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Anisotropic Microcarriers: Fabrication Strategies and
Biomedical Applications

Yingying Hou, Leyan Xuan, Weihong Mo, Ting Xie, Juan Antonio Robledo Lara, Jialin Wu,
Junjie Cai, Farzana Nazir, Long Chen, Xin Yi, Sifan Bo, Huaibin Wang, Yuanye Dang,*
Maobin Xie,* and Guosheng Tang*

Anisotropic microcarriers (AMs) have attracted increasing attention.
Although significant efforts have been made to explore AMs with various
morphologies, their full potential is yet to be realized, as most studies have
primarily focused on materials or fabrication methods. A thorough analysis
of the interactional and interdependent relationships between these factors
is required, along with proposed countermeasures tailored for researchers
from various backgrounds. These countermeasures include specific fabrication
strategies for various morphologies and guidelines for selecting the most
suitable AM for certain biomedical applications. In this review, a comprehensive
summary of AMs, ranging from their fabrication methods to biomedical
applications, based on the past two decades of research, is provided. The
fabrication of various morphologies is investigated using different strategies
and their corresponding biomedical applications. By systematically examining
these morphology-dependent effects, a better utilization of AMs with
diverse morphologies can be achieved and clear strategies for breakthroughs
in the biomedical field are established. Additionally, certain challenges are
identified, new frontiers are opened, and promising and exciting opportunities
are provided for fabricating functional AMs with broad implications across
various fields that must be addressed in biomaterials and biotechnology.

1. Introduction

The history of microparticles (from 1 to 1000 μm) dates back
to the 1960s. These particles are applicable in diverse fields,
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including biotechnology, chemistry, and
materials science.[1] As research on mi-
croparticles advanced within the scien-
tific community, Janus particles, similar to
the Chinese “Yinyang” or Roman Janus,
were proposed to consist of two compart-
ments with distinct chemical or physi-
cal properties.[2] Among the pioneers that
recognized the potential and significance
of Janus particles was Nobel Laureate P.
G. de Gennes, who discussed these par-
ticles in his Nobel lecture, “Soft Matter,”
in 1991.[3] Since then, research on Janus
particles has significantly expanded, tran-
scending the traditional domains of colloids
and soft matter. A growing variety of syn-
thetic strategies for Janus particles has facil-
itated this rapid development. Furthermore,
certain prerequisites exist for complex ap-
plications along with the advancement of
diverse research methods. A new concept
has also been proposed, i.e., multicompart-
mental microparticles or microfibers, col-
lectively referred to as anisotropic micro-
carriers (AMs). AMs can be engineered

by integratingmultifunctional building blocks with distinct mag-
netic, electrical, optical, or chemical properties. The anisotropy
from the heterogeneous structure offers unique material func-
tionalities and surface chemistry that are difficult to attain with
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Figure 1. Schematics of fabrication of anisotropic microcarriers with a series of methods including A) microfluidics, B) lithography, C) 3D printing,
D) EHD cojetting, E) centrifugation method, F) gas-based method, G) template method, and H) sputter coating method.

single-compartment particles, thereby creating novel opportuni-
ties across a range of application domains (Table S1, Supporting
Information).
In recent decades, considerable interest in AMs that showed

potential for “intelligent” applications in the field of biomedicine
has existed. Numerous reviews have been published on the ap-
plications of nano- and micrometer-sized particles. However,
these studies have primarily focused on homogenous or Janus
microparticles.[4] Only a few reviews have addressed multicom-
partmental microparticles. Among them, most have focused on
microfluidic strategies and overlooked other advanced meth-
ods. Notably, comprehensive reviews on AMs are currently lack-
ing, particularly those emphasizing multicompartmental micro-
carriers, including particles, fibers, and extrasize patterns. En-
hancing our understanding of AMs and broadening their po-
tential use across various research fields, particularly biomedi-
cal applications, requires a thorough examination and summary
of recent studies. To date, several approaches have been de-

veloped to address the challenges of AM fabrication, including
microfluidics,[5] lithography,[6] centrifugation-based methods,[7]

gas-based methods,[8] electrospinning,[2a,9] 3D bioprinting,[10]

template methods,[11] and sputtering methods[12] (Figure 1).
Based on these strategies, the produced complex AMs are
used in cell coculture,[13] micromotors,[14] microreactors,[15] mul-
tidrug release,[16] multienzyme tandem reactions,[17] multitarget
detection,[18] microbarcodes,[19] biocolloidal,[20] sensors,[21] med-
ical imaging,[22] tissue repair,[23] and so on.
The aforementioned applications highlight the need to in-

tegrate multifunctional materials into AMs. In this review, we
present and compare the methods used to fabricate AMs. We
then examine recent applications of AM systems, including cell
coculture, drug delivery, microrobots, and scaffold building. The
primary objective of this review is to highlight the biomedical po-
tential of these microcarriers and offer guidance on their fabrica-
tion and characterizationmethods. With the increasing literature
on AMs, we believe that AMs will gain interest across a broader
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range of application areas. This review summarizes the most re-
cent scientific information on AMs and their applications in vari-
ous fields, with a particular emphasis on biomedical applications.

2. Fabrication Strategies of AMs

The precise fabrication of morphological microstructures is criti-
cal because the micrometer-scale structural details of anisotropic
morphologies can significantly affect their properties and perfor-
mance. AMs can be generated using top-down methods, such
as surface modification and incorporation of different chemi-
cal functional groups, and bottom-up technologies, including
seeded emulsion polymerization, template formation, and self-
assembly approaches.[24] The bottom-up approach is economical
and highly efficient compared to the top-down approach.[24a,25]

AMs with numerous morphologies and dimensions can be
generated via several strategies, including microfluidics, lithog-
raphy, 3D printing, electrospinning, centrifugation, gas, and
template.[26] A comprehensive understanding of the fabrication
of AMs is essential to effectively utilize their characteristics and
explore their applications. In this section, we summarize the
methods used to fabricate AMs with typical anisotropic mor-
phologies and properties.

2.1. Microfluidics Strategy

Microfluidics technology is a powerful approach and extensively
explored for the fabrication of AMs, including particles and
fibers, enabling unprecedented control of their morphology and
complexity over the past few decades.[27] In microfluidics, the
properties of immiscible fluids are consistently utilized at the
microscale to form and control droplets that can subsequently
be crosslinked into AMs. The primary mechanism of micro-
droplet formation in these microfluidic devices involves an im-
miscible continuous oil phase that shears the dispersed phase
flowing through the microchannel during fabrication. An initia-
tor or crosslinker is used to crosslink the prepolymers, whereas a
surfactant is used to stabilize the emulsion.[21a] Typically, to cre-
ate complex AMs that fulfill the intricate demands of biomed-
ical applications, microfluidic chips made of polydimethylsilox-
ane (PDMS) and capillaries are required, enabling the precise
control of fluidic elements at the microscale. Microfluidic junc-
tions are created using microfabricated molds made of PDMS,
which can be customized to adjust their morphology and size.
Capillary-based microfluidic equipment, consisting of glass cap-
illaries arranged in a coaxial manner, either in a coflow or flow-
focusing configuration, can generatemicrofluidic emulsions that
are then cross-linked into AMs. The primary advantage of mi-
crofluidic technologies lies in precise control over the droplet for-
mation process, which can be achieved through the design of
microfluidic channels with predetermined geometries and reg-
ulation of input parameters such as flow rates. Notably, by vary-
ing the intersection geometry and relative flow rates of multiple
phases, the droplet diameter can be effectively regulated within
the micrometer range of a few micrometers to hundreds of mi-
crometers. Monodisperse populations of particles with dispersity
indices as low as 1–2% were also generated.[28] Additionally, mi-
crofluidic methods have been extensively used to fabricate AMs

across a diverse range of polymers, including polyethylene gly-
col (PEG), gelatin methacryloyl (GelMA), sodium alginate (SA),
chitosan, gelatin, and agarose.[29]

Microfluidic methods impose two critical conditions on pre-
polymer precursor solutions. The solution must possess rel-
atively low viscosity to enable smooth pumping through nar-
row microchannels. Furthermore, the droplets should crosslink
rapidly during collection to avoid aggregation. Numerous tech-
nologies have been developed to crosslink droplets, including
polymerization, photocrosslinking, temperature-induced gela-
tion and freezing, ionic crosslinking, and phase separation.
In this discussion, we focused on the fabrication of complex

microparticles and their morphologies, including anisotropic
particles (APs) and anisotropic fibers (AFs) (Table S2, Support-
ing Information). For instance, Janus APs were typically gen-
erated by introducing two aqueous solutions into a main junc-
tion under laminar flow, followed by the formation of droplets
through additional flow focused at the secondary emulsion junc-
tion (Figure 2A,B).[30] Additional aqueous solutions can be used
to create multicompartmental microspheres. Zhao et al. fabri-
cated a four-faced photonic crystal microsphere using four aque-
ous solutions (Figure 2C).[5a] The preparation of more com-
plex and irregular APs was also explored. Yin et al. proposed
a magnetic-directed assembly technology for creating a variety
of molecular-analog photonic crystal cluster particles, including
tetrahedral and triangular bipyramid configurations, based on
microfluidics (Figures 2D).[5b]

