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ARTICLE INFO ABSTRACT

Keywords: Stimuli-responsive micro/nanorobots have revolutionized biomedical research by overcoming the therapeutic
Stimuli-responsive limitations that require critical medical interventions. These micro/nanorobots are designed to move through the
Micro/ f‘a"‘fmb“t body’s circulatory system and hold promise for advanced micro/nano surgery, targeted drug delivery, immu-
I:;]}l;:i-:;spned notherapy, and combating bacterial infections. The efficacy of these bots largely relies on specific physico-

chemical attributes (such as high biocompatibility, in vivo site-specific adhesion properties, high surface area at
the nanoscale, ability to combat immune rejection and controlled actuation). Biomimetic pollen-like micro/
nanorobots (P-M/N-bots), inspired by pollen, have emerged as suitable structures for in vivo applications. These
structures are meticulously fabricated through the chemical modification of materials such as silica and zinc
oxide. After fabrication, the micro/nanorobots’ movement can be precisely controlled by different stimuli (such
as near-infrared radiation (NIR), magnetic fields, and temperature variations, among others). Despite the
growing scientific outcomes, we are yet to conduct a concise review of the development and progress of on-the-
rise P-M/N-bots. Therefore, it is necessary to provide an overview of the current developments in intelligent P-M/
N-bots to encourage future developments in this field. Hence, in this review, we discuss the synthesis methods for
P-M/N-bots and feasible actuation methods, including NIR, magnetic field, pH, and temperature. We emphasize
the various therapeutic applications of the P-M/N-bots in biomedical applications, focusing on anti-cancer
therapies, targeted drug delivery, anti-bacterial effects, and curing inflammatory conditions. Furthermore, we
discuss potential challenges in the clinical application of P-M/N-bots. Anticipating the future of this field, we
believe that this review will serve as a valuable guide for the development of promising P-M/N-bots with
enhanced therapeutic outcomes.

Advanced therapeutics

Introduction have the potential for targeted invasive surgery, drug delivery, and
disease treatment in hard-to-reach deep areas of the body, [8-15]
lowering non-target toxicity and overcoming the limitations of existing

treatments [16].

Conventional medications and surgery often fail to manage critical
cardiovascular diseases [1], cancer progression [2], severe infections

[3], tissue regeneration [4], and precise drug administration [5]. In
particular, drug accumulation at non-specific locations leads to systemic
side effects and tissue damage [6]. Hence, a crucial objective of modern
medicine is to devise precise therapies by developing innovative stra-
tegies, such as the utilization of micro/nanorobots (hereafter referred to
as M/N-bots). M/N bots are capable of systemic circulation throughout
the human body and can be controlled externally [7]. These M/N-bots

Over the past decade, studies have shown that the function of M/N-
bots within the delicate physiological environment of the human body
remains limited, resulting in undesired functionalities, such as low site-
specific adhesion, low payload adhesion, insignificant tissue penetra-
tion, immune rejection, and challenging actuation mechanisms [17].
Therefore, =~ M/N-bots  with  improved functionalities and
stimuli-responsiveness are being engineered to address these difficulties,
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often by biomimicking nature-inspired structures. There are numerous
examples of micro/nanostructures in plants and animals [18] and in
their products, including the structural diversity observed in
plant-derived pollen particles [19]. Pollen is a powdery material that is
generated by the male reproductive organs of seed-bearing plants. These
are vehicles for the transmission of male genetic material. The structure
may be described as a hollow capsule that safeguards the enclosed ge-
netic components along with other internal cellular organelles, shielding
them from environmental damage. Additionally, it ensures secure
adhesion to the floral stigma, facilitating pollination [20].

Pollen particles are typically small, in the nanometer range, and
possess hollow structures.

[21-23]. The surface shape of the particles is crucial for controlling
their interactions with cells, such as promoting strong adherence,
enhancing cargo delivery, and improving tissue penetration, making
pollen particles a key nanomaterial in M/N-bot fabrication. However,
additional engineering efforts are required to address challenges related
to immune rejection and desired actuation mechanisms [24] [25,26].

Several polymers were used to fabricate pollen-like M/N-bots (P-M/
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N-bots). For example, P-M/N-bots can be fabricated using materials,
such as ZnO [27], gold (Au) [28], silicon [29], polydopamine [30], and
poly (N-isopropylacrylamide) (pNIPAM) [31]. Furthermore, because
precise motion control is crucial for P-M/N-bots to execute practical
functions, stimuli-responsive biopolymers are incorporated to modify
their surfaces for remote-control access [32-34]. To date, numerous
stimuli (such as magnetic fields, temperature, light, and pH) have been
reported to drive P-M/N-bots in vitro and in vivo [35-37]. By manipu-
lating the stimuli-responsive parameters, it is possible to modify the
speed, trajectory, and other aspects of P-M/N-bots [38].

To date, several stimuli-responsive M/N bots have been reviewed to
date [39-42]. However, only a few reviews have been published on
P-M/N-bots highlighting their promising progress in biomedical appli-
cations. Hence, this review provides an overview of the advancements in
P-M/N-bot fabrication, stimuli-mediated actuation, and mode of action.
First, we discuss the importance of pollen particles as desirable nano-
structures in biomedicine, focusing on their diverse morphologies and
unique microstructural architectures. We further elaborate on chemi-
cally synthesized artificial pollen-like nanostructures to concisely
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Fig. 1. Schematic overview of stimuli-triggered P-M/N bots for improved therapeutic; including fabrication of pollen-inspired ZnO (spiky) [27], pollen-inspired silica
(mesoporous) [43], actuation mechanisms through pH [44], light [45], temperature [46], magnetic field [47], and therapeutic applications like inflammatory disease
therapy [37], anti-cancer therapy [48], anti-bacterial therapy [45], and drug delivery [49].
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review the fabrication processes used over the decades to produce
pollen-like microparticles. Finally, we review P-M/N-bots in detail,
specifically focusing on the actuation mechanism in bots that have
transitioned from pollen-like particles into bots. We hope that through
an exhaustive discussion of the natural pollen structure of the synthetic
pollen-like micro/nanoparticles to the emergence of P-M/N-bots, we can
obtain an overall picture of the development of these impressive
microbots in biomedicine. We also explore the biocompatibility and
biodegradation of P-M/N-bots within biological systems as well as the
biological obstacles and constraints of current in vivo monitoring
methods, suggesting directions for future research in this field. We
anticipate that this review will aid in understanding the current state of
the art of P-M/N-bots and encourage the development of advanced
P-M/N-bots in the future (Fig. 1).

P-M/N structures

As mentioned earlier, pollen particles are the male reproductive units
of fruit-bearing plants. Pollen from the same species is often uniform in
shape and size, whereas pollen dimensions vary across species. Fig. 2A
shows a few examples of variation in pollen shape and size across plant
species [50]. These particles may have perfectly spherical shapes or
edges that can take other forms. Additionally, they have smooth surfaces
or surfaces with varied textures, such as spikes, grooves, or porous pits
[51]. Despite their origin, the microstructures of most pollen particles
exhibit a double-layer wall architecture. The inner layer, known as the
intine, is composed of carbohydrates, such as cellulose and pectin,
whereas the outer layer, known as the exine, is composed of sporopol-
lenin, a chemically robust polymer [52,53]. Exines are extremely
resistant to prolonged drying and various chemical attacks, making
them one of the toughest and most durable materials[54]. The exine
surface is coated with Pollenkitt, a sticky liquid that modulates the ad-
hesive characteristics of pollen via a wetting mechanism [55].

