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Microfluidics-Based Microcarriers for Live-Cell Delivery

Zhonglin Fang, Xinyuan Yang, Chong Wang, and Luoran Shang*

Live-cell therapy has emerged as a revolutionary treatment modality,
providing a novel therapeutic avenue for intractable diseases. However, a
major challenge in live-cell therapy is to maintain live-cell viability and efficacy
during the treatment. Microcarriers are crucial for enhancing cell retention,
viability, and functions by providing a protective scaffold and creating a
supportive environment for live-cell proliferation and metabolism. For
microcarrier construction, the microfluidic technology demonstrates excellent
characteristics in terms of controllability over microcarrier size and
morphology as well as potential for high-throughput production. To date,
multiple live-cell delivery microcarrier types (e.g., microspheres, microfibers,
and microneedles) are prepared via microfluidic liquid templates to meet
different therapeutic needs. In this review, recent developments in
microfluidics-based microcarriers for live-cell delivery are presented. It is
focused on categorizing the structural design of microfluidic-derived cell-laden
microcarriers, and summarizing various therapeutic applications. Finally, an
outlook is provided on the future challenges and opportunities in this field.

1. Introduction

Live-cell therapy involves live-cell administration against diseases
as therapeutic agents.!!! By using live cells to repair, replace, or
enhance diseased cells, this approach offers a new treatment al-
ternative for conditions such as cancer,>* tissue damage,>®
intestinal disease,[>1% metabolic disorders,!'1?] etc. The thera-
peutic cells either replace impaired cells directly or secrete bioac-
tive molecules in response to microenvironmental changes.[!>14]
The unique characteristics of live-cell therapy involve a more per-
sonalized treatment strategy, contrasting sharply with traditional
pharmaceutical modalities.[**] Live-cell therapy could be tailored
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to meet the specific needs of each pa-
tient, enhancing the natural self-repair ca-
pabilities of the body, and providing a
more dynamic treatment option.!'8] While
traditional drugs often exert their effects
by directly inhibiting or activating spe-
cific biological pathways, potentially lim-
iting their efficacy against complex dis-
eases, live-cell therapy harnesses intercel-
lular signaling to activate various biolog-
ical mechanisms within the body, result-
ing in a more comprehensive therapeutic
effect.'”18] For instance, stem cells hold
significant promise in treating tissue dam-
age and injury based on their regenera-
tive potential, as they can repair or replace
damaged tissues by differentiating into spe-
cific cell types (e.g., muscle, nerve, or car-
tilage cells).['2%] This versatility presents a
paradigm shift in the approach to chronic
and degenerative diseases, emphasizing the
intrinsic healing capacity of the body. More-
over, live-cell therapeutics represented by
chimeric antigen receptor (CAR) T cells have revolutionized tu-
mor therapy. With six CAR-T therapeutics approved by the Food
and Drug Administration to date, this approach demonstrates the
way genetically modified T cells could yield significant clinical
benefits in cancer treatment.[?122]

Although cell therapy is promising, effective live-cell adminis-
trations is challenging considering the mechanical damage and
immune attack the cells are exposed to, potentially resulting in
reduced cell viability in the target tissues.[>?* Of note, only 1-
20% of the cells survive upon direct injection,!® and the trans-
planted cells tend to remain at the injection site only for a short
time, resulting in limited therapeutic performance. To address
these problems, various microcarriers have been developed, aim-
ing at avoiding direct contact between the cells and the hostile
environment, thereby minimizing cell damage during the deliv-
ery process.[?*26-28] In addition, microcarriers could provide an
appropriate microenvironment for cell adhesion and prolifera-
tion, eventually improving live-cell viability and therapeutic ef-
ficacy and reducing side effects.[?) All these merits necessitate
a facile design of the microcarrier structure, microcarrier is thus
crucial for cell delivery. Traditional microcarrier preparation tech-
niques include bulk emulsification, phase separation, spray dry-
ing, etc.3%32] However, these methods retain several limitations,
such as reliance on batch processing, complex equipment, low
throughput, and microparticle size polydispersity.!?®*] Further-
more, uneven mechanical stirring during the manufacturing pro-
cess, along with the use of certain cytotoxic substance, might ren-
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Figure 1. Schematic illustration of microfluidics-based cell delivery microcarriers for disease treatment. Graphic created with BioRender.com.

der these methods unsuitable for the in situ encapsulation of del-
icate live cells.