Compartments can be prepared through phase separation
within droplets even in the absence of multiphasic droplet tem-
plates. The evaporation-induced phase separation in drops is a
versatile method for creating multiple domains within a single
carrier. For instance, the solution containing two distinct poly-
mers was emulsified in water, resulting in monodisperse micro-
gels (micrometer-scale granular hydrogels) with dual compart-
ments after crosslinking. Phase separation can be permanently
captured by photopolymerization of polymer precursors, result-
ing in APs. Phase separation can create core–shell and Janus
structures, enabling the one-step encapsulation of multiple com-
ponents at the desired position. The aqueous poly(ethylene gly-
col) diacrylate (PEGDA) solution turned purple upon loading
blue and red dyes. Following the addition of separating agent to
the mixture to induce phase separation, blue and red dyes were
transferred to the core and shell regions (Figure 2E).[31] More-
over, phase separation can be used to generate APs with complex
structures. As shown in Figure 2F, Min et al. proposed a strategy
that was closely related to the properties of the two-phase poly-
mers, solvents, andmicroenvironment.[32] APs with diverse mor-
phologies can be obtained using various polymers and external
microenvironments.
Another interesting microfluidic strategy for fabricating

APs typically uses droplet-in-droplet templates to design the
internal compartments. Precise control of microfluidics regard-
ing the quantity, size, and ratio of different inside droplets al-
lows for accurate regulation of the internal structure of the mi-
croparticles and encapsulation characteristics of different com-
ponents. The inner and innermost droplets can function as sep-
arate compartments for the encapsulation of both oil- and water-
soluble substances. Using quadruple emulsions as templates,
a variety of multicompartment structures can be engineered
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Figure 2. Microfluidic production of APs. A,B) Fabrication of Janus AMs at the sheath-flow junction. Adapted with permission.[30a] Copyright 2004, Else-
vier. Adapted with permission.[30b] Copyright 2008, Wiley-VCH. C) Fabrication of four-faced photonic crystal microspheres using four aqueous solutions.
Adapted with permission.[5a] Copyright 2013, American Chemical Society. D) Anisotropic photonic crystal clusters constructed from solid–liquid Janus
building blocks. Adapted with permission.[5b] Copyright 2016, American Chemical Society. E,F) Microfluidic production of uniform AMs through phase
separation in emulsion drops. Adapted with permission.[31] Copyright 2013, Wiley-VCH. Adapted with permission.[32] Copyright 2016, American Chemi-
cal Society. G,H) Capillarymicrofluidic device and formation of precisely controlledmonodisperse double emulsions. Adapted with permission.[33a] Copy-
right 2007, Wiley-VCH. Adapted with permission.[33b] Copyright 2011, Royal Society of Chemistry. I) Fabrication of APs with independently controlled
compartments using microfluidics. Adapted with permission.[13a] Copyright 2018, Wiley-VCH. J) Generation of APs using channel-free microfluidics.
Adapted with permission.[35] Copyright 2018, American Chemical Society.
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(Figure 2G,H).[33] These microfluidic strategies provide new op-
portunities for designing core–shell-based APs, allowing for con-
trolled and separate coencapsulation of various substances and
the release of these components on demand through various ac-
tivation mechanisms.
Although these representative studies prepare complex mi-

croparticles through sophisticated processes, their applications
in specific fields encounter challenges.[33b,34] Moreover, their ap-
plication in the field of biology is still limited because the use
of ultraviolet (UV)-irradiation, crosslinkers, photoinitiators, oils,
and surfactants is unnecessary. To overcome this limitation,
Zhang et al.[13a] proposed a microfluidic strategy for producing
monodisperse APs with independently controlled compartments
that could encapsulate cells and facilitate their controlled assem-
bly within a micrometer-sized space (Figure 2I). They produced
APs through a two-step method, namely, the preparation of mi-
croparticles using an oil–water strategy. The microgels were im-
mediately transferred from the oil in which they were fabricated
to an aqueous continuous phase through the rapid crosslink
of the precursor solutions and dissociation of the surfactant. A
promising alternative is research on air microfluidic equipment
to form compartmental AMs without relying on oil. For instance,
a gas-shearing or centrifugal force is typical in air microfluidics
(Figure 2J).[35]

Previous studies have reported the fabrication of AFs us-
ing microfluidics. These microfibers were continuously gener-
ated by employing multiple laminar flows in multibarrier cap-
illary microfluidics. AFs are long, thin, and flexible materials
characterized by anisotropic structures, various compartments,
and heterogeneous components. They further address various
applications in disease modeling, cannular tissue engineering,
creation of various functional 3D objects, and pharmaceutical
screening.[36] The morphology of AFs can be designed from sim-
ple to complex by merely altering the arrangement of the cap-
illaries and switching the running channels. Cheng et al.[13b,37]

proposed a multiple laminar-flow microfluidic strategy for the
preparation of AFs with adjustable properties, morphologies,
and structures (Figure 3A,B). A range of heterogeneous or
anisotropic cell-laden hydrogel microfibers were generated by
adjustable structural and morphological characteristics derived
frommultiple specifically designed injection flows. Furthermore,
the same research group introduced a coaxial capillary microflu-
idic method with consecutive spiraling and spinning features for
scalable production of helical microfibers.[38] Helical microfibers
featuring novel core–shell, triplex, and Janus structures were
fabricated by altering the design of the capillaries in the chips
(Figure 3C). In a particularly compelling application of this strat-
egy, Yu et al.[38] developed a cardiac sensor that utilized helicalmi-
crofibers as force indicators for monitoring cardiomyocyte con-
tractions. In addition to capillary-based approaches, chip-based
methods are frequently used to generate AFs. For instance, a sim-
ple chip-based microfluidic strategy has been presented for the
manipulation and continuous spinning of hollow microfibers.
These microfibers were characterized by their intricate structural
and morphological features, as well as their heterogeneous com-
position (Figure 3D).[39] They also proposed the construction of
3D microtissues with complex biochemical cues via the selective
incorporation of active molecules, large protein factors, and cells
into AFs, functioning as active composites, thereby opening new

avenues for tissue engineering applications. A spinning technol-
ogy was proposed that integrated a digital fluid control system
with a microfluidic chip.[19a] By incorporating active functional
modulations, such as altering the flow through a digital control
scheme, they produced AFs with diverse chemical compositions
that could be spatiotemporally coded (Figure 3E). The coding res-
olution across the fiber was a few micrometers and could be reg-
ulated to a few hundred micrometers along the fiber. Another
strategy for fabricating coded AFs was proposed by Yu et al., who
introduced a wet-spinning process integrated with a droplet mi-
crofluidic approach for the one-step formation ofmultifunctional
AFs.[40] A range of spherical materials with diverse characteris-
tics, such as polymer microspheres, cell microspheres, and hy-
drophobic microdroplets, can be introduced into AFs for further
applications (Figure 3F). Overall, the uniqueness of this series of
approaches lies in their simplicity, flexibility, and controllability.
These forms of AFs, which differ in composition, configuration,
and biocompatibility, show significant potential for applications
in regenerative medicine and materials science.[41]

2.2. Lithography

AMs can also be fabricated using lithographic methods, and
most studies have focused onmicroparticle fabrication. Lithogra-
phy technologies include photobleaching, flow lithography, soft
lithography (e.g., microcontact printing), and holographic lithog-
raphy. Photobleaching and flow lithography are commonly em-
ployed to fabricate anisotropic microparticles (Table S3, Support-
ing Information).
Spatially selective photobleaching can produce APs with dif-

ferent patterns by inscribing designs onto fluorescently dyed mi-
croparticles. In contrast to other single-step methods, this sec-
ondary processing method is used to prepare the APs. The de-
signed patterns can be inscribed within amicrosphere that is uni-
formly dyed with fluorescence through spatially selective photo-
bleaching. Photobleaching is a light-induced process wherein flu-
orescent molecules lose their fluorescence characteristics, result-
ing in diminished fluorescence intensity. Any geometry, includ-
ing symbols or barcodes, can be bleached (Figure 4A).[42] This
method has been effectively utilized with polyethylene glycol-
grafted polystyrene, polystyrene, and dextranmicroparticles. The
flexibility of this method makes it ideal for high-throughput
screening and counterfeiting applications. To enhance the prac-
tical applicability of these microparticles in anticounterfeiting
drugs, labeling the drug itself rather than its packaging would
represent a significant advancement in combating counterfeit-
ers. The code is inscribed in the central plane of a digitally en-
coded microparticle (memobead), which is depth-dependent.[43]

As shown in Figure 4B, the code is clearly visible in the bleached
layer; however, at different depths within the memobead, it
becomes unreadable. Microparticles have been incorporated into
drug tablets.
The continued advancement in microfluidics has led to the

emergence of flow lithography.[44] Specifically, flow lithography
can be categorized into two distinct types: stop-flow lithography
(SFL) and continuous-flow lithography (CFL). The main differ-
ence between them is the relative motion of the mask and hydro-
gel. Typically, a polymer precursor is introduced into a templated
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Figure 3. Microfluidic production of AFs. A, B) Generation of multicompartmental fibers with microfluidics. Adapted with permission.[13b] Copyright
2014, Wiley-VCH. Adapted with permission.[37] Copyright 2016, American Chemical Society. C) Fabrication of helical microfibers from microfluidics.
Adapted with permission.[38] Copyright 2017, Wiley-VCH. D) Fabrication of heterogeneous hollow microfibers using a PDMS chip. Adapted with
permission.[39] Copyright 2016, Wiley-VCH. E) Preparation of AFs with diverse chemical compositions via a microfluidic chip combined with a digital
fluid controller. Adapted with permission.[19a] Copyright 2011, Springer Nature. F) Fabrication of a biomimetic hybrid fiber with multiple functionalities
by a droplet microfluidic approach combined with a wet-spinning process. Adapted with permission.[40] Copyright 2014, Wiley-VCH.

mold channel containing the negative features of the desired APs
for crosslinking, followed by curing. Normally, hydrogels are so-
lidified at the microscale through photopolymerization. In SFL,
the hydrogel and mask stop moving before exposure and con-
tinue to move to the next position after hydrogel crosslinking.[45]