For instance, adhesion tests with five distinct pollen species showed
that the pollen with the highest adhesion was from the dandelion and
sunflower, owing to the presence of the highest amount of Pollenkit on
their echinate (spiky) surface, leading to high surface adhesion ability
[25]. This is also due to the fact that pollens featuring spiky nano-
structures have a larger surface area than other counterparts, such as the
spherical pollens [25,56] [57,58]. This extensive surface area is bene-
ficial for using pollen surfaces as nanocarriers for drug delivery and
targeted adhesion to specific cells or organs. Similarly, the porous ar-
chitecture, as observed in rape pollen, enhances the cargo-carrying ca-
pacity through its sizable internal pores and the creation of an extensive
contact area. This attribute has versatile applications in the drug de-
livery and energy storage fields [59].

However, most pollens contain allergens, limiting their application.
Consequently, the pollenkitt, intine, must be removed to achieve an
empty sporopollenin shell [60-62]. Sporopolynerine-exine shells can be
extracted using chemical, enzymatic, and combination techniques
(Fig. 2B). When pollen is chemically treated, allergic ingredients are
removed and the normally closed aperture is opened, resulting in a hole
in the pollen wall (Fig. 2C, D) [63]. Drugs could be loaded and released
through these apertures. Thus, pollen demonstrates an elevated capacity
as micro/nano carriers.

Pollen-inspired micro and nano-structures have been artificially
engineered using metals and polymers. In the next section, we describe
the artificial synthesis of pollen-inspired micro/nano-structures, which
have shown promising results in the development of nanocarriers with
preferred physiochemical properties.

Artificially synthesized P-M/N structures without actuation
A global endeavor has been made to create micro/nanostructures

that imitate the captivating surface characteristics of pollen. These P-M/
N structures, which are devoid of actuation, are widely acknowledged
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for their improved bio-adhesion, surface penetration, effectiveness as
drug carriers, and immune rejection. The most common method for
producing P-M/N structures is chemical synthesis. Early P-M/N struc-
tures are mainly produced using metallic materials, primarily because of
the simple synthesis methods linked to metals [66-69]. Through these
synthesis techniques, the size, morphology, and surface characteristics
of the P-M/N structures can be manipulated.

Metal/ metallic oxide-based P-M/N structures

The surface plasmon resonance properties, absorption capacity, and
light scattering of metal nanoparticles are advantageous compared to
those of other polymeric nanostructures. Therefore, they have been used
extensively in bioimaging applications. Furthermore, nanosized metals
have large surface areas that can be chemically and physically modified
[70,71]. We also discuss the use of Au-, zinc oxide-, and silica based
P-M/N structures for biomedical applications.

Nanometer-scale Au particles have been actively studied for a long
time due to their optical properties. The manipulation of the nanoscale
surface characteristics of Au nanoparticles (AuNPs) leads to adjustable
optical properties. Spiky AuNPs exhibit enhanced surface plasmon
resonance[72], augmented photothermal properties[73], and superior
Raman scattering performance[74], which are attributable to their large
surface areas. The production of spiked AuNPs can be divided into two
main methods: (1) direct synthesis and (2) seed-mediated growth. Direct
synthesis can create spiked nanoparticles by selecting the appropriate
metal precursors and reducing agents and surfactants[75]. In contrast,
seed-mediated growth methods utilize tiny metal seed nanoparticles,
generally smaller than 10 nm, as nucleation points, and require the in-
cremental addition of metal precursors and capping agents to foster the
anisotropic development of spikes [76,77].

Au has been used to create biomimetic pollen structures in several
ways. Kim et al., have reported the fabrication of a biomimetic nano-
pine-pollen nanostructure-based surface-enhance Raman scattering
(SERS) sensor for the detection of toxicants, such as heavy metal ions
and amyloid-p oligomers. To fabricate the pine pollen structure, we
fabricated an Au layer on a pollen-mimicking silver structure via a
galvanic replacement reaction. The resulting Au layer enhanced the
SERS response [78].

Zinc oxide is a substance with strong anti-bacterial properties that
has uses ranging from electronics to sensors, photocatalysis, energy, and
biomedicine[79-82]. Spherical ZnO oxide nanoparticles, the most
representative form, have attracted interest because they are easily
absorbed and metabolized by cells. Furthermore, it is toxic to tumor cells
but not normal cells and exhibits a wide range of toxicity in a number of
tumor cell lines[83-85]. Dang et al. compared the cytotoxic effects of
spherical zinc oxide nanoparticles (SNPs) and spiked zinc oxide nano-
particles (SPNPs)[86]. Spiked zinc oxide particles were synthesized by
the sequential self-assembly of zincate into nanoparticles, nanorods,
nanoleaves, and finally, nanospikes, during the gradual conversion of Zn
(OH)4 % into hydroxyl ions (Fig. 3A-B). Zinc oxide nanoparticle-induced
abnormalities in reactive oxygen species (ROS) and mitochondrial
membrane potential (MMP) can lead to cell death. ROS generation
(Fig. 3C) and loss of MMP (Fig. 3D) were observed when A549 (a human
lung adenocarcinoma cell line) cells were treated with SPNPs and SNPs
to generate nanostructures. A large amount of SPNP was found outside
the plasma membrane of SPNP-treated A549 cells (Fig. 3E-E-i). These
results showed that SPNP causes tumor cell death differently from SNP,
which promotes cell death through intracellular entry.

Additionally, SPNP exhibited long-term and sustainable cytotoxic
effects on A549 cells compared to SNP. Even when the recycling fre-
quency was three cycles, the SPNPs exhibited an obvious cytotoxic effect
(Fig. 3F). Even in the cell morphology observed after two cycles, the
SPNPs remained (Fig. 3G). In 3D tumor cell spheroids, SPNP showed
better cytotoxicity than SNP, with SNP treatment showing a decrease in
the PIsignal at a depth of nearly 50pm, while SPNP treatment showed a
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Fig. 2. (A) SEM images of nine different types of pollen [64]. (B) Schematic representation of the chemical treatment process to remove substances inside pollen. (C)
Raw pollen with a closed aperture hole. (D) Processed pollen with an open aperture hole[65].
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Fig. 3. (A) Schematic diagram of ZnO spiky nanoparticles (SPNPs) synthesis. (B) SEM image of SPNPs. (C) Flow cytometry-based quantitative measurement of ROS
production using DCFH-DA staining. (D) Microscopic imaging of ROS production using DCFH-DA staining and Dilcl. (E, E-i) SEM characterization of A549 cells after
incubation with ZnO SPNPs. (F) Statistical analysis of cytotoxicity counting cells remaining after recycling treatment. (G) Opaque structure of SPNPs covered on cells
collected after 2 cycles. (H) Cytotoxicity of ZnO SNPs and SPNPs on 3D tumor cells spheroids[27].

maximum depth of 75um (Fig. 3H).