Microfluidics, a technology allowing for precise fluid manipu-
lation within microchannels, is exceptional for continuous mi-
crocarrier production with controlled size and morphology.*]
Due to their flexible fluid dynamics control, microcarriers could
be generated by solidifying liquid templates including jets,
droplets, complex emulsions, etc.[*?! With that, various microcar-
rier types have been constructed, including microspheres,*>=7]
microfibers, 3% and microneedles,[**) each retaining its own ad-
vantages. Live cells could be easily loaded by simply mixing into
the liquid phases prior to solidification or co-culturing with the
produced microcarriers.[*!l Microcarriers prepared via the mi-
crofluidic method could yield a very narrow particle size distri-
bution, thereby ensuring consistency in various properties and
behaviors, such as live-cell protective effects, degradation rates,
and bioactive substance release rates.[*?] Moreover, the physic-
ochemical properties of the microcarriers (including porosity,
mechanical property, surface moieties, and biological responses)
could be finely tuned through material component selection
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or combining with other techniques, thereby enriching their
functionality.

Here, we provide a concise overview of microfluidics-based cell
delivery microcarriers and their diverse therapeutic applications
(Figure 1). We begin with typical cell-laden microcarrier struc-
tures, focusing on their design, fabrication, and performance,
while also incorporating fundamental microfluidics concepts.
Next, we systematically discuss the recent progress of cell-laden
microcarriers in disease treatment. Finally, we highlight the re-
maining challenges of microfluidics-based live-cell delivery tech-
nology and present future trends in this field.

2. Structural Design of Microfluidics-Based
Live-Cell Microcarriers

In microfluidic systems, the geometric characteristics of micro-
carriers (e.g., shape and size) are primarily governed by three key
determinants: 1) microchannel design parameters, 2) fluid prop-
erties and compositional ingredients, and 3) operational condi-
tions including flow rates and external field applications.[*]
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Figure 2. Representative microfluidic setups for generating cell-laden solid microspheres. a) A modified capillary-embedded “step-T-junction” device
for high-throughput generation of monodisperse cell-laden alginate-gelatin solid microspheres. Reproduced with permission.[34 Copyright 2022, MDPI.
b) Coaxial flow microchannels for the formation of BMSC-laden GelMA solid microspheres. Reproduced with permission.[3¢] Copyright 2016, John Wiley
and Sons. c) A flow-focusing microfluidic platform for the fabrication of SUP solid microspheres loading HUVECs. Reproduced with permission.[37]
Copyright 2021, American Chemical Society. d) Microfluidic electrospray technology for the fabrication of alginate solid microspheres loaded with VEGF-
expressing HEK293T cells. Reproduced with permission.[>’] Copyright 2020, Elsevier.

Microcarriers with diverse structures can meet specific demands
in cell delivery. What’s more, the great flexibility in the precursor
selection and cross-linking protocols enables the integration of
multifunctional properties into these microcarriers. In this sec-
tion, we categorize the structural design and fabrication methods
of microfluidics-based live-cell microcarriers.

2.1. Microspheres and Microcapsules

A hallmark feature of microfluidic technology is its ability to con-
tinuously produce monodisperse droplets. When two immisci-
ble fluids flow through a microfluidic channel junction, droplet
formation occurs through the interplay of shear forces and the
interface tension.[*! Besides, adding surfactants to either the
continuous or dispersed phase can lower the energy needed for
droplet formation and enhance droplet stability.*’] The gener-
ated droplets are excellent precursors, which can be cross-linked
into microspheres or microcapsules by chemical gelation, ther-
mal gelation, or ionic gelation.[*849]

2.1.1. Solid Microspheres

Three representative microchannel geometries are commonly
used for droplet generation in microfluidics: T-junction, coaxial
flow, and flow-focusing. Droplets can form passively without ex-
ternal agitation or actively under electric, magnetic, centrifugal,
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or other forces.[**2] Notably, the methods employed for droplet

generation serve as the foundation for fabricating various cell-
laden microspheres. Among numerous microsphere types, solid
microspheres feature the simplest structure and easiest fabrica-
tion process. Here, we exemplify with the most basic solid micro-
spheres and delve into recent progress in employing these meth-
ods for the generation of cell delivery microcarriers.

In traditional T-junction microchannels, droplets generated
in squeezing or dripping modes typically exhibit lower through-
put, while droplets generated in the jetting mode with higher
throughput showed suboptimal monodispersity.[>*! The dilemma
is particularly acute when enhancing viscosity of the dispersed
phase. To overcome this challenge, Ling et al. developed cell-
laden solid microspheres by employing a novel “step-T-junction”
microchannel with a perpendicularly embedded microcapillary
(Figure 2a).541 This step-T-junction channel provides dual per-
turbations onto the dispersed phase, facilitating the shearing of
high-viscosity, cell-laden alginate/gelatin solutions and allowing
for high-throughput generation of microspheres with satisfactory
monodispersity. Such a design enables the production of micro-
spheres with tightly controlled size distributions, which is criti-
cal for ensuring consistent mass transfer rates and mechanical
properties in downstream applications such as 3D cell culture
scaffolds and live-cell delivery systems.