In CFL, the hydrogel and mask keep moving, and photopoly-
merization occurs during motion.[46] As a result, SFL offers
greater resolution, whereas CFL provides increased throughput.
Doyle et al.[6a] prepared APs for high-throughput biomolecu-
lar analyses (Figure 4C). Encoding and probing were integrated
into a single process to produce multipurpose APs containing
over one million distinct codes. In addition to using unique
materials as codes, codes could also be derived using multiple
color-based materials and structural colors, resulting in excep-
tional coding capabilities. For instance, Kwon and co-workers[47]

used a color-tunable magnetic material to produce colored APs
with multiaxis rotational control, as shown in Figure 4D. Color-

barcoded APs offer a coding capacity that extends to billions
with unique magnetic handling capabilities enabled by color-
tunable magnetic materials. The main advantage of lithogra-
phy technologies is the precise control over the geometrical fea-
tures of the mask or mold channel, leading to excellent con-
trol over the geometry and monodispersity of APs. Similarly, as
shown in Figure 4E, Lee et al.[48] reported an encoding technol-
ogy that integrated near-infrared excitation, decoding, and spa-
tial patterning to distinguish particles synthesized using flow
lithography.
Despite advancements in microfabrication technologies that

have enabled the fabrication of mold channels and masks fea-
turing micrometer-scale details, generating APs with specific ex-
ternal and internal structures has been challenging. Flow lithog-
raphy methods encounter the practical challenge of extracting
crosslinked APs from a mold channel, which restricts the com-
plexity of the external or internal properties that can be achieved.

Adv. Mater. 2025, 37, 2416862 © 2025 Wiley-VCH GmbH2416862 (6 of 29)
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Figure 4. Fabrication of AMs with lithography. A) Fabrication of APs with different patterns by spatial selective photobleaching. Adapted with
permission.[42] Copyright 2003, Springer Nature. B) Preparation of digitally encoded drug tablets. Adapted with permission.[43] Copyright 2007, Wiley-
VCH. C) APs for high-throughput biomolecule analysis. Adapted with permission.[6a] Copyright 2007, American Association for the Advancement of
Science. D) Preparation of colored APs with multiaxis rotational control using a color-tunable magnetic material. Adapted with permission.[47] Copyright
2010, Springer Nature. E) Luminescence images of poly(urethane acrylate) particles containing upconversion nanocrystals. Adapted with permission.[48]

Copyright 2014, Springer Nature. F) Fabrication of multimaterial APs via maskless stereolithographic bioprinting. Adapted with permission.[50] Copyright
2018, Wiley-VCH.

Two-photon light sources facilitate the production of APs with
complex 3D geometries. For instance, polymericmicrotubes with
intricate geometries and high aspect ratios can be synthesized
using two-photon vertical-flow lithography.[49] A major drawback
of lithography approaches is their low throughput compared
to alternative methodologies. The throughput efficiency is con-
strained by the dimensions of themold channel ormasks, the ob-
jective, and the light source. Flow-lithography technologies pro-
vide the most significant throughput because they can be paral-
lelized with microfluidic technologies.
In addition to photomasks, other types ofmaskless lithography

have been used to produce APs. Zhang and co-workers[50] em-
ployed a maskless stereolithography-based platform to fabricate
hydrogel APs. The microfluidic device can rapidly alternate be-
tween different hydrogel solutions to produce layer-by-layer APs
with high spatial resolution (Figure 4F). APs generated using

lithographicmethods that do not utilize oil or surfactants are suit-
able for cell encapsulation. To approve the biocompatibility of this
system, cell-laden GelMA was introduced into the microfluidic
device, fabricating cellularized APs. Three distinct cell categories
(mesenchymal stem cells (MSCs), fibroblasts, and osteoblasts)
were loaded into the APs to replicate the structure of the muscu-
loskeletal interface. Furthermore, structural color, which show-
cases the inherent beauty of many plants and animals, offers ad-
vantages such as ease of fading, nontoxicity, and environmental
friendliness. This characteristic has broad application prospects
in anticounterfeiting, functional material construction, and bio-
logical/chemical detection.[51] Kim et al.[52] employed maskless
lithography with color-tunable magnetic materials to fabricate
photonic crystal-based APs with different bandgaps. Photonic
crystals with varying bandgaps were fabricated within a few sec-
onds on different substrates.

Adv. Mater. 2025, 37, 2416862 © 2025 Wiley-VCH GmbH2416862 (7 of 29)
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Figure 5. 3D bioprinting methods for preparation of AMs. A) The bioprinting device formed multicompartmental microfiber consisting of one to seven
bioinks in different spaces. Adapted with permission.[56] Copyright 2017, Wiley-VCH. B) Fabricating complex voxelated soft matter via multimaterial
multinozzle 3D printing in a layer-by-layer manner. Adapted with permission.[57] Copyright 2019, Springer Nature. C) Printing of iPSC-derived hepatic
model with customizedDLP-based 3Dbioprinting system. Adaptedwith permission.[60] Copyright 2016,National Academy of Sciences. D) (i) Schematics
of fabrication of AMs using laser lithography apparatus integrated with a multiple-channel chamber. (ii) Seven different liquids for fabrication of complex
3D AMs. Adapted with permission.[61] Copyright 2019, American Association for the Advancement of Science.

2.3. 3D Printing

3D printing and bioprinting are among the most advanced tech-
nologies, key components of numerous research fields, partic-
ularly biomedical engineering,[53] and used to fabricate AMs
with designed shapes.[54] Several 3D bioprinting modalities have
been developed, including valve-based printing, extrusion-based
printing, acoustic encapsulation, light-based printing, and inkjet-
based printing, which enabled the fabrication of different shapes
with simple to complex geometries.[55] In contrast, multimaterial
extrusion bioprinting and light-based 3D printing can be used to
fabricate amuch broader range of AMs. Zhang and co-workers[56]

reported a multimaterial extrusion bioprinting platform that
could smoothly switch and continuously extrude multiple coded
bioinks to rapidly fabricate AMs. As shown in Figure 5A, the bio-
printing device fabricated a continuous multicompartmental mi-
crofiber consisting of one to seven bioinks in different spaces. In
addition to achieving the biofabrication of AMs at a high speed,
the authors also demonstrated the ability of their bioprinter to
form gradient and complex constructs for applications in tissue

engineering. Lewis and co-workers[57] designed printheads and
implemented high-frequency switching of perfusion channels to
extrude ultracomplex AMs through multimaterial multinozzle
3D printing layer-by-layer. As shown in Figure 5B, this strategy
can be used to fabricate complex voxelated soft matter with the
composition optimized for the functionality and structure of ma-
terials designed at the voxel scale. Furthermore, in 3D printing,
the integration of stereolithography and multimaterial fluids al-
lows the precise fabrication of complex multicomponent struc-
tures, creating a robust platform for printing multimaterial mi-
crostructures.
Light-based printing is an essential method for AM

generation.[58] Light-based 3D printing has consistently
generated highly elaborate cellularized constructs with tissue-
scale features that could not be obtained using layer-by-layer
methods.[59] Numerous tissues and organs have complicated
structures. For instance, a significant challenge in creating
an in vitro liver model stems from the limitations of existing
methods in accurately replicating the intricate liver microenvi-
ronment shaped by its complex microarchitecture and diverse
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cell combinations. From this perspective, to replicate tissues
and organs by combining 3D bioprinting method with regen-
erative medicine and tissue engineering, Ma et al.[60] developed
microscale hepatic AMs composed of supporting cells and liver
cells (Figure 5C). This model facilitated both the functional and
structural enhancement of hepatic progenitor cells, making it
suitable for drug screening and liver pathophysiology studies
in vitro. Wegener and co-workers[61] utilized a system that
incorporated a multiple-channel chamber within a laser lithog-
raphy apparatus to fabricate AMs, as shown in Figure 5D(i).
In contrast to traditional methods, this device eliminated the
need for repeated trips between the lithography equipment and
precuring solution, and could directly create target AMs based
on a programmed design, which significantly facilitated the
manufacturing of complex structures consisting of AMs. The
authors further printed complex 3D AMs, which comprised five
diverse photoresists, using seven diverse liquids for formation
within the laser lithography system (Figure 5D(ii)).

2.4. Electrohydrodynamic (EHD) Cojetting

The EHD cojetting method is frequently used to fabricate AMs
and AFs by applying high voltages to polymer solutions.[62] Dur-
ing the EHD cojetting process, voltage was applied to the nee-
dle tip of the syringe. While the pump maintained a continuous
flow of the solution, charges gathered at the surface of the hy-
drogel precursor solution. Once the applied voltage surpassed a
critical threshold, it overcame the surface tension at the tip of the
needle, resulting in a charged liquid column or a jet of droplets
collected on the substrate. By controlling the parameters of the
polymer solutions (viscosity, conductivity, and concentration) and
flow device, multifarious compartmentalized AFs or AMs could
be prepared, exhibiting various shapes and compositions, in-
cluding core/shell shapes to Janus-type (Table S4, Supporting
Information).[9b,63] The EHD cojettingmethod,mainly developed
by Lahann and co-workers, is a modified electrospray process.[2a]

As one of the most commonly used technologies for forming
AMs, the strategy allows cost-effective production of anisotropic
fibers and particles across a broad range of sizes, specifically from
0.1 to 100 μm. As shown in Figure 6A, Bhaskar and Lahann[64]

used this approach to prepare Janus-, tri-, or even multicompart-
mentalized fibers with side-by-side needle configurations. They
also fabricated compartmentalized microhelical fibers by design-
ing a collection that rotated in two dimensions (Figure 6B).[9b]