Non-metal based P-M/N structures

Silica

Mesoporous silica nanoparticles (MSNs) were first known in the early
1990s using surfactants as structure-directing agents [87,88]. Meso-
porous silica particles can be customized in terms of size,[89] shape,[90,

91], and surface structure [92,93], and the synthesis method can be
completely customized. Several recent reviews have examined various
approaches for MSN synthesis [94-96]. Marjani et al. synthesized mes-
oporous silica particles resembling pollen (MI-PLMS) using a soft tem-
plate hydrothermal approach[43]. The synthesized MI-PLMS exhibits a
wrinkled exterior (Fig. 4A) and a multi-layered hollow structure
(Fig. 4B), characteristic of pollen morphology. MI-PLMS has been
employed as an adsorbent owing to its comparatively elevated surface
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Fig. 4. Silica nanostructure. (A) SEM images of MI-PLMS. (B) TEM images of MI-PLMS[43]. (C) TEM images of pLSP@aptamer. (D) The drug encapsulation efficiency
of pISP@aptamer. (E) The pH-triggered release patterns of DOX from the DOX@plSP@aptamer nano-carriers. (F) The fluorescent microscope images of MCF-7 cells.
(G) The survival rate of MCF-7 cell incubated incubation with various nanoparticle[97]. (H) Schematic diagram of the synthesis of Silica Nano-pollens. (I) TEM
images of R-MSHSs. (J) Time-dependent anti-bacterial efficacy of lysozyme in its free form compared to lysozyme encapsulated within silica nanospheres. (K) TEM
images of Escherichia coli (E. coli) treated with R-MSHSs containing lysozyme for 24 hours. (L) E. coli that survived in the small intestine after treatment with silica

nanopore loaded with lysozyme[29].
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area and porous configuration, and it also holds potential for various
biomedical applications. It underscores the significance of surface
modification in mesoporous silica nanoparticles possessing high surface
areas. Jin et al. synthesized aptamer-functionalized pollen-like hollow
silica particles (pLSP@aptamer) using a unified one-pot strategy com-
bined with glutaraldehyde crosslinking [97]. The fabricated pLSP@ap-
tamer particles were encrusted with nano-scale protrusions mimicking
the surface spikes of natural pollen (Fig. 4C). The extensive internal
porosity and augmented surface area of the pLSP@aptamer played a
pivotal role in achieving increased drug-loading efficiency (Fig. 4D).
Additionally, the drug delivery platform exhibited pH responsiveness,
attaining a maximum release efficacy of 87.5 % at pH 5 (Fig. 4E). The
spike of the pLSP@aptamer functioned as an entry claw, facilitating
attachment to the cell membrane and promoting enhanced
nanoparticle-cell interactions (Fig. 4F). The pLSP@aptamer demon-
strated potential as a tumor-specific therapy with effective drug delivery
and low cytotoxicity (Fig. 4G). Another study reported that
pollen-mimicking silica nanoparticles with improved bacterial adhesion
[29]. As shown in Fig. 4H, the silica nanoparticles were synthesized by
adding chemicals to the Stober synthesis solution. The prepared rough
mesoporous silica hollow sphere nanoparticles (R-MSHSs) exhibited
consistent morphology and spiky surface (Fig. 4I). The R-MSHSs
demonstrated higher bactericidal activity than the other nanoparticles
over a prolonged period (Fig. 4J). This increased antibacterial efficacy
was ascribed to the augmented adhesion of R-MSHS to the bacterial
surface, which was facilitated by surface roughness. This enhanced
adhesion allowed for effective

antibiotic delivery and subsequent lysis of the bacterial cell walls
(Fig. 4K). Furthermore, R-MSHS exhibited superior in vitro antibacterial
efficacy compared to the other experimental groups (Fig. 4L). These
findings demonstrate that the characteristics of pollen structure signif-
icantly contribute to the sustained delivery of antibacterial agents and
effective bacterial eradication. Table 1 summarizes a few notable pollen-
inspired micro/nano carriers in biomedical applications.

P-M/N bots with actuation

Micro/nanorobot actuation and strategic research have demon-
strated that micro/nanorobots cannot transfer energy from standard
batteries. Instead, their energy supply predominantly relies on chemical
actuation, physical actuation, or a combination of both. The conversion
of chemical energy into kinetic energy, usually via a chemical reaction,
is a popular method of chemical actuation involving a pH reaction [35].
This is generally driven by the decomposition of peroxide to create
bubbles [107,108]. However, because hydrogen peroxide is regarded as
a toxic agent to the human body, it is not easy to use it inside the human
body. Physical driving methods primarily include magnetic fields
[109-112], light [113,114], and temperature [115,116]. Table 2 sum-
marizes the materials and operation methods of stimulus-responsive
micro/nanorobots in general.

Magnetic field responsive P-M/N bots

Magnetic fields are highly controlled, nonpolluting, and capable of
penetrating biological tissues [122]. Magnetic fields can be used for
several micro- and nanorobot functions because they can communicate
as electrical impulses. In addition, its orientation and magnetization
direction can be modified based on its application. Carmem et al.
exploited the properties of sunflower pollen particles to develop a
magnetically actuated microrobot by asymmetrically depositing a metal
layer with magnetic capabilities (Fig. 5A-B). Sunflower pollen-based
BioBot (SFPpuP-BioBot) exhibited precise directional control in linear
(Fig. 5C) and circular(Fig. 5D) as a result of actuation experiments under
a transverse rotating magnetic field in a cell culture medium[123].
These findings illustrate the feasibility of magnetic actuation for the
SFPuP-BioBot, enabling directed movement toward the intended target.
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Table 1
A few examples of the pollen-inspired micro/nano-carriers in biomedical
applications.

Pollen source Naturally/ Micro/ Applications Ref.
chemically nano-
synthesized carrier
diameter
Sunflower Naturally 37.93 + Drug delivery [98]
1.41pm
Lycopodium Naturally 29um Living cell [99]
clavatum encapsulation
Dandelion Naturally 27.46 + Candidate for: [100]
2.26pm Drug delivery
Camellia sinensis, Naturally 35-43um Candidate for: [101]
Sunflower, Drug delivery,
Baccharis actuators
halimifolia L,
Rhus chinensis,
Common poppy,
Leonurus
cardiaca,
Nelumbo
nucifera
Ambrosia elatior Naturally 15-25 um Oral vaccine [65]
Lycopodium Naturally 25pm Oral vaccine [102]
clavatum
Sunflower ZnO 20-25um Selective [103]
detection
application of
NO2
Dimorphotheca- hybrid micro/ 14.33 + Improve the [104]
ecklonis nanostructures 5.28 nm SERS (Surface-
Ag-Fe304 Enhanced
Raman
Scattering)
activity.
Spike pollen Metal-organic 1-2pm Antigen/ [105]
framework adjuvant-
(MOF) presenting
particles for
vaccination
— Fe304 @MgSiO; 210 nm Highly effective [106]

capture of small
extracellular
vesicles

Moreover, SFPpP-BioBot showed a remarkable ability to interact with
and eliminate human ovarian cancer cells. Doxorubicin (DOX) exploited
the electrostatic interaction between positively charged magnetic
SFPuP-BioBot and negatively charged cancer cells to eradicate cancer
cells without direct contact (Fig. 5E). In another study, a hybrid mag-
netic robot derived from chrysanthemum pollen has been reported [47].
Chrysanthemum pollen-derived biohybrid magnetic microrobots
(CDBMRs) were fabricated by depositing magnetic nanoparticles
(MNPs) onto chrysanthemum pollen using treated internal materials
(Fig. 5F). A magnetic layer was produced with a portion of the exposed
porous structure (Fig. 5G-H). These CDBMRs achieve various behaviors
under different magnetic profiles (Fig. 5I-K).

Moreover, the interactions among CDBMRs can be harnessed to co-
ordinate swarm control. A rotating magnetic field at 8 = 0° showed a
swarm rotation mode, showing the possibility of fine mass transfer,
while at 8 = 90°, it showed a rolling propulsion toward a specific di-
rection (Fig. 5L-M). Quantitative velocity measurements in PBS
(Fig. 5 N) and DMEM (Fig. 50) were performed to investigate the pro-
pulsion performance of the robot in its biological environment. At a
magnetic field strength of 5mT, the translational speed increased with
the magnetic frequency before reaching a critical frequency (21 Hz).

