potential to revolutionize the field of medical treatment.
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Research and development in the field of micro/nano-robots have made
significant progress in the past, especially in the field of clinical medicine,
where further research may lead to many revolutionary achievements.
Through the research and experiment of microrobots, a controllable drug
delivery system will be realized, which will solve many problems in drug
treatment. In this work, we design and study the ability of magnetic-driven
hydrogel microrobots to carry Lycorine hydrochloride (LH) to inhibit
colorectal cancer (CRC) cells. We have successfully designed a magnetic field
driven, biocompatible drug carrying hydrogel microsphere robot with Fe3O4

particles inside, which can achieve magnetic field response, and confirmed that it
can transport drug through fluorescence microscope. We have successfully
demonstrated the motion mode of hydrogel microrobots driven by a rotating
external magnetic field. This driving method allows the microrobots to move in a
precise and controllable manner, providing tremendous potential for their use in
various applications. Finally, we selected drug LH and loaded it into the hydrogel
microrobot for a series of experiments. LH significantly inhibited CRC cells
proliferation in a dose- and time-dependent manner. LH inhibited the
proliferation, mobility of CRC cells and induced apoptosis. This delivery
system can significantly improve the therapeutic effect of drugs on tumors.

KEYWORDS

colorectal cancer, magnetic-driven, microrobots, lycorine hydrochloride, Fe3O4 particle

1 Introduction

Colorectal cancer (CRC) has always been a public health problem due to its high
incidence rate and mortality. The data in the GLOBOCAN 2020 global report shows that
CRC ranks third in terms of new cases (193,159,0 10%), and second in terms of cancer-
related deaths (935,173 cases, 9.4%) (Ionescu et al., 2023). Currently, the treatment of
patients with metastatic colorectal cancer (mCRC) mainly focuses on chemotherapy,
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supplemented by surgery and radiotherapy. With the development
of therapeutic approaches, the survival period and quality of life of
patients have been significantly improved (Sunakawa et al., 2016).
However, overall, the 5-year survival rate of mCRC patients with
mCRC remains low, at approximately 15% (Ohishi et al., 2023).
Genetic mutations often lead to increased drug resistance in tumor
cells, making existing treatment methods ineffective in controlling
tumor growth and spread (Qunaj et al., 2023). Therefore, researchers
have been searching for new treatment strategies to overcome this
challenge (Cruz-Martins, 2023).

Compounds from plant sources have the advantages of low cost,
high stability, high safety, and multi-targeting, which make them
highly valuable in clinical applications (Avila-Carrasco et al., 2019).
Lycorine hydrochloride (LH), as an active alkaloid, is extracted from
the medicinal plant Lycoris radiate (Shi et al., 2021). In recent years,
the research on the anti-tumor effect and mechanism of LH has been
increasing. It has been found that LH can exert anti-tumor activity
through multiple pathways and multiple signaling pathways, which
is specifically reflected in the regulation of the occurrence and
development of multiple tumors through one pathway, or the
regulation of the same tumor through different signaling
pathways (Ji et at., 2017; Li et al., 2020; Li et al., 2021). Although
there have been many reports on the anti-tumor effects of LH, there
have been relatively few studies on its role in CRC.

When normal cells are affected by synthetic lethal drugs and lead
to serious side effects, synthetic lethality shows its limitations and
shortcomings. As a result, patients may be forced to interrupt
treatment due to strong side effects during treatment (Chen et al.,
2020). In contrast, the precision drug delivery systemmay enhance the
synthesis of lethal drugs in the tumor site while reducing side effects
(Li et al., 2023). Micro/nano-robots have been innovatively adopted to
solve problems related to Brownian motion and viscous forces, and to
utilize different power sources formovement (Chen et al., 2018;Wang
et al., 2021; Zhao et al., 2022). The magnetic-driven microrobots that
achieves precise manipulation by changing the strength and direction
of themagnetic field has great potential for clinical application in drug
treatment of tumors, which has aroused great interest among
researchers (Li et al., 2017; Wang et al., 2020; Ji et al., 2021; Zhang
et al., 2023; Li et al., 2023). By precisely controlling the magnetic field,
microrobots can be guided to the tumor site and release drugs, which
not only greatly improves the therapeutic effect of drugs, but also
significantly reduces a series of problems such as drug cytotoxicity and
serious complications (Chen et al., 2018; Mu et al., 2022; Wang et al.,
2022). This technology is expected to provide new solutions for tumor
treatment in the future (Wang et al., 2021).