Huang et al. fabricated encoded fibers through the spatially se-
lective photobleaching of electrospun fibers, i.e., a secondary pro-
cessing method (spinning and bleaching) used to prepare APs
(Figure 6C).[65] Moreover, compartmentalized fibers can be used
to fabricate cylindrical APs by cutting them after rotating the col-
lection, as shown in Figure 6D.[66] APs can achieve chemically
controlled bending via asymmetric expansion, which generates
surface stresses because different compartments are loaded with
dissimilar materials.[67] In addition, APs can be surface modified
by the covalent attachment of cell-adhesion peptides to achieve
phase-selective cell attachment on a single microcylinder.[68] The
prepared particles undergo secondary deformation through ex-
ternal induction. For instance, it can be induced to form cir-
cles and curves (Figure 6E).[69] In addition to using fiber cut-

ting to prepare microparticles, the EHD cojetting system can di-
rectly fabricate APs.[70] Typically, APs are composed of biphasic
or triphasic Janus particles, as shown in Figure 6F,G.[2a,71]

2.5. Centrifugation

In 2007, centrifuge-based technologies were introduced. Hae-
berle et al.[72] used the centrifugal technology to produce highly
monodisperse droplets. Oils and surfactants were also used dur-
ing the fabrication process. In 2012, Maeda et al. documented
the preparation of multicompartmental APs of uniform size by
integrating a centrifugation-based system with a multibarreled
capillary (Figure 7A).[7b] This method differs from previous cen-
trifugal technologies andmainstreammicrofluidic systems; it re-
lies solely on droplet formation achieved through ultrahigh grav-
ity, without the need for oils, surfactants, or UV light. The ex-
perimental configuration involved three key components: fluo-
rescently labeled polymer solutions loaded into multibarrel cap-
illaries, a capillary array secured by an acrylic fixture within mi-
crotubes containing CaCl2 solution, and a collection bath that in-
cluded a crosslinker. During centrifugation, centrifugal acceler-
ation propels the solutions through the capillary orifices, induc-
ing hydrodynamic flow segmentation at the capillary tips. Fol-
lowing droplet generation, immediate ionic crosslinking occurs
in the collection bath. The partitioning and dimensions of the
APs can be easily modified through adjusting the capillary ar-
chitecture. However, centrifugation-based systems are limited in
their ability to fabricate spherical APs. Nonequilibrium-induced
microflows (diffusion and Marangoni flows) were introduced
to fabricate APs with high morphological complexity from the
centrifugation-based system, as illustrated in Figure 7B.[73] They
further enhanced the morphological complexity by the selective
disintegration of specific compartments of APs.

2.6. Gas-Based Method

Recently, gas-based methods have been proposed for the fabrica-
tion of APs to broaden their applications in biomedical engineer-
ing. Thismethod exclusively utilizes the gas flow to assist genera-
tion of droplets (“gas-shearing”) and is designed for the extensive
production of monodispersed APs without using oil, surfactants,
or UV.[74]

The preparation of microparticles by gas-shearing was first re-
ported by Anilkumar et al.[75] in 2001. For decades, gas-based
methods have been used to prepare particles with diverse struc-
tures and applied in various fields.[76] However, preparing multi-
compartmental anisotropic microparticles is challenging owing
to the unstable nature of the gas. Tang et al. successfully designed
microspherical APs via gas-shearing using an in-house coaxial
needle device and removed oils, i.e., several needles were posi-
tioned coaxially within a shell.[77] Shear forces induced by nitro-
gen gas flowing through the gap between the inner needle and
shell effectively assisted in the generation of polymeric droplets.
When the shear force of nitrogen was greater than the surface
tension, a microdroplet was formed. The collecting bath, includ-
ing the crosslinker, solidified the polymeric droplets into solid
microparticles. By adjusting the setup of the needle device and
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Figure 6. Electrohydrodynamic (EHD) cojetting for preparation of AMs. A) Janus-, tri- or even multicompartmentalized fibers with side-by-side nee-
dle configurations prepared by EHD cojetting system. Adapted with permission.[64] Copyright 2009, American Chemical Society. B) Bicompartmen-
tal microfibers twisted in situ to form helical microfibers during EHD cojetting. Adapted with permission.[9b] Copyright 2018, John Wiley and Sons.
C) Preparation of encoded fibers by secondary processing method. Adapted with permission.[65] Copyright 2010, Wiley-VCH. D) Rod-shaped particles
with controlled sizes, aspect ratios, shapes, and surface chemistry. Adapted with permission.[66] Copyright 2009, Wiley-VCH. E) The particles undergo
secondary deformation through external force induction and are induced into circles, curves, etc. Adapted with permission.[69] Copyright 2012, National
Academy of Sciences. F,G) The EHD cojetting system fabricated biphasic (F) or triphasic (G) particles directly. Adapted with permission.[2a] Copyright
2005, Springer Nature. Adapted with permission.[71] Copyright 2006, American Chemical Society.

the nitrogen flow, the gas-based method enabled the straightfor-
ward control of particles with 2–8 compartments, allowing for
a flexible design regarding the characteristics of each compart-
ment (Figure 8A). The gas-based method is highly cytocompat-
ible because oils or surfactants are not used. Based on a previ-
ous strategy, Tang et al.[78] successfully prepared ten-faced micro-
spherical barcodes (Figure 8B). The color of each compartment
was programmed using ten multicompartment microparticles.
More importantly, the technology was expected to enhance the
food and pharmaceutical anticounterfeiting domains owing to its
high biocompatibility. In addition to gas-shearing strategies, an-

other gas-based method for fabricating APs has been developed.
Zhao et al.[8a] used a microfluidic nozzle to print versatile spiral
microarchitectures inside microspheres with airflow assistance,
directly permitting the one-step fabrication of spherical helical
structures (Figure 8C).

2.7. Templating Method

Template-based approaches are effective for AP production.
Most templating methods use a micropatterned master mold to

Adv. Mater. 2025, 37, 2416862 © 2025 Wiley-VCH GmbH2416862 (10 of 29)
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Figure 7. Centrifugation methods for fabrication of AMs. A) APs formation depends only on air-liquid droplet formation provided by ultrahigh gravity.
Adapted with permission.[7b] Copyright 2012, Wiley-VCH. B) High complex morphology of APs fabricated via nonequilibrium-induced microflows such
as the diffusional and Marangoni flow. Adapted with permission.[73] Copyright 2016, Springer Nature.

generate replicates. The morphological characteristics of the
mold directly influence the shape of the fabricated APs. During
the fabrication process, polymer precursors are cast onto master
molds composed of materials, including but not limited to glass,
PDMS, or silicon substrates.[11b,79] Notably, Zhang et al.[27] pio-
neered the development of a nonwetting template-assisted par-
ticle replication technique. This approach enabled the produc-
tion of monodisperse 2D APs with enhanced control over sizes
(Figure 9A). However, the morphology of the APs prepared us-
ing template-based techniques is constrained by the predefined
geometry of the mold. To address this constraint, Choi et al.[11b]

recently proposed modified template-assisted strategies for the
controlled fabrication of engineered APs (Figure 9B). They pro-
posed a two-step template-based technology to generate uniform
APs.[11a] Specifically, the fabrication process entailed the sequen-
tial generation of primary and secondary compartments within

molds, utilizing surface tension-induced droplet production in-
tegrated with photopolymerization. Secondary compartment for-
mation was accomplished by repeating Step 1. The subsequent
assembly of the primary and secondary components, followed
byUV-induced polymerization, yieldedmonodispersemulticom-
partmental APs. Furthermore, altering wettability facilitated the
fabrication of core–shell APs with controlled compartmentaliza-
tion. As shown in Figure 9C,[80] an alternative template-based
technique that leveraged simple mold swelling and capillarity
tuning was introduced to form intricate 3D APs from 2D molds.
This process involved: 1) infiltration of a PEGDA photocurable
solution into 2D molds, followed by 2) infusion of immiscible
wetting fluids to induce structural deformation through mold
swelling and tunable capillarity. Furthermore, they expanded
their investigation to generate highly complex 3D microstruc-
tures with multiple compartments.

Figure 8. Preparation of AMs via gas-basedmethods. A) Multicompartment microparticles with precisely controlled properties can be used for magnetic
microrobot and cell culture. Adapted with permission.[77] Copyright 2019, John Wiley and Sons. B) Ten-faced microparticle barcodes were used for food
and pharmaceutical anticounterfeiting. Adapted with permission.[78] Copyright 2020, Wiley-VCH. C) Versatile spiral microarchitectures were printed
inside the microparticles. Adapted with permission.[8a] Copyright 2018, Wiley-VCH.

Adv. Mater. 2025, 37, 2416862 © 2025 Wiley-VCH GmbH2416862 (11 of 29)
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Figure 9. Fabrication of AMs by templating methods. A) Fabrication of APs in a nonwetting template. Adapted with permission.[27] Copyright 2009, IOP
Publishing. B) Scalable fabrication of monodisperse multicompartmental via surface-tension induced droplet formation. Adapted with permission.[11a]

Copyright 2015, American Chemical Society. C) Fabrication of 3D APs from 2D micromolds via simple tuning of wetting fluids. Adapted with
permission.[80] Copyright 2015, American Chemical Society.