Furthermore, CDBMRs can be propelled at relatively high fre-
quencies (>40 Hz) and speeds greater than 400 m/s, exhibiting excep-
tional magnetic response performance and significant potential for
applications, such as ultrafast propulsion microrobots (Fig. 50).

Magnetic field-driven P-M/N bots have shown remarkable precision
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Table 2
Summary of materials and actuation of biochemical and physical stimulus-responsive micro/nanorobots [39].
Materials Size (Shape) Stimuli Response/ Actuation Application Ref
task input
NIPAM/MNPs — Temperature Swelling/ Magnetic field ~ MRI system [117]
(round shrinking drug release
shape)
Mg/Pt-NIPAM 50pm in diameter Temperature Swelling/ Chemical Controlled drug delivery [118]
(spherical) shrinking drug release
Gelatin/PVA/MNPs/ 100—250pm diameter Light (NIR Photo-thermal targeted cancer Magnetic field  Targeting property and drug [119]
PLGA (round) 808 nm) therapy delivery
Mg/Au/ 20pm diameter (round) pH Acidic-induced protonation drug Chemical Autonomous release of drug [120]
EUDRAGITU release
L100-55
EMK/AAc/ 60pm diameter (hollow pH Swelling/ — Multi-functional compound [121]
NIPAM/ sphere) shrinking grasping/ micro-
DPEPA drug intake machines
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Fig. 5. (A) Schematic illustration of SFPpP-BioBot synthesis by magnetic particle asymmetric deposition of sunflower pollen microparticles. (B) SEM images of
SFPuP-BioBot. Actuation of magnetic SFPuP-BioBots Linear (C), circular (D). (E) Time-lapse photographs show a magnetic SFP-BioBot attracting cancer cells and
interacting with them[48]. (F) Schematic image of sequential manufacturing of CDBMR. (G) SEM image of CDBMRs. (H) Zoom-in image of CDBMRs’s surface
morphology. (I) Cyclical displacement of an individual Controlled Directional Brownian Magnetic Robot (CDBMR) in response to a revolving magnetic field (10mT, 5
Hertz). The arrow signifies the trajectory of motion. (J) Cooperative dynamics exhibited by dimerized CDBMRs through the rolling mechanism and (K) spinning
mode. (L) Unified rotational motion exhibited by the swarm of CDBMR. (M) Collective rolling dynamics observed within the swarm of CDBMR. CDBMR translational
velocity in (N) PBS and (O) DMEM(n=3) at various magnetic strengths [47].

in directional control and exceptional penetrability, proving to be highly
effective for medical applications within dense tissues, such as
cancerous cells. However, the use of magnetic micro/nanorobots in

clinical settings requires compliance with stringent biocompatibility
standards that many magnetic materials do not meet. Biocompatible
magnetic materials, such as superparamagnetic iron oxide



Y. Seol et al.

nanoparticles, are currently employed; however, their relatively weak
magnetization constrains the effectiveness of magnetic manipulation in
micro/nano robots[124]. Consequently, there is a need for additional
research on magnetic materials that offer strong magnetization and
demonstrate long-term biocompatibility.

Light-responsive P-M/N bots

Light is an appealing energy source for driving the movements of
micro/nanorobots and motors because of its remote-control capabilities,
high spatiotemporal resolution, and highly adjustable output (ampli-
tude, frequency, and path of propagation) [125]. Light-induced pho-
resis, light-induced bubble recoil, light-induced interfacial tension
gradients, and light-induced deformation are the few propulsion
mechanisms that have been hypothesized and realized to date [126].
UV-responsive nanorobots are toxic to the human skin and have a low
tissue penetration depth. In contrast, NIR-responsive robots are
considered essential because they penetrate deep into the tissues [127,
128]. Song et al. designed and fabricated a light-controlled spike motor
based on polydopamine-functionalized sunflower pollen by introducing
synergistic topographic interactions (Fig. 6A) [129]. Sunflower pollen
grains (SPGs) and formaldehyde (FA)/SPG had smooth surfaces, but
polydopamine (PDA)/SPG had a rough surface owing to the PDA coating
(Fig. 6B-ii). As illustrated in Fig. 6C, the micromotor was driven and
adjusted by changing the laser beam power density and irradiation di-
rection, demonstrating the trajectories under various laser power den-
sities when the laser was irradiated near the micromotors, initially
approaching the laser focus point before bouncing back and moving in
the opposite direction (Fig. 6D). The number of yeast cells captured by
3-aminophenylboronic acid (APBA)/PDA/SPG micromotors was
approximately six times higher than that captured by the PDA/SPG
micromotors (Fig. 6E). These observations indicate that both APBA and
its pointed configuration play important roles in the preferential capture
of yeast cells by micromotors. In another study, near-infrared II (NIR--
II)-activated micromotors for treating inflammatory bowel disease (IBD)
were fabricated by asymmetric doping of Au layers on sunflower pollen
particles[37]. The micromotor was driven by the thermophoresis effect
of NIR (Fig. 6F-G). The temperature of the micromotor was found to
correlate with the wavelength and intensity of the NIR light, along with
the duration of doping of the Au layer (Fig. 6H-J).

Moreover, the micromotors revealed that when subjected to consis-
tent power levels and a uniform Au layer thickness, the temperatures
were higher with NIR-II irradiation than with NIR-I irradiation (Fig. 6K-
L). The velocity of the micromotor increased with the Au layer thickness
and NIR-II irradiation power (Fig. 6M). These results indicate that
pollen-derived micromotors can serve as promising conveyors for
various clinical applications when actuated by NIR-II. Micro/nanorobots
that use light can accelerate the rapid formation of micro/nanorobot
swarms by leveraging positive phototactic movements, thereby allowing
accurate control. Moreover, the heat produced by light can be used in
various therapeutic applications. However, the heat produced by light
activation can lead to significant biological harm and tissue damage
[130-132], potentially resulting in irreversible injury to living tissues or
organs[133,134].

Temperature-responsive P-M/N bots

Temperature-sensitive materials have been used to construct
thermo-responsive micro/nanorobots. pNIPAM is a typical example of a
temperature-responsive micro/nanorobot [116-118,135,136]. The
most widely used thermosensitive hydrogel is pNIPAM, which has a
critical solution temperature (LCST) near body temperature. The
hydrogen bonds in pNIPAM were disrupted above the LCST, resulting in
an aqueous contractible conformation. pNIPAM-based micro/-
nanorobots are employed for drug delivery because of their ability to
alter their morphological characteristics or physical topology in
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response to surrounding temperature changes[117,137]. A hydrogel
micro/nanorobot using pNIPAM(was fabricated using a photonic 3d
laser printing protocol [138]. The shell shrank as the temperature
increased from 25 to 45 °C (Fig. 7B). The multifunctional pollen
grain-inspired hydrogel micro/nanorobot (MPH) robot had two modes
that could be selected based on the temperature of the outer shell
(Fig. 7A). The robot can be attached to a target place in the attachment
mode, which reveals the outer shell’s spikes, and it can roll on a surface
in the locomotion mode, which keeps the outer shell’s spikes hidden
(Fig. 8C-D). These shape changes are repeated without any change in
quality. The spike structure improves the pulling force and friction
against the pig intestines compared to the round structure (Fig. 8E).
Spike structures generate higher pulling and friction forces than round
structures because surfaces, such as soft tissue, allow spikes to penetrate
(Fig. 8F). Thermoresponsive hydrogel-based micro/nanorobots utilizing
PNIPAM can react with targeted temperature shifts, allowing them to be
employed in drug delivery applications. However, pNIPAM hydrogels
exhibit a slower expansion rate than their rapid contraction rates [139].