2 Materials and methods

2.1 Preparation of microfluidic chip

The microfluidic chip device is consisted of PDMS construction,
capillary tubes, dispensing needles, and rubber tubes. The rubber
tubes are used as microchannels for the dispersed phase and
continuous phase. One end of the capillary tube is inserted into
the PDMS body, and the other end is connected to the rubber tubes.
In experiment, the fluid flows into the PDMS construction through
the rubber tubes and capillary tube in sequence, where the micro

droplets are sheared, and then flows out collectively through the
rubber tube at the other end. All openings on the device surface are
sealed with leak-proof oil sealant and left to stand for 15 min for the
sealant to cure. The device is then stored in a cool and dry place.

2.2 Preparation of continuous phase and
dispersed phase

2.2.1 Continuous phase (oil phase):
20 μL of Tween 20 (surfactant) was dropped into 20 mL of

vegetable oil and stir to mix thoroughly. Then the mixed liquid was
placed in a vacuum drying box, evacuate to 1,000 Pa for 30 min to
remove bubbles in the mixed solution to obtain the continuous
phase fluid required for the experiment.

2.2.2 Dispersed phase (water phase):
(1) 300 mg of gelatin (glue strength: ~250 g Bloom, Aladdin,

China) was added into 7 mL of deionized (DI) water and
then was stirred for 30 min at 40°C using magnetic stirrer
until the gelatin was dissolved.

(2) 20 mg of photoinitiator (2-hydroxy-4′-(2-hydroxyethoxy)-2-
methylpropiophenone) (Macklin, Shanghai, China) was
added into 3 mL of DI water. Then mixed liquid was
stirred for 10 min at 30°C using magnetic stirrer to obtain
photoinitiator aqueous solution.

(3) The gelatin aqueous solution and the photoinitiator aqueous
solution were mixed, and 0.1 mL of acid-base buffer
was added.

(4) The Fe3O4 particles (20 nm) and LH were added into the
mixed solution, and adjust the concentrations to 2.5% and
20 μM, respectively.

2.3 External magnetic field device

A three-degree-of-freedom Helmholtz coil, a multi-function data
acquisition device, and three single-channel output power amplifiers
jointly constitute the external rotating uniform magnetic field. By
controlling the current and voltage of the Helmholtz coil, a circular
external rotating uniform magnetic field can be generated on any
plane in three-dimensional space to drive the microrobots to move in
different ways (Wang et al., 2023). In the experiment, the cell-culture
dish was placed in the center of the three-dimensional Helmholtz coil,
where themagnetic field intensity was evenly distributed. After adding
the drug-loaded microrobot, turning on the magnetic field can drive
the microrobot to move towards the cells.

2.4 Cells and reagents

CRC cell lines DLD-1 and LoVo, as well as human intestinal
epithelial cell line NCM460, are provided by Fuheng Cell Centre
(Shanghai, China). LoVo cells were cultured in RPMI 1640 medium
(Gibco; Thermo Fisher Scientific, Inc.), while DLD-1 and
NCM460 cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM; Thermo Fisher Scientific, Inc., Waltham, MA,
United States). Both media were supplemented with 10% fetal
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bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.) and 1%
antibiotic (Sigma-Aldrich, United States). All cells were cultured in a
standard humidified incubator at 37°C under an atmosphere with 5%
CO2. LH (cat. no. L101559) was purchased from Aladdin Industrial
Corporation (Shanghai, China) and was dissolved in dimethyl
sulfoxide (DMSO) to prepare a stock solution of 77.16umol/L.

2.5 MTT assay

The cytotoxicity of LH was conducted by MTT assay. Cells were
incubated in 96-well plate (5×103 per/well) for 24 h, then treated
with different concentrations of LH (0–100 μM) for 48 h. After
staining with MTT solution (5 mg/mL, 20 μL/well, 4 h) (Sigma-
Aldrich, Merck KGaA, Darmstadt, Germany), 150 μL of DMSO was
added to each well to solubilize the formazan crystals. A microplate
reader (ELx808, BioTek Instruments, Winooski, VT, United States)
was employed to detect the plate at the wavelength of 490 nm. Three
biological experiments were performed.