2.8. Sputter Coating Method

Sputtering coating is an important method for AMs with thin
coating deposition. Highly uniform and dense multimaterial
coatings can be prepared. Parameters such as air pressure and
power precisely control the thickness. This method is usually

applied to modify AM surfaces. For instance, spraying, sputter-
ing, or deposition of metals on one side can be used to fab-
ricate Janus microparticles.[81] Lee et al.[12b] proposed a novel
category of photonic Janus microparticles that rendered mag-
netoresponse by iron deposition onto their surface and optical
anisotropy though alternately sputtering two distinct dielectric

Adv. Mater. 2025, 37, 2416862 © 2025 Wiley-VCH GmbH2416862 (12 of 29)
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Figure 10. Fabrication of AMs through sputter coating methods. A) Photonic Janus microspheres with a gradient change of structural color. Adapted
with permission.[12b] Copyright 2017, Wiley-VCH. B) Janusmicrorobots formed by sputter coating method. Adapted with permission.[82] Copyright 2018,
American Chemical Society.

layers. The pronounced directionality and consistent flux of the
sputter deposition led to a progressive variation in the thickness
of the photonic layers on AMs, creating a gradient in the struc-
tural color. As the direction of the APs is determined by the ori-
entation of the external magnetic field, the structural color can
be moved or closed as required (Figure 10A). Similarly, the sput-
ter coating method can be used to effectively fabricate micro-
robots. Heparin and chitosan were chosen as the base materials
for the microparticles, with one surface coated with a gold shell
(Figure 10B). Under near-infrared (NIR) irradiation, a local ther-
mal gradient is formed. Based on the self-thermophoresis effect,
the movement of these Janus microparticles can be easily con-
trolled by varying the laser intensity and successfully applied to
thrombus ablation.[82]

2.9. Other Methods

In addition to these strategies, other technologies have been em-
ployed to fabricate AMs. For instance, Luo et al.[83] proposed
the use of superhydrophobic surfaces and the formation of con-
trolled volumes of droplets, thereby creating AMs with multi-
ple compartments characterized by diverse and precisely defined
internal architectures. As shown in Figure 11A (top panel), the
droplets solidified into templates via cooling induced agarose
gelation. Subsequently, the calcium ions polymerized the SA
molecules in the agarose network, resulting in hydrogel par-
ticles characterized by an agarose/SA double network. Conse-
quently, multicompartmental structures within the hydrogel par-
ticles were formed by encapsulating the hydrogel particles within
larger pregel droplets for subsequent polymerization (bottom

panel in Figure 11A). To increase the manufacturing complex-
ity of engineered hydrogel materials, as illustrated in Figure 11B,
Chiang et al.[84] proposed a general technology for obtain 3D com-
plex architectures. Specifically, programmable formation and as-
sembly were performed on an electro-microfluidic platform us-
ing two electrical processes (electrowetting and dielectrophore-
sis). Using electric field control, researchers can selectively mod-
ify liquid-phase components to tailor the properties of microgels.
These building blocks then undergo controlled assembly and
crosslinking to form seamless heterogeneous hydrogel AMs. Cho
et al.[85] proposed a sequential electrohydrodynamic processing
methodology for engineering nonspherical hydrogel microparti-
cles with discrete compartments. Consequently, the properties of
each compartment can be easily adjusted. This was accomplished
by varying the types or quantity of polymer and integrating dis-
tinct molecules into matrix (Figure 11C). Importantly, the result-
ing architectures demonstrated the simultaneous release of mul-
tiple growth factors at distinct release rates, enabled by the design
of compartment-specific binding affinities.
In summary, the integration of innovative technologies and

advanced materials has driven the development of AM strate-
gies. Previous research on microfluidic strategies has shown
great application potential owing to their exceptional capabil-
ity to precisely control the AM morphology and structural
complexity with high throughput, making them suitable for
industrial scale-up.[86] However, the main problem with most
microfluidic strategies is the low cellular activity owing to the
residue of an organic solution. In addition, microfluidic chips
are expensive owing to their precise structures. Lithography of-
fers significant advantages for fabricating high-resolution com-
plex 3D patterns; however, its scalability and applicability in

Adv. Mater. 2025, 37, 2416862 © 2025 Wiley-VCH GmbH2416862 (13 of 29)
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Figure 11. Preparation of AMs with other methods. A) Preparation of agarose/alginate double-network multicompartmental APs on a superhydrophobic
surface. Adapted with permission.[83] Copyright 2014, Wiley-VCH. B) Fabrication of 3D complex architectures by twomajor electrical manipulations (elec-
trowetting and dielectrophoresis) between two parallel plates of electromicrofluidic platform. Adapted with permission.[84] Copyright 2016, American
Association for the Advancement of Science. C) Preparation of nonspherical hydrogel microparticles via combining electrospinning and photopatterning.
Adapted with permission.[85] Copyright 2015, Wiley-VCH.

industrial mass production are limited by the template size and
quantity. Similarly, although the template-based method is ef-
fective for fabricating AMs with shapes dictated by the mold,
its production yield is inherently constrained by the limita-
tions of the mold. Further study of other AM preparation tech-
niques, such as flow lithography, is expected to combine lithog-
raphy and template-based methods to solve the problem of low
throughput.[6c]

To reduce the toxicity of the preparation process, preparation-
friendly strategies such as 3D printing, EHD cojetting, and
centrifuge-based and gas-based methods are required. A princi-

pal advantage of 3D printing is its capacity to form anisotropic
microcarriers with exceptional design flexibility and structural
complexity.[87] However, the current limitation of 3D printing
is the relatively large feature sizes of the generated patterns.
Significant advancements in printing precision have revealed the
vast potential of anisotropic AM fabrication.
Furthermore, although recent studies have demonstrated no-

table progress in the EHD cojetting system, its inherent limi-
tation in providing morphological versatility for AMs remains
a significant challenge.[88] In comparison with other fabrication
techniques, the microparticles produced by this method exhibit

Adv. Mater. 2025, 37, 2416862 © 2025 Wiley-VCH GmbH2416862 (14 of 29)
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inferior morphological characteristics and homogeneity. Al-
though it can generate uniformmicroparticles, its size is typically
larger and less controllable, presenting a notable limitation.
Centrifugation offers significant advantages, including a

straightforward fabrication process and rapid operation. How-
ever, from a scalability standpoint, achieving continuous and
high-throughput production remains challenging because of the
complexities associated with controlling rotating microfluidic
devices and integrating external instrumentation.[89] Gas-based
strategies represent a relatively novel approach and are expected
to attract increasing attention in the field owing to their numer-
ous advantages including high throughput, oil-free operation,
and surfactant-free conditions.[90] This approach can effectively
address the limitations of other strategies; however, its reliance
on surface tension for particle formation confines the result-
ing complexes to amicrospherical morphology. Similarly, sputter
coating presents several challenges. Despite the ease and speed
of operation, the selectivity of materials is limited because nu-
merous biocompatible materials are unsuitable for use.[91]

3. Applications of AMs

3.1. Multidrug Delivery

In drug delivery systems, the use of AMs for the encapsulation
and delivery of multiple drugs has attracted increasing atten-
tion because of their unique benefits, including controlled re-
lease profiles,[92] potential for combination therapy,[93] enhanced
efficacy,[94] and reduced side effects.[95] Ideally, these carriers
should be able to release multiple drugs simultaneously in a
controlled manner. To date, a range of AM-based drug carriers
has been developed to achieve release functions. Common AMs
used to load multidrug and enable their programmed release in-
clude Janus, core–shell, and multicore microparticles. However,
polydisperse microparticles produced by emulsification provide
limited control over the rate of polymer degradation and drug
release.[33b] The production of intricate carriers requires precise
flow control to generate complex emulsion templates, which lim-
its the practical application of carriers. Although recent advances
have introduced straightforward methods for creating complex
emulsions from single emulsions through controlled phase sep-
aration, producing biocompatible multicompartment microcar-
riers based on a restricted range of materials useful for phase
separation remains challenging.
Different materials can be prepared into AMs in microfluidic

systems, thereby enabling precise control over the drug release
kinetics through tailored material degradability. Sun et al.[96] pro-
posed a flow-focusing microfluidic chip capable of producing
various microparticle structures, including Janus-patchy, triple,
quadruple, or core–shell types, from a mixed solution. The pro-
portions of the two compartments in a particle can also be ad-
justed. Based on the phase transition of lipids from solid to liquid
at physiological temperatures, the loaded drug is rapidly released
and polymers undergo slow degradation in vivo, facilitating sus-
tained drug release. This staged release mechanism is particu-
larly beneficial for treatments requiring both rapid and slow drug
release, such as targeted drug delivery and initial wound treat-
ment. Moreover, the precise engineering of drug release rates
can be achieved by utilizing the different responsiveness of poly-

mers. Weaver et al.[97] reported complex liquid-based structures
as dual-responsive drug-release models with high morphologi-
cal control and uniformity. Each hemisphere of the AMs under-
went stepwise disassembly, first triggered by pH changes and
then by temperature stimulation (Figure 12A). The white hemi-
sphere, which consisted of “conventional” spherical dodecane
droplets, disintegrated swiftly at higher pH levels in the solution.
This resulted in a thermally trapped 1-dodecanol hemisphere,
which also decomposed quickly when the temperature of the so-
lution was raised above the melting point of 1-dodecanol at basic
pH. Growth factors can also be encapsulated into the AMs. Cho
et al.[85] prepared AMs using hydrogel photopatterning and elec-
trospinning (Figure 12B). Each compartment of the dual growth
factor-loaded bicompartmental hydrogel microparticles was in-
dependent of the others and specifically released two different
factors.
Concomitant drug therapy plays a pivotal role in enhancing the

efficacy or reduces the side effects of drugs. However, the drug
kinetics of individual constituents cannot be customized inde-
pendently, which limits its extensive applications in the biologi-
cal, chemical, and biomedical fields, such as confined reactions
and controlled release. Therefore, independent encapsulation
and synergistic release of diverse drugs are essential.[98] For ex-
ample, a Janus shell embedded with thermoresponsive APs was
fabricated using coextrusion minifluidic devices to achieve en-
gineer thermoresponsive shell permeability for tunable release
(Figure 12C).[99] At 25 °C, as a result of the swollen condition of
the poly(nisopropylacrylamide) (PNIPAM) hydrogels in the Ca–
SA hydrogel networks, their release behavior is similar to that
of Ca–SA hydrogels lacking PNIPAM. Nevertheless, at 40 °C,
the contraction of the PNIPAM APs increases the permeability,
resulting in faster drug diffusion and more flexible synergistic
release.
In addition to temperature, pH regulation can be employed

to control drug release. Stimulating reactive carriers to release
multiple drugs for synergistic combinatorial cancer therapy with
reduced adverse reactions has been extensively studied. The pH-
sensitive multicompartmental particles effectively and selectively
released their payloads in acidic environments (Figure 12D). For
example, acid-sensitive precursors have been substituted with
PEGDA precursors to prepare drug carriers with pH-sensitivity.
The drug release behavior from a compartment can be precisely
adjusted by modifying the quantity of acid-sensitive precursors
in the precursor solution.[100]