Furthermore, thermoresponsive hydrogels typically have lower me-
chanical strength than other types of hydrogels. Therefore, further
research is needed to investigate hydrogels that can effectively revert
from a dehydrated state to a swollen state while improving their me-
chanical strength.

pH-responsive P-M/N bots

Microorganisms in the natural world exhibit stress reactions in
response to continuously fluctuating conditions, such as oxygen, pH,
magnetic fields, and light intensity. Additionally, because the pH values
of various biological components of the human body vary, these envi-
ronmental changes provide specific conditions for site-specific treat-
ment using pH-responsive nanocarriers [140-142]. Consequently,
microrobots that sense their surroundings can distribute various types of
medications [143]. Cai et al. developed a pH-responsive pollen-derived
micromotor for the treatment of gastric ulcers [44]. The micromotor was
fabricated by asymmetrically doping a Mg layer on one side of the herbal
medicine pollen (Fig. 8A). Only one side of the sporopollenin exine
capsules (SECs) was covered with an Mg layer, while the other side
maintained its spine-like shape, resulting in almost no damage to the
structure of the SEC (Fig. 8B). The magnesium layer combined with
hydrogen ions in the presence of gastric juice, producing hydrogen
bubbles that powered the micromotor (Fig. 8C). As the pH value
increased, the H' concentration decreased, thereby reducing the gen-
eration of bubbles and the average speed of the micromotor. The speed
of the micromotor increased as the thickness of the Mg layer increased,
owing to the Mg/H " reaction (Fig. 8D). IL-10 inhibited inflammation by
decreasing the expression of several inflammatory factors. IL-10
expression increased after gavage with a micromotor containing
berberine hydrochloride (Fig. 8E). Pollen-derived micromotors move
autonomously in the stomach and attach to the surrounding tissue to
extend residence time. Pollen-derived micromotors show excellent
adhesion and gastric ulcer treatment efficacy. pH-sensitive micro/-
nanorobots can be engineered to function exclusively at specific pH
levels, ensuring that they operate only under designated conditions,
thereby allowing precise control. However, as the pH can be influenced
by various factors, it is challenging for micro/nanorobots to accurately
detect the exact pH and respond accordingly.

Therapeutic applications

Micro/nanorobots can perform tasks in a minimally invasive manner
and have significant potential in the biomedical field owing to their high
bio-adhesion and structural advantages. A further improved target-
delivery effect can be achieved using stimulus-responsive materials in
these spike micro/nanorobots. This section describes improved treat-
ments using pollen inspired-structured micro/nanorobots. Table 3
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Fig. 6. (A) Schematic diagram of pollen-inspired micromotor fabrication. TEM images of the raw SPG (B), FA/SPG (i), and PDA/SPG (ii). (C) The average speed of
the micromotor at various laser power densities. (D) Round-trip trajectory in under 1 second. (E) The correlation between the mean velocity of the microscale motor
under varying power densities of NIR laser[129]. (F) Diagram depicting the autonomous propulsion mechanism of Photothermal. Driven Microscale Machines
(PDMMs). (G) The locomotion pattern exhibited by PDMMs when subjected to NIR-II irradiation. (H) Temperature variation for PDMMs with different durations of
Au sputtering at different power levels of NIR-I irradiation. (I) Temperature fluctuations in PDMMs with distinct durations of Au sputtering under varied power levels
during NIR-II irradiation. (J) Temperature evolution for PDMMs with Au sputtering time of 14 min under NIR-II irradiation through textures of various thicknesses.
(K) Temperature variation for PDMMs with distinct durations of Au sputtering under NIR-II irradiation conditions. (L) Speed of PDMMs with varied durations of Au
sputtering under diverse power levels during NIR-II irradiation. (M) Speed of PDMMs with varying durations of gold sputtering, subjected to different intensities of

NIR-II irradiation [37].
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Fig. 7. (A) Diagrammatic representations depicting the contraction of the external layer of the MPH robot induced by temperature changes. (B) microscopic pictures
demonstrating how the pNIPAM hydrogel’s outer shell structure shrinks in response to temperature variations (25-45°C). (C) Micrograph of the spike structure of the
MPH robot in response to temperature. (D) Shrinkage ratio with increasing temperature of pNIPAM hydrogel. (E) The forces exerted by each robot, with a spherical
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summarizes key benefits of microrobots compared to the existing
methods of therapeutic applications.

Drug delivery system

Nanocarriers with the capability of targeted drug delivery and
controlled release play a pivotal role in optimizing treatment efficiency
by minimizing drug consumption and mitigating side effects [151].
Currently, sustained and regulated drug release is attainable through
factors, such as temperature [152], pH [153], light [154], and magnetic
sensitivity [155]. Exine capsules derived from pollen have shown
promise as a delivery mechanism for a range of drugs [50,156-162]. The
hollow structure and high surface area of pollen allow sustained drug
release via mucoadhesion and cell adhesion [163,164]. (Fig. 9A). Maric
et al. evaluated the drug delivery potential of microrobots derived from
the pollen of nine different species [64]. In the DOX loading and release
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experiment conducted on lotus pollen (Pt-Lot) with a large surface area
as a representative of the Pt-microrobots, DOX was successfully loaded
onto the microrobots (Fig. 9B-E). Moreover, the Pt-Lot microrobot
exhibited targeted efficacy in delivering DOX, resulting in a 41 %
reduction in cell viability of the MCF-7 cell line. (Fig. 9F Magnetic
guidance using permanent magnets can directly target drugs within
alternating magnetic field systems. Furthermore, the application of an
alternating magnetic field induces a temperature increase that controls
the drug release. Cai et al. developed dandelion pollen-inspired CoFeoO4
porous microspheres with controlled drug release via atomic force mi-
croscopy [49]. The microspheres were created using a 3D hierarchical
approach devoid of templates. The resulting microspheres exhibited
significant porosity and nanoscale building blocks (Fig. 9G). Moreover,
the microspheres exhibited robust magnetic responsiveness to magnetic
fields and demonstrated the capacity for magnetic induction through the
remote application of a magnetic field (Fig. 9H). The microspheres
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exhibited excellent drug-loading ability (Fig. 9I). Under the influence of
an alternating current magnetic field, the microspheres exhibited sus-
tained drug release at high frequencies and magnetic field strengths
(Fig. 9J-L). These result underscore the capability of porous micro-
spheres to execute controlled drug release processes, establishing them
as promising structures for applications in drug encapsulation and
controlled drug release.
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Anti-cancer therapy

Cancer treatment has significantly improved in the last few decades
[148,165,166]. However, it remains impossible to deliver the optimal
therapeutic concentration of anti-cancer drugs to the target site using
standard treatments[167]. Progress in pollen-inspired structure
micro/nanorobots holds significant promise in addressing diverse ob-
stacles related to drug targeting and delivery[168-170]. In recent years,
there has been significant interest in NIR-triggered photothermal ther-
apy (PTT) owing to its minimally invasive approach for precisely
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Table 3
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Benefits of microrobots compared to existing treatment methods for biomedical applications.