Compared to the T-junction geometry, coaxial flow and flow-
focusing geometries are supposed to be more suitable for
encapsulating fragile objects like cells.*] As a typical exam-
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ple, Zhao et al. employed biocompatible methacrylated gelatin
(GelMA) as the material component, and generated uniform mi-
crospheres encapsulating bone marrow-derived mesenchymal
stem cells (BMSCs) through a coaxial flow microfluidic device
(Figure 2b).%*) By modifying the flow rate ratio (GelMA solution
/ oil phase) to 0.1, they achieved solid microspheres of %160 pym,
an optimal size for accommodating a substantial number of cells
and, at the same time, facilitating efficient oxygen and nutrient
exchange. Additionally, an optimized UV cross-linking time of 20
s was employed to ensure adequate GelMA cross-linking while
preserving cell viability. In addition to encapsulating cells within
microspheres, it’s also possible to cultivate cells on the surface of
microspheres. As depicted in Figure 2¢, Hauser and colleagues
used a flow-focusing microfluidic chip to create self-assembling
ultrashort peptides (SUP) hydrogel microspheres as microcarri-
ers for diverse cell types.[”! The peptides are amphiphilic and can
self-assemble into extracellular matrix (ECM)-like hydrogels. The
gelation of SUP solution droplets was triggered by simply intro-
ducing sodium chloride into the continuous oil phase. Cells were
let grow at the microspheres’ surface in order to achieve faster
proliferation than being encapsulated.

In contrast to the above platforms that rely on immiscible
aqueous and oil phase fluids to generate droplets, the microflu-
idic electrospray approach does not involve the use of oil as the
continuous phase. Instead, it relies on an electric field, provided
by a high-pressure power source to induce the formation of a
“Taylor cone” at the tip of the fluid, which subsequently transi-
tions into falling droplets.[*® The oil-free system offers a mild
environment for live-cell loading. Compared with photoinitiated
polymerization, microfluidic electrospray has been more com-
monly adopted for generating droplets that can be rapidly cross-
linked with ions in a collection bath. Shen et al. employed this
technique to generate sodium alginate microspheres loaded with
engineered HEK293T cells that over-produce vascular endothe-
lial growth factor (VEGF) (Figure 2d).>”) The cell density at 107
cells mL~! showed the best proliferation. It was shown that a 1%
concentration of alginate resulted in the lowest cell death when
applied to in vivo therapy. Additionally, dead cells were predomi-
nantly located at the edges of the solid microspheres, and the cells
within were not significantly affected by mechanical damage or
environmental stress.

2.1.2. Porous Microspheres

Porous microspheres are defined by the presence of intercon-
nected pores within their structure, distinguishing them from
conventional solid microspheres through their substantially en-
hanced specific surface area. This pore network provides perme-
ability for oxygen and nutrient transport into the microsphere
interior.’®] Cells can also more easily access essential nutrients,
release metabolic waste products, and interact with the surround-
ing environment.>®! The size of the pores should be controlled
within an appropriate range.[®)] For example, excessively large
pores may reduce effective surface area for cell attachment and
growth, as well as hinder the maintenance of the cellular mi-
croenvironment.

Freeze-drying, gradient freezing and the use of sacrificial tem-
plate are common techniques for porous microsphere fabrica-
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tion. During the freeze-drying process, moisture directly subli-
mates from the interior of the microspheres under reduced pres-
sure and low-temperature conditions, leaving voids and thus cre-
ating porous structures. As an example, Si and colleagues con-
structed GelMA microspheres encapsulating fibroblast growth
factor 19 (FGF19) (Figure 3a).[!) After freeze-drying, porous mi-
crospheres with pore diameters ranging from 20-40 um were ob-
tained. This structure provided large surface area for the loading
and adhesion of adipose-derived stem cells (ADSCs). In compari-
son with culture plates, ADSCs exhibited higher-density prolifer-
ation on porous GelMA microspheres. Differently, the gradient-
freezing method has been adopted to regulate the pore size.l?!
Following a similar procedure, Wang et al. created cryogel porous
microcarrier (CPM) (Figure 3b).[%] First, the GelMA composite
pregel droplets generated by microfluidics were frozen at -20°C,
leading to separation of the frozen ice crystals and the surround-
ing unfrozen pregel. Then, liquid nitrogen (-196°C) was poured
into the system to stop ice crystal expansion, and UV light was
applied to solidify the gel, resulted in the formation of micro-
spheres with interconnected macropores. By extending the first-
step freezing time, progressively larger ice crystal sizes can be
achieved, as shown in Figure 3c.