In biomedicine, the multidrug synergistic release of AMs
has been extensively investigated for applications. SA AFs with
multiple metal–organic framework (MOF) core encapsulations
were used to improve tissue wound healing, allowing for highly
controllable release by controlling the flow rates and orifice of
the middle capillary (Figure 12E). The zinc- and copper–MOF–
collagen AFs exhibited faster healing based on the antioxidation
and antibiosis of controllably released zinc ions, copper ions, and
vitamin ligands.[101]

Although multidrug release has demonstrated significant po-
tential in various fields, there is room for improvement. For
example, the capsule of two components in the corresponding
zone without diffusion between the two compartments is a prob-
lemworth considering.[99] Furthermore, transformative advance-
ments in artificial intelligence (AI) applications in biomedicine
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Figure 12. AMs for multidrug delivery. A) Dual-responsive drug-release models with pH and thermal triggers. Adapted with permission.[97] Copyright
2009, Wiley-VCH. B) APs formed by electrospinning and hydrogel photopatterning techniques for releasing two different growth factors with independent
release kinetics. Adapted with permission.[85] Copyright 2015, Wiley-VCH. C) Permeability of Janus shell embedded with thermoresponsive nanogels
controlled by temperature resulting in controlled release of drug. Adapted with permission.[99] Copyright 2016, American Chemical Society. D) Fluores-
cent beads release profiles of Janus particles with different ratios of acid-sensitive precursors compositions at pH 6.0. Adapted with permission.[100]

Copyright 2016, Wiley-VCH. E) Vitamin MOF-laden microfibers with alginate shells and copper- or zinc–vitamin framework cores for wound healing.
Adapted with permission.[101] Copyright 2018, Royal Society of Chemistry.

have occurred in recent years, particularly in drug delivery.[102]

For example, powerful machine learning algorithms can opti-
mize AM design parameters (e.g., shape, surface charge gradi-
ents, material biocompatibility, and targeting specificity) to en-
hance therapeutic efficiency.

3.2. Cell Coculture

In vivo, microenvironments are highly complex, consisting of
anisotropic structures in which various cell types are organized
in a structured manner, each being surrounded by a different

extracellular matrix (ECM). Therefore, the AMs will enable the
coassembly of diverse cell types within various ECMs, mirror-
ing in vivo microenvironments. This capability allows the regu-
lation of cellular behavior within an anisotropic microenviron-
ment, thereby enhancing the potential for high-throughput in
vitro screening platforms. Accurate imitation of anisotropy ob-
served in vivo is critical for the development of in vitro artificial
tissuemodels. The development of an anisotropic ECM structure
for the cultivation of different cell types is essential to expand the
potential applications of AMs,[103] including the biomimetic en-
capsulation and cultivation of defined cell populations in vivo-like
microenvironments. However, current methodologies for the
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Figure 13. Cell coculture in AMs. A) Triple-layer particles prepared by one-step, multifluidic electrostatic spraying technique for cell encapsulation.
Adapted with permission.[104] Copyright 2015, Royal Society of Chemistry. B) Single cells encased in different compartments of Janus microparticles.
Adapted with permission.[105] Copyright 2017, Royal Society of Chemistry. C) Cells encapsulated in each compartment of four-compartmental core–shell
microfibers. Adapted with permission.[13a] Copyright 2018, Wiley-VCH. D) Magnetic beads, fluorescent nanoparticles, and cells were coencased in APs
to give the particles potential functions such as cell coding and rotational motion in response to magnet. Adapted with permission.[37] Copyright 2016,
American Chemical Society. E) Four different types of cells were encapsulated in the desired compartments of APs for cell coculture. Adapted with
permission.[106] Copyright 2020, Wiley-VCH. F) MCMs composed of up to eight compartments encase different cell types that are well separated from
each other. Adapted with permission.[77] Copyright 2019, John Wiley and Sons.

formation of ECM microgels have not yet succeeded in produc-
ing anisotropic microparticles.
Hydrogelmicroparticles arewidely used for cell encapsulation,

culture, and transplantation. When transplanted, microparticles
safeguard cells from environmental factors and the immune sys-
tem while also facilitating the necessary mass transfer for cell
survival and function. However, in many cases, cells are ran-
domly encapsulated in microparticles because of their lack of
spatial designability. Researchers can incorporate multiple ma-
terials into the anisotropic compartments or use different cell
types. Therefore, another fascinating research area is exploring
the potential of AMs in cell cocultures. The typical design of
these AMs aims to facilitate the efficient and intelligent encap-
sulation of various cell types, allowing for effective control over
the functionalities and characteristics of different compartments,
which imparts unique properties to AMs. Microgels featuring in-
dependently regulated compartments capable of encapsulating
cells within distinct hydrogelmatrices would provide precise con-
trol over the pairing pathways of various cell types. For example,
Lu et al.[104] produced AMswith devisable compartments by EHD

cojetting method for cell coculture. This process is relatively sim-
ple and does not require surfactants, oils, or acids. Figure 13A
demonstrated the capability of encapsulating distinct cell types
within individual particles.
Microfluidic technology has been extensively developed for

the fabrication of APs because it provided superior control over
the morphology and complexity of the particles produced. Wu
et al.[105] proposed a multiplex coaxial flow-focusing process to
fabricate APs for cell cocultures. The produced APs featured a
multicompartmental core–shell structure, with four different cell
types encapsulated in their designated compartments of the SA
APs and cocultured for seven days (Figure 13B). However, a sig-
nificant limitation of microfluidic technology arises when it is
necessary to encapsulate sensitive biological molecules within
APs due to the reliance on oils and surfactants. Zhang et al.[13a]

reported a microfluidic technology for inducing microgel forma-
tion on a chip, which could subsequently be extracted directly
from the oil phase, thus effectively preventing extended temporal
exposure of the AMs to oil. They proved that multicompartment
microgels could be used first as a 3D matrix to pair single cells
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 15214095, 2025, 19, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202416862 by G
uosheng T

ang - N
ankai U

niversity , W
iley O

nline L
ibrary on [13/07/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

(Figure 13C). Cocultivation of MSCs and human umbilical vein
endothelial cells (HUVECs) within the same microenvironment
created by Janus microgels facilitated the direct generation of an
early marker for osteogenesis 8 days after encapsulation, indi-
cating the osteogenic commitment of MSCs. This indicates that
the interactions between MSCs and HUVECsmay have a regula-
tory influence in determining the fate of stem cells, reflecting the
feasibility of the current approach as a coculture platform for in-
vestigating intercellular communication. This highlights the ex-
tensive research on the development of AMs for designing cell
coculture modules, which are essential in the fields of cell bi-
ology, stem cell therapy, and tissue engineering. Microfibers
are used to load and coculture cells. Cheng et al.[37] reported a
microfluidic method for continuously fabricating bioactive mi-
crofibers that could be utilized to create different tissue con-
structs for cell coculture (Figure 13D). This approach leveraged
multiple laminar flows and a rapid cross-linking reaction of SA,
enabling the generation of a series of cell-laden AFs with cus-
tomizable morphological and structural features. To broaden
more potential applications, Wu et al.[106] proposed a microflu-
idic technology for fabricating AMs based on a chip. They fab-
ricated multiple ultracompartments to facilitate the coculture of
a greater variety of cell types and incorporated additional func-
tionalities such as magnetic beads and fluorescent nanoparticles
(Figure 13E).
To date, a series of AMs have been produced using capillary

array microfluidic devices that provided optimal control over the
morphology and complexity of particles. Additionally, initiatives
have been minimized the duration of exposure of cell-loaded
AMs to adverse conditions, such as cytotoxicity, oils, surfactants,
andUV irradiation, which often presented significant challenges.
Therefore, for cell culture within AMs, developing a fabrication
process that is straightforward and capable of high-throughput
production is essential while operating under conditions devoid
of oil and surfactants. Tang et al.[77] presented a one-step oil-free
method utilizing gas-shearing to fabricate APs with up to eight
distinct compartments (Figure 13F). The proposed gas-shearing
strategy facilitated the production of APs containing various cell
types, such as HepG2 and HeLa cells within separate compart-
ments. These APs, which contain eight distinct cell types that can
be effectively isolated from one another, are particularly valuable
for 3D cell cocultures. Moreover, previous methodologies for mi-
croparticle fabrication have not been successful in constructing
such anisotropic microparticles.