2.6 Plate colony-forming assay

CRC cells (0.5 × 103) were cultured in 6-well plates for 24 h. Three
groups were set up, including a negative control group (NC), LH-alone
(20 μM), and a magnetic microrobot drug-loading group (LH-robot)

(20 μM). Treatments were conducted on days 2, 4. After 10 days, the
cells were fixed with methanol and stained with a 0.5% crystal violet
solution. Three biological experiments were performed.

2.7 Wound healing assay

DLD-1 and LoVo cells (90% confluence) were scratched with a
sterile 200-µL pipette tip and then treated with LH and LH-robots
(20 μM) separately. After 48 h, the width of the scratch was
observed. The scratch was imaged under a microscope
(magnification, ×100). The widths of the scratches were analysed
with ImageJ V1.8.0 (NIH, Bethesda, MD, United States). Three
biological experiments were performed.

2.8 Transwell assay

The invasion experiment was conducted using a Transwell
chamber. Before cells seeding, 50 μL of Matrigel was added to the
upper chamber to coat the polycarbonate membrane. DLD-1 and
LoVo cells were treated with LH alone and LH-robots (20 μM)
separately and then cultured for 24 h. After resuspension in FBS-free
medium, they were inoculated into the upper chamber (1×104 cells/
200 µL medium per well). Then, the lower chamber containing 700 µL
of medium with 10% FBS was used as a hemoattractant. After 48 h of

FIGURE 1
Targeted drug release in intestine using magnetic-driven hydrogel microrobots. (A) Schematic overview of magnetic-driven hydrogel microrobots
for drug release in intestine. (B) The fabrication of magnetic-driven hydrogel microrobots using microfluidic chip. (C) The optical microscopy image of
magnetic-driven hydrogel microrobots. (D) Fluorescence microscopic images of magnetic-driven hydrogel microrobots. (E) Particle size distribution of
magnetic-driven hydrogel microrobots.
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incubation, cells on the polycarbonate membrane were wiped off, and
then methanol was used to fix the cells penetrating to the dorsal side,
followed by staining with a 0.5% crystal violet solution. Under a
microscope (magnification, ×100), 5 randomly selected fields were
quantitatively analysed. Three biological experiments were performed.

2.9 Apoptosis assay

DLD-1 and LoVo cells were seeded in 6-well plates (2.5×105 per/
well) and allowed to adhere overnight. Then, LH alone and LH-
robots (20 μM) were added separately, and the cells were incubated

FIGURE 2
Magnetically actuated motility of magnetic-driven hydrogel microrobots. (A)Tracking lines illustrating the traveled distances of microrobots of
different sizes over a 14 s period in a rotating uniform magnetic field of 15 mT and 5 Hz. (B) The velocity of microrobots of different sizes varied with the
drive frequency from 2 to 40 Hz.

FIGURE 3
Controllable and flexible motility performance of magnetic-driven hydrogel microrobots. (A) Change of the direction of movement of the
microrobots caused by changing the magnetic field. (B) Controllable motion of microdimer swimmer.
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for 48 h before being harvested and stained with an Annexin
V-FITC/PI Apoptosis Detection kit (catalog no. FXP018; 4A
Biotech). FACS DiVa 6.1.3 (BD Biosciences, Franklin Lakes, NJ,
United States) was used to analyze apoptosis. Three biological
experiments were performed.

2.10 Statistical analysis

All data were shown asmeans ± SD via at least triplicate samples.
A two-tailed, Student’s t test was used for testing the significance
between two groups. Statistical analyses were performed using
GraphPad PRISM 9 (GraphPad Software, Inc.) A one-way
analysis of variance (ANOVA) with Dunnett’s test was

performed to test the significance for multiple comparisons. A
statistical significance was assumed at p < 0.05.

3 Results

3.1 Preparation of magnetic drive
microrobot delivery system

Autonomous micro/nano-robots can propel and navigate in
various liquid media, and are expected to provide revolutionary
technological advancements for drug delivery, microsurgery, and
micro/nano-engineering (Xiao et al., 2022; Yang et al., 2022; Wang
et al., 2021; Gao et al., 2021; Zhang et al., 2023). Magnetic