Biomedical Existing approaches Pros/Cons Micro/nanobots advantage
application
Drug delivery Extracellular vesicles (Ev) [144], High drug loading /less target-specific High target specific [146]

nanoparticle based delivery [145]
Hydrogel [147]
Semipermeable film [147]

Wound healing

moist environment
Low adherence/
permeable to bacteria

Contact layer [147]

Cancer Gene therapy, Stem cell therapy [148]
therapeutic

Bacteria Antibiotic [150] Antibiotic resistance
therapeutic

Maintains moist wound environment /risk of infection
Maintains moist wound environment /aids bacterial overgrowth in the

Safe and effective/ Potential tumorigenesis Expression of
proapoptotic/ high chances of being neutralized by the immune system

Treatment of deep wounds [36,44]

High controllability, Deep tumor
penetration, and

Cell internalization

[47,149]

Antibiotic Resistance is Prevented,
effective biofilm removal [45]

targeting tumors without harming adjacent healthy tissues[171-173].
PTT absorbs NIR light and converts it into heat, which destroys cancer
cells through thermal ablation. PTT formulations containing heavy
metal components exhibit high photothermal conversion efficiency but
have serious safety concerns[174]. Hollow SECs have been reported as
safe and uniform size and composition[175]. As shown in (Fig. 10A),
sunflower SECs showed improved photothermal efficacy compared with
the other SECs. In this regard, SECs show an increased photothermal
response in nanoparticles with spiked structures[176]. Moreover, a
rapid increase in temperature was observed in tumors exposed to sun-
flower SECs, whereas saline-treated tumors showed only a minimal in-
crease in temperature. As shown in (Fig. 10B), the growth of tumors
treated with SEC employing NIR was significantly prevented by this
effective temperature increase. Another study engineered a micro/nan
robot with spike features capable of reaching tumor cell tissue, even in
the rigid stroma and connective tissue resulting from tumor growth
[177]. Owing to the extensive fibrotic connective tissue and dense
extracellular matrix in triple-negative breast cancer, nanorobots face
significant challenges in reaching the tumor and penetrating the cells to
deliver anticancer drugs. Urchin head/hollow tail nanostructures
(UHHTNSs) comprise NIR-absorbing Au nanospike partially covered with
a silica shell in the head section, with a hollow tail connected to the
semi-coating. UHHTNS can easily penetrate tumors by strongly binding
to cell membranes using its pointed head and hollow tail with a dedi-
cated opening (Fig. 10C). Tumor photothermal therapy was also
achievable because of the AuNPs in UHHTN. The temperature of
UHHTN aqueous solution (concentration 100 pg/mL), which increased
with increasing concentration of UHHTN under laser irradiation,
demonstrated the photothermal function of the nanorobot (Fig. 10D).
DOX for tumor treatment was effectively loaded into UHHTN and
released at various laser power densities (Fig. 10E). Motion analysis to
ascertain the controllability of the nanorobot revealed a progressive
increase in the mean square displacement over time across various NIR
power densities (Fig. 10F). These manipulable spike robots require the
capability to breach cell membranes to facilitate tumor treatment.
MDA-MB-231 cells were subjected to laser treatment with either
spikeless or spiked particles. The confocal laser results demonstrated a
notably higher cellular absorption rate for the spiked particles than for
their non-spiked counterparts, indicating that their proficiency in
breaching the cell membrane was visibly evident (Fig. 10G). In the
tumor treatment experiment, the UHHTN/DOX+laser group demon-
strated diminished tumor sizes in the spinal region compared to the
remaining groups, as depicted in Fig. 10H. In summary, the UHHTN/-
DOX+laser combination notably suppressed tumor progression, as
indicated by the measurements of tumor weight and volume (Fig. 10I-J).
Xu et al. developed a magneto-optic driven spike nanomachine[178].
The nanomachine utilizes a magnetic core composed of zinc-doped
iron-oxide nanoparticles and Au nanotips, exhibiting magneto-optical
coupling in the NIR-II spectrum. This was effectively driven towards

13

cellular lysosomes through controlled viscosity regulation by thermal
means, demonstrating cancer cell destruction in vitro and in vivo. The
unique chrysanthemum pollen grains make it ideal for self-regulating
medicinal applications. Large pores, barbed protrusions, and porous
structures used for cargo encapsulation and transport increase the sur-
face roughness, facilitating adhesion. Considering these characteristics,
a CDBMR was developed for tumor treatment[47]. To illustrate the
targeted intervention of tumor cells through dynamic magnetic manip-
ulation, micromotors loaded with magnetic drugs derived from chry-
santhemums (CDMDP) were guided toward live HeLa cells using
feedback from confocal laser scanning microscopy images (Fig. 10 K).
CDMDP exhibited red autofluorescence, which served as a real-time
indicator of magnetic control. HeLa cells displayed green fluorescence,
indicating their viability before perforation. CDMDP also harnessed a
large internal chamber, demonstrating ample capacity for drug loading.
DOX was incorporated into CDMDP via vacuum infiltration to yield
CDMDP@DOX. As the dosage of CDMDP@DOX increased, there was a
corresponding increase in the number of deceased HELA cancer cells
(Fig. 10 L). These results demonstrate the effectiveness of tumor treat-
ment with CDMDP by controlled drug release.

Anti-bacterial therapy

Nano-structured anti-bacterial surfaces can function synergistically
with antibiotics to increase their efficacy against resistant bacteria
[180-183]. Spike-shaped nanoparticles induce bacterial death by
rupturing the bacterial membrane and subsequent cell lysis[184-186].
Remarkably, it does not exhibit toxicity towards mammalian cells[187].
Because they are larger than nanoparticles, mammalian cells can endure
stresses that lead to bacterial membrane rupture. By enhancing
spiked-particle micro/nanorobots with photothermal functionalities, a
range of versatile antibacterial micro/nanorobots have been successfully
developed [45]. The photothermal impact of micro/nanorobots also
facilitates disinfection through elevated temperatures[112,188].
Photothermally-driven  microrobots are created through the
self-polymerization of dopamine hydrochloride (DA-HCl) on the
carbonized SPG surface. The SPG structure retained its morphology after
PDA conversion and carbonization. The range of movement of the
microrobot expanded as the power intensity of the manufactured
microrobot increased (Fig. 11A). Furthermore, manipulating the
movement of microrobots is crucial because it defines their practicality.
By regulating the NIR irradiation duration and placement, one can
observe the transformation of the microrobot path into diverse patterns,
such as arectangle (Fig. 11B) and a spiral (Fig. 11 C). Fig. 11D illustrates
the attainment of the PDA/SPG microrobot under laser exposure. The
collection area of the PDA/SPG microbots expanded with increasing
laser irradiation time (Fig. 11E). Microrobots gathered at a specific
location in this manner have been employed for bacterial eradication by
leveraging the localized heat produced by the photothermal
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Fig. 9. (A) Bio-adhesion and sustained drug release of pollen-inspired nanoparticles. (B) Optical (C) Fluorescence images of Pt robot. (D) Optical (E) Fluorescence
images of DOX-Pt-Lot robot. (F) Cell viability results of MCF-7 cells (WST-8 assay). Fluorescence images of the colon of mice were administered[64]. (G) SEM images
of the CoFe,04 porous microspheres. Inset: image of dandelion pollen grains. (H) Magnetization curve of the CoFe;O4 microspheres. (I) UV-vis absorption spectra of
DOX solution before and after loading into microspheres. Magnetically controlled DOX release at different frequencies (J and K) and intensity (L)[49].