3.3. Multifunctional Encoded Materials

With the emergence of the information age, the significance of
materials for encoding information storage has increased. These
materials have attracted considerable interest in various appli-
cation areas, including computing, logistics, and medicine. Re-
cent advancements in microbarcodes based on AMs have made
significant progress owing to their application, flexibility, and ul-
trasmall size. For example, Stefaan et al. proposed an approach
for encoding polymer microparticles.[42] The designed patterns
were etched in fluorescently stained microparticles through spa-
tially selective photobleaching and subsequently identified using
confocal microscopy (Figure 14A). In addition to microparticles,

they proposed the fabrication of digitally encoded fibers. They
employed an electrospinning strategy to fabricate microscale
fibers and encoded them using a photolithographic bleaching
to obtain AFs (Figure 14B).[65] The introduction of digitally en-
coded microparticles can serve as a critical tool to combat the
increasingly sophisticated drug counterfeiting. Encoded materi-
als require trade-offs between scalability, encoding density, de-
coding, accuracy, and portability, which limit versatile informa-
tion carriers and their widespread integration into industrial
processes.
Therefore, a systematic multiscale design method was

proposed to develop a powerful encoding technique for
high-throughput preparation of encoded microparticles
(Figure 14C).[48] This architecture demonstrates encoding
capabilities that scale exponentially, features an exceptionally
low rate of decoding false alarms, possesses the capacity to ma-
nipulate particles through the application of magnetic fields, and
exhibits considerable insensitivity to variations in demanding
fabrication parameters. In addition to its basic anticounterfeiting
applications, this structure can significantly enhance the practi-
cal encoding capacity of multiplexed bioassays to unprecedented
levels. PEGDA particles with unique coding and bioassay regions
have been used to detect multiple microRNAs (miRNAs). One
region contained an miRNA probe for miR-210, whereas the
other region included a probe for miR-221.
Heterogeneous structural colors such as stripe colors are

essential for camouflage and individual recognition.[107] To
remotely control the change in structural colors, Zhao and
co-workers designed structural color materials by rapidly
self-assembling colloidal nanoparticles within capillaries
(Figure 14D).[108] The dimensions and arrangement of the
resultant structural color stripes can be accurately adjusted
by modifying the parameters associated with self-assembly.
NIR-light-responsive graphene hydrogels were integrated into
a structural color stripe pattern, enabling self-reported and
reversible bending behavior. Structural color stripe-patterned
composite materials can be used in typical anticounterfeiting
applications and have the potential to mimic structural colors
in organisms, develop intelligent sensors and anticounterfeiting
devices, and so on.
Most barcode preparation technologies rely on microfluidics

and photolithography. However, these methods are often con-
strained by limitations in throughput and general applicabil-
ity. Moreover, because of the fixed properties of molds, mi-
cromolding technologies restrict the morphologies and struc-
tures that can be created, rendering them unsuitable for barcode
generation. To address these problems, a 3D dynamic micro-
molding method was proposed to fabricate novel photonic bar-
codes (Figure 14E).[109] This technology significantly enhanced
throughput, allowing the simultaneous fabrication of numer-
ous photonic barcodes. These barcodes could effectively and ro-
bustly perform high-throughput bioassays and had anticounter-
feiting applications. To further improve the versatility of bar-
codes, Tang et al. proposed ten-facedmemorymicroparticles with
seven coding colors from three primary colors (Figure 14F).[110]

The preparation process without organic chemical processes had
a high throughput (>5000 microparticles per min) and was bio-
friendly. Because of their excellent biocompatibility, barcodes
produced using these twomethods can be applied in the food and
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Figure 14. AMs for multifunctional encoding. A) Encoding microspheres by spatial selective photobleaching. Adapted with permission.[42] Copyright
2003, Springer Nature. B) Digitally encoded filaments to stop medicine counterfeiting. Adapted with permission.[65] Copyright 2010, Wiley-VCH. C) En-
coded particles with a portable decoder applied in a range of complex substrates including pharmaceutical packaging, paper currency, credit cards, curved
ceramic objects, reproduced artwork, and high-temperature-cast polystyrene. Adapted with permission.[48] Copyright 2014, Springer Nature. D) Hetero-
geneous structural color stripes applied in constructing intelligent sensors, and anticounterfeiting devices. Adapted with permission.[108] Copyright
2017, Wiley-VCH. E) Multicolored photonic barcodes for anticounterfeiting applications and multiplex bioassays. Adapted with permission.[109] Copy-
right 2018, Royal Society of Chemistry. F) Fabrication of biocompatible digitally color-tunable barcoding for food and pharmaceutical anticounterfeiting.
Adapted with permission.[110] Copyright 2020, Wiley-VCH.

pharmaceutical fields, significantly improving the versatility of
barcodes and information security. In the future, multifunctional
encoded materials are expected to attract increasing interest, par-
ticularly in the fields of biomedical engineering andmaterials sci-
ence.

3.4. Biomimetic Multienzyme Cascade Tandem Reaction System

Enzymes serve as powerful biocatalysts that facilitate all essen-
tial biological processes in living organisms.[111] Various enzymes
have distinct roles separately and simultaneously in this process.
Typically, many common enzymatic reactions involve single-
enzyme catalysis. However, complex reactions often require two
or more enzymes. Therefore, the development of multicompart-
mental systems designed to carry out various biochemical re-
actions in one space, such as in living cellular systems, has at-
tracted considerable interest.[112] In the context of enzyme carrier
applications, the prepared AMs must be biocompatible and have
a soft interface with biological systems. An effective fabrication
strategy must be able to control sizes and morphologies of the

multienzyme cascade tandem reaction system, such as the pre-
cise operational capability of the type, number, and spatial ar-
rangement of the laden enzymes to enhance the efficiency of the
cascade reaction.[113]

Microfluidic platforms are often employed to fabricate APs
for multienzyme cascade reactions.[114] Chen and co-workers
presented a design for multicompartmental hydrogel parti-
cles using microfluidic strategies, where different enzymes
enabled spatial immobilization within separate domains, fa-
cilitating engineered tandem reactions (Figure 15A).[17b] The
dense encapsulation of distinct compartments with distinct
pH microenvironments in APs allowed for the effective trans-
port of reactants, ensuring efficient product generation. They
also revealed that hydrogel APs could facilitate a glucose-
triggered, incompatible, and multistep tandem reaction in a
single vessel when partitioned and loaded with glucose oxi-
dase andmagnetic nanoparticles. Zhao and co-workers proposed
a multienzyme system with the required characteristics: hol-
low hydrogel microcapsules with flexible and mobile enzymat-
ically reversed opal particle encapsulation (Figure 15B).[115] They
demonstrated that this system, containing alcohol catalase and
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Figure 15. Biomimetic multienzyme cascade tandem reaction system in AMs. A) (a,b) AMs prepared by the microfluidic device could process a glucose-
triggered, incompatible, multistep tandem reaction in one pot when partitioned loading glucose oxidase andmagnetic nanoparticles. (c) Confocal image
of multicompartmental hydrogel particles. (d) Cell viability of HeLa cells. Adapted with permission.[17b] Copyright 2017, Springer Nature. B) (a) Mul-
tienzyme system with flexible and mobile enzymatic inverse opal microparticle. (b) Cell viability in multienzyme microcapsule system. Adapted with
permission.[115] Copyright 2018, American Association for the Advancement of Science. C) (a) Microscopy images of two mangosteen-like micropar-
ticles. Glucose oxidase and catalase were separately encapsulated in two compartments. (b) pH changes in microparticles with time in a glucose
solution. (c) Release of insulin in the microparticle. (d) DAP absorbance of microparticles in glucose solution (for five subsequent cycles). Adapted with
permission.[116] Copyright 2022, Elsevier B.V.

oxidase, could function as a cascade biocatalyst to reduce al-
cohol concentrations in the medium, providing a prophylac-
tic and alternative antidote for alcohol intoxication. Recently,
core–shell APs were developed using gas-shearing strategies
to enable the precise control of enzymatic cascade reactions

aimed at achieving insulin release (Figure 15C).[116] Glucose
catalase and oxidase were individually loaded within distinct
compartments of the SA cores, whereas insulin was encap-
sulated in the chitosan shell. The core–shell APs, served as
an artificial pancreatic 𝛽-beta cell, capable of releasing insulin
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Figure 16. Application of AMs asmicromotors. A) (a) The dark hemisphere (right) represents the activated carbon, while the gray area (left) corresponds
to the catalytic Pt. The activated carbon-based Janus particle micromotors (b) have a higher bubble production rate and faster movement speed than
the common polystyrene/Pt Janus micromotors. Adapted with permission.[122] Copyright 2015, Wiley-VCH. B) Combining silver ions (Ag+) and chem-
ical warfare agents into an aluminosilicate zeolite framework in micromotors could carry the curved, circular, and self-rotating motion. Adapted with
permission.[123] Copyright 2015, Wiley-VCH. C) APs composed of incompatible two-phase hydrogel solutions can easily complete sustained circular or
linear motion. Adapted with permission.[14b] Copyright 2018, Wiley-VCH. D) Controllable circular motion of Janus hydrogel microparticles with gradient
multicompartmental structures under a magnetic field. Adapted with permission.[124] Copyright 2021, Elsevier B.V. E) (a) Stomatocyte colloidal crystal
cluster micromotors for multiplex detection. (b) Three types of micromotors incubate with the target DNAs. Adapted with permission.[125] Copyright
2020, Oxford University Press. F) Suction-cup-like micromotors show stronger adhesion and retention rate than traditional spherical particles. Adapted
with permission.[126] Copyright 2022, John Wiley and Sons.
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in response to increased glucose concentration. The cascade
reactions of the two enzymes in the APs lasted for five cy-
cles, demonstrating that the artificial cells maintained suf-
ficient functionality to facilitate the enzymatic reactions. To
provide a novel tool for performing enzymatic cascade reac-
tions, Kamperman et al. prepared the Janus microparticles
using “in-air microfluidics” to combine liquid microjets in
midair, resulting in production rates of Janus microparticles
that were several orders of magnitude faster (≈mL min−1)
compared to chip-based microfluidics.[35] The enzymes glu-
cose oxidase and horseradish peroxidase were encapsulated
in the APs. After a series of catalytic reactions, the col-
orimetric shift from colorless to brown in the precipitation
of poly(3,3′-diaminobenzidine) indicated the successful occur-
rence of the enzymatic cascade reaction. The application of
AMs to multienzyme cascade tandem reactions provide an
excellent and convenient platform for simulating the com-
plex biocatalytic and biomimetic functions of organelles or
organs.