FIGURE 4
Effect of LH and LH-robot on CRC cell proliferation. (A) Chemical and three-dimensional structures of LH. (B) An MTT assay was performed to
measure CRC cell viability following LH (0–100 µM) treatment. (C) The influence of LH alone and LH-robot on the colony formation of CRC cells. *p <
0.05 and **p < 0.01 and ***p < 0.001 vs. NC group.
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nanorobots show great potential in practical biomedical applications
due to their wireless fuel-free actuation, strong propulsion, precise
motion control, and high biocompatibility (Wang and Zhang, 2021;
Xie et al., 2020; Zhou et al., 2021; Yang et al., 2023). This study
describes the preparation of magnetic-driven hydrogel microrobots.
It has the capability to transport drug LH through the digestive
channel and into the intestine. Subsequently, the microrobot, driven
by an external magnetic field, precisely maneuvers to the target
lesion location for drug release and treatment (Figure 1A). This
application demands that the microrobot is capable of loading drugs,
exhibiting magnetic responsiveness, and possessing a biocompatible
structure. Additionally, the microrobot should have a disintegrable
body structure for drug release. Figure 1B illustrates the fabrication
process of the magnetic-driven hydrogel microrobot. The hydrogel
microrobot is fabricated using a microfluidic chip based on the
principle of flow focusing. In the flow convergence device, the
dispersed phase fluid and continuous phase fluid pass through a
narrow region under pressure. At the micro-droplet generation site,
there are three fluid streams, with the continuous phase fluid
symmetrically distributed on both sides. The dispersed phase
fluid in the middle is focused and sheared by the continuous
phase fluids on both sides, forming micro-droplets. The micro-

droplets are subsequently cured and solidified on the surface under
UV light exposure, thus transforming into magnetic-driven
hydrogel microrobots. In this process, the continuous phase is
plant oil, and the dispersed phase is a gelatin aqueous solution
containing photoinitiator, along with Fe3O4 particles and the LH.

The optical microscopy image shown in Figure 1C displays the
spherical geometry of the microrobots. The clearly visible yellow
microparticles inside the microrobot indicate the successful
loading of Fe3O4 particles. The fluorescent microscope image
(Figure 1D) illustrates that the desired drug loading has been
achieved. The loading of drugs and Fe3O4 particles decreased in the
homogeneity of the gelatin solution as the dispersed phase, leading
to a lack of strict uniformity in the size of the generated
microrobots. Figure 1E presents the statistical analysis of the
size distribution of the prepared microrobots, indicating that
the size distribution follows a generally normal distribution.
The average diameter is approximately 90 μm, predominantly
distributed within the range of 30~120 μm, exhibiting a high
degree of monodispersity. In the microfluidic chip, the
generation rate and size of microrobots can be modulated by
altering the flow rate ratio, viscosity, and channel dimensions of
the continuous and dispersed phase fluids.

FIGURE 5
Effect of LH and LH-robot on CRC cell mobility. (A)Wound healing assay of LH alone and LH-robot on CRC cells at non-toxic concentrations (20µM,
24 h). Magnification, ×100. (B) Invasion assays of CRC cells pretreated with LH and LH-robot at non-toxic concentrations (20µM, 24 h).
Magnification, ×100. *p < 0.05 and **p < 0.01 and ***p < 0.001 vs. NC group.
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Then the effect of frequency of the rotating magnetic field on the
velocity of magnetic-driven hydrogel microrobot was investigated
experimentally as well. Figure 2A shows the trajectories of different-
sized microrobots over a period of 14 s under the conditions of a
magnetic force of 15 mT and a driving frequency of 5 Hz. It can be
seen that larger microrobots exhibit smaller movement speeds. To
further reveal the magnetic field-driven motion performance of
microrobots, we explore the variation of microrobots’ velocity
with the magnetic frequency increased from 2 to 40 Hz and
shown in Figure 2B, for a 30 μm microrobots, the speed
increased linearly with the driving frequency and reached a
maximum velocity of 8.4 μm/s at 5 Hz, further increasing the
frequency reduced the velocity. Such a maximum synchronized
frequency is called step-out frequency (Xie et al., 2019; Yu et al.,
2019). The occurrence of the out-of-step phenomenon and the
increase in drag caused by the increasing speed are the reasons
we speculate for this variation. After the step-out phenomenon
occurred, the speed of the microrobot fluctuates within a certain
range as the frequency of the magnetic frequency increase.
Furthermore, the 60 and 90 μm microrobots showed the same
movement performance and obtained the highest velocities of
6 μm/s and 3.7 μm/s, respectively. This magnetically actuated
motility of magnetic-driven hydrogel microrobots of different
sizes can provide guidance for the customization of microrobots
for different working conditions.