phenomenon. The microbot advanced towards the focal point during Inflammatory gastrointestinal disease therapy
laser exposure and depicted the photothermally triggered disinfection
procedure for Staphylococcus aureus (Fig. 11 F) and E. coli (Fig. 11 G). IBD is a prevalent gastrointestinal disorder with a significant

occurrence distinguished by persistent inflammation that affects the
colonic mucosa [189-191]. Given that IBD predominantly affects the
colon, there is considerable clinical need for drug delivery systems that
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Fig. 10. (A) Photothermal images of various pollen. (B) Images of tumors after applying different treatment regimens[175]. (C) Enlarged TEM image displaying a
solitary UHHTN with distinct surface protrusions. (D) Illustration depicting the thermophoresis mechanism. Upon local absorption of NIR light on one facet of a
UHHTN, a temperature gradient emerges across the surface of the UHHTN. (E) Drug release profiles of DOX from the UHHTNs in DMEM. (F) Paths of PCM/
nanorobots exposed to various NIR power intensities for 10 seconds. (G) Fluorescence images of MDA-MB-231 cells subjected to nanoparticles without nanospikes
and nanoparticles with spikes at 0, 15, and 30 min. (H) Bioluminescence images at various time intervals following a 20-day treatment period in multiple cohorts of
tumor-bearing mice. (I) Mass and (J) dimensions of tumors in immune-deficient mice with TNBC spinal metastases following diverse 20-day treatments using DOX
[179]. (K) Combined and separated pathways within CLSM visuals capturing CDMDPs alongside HeLa cells, both stained for vitality (live/dead), pre and post

intervention. The green and red emissions signify viable and non-viable cells, respectively. (L) Viability staining outcomes of HeLa cells cultured for 24 hours
post-treatment with varying concentrations of CDMDPs[47].
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various concentrations of microbots at laser intensity. (F) Anti-bacterial impact of microbots on S. aureus with and without laser under laser strength. (G) Anti-
bacterial impact of microbots on E. coli with and without laser[45].

specifically target this region. Furthermore, because IBD is a chronic and
incurable condition, the treatment objective is to achieve sustained re-
lief and minimize drug side effects by delivering medications directly to
the inflamed tissues[192]. The key challenge in devising drug delivery
systems for IBD is the dynamic and diverse environmental conditions
throughout the gastrointestinal tract[193]. Consequently, it is crucial to
consider the stability of drug delivery systems influenced by enzymes
found in the gastrointestinal tract. A micromotor derived from pollen
activated by NIR has been reportedly designed to treat IBD efficiently
[37]. The hollow structure and porous pollen surface contribute to its
significant cargo-loading capacity, enabling effective drug delivery for
the treatment of IBDs. The micromotor was fabricated through the
asymmetric sputtering of Au layer on sunflower pollen and driven by

thermophoresis. Fig. 12A shows a schematic diagram of the pollen
micromotor driven by NIR-II to address IBD. The spike structure of the
micromotor enables efficient attachment to the colonic tissue, thereby
prolonging its residence time in the colon and enhancing drug delivery.
Upon administering enemas containing spherical particles and micro-
motors to mice with IBD, a robust fluorescence signal was observed at
the distal end of the colon after 1h for spherical particles, with a
diminished signal after 3 h. In contrast, mice that received a micromotor
enema exhibited a persistent and strong fluorescence signal in the colon
for up to 6 h. These results highlight the superior drug delivery efficacy
of micromotors compared to that of conventional spherical particles
(Fig. 12B-D). Furthermore, the micromotor was attached to the colon
wall via a barbed structure, prolonging its residence time in vivo
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Fig. 12. (A) Illustration depicting pollen micromotors propelled by NIR II for the treatment of inflammatory bowel disease. (B) PBS (control) (C) micromotor (D) NIR
1I activated micromotor enema for 1 and 3 h. (E) Statistical evaluation of the in vivo adhesion test’s fluorescence signal. (F) Accumulated release pattern of RhB-
loaded micro motors. (G) SEM images of the micromotor retrieved from the colon; scale bar: 20 pm. (H) Statistical examination of the mice’s colon length. (I)
H&E staining and (J) Representative images of IL-1p and (K) ZO-1 activity of colons from healthy mice[37].

(Fig. 12E) and promoting gradual drug release over a long period
(Fig. 12 F). The in vivo micromotor, with prolonged existence, showed
stability by maintaining its original shape even 48 h after delivery to the
colon (Fig. 12 G). Consequently, as illustrated in Fig. 12H, among the
different experimental groups, the colon length of the
micromotor-treated group closely resembled that of the healthy group,
indicating effective therapeutic outcomes. Moreover, the H&E images of
the colon tissue revealed reduced inflammatory cell infiltration and
rarer epithelial cell detachment in the micromotor-treated group than in
the other experimental groups (Fig. 12I). Moreover, the
micromotor-treated group exhibited the lowest expression levels of key
inflammation-regulating factors, including IL-1p (Fig. 12 J) and ZO-1
(Fig. 12 K). These results demonstrate that micromotors can effec-
tively heal ulcerative cells.
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Conclusion and challenges

Micro/nanorobots mimicking the pollen structure, characterized by
a large surface area, effectively enhance bio-adhesion and have been
applied in various fields, such as drug delivery, bacterial killing, tumor
treatment, and tissue regeneration. Moreover, by utilizing various ma-
terials responsive to physical stimuli, the micro/nanorobots can execute
specific actions triggered by external stimuli, allowing for precise con-
trol under various environmental conditions and facilitating the tar-
geted delivery of drugs or cells. These micro/nanorobots surpass the
constraints associated with conventional treatments and represent an
expedited therapeutic approach. However, various challenges remain
for micro/nanorobots. Numerous scientists are exploring different ap-
proaches for using micro/nanorobots in clinical settings; however,
despite these ongoing efforts, functional micro/nanorobots designed for
clinical applications are yet to be released. Most validation studies
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involving micro/nanorobots have been conducted in vitro. Several lim-
itations must be addressed in order to use micro/nanorobots in vivo.

Micro/nanorobot tracking monitoring

Monitoring technologies are essential for localizing and tracking
micro/nanorobots in living organisms. However, this is challenging, and
traditional imaging methods have limitations. Pouponneau et al.
monitored the magnetic microcarriers used for tumor treatment as they
reached deep tissues using an MRI system [194]. The therapeutic mag-
netic microcarriers developed in this study demonstrated that steering
through arteries could also be achieved using an MRI system. However,
clinical MRI scanners can only function through STEER millimeter-scale
carriers [195,196], and delays between image processing and actuation
can lead to unstable navigation control. Additionally, immediate inter-
vention is impossible in emergencies, such as microrobot failures.
Therefore, real-time observations within the body are necessary to
precisely target the stability of microrobots. However, owing to the
small size of microrobots and the low detection resolution of imaging
devices, real-time imaging of microrobots within the body remains
challenging, and additional research is required.

Biocompatibility and biodegradability

Clinical micro/nanorobots should be constructed from materials that
are recognized safe for use in medical settings, specifically those that are
biocompatible and biodegradable, according to standards set by regu-
latory bodies, such as the U.S. Food & Drug Administration. This ensures
that micro/nanorobots can break down swiftly within living organisms
without producing harmful byproducts or residual toxins. If micro/
nanorobots are not excreted from the body or metabolized internally,
robotic components can accumulate in organs and cause chronic
inflammation[197]. Wang et al. reported microswimmers based on
GelMA hydrogels and biodegradable proteins [198]. The helical
microswimmer fabricated with GelMA underwent partial degradation
due to protease secretion from the cells during the week-long cell cul-
ture. Consequently, its rigid cuboidal structure softened and eventually
biodegraded. Terzopoulou et al. developed a composite magnetic
metal-organic framework (MOF)-bot utilizing GelMA and a magnetic
MOF designed to biodegrade within the human body.[199]. MOF
composites and microrobots made with GelMA-based frameworks were
fully degraded by proteolytic enzymes, such as collagenase and prote-
ase, which are secreted by various mammalian cell lines. Furthermore,
the magnetic component of the MOF-bot exhibited pH-responsiveness,
enhancing its utility in drug encapsulation and controlled release.
Moreover, owing to the soft magnetic properties of MOF, which enable
magnetic propulsion under the influence of an external magnetic field,
integrated MOF-bots can deliver drugs in cell culture settings. The
fabrication of these universally biodegradable micro/nanorobots un-
derscores the importance of next-generation biomaterial-based micro/-
nanorobots. This approach is essential for producing medical
micro/nanorobots suitable for cell manipulation or internal bodily
insertion.