3.5. Micromotors

Inspired by natural microbial swimming, AMs have been used
as micromotors to emulate the functions of these distinctive nat-
ural systems across various morphologies, in addition to the
aforementioned applications. They primarily existed like heli-
cal microfibers, rolled-up microtubes, and Janus particles, which
have been engineered for a variety of applications including envi-
ronmental simulation,[117] biosensing,[118] drug delivery,[119] and
cell manipulation.[120] Various strategies have been employed to
fabricate micromotors, including electrochemical synthesis, 3D
printing, and microfluidic technology.[121] Researchers have fo-
cused on enhancing the locomotion capabilities of micromotors
from simple to complex. Singh and co-workers developed self-
propelled Janus-particle micromotors containing activated car-
bon that exhibited effective movement in environmental matri-
ces and effectively removed a wide range of organic and inorganic
pollutants (Figure 16A).[122] They demonstrated enhanced loco-
motion capabilities by controlling fuel concentration. Instead of
a smooth catalytic surface, the microporous structure of the cat-
alytic platinum (Pt) layer leads to a higher bubble production rate
and a greater water purification efficiency in considerably shorter
time frames compared to static activated carbon particles. Wang
and co-workers developedmicromotors capable of effectively and
rapidly eliminating chemical and biological threats.[123] Specifi-
cally, silver ions were added to the framework of aluminosilicate
zeolites, resulting in several advantageous properties, including
solid binding to chemical warfare agents, efficient degradation,
and improved antibacterial activity. As illustrated in Figure 16B,
a long, high-density tail of oxygen microbubbles was produced
and released from the sputtered silver surface, leading to effective
bubble propulsion and improved fluid movement. These micro-
motors are capable of curved, circular, and self-rotating motions;
however, these movements are random rather than controllable.
Moreover, most designs rely on top-down fabrication methods
for constructing inorganic motors, which are labor-intensive and
unsuitable for biomedical applications. To expand their poten-
tial for biomedical applications, as shown in Figure 16C, Wil-

son et al. developed a high-throughput strategy for the fabrica-
tion of asymmetric AMs with autonomic movement. Asymmet-
ric, aqueous, two-phase-separating droplets were generated us-
ing a microfluidic chip containing dextran and PEGDA with the
biocatalyst positioned in the PEGDA phase.[14b] The motor oper-
ated through the enzyme-catalyzed breakdown of the fuel. The
velocity of the motors was affected by the surface roughness of
the PEGDA following dextran diffusion, and this velocity could
be modulated by employing dextran with a greater molecular
weight. The roughness of the surface facilitated the attachment
of oxygen bubbles, resulting in an increasedmotor speed. Bubble
pinning was consistently produced at the exact location, leading
to sustained linear or circularmotion. To ensure biocompatibility,
SA APs authorized by the United States Food and Drug Admin-
istration were fabricated via gas-shearing. Additionally, biocom-
patible iron oxide (Fe3O4) nanoparticles or biocatalytic catalase
have been utilized to generate propulsion for the micromotors
(Figure 16D).[124]

Monodisperse nanoparticles can be assembled into col-
loidal crystal clusters through rapid solvent extraction within
microfluidics. The aggregated particles resembled stomatocytes
or exhibited a suction-cup-like morphology. These were then
used as templates for hydrogel replication, after which the
nanoparticles were removed. Hydrogel micromotors can be pre-
pared by loading Pt or Fe3O4 into cavities. Their capacity for
autonomous movement facilitates the capture of more targets,
opening new avenues for sensing and detection applications
(Figure 16E).[125] The self-propelling nature of micromotors,
along with their unique suction cup-like and porous structures,
make them ideal vehicles for drug delivery in the gastric envi-
ronment. Magnesium is loaded onto the surface of the parti-
cles, resulting in the continuous generation of hydrogen bub-
bles in the gastric juice, which enable spontaneous movement.
Micromotors can effectively adsorb onto gastric ulcers and re-
lease drugs. The results indicate that they exhibit stronger ad-
hesion and retention rates than traditional spherical particles
and efficient therapeutic effects in the treatment of gastric ulcers
(Figure 16F).[126]

However, most of the aforementioned technologies for
fabricating micromotors are costly and/or labor-intensive.
Achieving high throughput and uniform quality in the fabri-
cation of these micromotors has always been a challenge. The
preparation process and resulting micromotors often lack bio-
compatibility. Complex manufacturing technologies are neces-
sary for asymmetric surface modifications, which are highly
time-intensive. For biomedical applications, the prepared mi-
cromotors must be biodegradable, biocompatible, and have soft
interfaces.

3.6. Other Applications

Apart from these functions, AMs can also be used in multitar-
get detection or biosensing, multimodal bioimaging,[127] and as
cell receptor activators.[128] Preliminary studies have indicated the
possibility of integrating cell targeting capabilities with surface-
enhanced sensing functionality into individual Janus micropar-
ticles. In other words, AMs (mainly Janus particles) can di-
rectly influence the spatial arrangement of signaling proteins and
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Table 1. Advantages and disadvantages of methods for fabricating AMs.

Method Advantages Disadvantages

Microfluidics strategy • High controllability of droplet diameter
• Good monodispersity
• Wide selection of materials

• The inevitable use of oils, photoinitiators, crosslinkers,
surfactants, and UV-irradiation

Lithography • Great control of the geometry
• Good monodispersity

• Low complexity of internal or external features
• Low throughput

3D printing • Highly designable and complex • Low accuracy

Electrohydrodynamic (EHD) cojetting • High throughput
• Wide particle size range

• Poor morphology and uniformity
• Small-scale controllability

Centrifugation • Easy to operate
• Good monodispersity

• Low throughput

Gas-based method • High throughput
• Oil-free; surfactant-free

• Low stability

Templating method • High controllability of particle diameter
• Good monodispersity

• Low throughput

receptors on phagosomes inside living cells. Yu et al.[129] provided
empirical evidence that Dectin-1 and Toll-like receptor 2 must be
positioned within nanoscale proximity to phagosomes to elicit
synergistic antifungal responses in macrophages. This method-
ology elucidated the interactions between receptors and their
signaling pathways through physical manipulation and was ex-
tendable to other phagocytic receptor extendable innate immune
cells.

4. Conclusions

This review highlights how the anisotropy in microcarriers en-
dows them with unique properties. AMs have developed into a
compelling and novel category of particulate carriers composed
of various building blocks with different physical, chemical, and
material properties. Numerous strategies have been developed to
fabricate AMs from anisotropicmaterials. The appropriate prepa-
ration method for AMs can be determined based on the applica-
tion requirements such as resolution, throughput, and biocom-

patibility (Table 1). Among them, as an emerging strategy, the ad-
vantages of 3D printing are prominent. An overview of the advan-
tages and disadvantages of each light-based 3D printing modal-
ity is presented in Table 2. Geometrically complex structures can
be easily fabricated using 3D printing. However, fabricating mi-
crocarriers at the micrometer scale using 3D bioprinting is more
challenging than using othermethods, particularly for AMs. This
emerging 3D volumetric printing method may facilitate the pro-
duction of smaller AMswithmultiple hydrogel preconstructions.
Although these methods have distinct advantages and disadvan-
tages, they can be complemented by a combination of two or
more. For instance, combining a gas-based method with electro-
spraying is expected to yield uniformmicroparticles with smaller
sizes.
The versatile and flexible preparation of designable and com-

plex AM structures can further promote the development of var-
ious fields. This surface and structural anisotropy enables inte-
gration of multiple functions into a single microparticle. This,
in turn, facilitates a wide variety of novel applications such as

Table 2. The advantages and disadvantages of each 3D printing modality.

Method Advantages Disadvantages

Inkjet printing • High resolution
• Suitable for multimaterial printing

• Difficult to build larger structures
• Limited to low viscosity materials
• Limited structural complexity

Extrusion printing • Fast print time for small structures
• Suitable for multimaterial printing

• Slow print time for larger structures
• Limited to low viscosity materials
• Limited resolution
• Extrusion pressure reduces cell viability

Laser-based printing • High resolution • Not suitable for multimaterial printing
• Not suitable for cell printing

DLP-based printing • High resolution
• Rapid printing time
• Complex structures can be easily printed

• Difficult to print very soft constructs
• Not suitable for opaque materials (severely limiting pen-

etration and resolution)

3D volumetric printing • Fast print time for larger structures
• Suitable for printing very soft constructs
• Complex structures can be easily printed

• Not suitable for opaque materials (severely limiting pen-
etration and resolution)
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enzyme cascades, multidrug delivery, and exploration of cell–
cell interactions. Compartments with multiple properties,
such as magnetic and fluorescent nanoparticles, drugs, and
biomolecules, can be integrated to form AMs that facilitate
simultaneous imaging, diagnosis, and therapy. The examples
described in this review offer only a glimpse into the ex-
tensive range of novel applications made possible by AMs.
Nonetheless, these examples illustrate the significant poten-
tial of this novel particulate system for biomedical innova-
tion. However, further efforts are needed to explore the fun-
damental aspects of AM research, including the interaction
of AMs with biological systems and their combination with
other emerging technologies, such as AI. In the future, mul-
ticompartment microparticles encasing bioactive substances,
microorganisms, and phased release of drugs will attract signifi-
cant attention.
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