For the application of micro/nano-scale robots in precision
medical procedures, the ability of remote driving has very
attractive characteristics (Chirarattananon et al., 2014; Xie et al.,
2019; Aram et al., 2022; Zhang et al., 2022). Here, we demonstrate
the remote locomotion of Janus magnetic-driven hydrogel
microrobots. Figure 3A illustrates the control strategy of three-
dimensional rotating magnetic field generated by the three degrees

of freedom Helmholtz coil and corresponding movement of
microrobots. First, a circularly polarized rotating magnetic field
applied in the X-Z plane excited the microrobot rolled along X-axis.
When the rotating magnetic field was changed and applied in the
Y-Z plane, the locomotion direction of microrobot changed to the
Y-axis. The propulsion direction of the microrobot could be altered
by changing the direction of rotating magnetic field manually. Based
on this rule, we realized the controllable trajectory movement of
microrobot by modulating the magnetic field. As shown in
Figure 3B, the microrobot walked along letter “H”-, “P”-, and
“H”-shaped trajectory. The microrobot realized flexible direction
switching under the drive of magnetic field of 15 mT and 5 Hz. This
remote controllable movement capability provides support for
targeted locomotion of magnetic-driven hydrogel microrobots on
the complex surface of the intestine.

3.2 Magnetic-driven microrobots
significantly enhances the ability of LH to
inhibit CRC cells

• The chemical structure formula and 3D structure of LH are
shown in respectively. Cell proliferation was assessed using
MTT and colony formation assays (Chan et al., 2023). CRC
cells were exposed to multiple concentrations (0–100 µM) of
LH for 24 and 48 h. MTT assay results showed that LH
significantly inhibited CRC cells proliferation in a dose and
time-dependent manner (Figure 4B). Notably, LH showed
minimal cytotoxicity towards NCM460 cells (Supplementary
Figure S1). We chose a non-lethal concentration of 20 µM of
LH and compared the effects of single drug administration
with microrobot-based drug delivery on CRC cells. A large

FIGURE 6
The apoptosis of CRC cells after treatment of LH and LH-robot separately. *p < 0.01 and ***p < 0.001 vs. NC group.
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number of previous studies (Zhang et al., 2021; Zhou et al.,
2021) have shown that Fe3O4 as a component of magnetic
drive micro-nano robot will not cause biological tissue and
cell damage, so the blank control group in this study
containing a small dose of Fe3O4 will not cause additional
effects. The colony formation experiment showed that the
drug under the control system of magnetic microrobots had a
more significant ability to inhibit the proliferation of CRC
cells (Figure 4C).

Metastasis is the process by which cancer cells grow in organs far
away from their primary organ, and is the deadliest manifestation of
cancer (Xia et al., 2023). The vast majority of cancer patients die
from metastatic disease, rather than primary tumors (Chen et al.,
2019). Tumour cell mobility is essential for metastasis and is
typically assessed by wound healing and Transwell assays (Jin
et al., 2019). As shown in Figure 5A the wound healing speed in
the cells treated with LH-robot was significantly slower. The
Transwell assay results showed a significant decrease in the
invasion ability of the experimental group cells, especially in the
magnetic microrobot-based drug delivery group (Figure 5B).

Apoptosis is a programmed cell death that balances the ratio of
cell survival and death. Cancer cells have the ability to escape
apoptosis, so aimed at inducing cancer apoptosis is a very
important direction for treating cancers (Elbanna et al., 2021).
Cytotoxic chemotherapy and radiotherapy attempt to trigger
apoptosis through endogenous pathways by acting on cell
division and/or directly damaging DNA, and are currently the
main methods for treating cancer through the induction of
apoptosis mechanisms (Wanner et al., 2020; Barroso et al., 2023).
In our experiments, we observed that LH has the ability to induce
apoptosis in CRC cells, and the magnetic propelled hydrogel
microrobots significantly enhance this ability (Figure 6).

4 Conclusion

We have fabricated a magnetic driven, biocompatible
hydrogel microrobot loaded with Fe3O4 particles. Through the
regulation of external magnetic fields, the movement of
microrobots can be precisely controlled, enhancing the
anticancer ability of LH on CRC cells. This technology can
achieve precise delivery and efficient utilization of drugs,
thereby reducing the toxic side effects and improving the
therapeutic effect. Therefore, microrobot technology has broad
prospects in cancer treatment.
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