Overcoming biological barriers

Vascular system

Micro/nanorobots can navigate deep within the body through
vascular networks. However, given that the body’s smallest capillaries
measure only a few micrometers across the [200], the dimensions of
these synthetic micro/nanodevices must be smaller than the internal
diameters of the vessels they traverse. Larger micro/nanorobots pose a
risk of obstructing the cerebral or pulmonary arteries, potentially lead-
ing to stroke or pulmonary embolism. Moreover, the dynamic visco-
elastic properties of blood[201], which are influenced by vessel width,
blood velocity, and hematocrit levels, present challenges for
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micro/nanorobot movement within the bloodstream. Tianlong et al.
developed a microrobot covered with a membrane made of red blood
cells featuring a claw-like structure derived from pollen particles, which
enhanced its ability to stick to blood vessel walls[202]. Despite the
significant intravascular flow, the microrobot remained securely con-
nected to the blood vessel at a flow rate (FR) of 2.1 cm/s owing to its
claw design. Furthermore, magnetically driven rotation in the XY plane
of the veins makes it possible to keep the microrobot in blood vessels for
an extended period, even with a relative blood flow (RF) of up to
3.2 cm/s. Additionally, the microrobot coating of red blood cell mem-
brane helped avoid detection by the immune system and enabled longer
circulation within the bloodstream. These findings demonstrate that the
surface design of micro/nanorobots can be used to bypass obstacles in
the bloodstream for the delivery of various types of drugs. The benefits
of controlled movement and sustained autonomous operation within
blood vessels hold significant potential for broadening the applications
of these micro/nanorobots, presenting a compelling pathway for tar-
geted drug delivery in various diseases.

Immune system

Medical micro/nanorobots require a meticulous evaluation of their
interactions with the immune system. When a micro/nanorobot enters
the body, the immune system identifies it as a foreign entity, prompting
macrophages to ingest it and initiate phagocytosis to expel it from the
body[203]. The duration of phagocytosis is influenced by the charac-
teristics of the particle surface and dimensions[204]. Generally,
micro/nanorobots inspired by pollen exhibit complex shapes that
diverge from conventional simple forms, such as spheres. Therefore, to
employ pollen-inspired micro/nanorobots in clinical settings, it is
crucial to understand how immune responses interact with various
particle types. Stealth microrobots are designed with surface modifica-
tions to prevent phagocytosis by interfering with immune cell recogni-
tion[203]. These micro/nanorobots with macrophage
immunomodulatory capabilities not only open the door to clinical
micro/nanorobots by overcoming biological barriers, but also indicate
that they may be highly promising for fully non-immunogenic micro/-
nanorobots in the future.

Blood brain barrier (BBB)

The BBB is one of the most difficult physiological barriers to over-
come. It separates the brain from the rest of the body, acts as a selective
physiological filter, and controls the movement of substances between
the bloodstream and brain tissue. Therefore, drugs with molecular
weights exceeding 500 Da struggle to penetrate the brain, leading to a
reduced drug delivery efficiency [205]. Micro/nanorobots address the
challenge of drug delivery across the BBB by leveraging their small size
and specialized mobility. Recently, micro/nanorobots have been
investigated for the treatment of brain tumors, demonstrating enhanced
targeting accuracy at tumor sites[206]. Intracranial cross-targeted drug
delivery nanorobots have also been reported for therapeutic drug de-
livery to brain [207]. The nanorobot entered the intracranial cavity in a
non-invasive manner without any leakage through the pathway created
by the OMMAYA cannula and successfully reached the target area.
Moreover, unwanted drug release was reduced and the blood-brain
barrier was successfully bypassed. They proved the biocompatibility of
nanorobots and found that intracerebral treatment with these robots
caused minimal damage to the brain tissue and other major organs, with
no evidence of inflammation. This indicates that micro/nanorobots
could be useful in the future for delivering active drugs across the BBB
and potentially treating brain diseases.

The bulk of the micro/nanorobots designed to address the issues
discussed earlier did not resemble pollen particles. However, we propose
that by presenting and refining existing micro/nanorobots, it is possible
to create micro/nanorobots modeled after pollen particles. We antici-
pate that addressing the various challenges faced by pollen-inspired
micro/nanorobots for practical human body applications will foster
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enhanced interdisciplinary collaborations, particularly in areas, such as
skin and bone regeneration. Consequently, this is expected to pave the
way for the advancement of cutting-edge therapies and present auspi-
cious opportunities for the future of humankind.

Future directions

Next, studies on stimuli-actuated P-M/N bots should concentrate on
precise manufacture and functionalization, broad characterization, and
accurate stimuli-responsiveness measurements to advance therapeutic
approaches. As the existing methods of fabrication mainly include
chemical synthesis approaches, which often result in heterogeneous
nanobot synthesis, the future P-M/N bots can be fabricated through
advanced 3D printing technology.

3D printing has contributed significantly to various biomedical sec-
tors, from microfluidics to laboratory/organ-on-a-chip technology
[208-211]. 3D printing is more precise than traditional manufacturing
methods, promises high degrees of reproducibility, automation enables
tailoring, short turnaround intervals between design updates, and en-
sures a relatively low-cost process [212]. P-M/N bot fabrication through
3D printing technology can be achieved through any of the existing 3D
printing types, including material extrusion, additive manufacturing,
inkjet printing, binder jetting, two-photon polymerization, and laser
freeform construction [213,214].

Even though we have yet to fabricate P-M/N bots, promising inno-
vation is seen in pollen particles and 3D printing combined technology,
inspiring us to fabricate P-M/N bots through advanced 3D printing
techniques. For instance, multi-material structures with pH-responsive
interiors and pollen-inspired spikes were created using photonic 3D
laser printing. Natural, non-allergenic pollen particles and digital
printing technology were used to build moisture-responsive bilayer
structures with sophisticated deformability and functional program-
mability. Commercial digital printers print predesigned patterns on
pollen sheets to create shape-morphing 3D combinations. The simple,
eco-friendly conversion of pollen particles to paper using industrial
processing machinery shows that intelligent green products with pro-
grammable and reversible mechanical properties for electronic and
biomedical applications are possible [215].

In addition, biological advancements might be enhanced by the
creation of hydrogel-encapsulated P-M/N bots, which now contain P-M/
N particles without any actuation mechanisms. Thus, although the P-M/
N structure incorporated 3D printed hydrogels have shown favorable
biomedical uses, the fabrication of hydrogel-incorporated nanobots is
necessary to enable further applications in the future of P-M/N bots.

It will be crucial to address difficulties like scalability, maintaining
consistent production, and attaining precise control in complicated
biological contexts. Methods for tackling these difficulties involve uti-
lizing sophisticated chemical functionalization methods to improve
biocompatibility and targeting abilities, incorporating various stimuli-
responsive components for intelligent delivery systems, and promoting
interdisciplinary collaboration among material scientists, biologists, and
clinicians. Addressing these challenges will enable future studies to
facilitate the use of pollen-inspired micro/nanorobots in clinical set-
tings, leading to improved patient outcomes and progress in targeted
medicinal administration. Furthermore, comprehensive in vivo in-
vestigations or organ-on-chip platforms are necessary to evaluate the
compatibility with living organisms and potential long-term harm,
including addressing concerns about immune system reactions.
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