The sacrificial template method typically includes the addition
of a porogen to the pregel. Once the microspheres are created,
the porogen can be removed to form pores. Based on this, Sun
et al. mixed poly (ethylene oxide) (PEO) into a GelMA pregel so-
lution containing islet f cells and MSCs (Figure 3d).[*/] After mi-
crospheres were generated from microfluidic channels, PEO was
removed by immersion in PBS solution for 24 h. The pore size
was directly correlated with the PEO proportion in the system
(Figure 3e). In addition to PEO, gelatin, ammonium bicarbonate,
SiO, crystalline template, and gas molecules can serve as poro-
gens for constructing porous microspheres.[60:65-68]

2.1.3. Core-Shell Microcapsules

Core-shell microcapsules comprise a core and a surrounding
shell layer. Typically, these microcarriers are created using dou-
ble emulsion droplets as templates.!*] Microfluidics enables the
precise creation of core-shell microcarriers with uniform size and
adjustable shell thickness.[*®] Theoretically, cells can be encapsu-
lated within the core or the shell layer according to specific re-
quirements. Alternatively, two different types of cells can be sep-
arately enclosed within the core and shell layer.l”"]

For core-shell microcarriers utilized for live-cell delivery, it
is recommended that both the core and shell provide a mild
environment to ensure cell viability. Unlike traditional emul-
sions that typically involve oil and water phases, the all-aqueous-
phase system can be a good choice. For some specific aque-
ous components, when their concentration exceeds a critical
threshold, the system’s interaction energy can surpass the Gibbs
free energy for mixing, thus effectively preventing them from
blending.[”*72] Following this principle, Zhu et al. utilized a
high concentration of polyethylene glycol, an alginate-dextran
mixture, and ADSC-suspended carboxymethyl cellulose (CMC)
sodium as the fluid for the continuous, shell, and core phase, re-
spectively (Figure 4a).”3] They introduced an oscillating valve to
agitate the shell phase fluid so as to assist the emulsification pro-
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Figure 3. Different approaches for preparing cell-laden porous microspheres based on microfluidics. a) GelMA microspheres with high porosity via
freeze-drying as microcarriers for ADSCs. Reproduced with permission.[®1] Copyright 2023, The Authors, published by Elsevier. b) GelMA porous mi-
crospheres loaded with MSCs were fabricated through gradient freezing, and then were 3D-printed into liver-shaped patches. c) Adjusting the first-step
freezing time to obtain CPMs with different pore diameter. Reproduced with permission.[®3] Copyright 2022, John Wiley and Sons. d) Utilizing PEO as a
sacrificial template for creating pores in cell-loaded GelMA microspheres. ) Different pore sizes formed with varying GelMA to PEO volume ratios from
1:1to 4:1. Reproduced with permission.[®4] Copyright 2023, John Wiley and Sons.
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cess. This helped to achieve one-step synthesis of all-aqueous cel-
lular core-shell microcapsules. This oil-free production method
eliminates the need for complex washing steps and allows for
the direct cultivation of ADSCs. The encapsulated cells can pro-
liferate into cell aggregates within the microcapsules for a con-
tinuous week. In a separate study by Hu and co-workers, mi-
crocapsules with a core of murine MSCs-encapsulated GelMA
and a shell of murine epidermal cells (EPCs)-catechol grafted
hyaluronic acid were fabricated via water-in-water-in-oil emul-
sions (Figure 4b)."* After encapsulation with the core-shell mi-
crocarriers, the cells retained their characteristic shapes, with
their morphology well-preserved. Following 9 days of in vitro cul-
ture, the core-shell microcapsules still retained over 80% cell vi-
ability, whereas the separately cultured cell spheroids began to
show central necrosis after 5 days.

Microfluidic electrospray provides an alternative way to cre-
ate cell-laden core-shell microcapsules. Chen et al. presented
core-shell microcapsules for MSCs encapsulation, as depicted in
Figure 4c.[”] Because of the hydrodynamic focusing effect, the
inner phase was enveloped by the outer phase during mixing.
Microcarriers with a liquid core and a dual-network shell were
formed in a collection pool. The roe protein provided a continu-
ous supply of nutrients to the cells, and the embryo-like structure
of the microcapsules offered a biocompatible environment.

2.2. Microfibers

Different from microspheres that are formed from emulsion
droplet templates, microfluidic-derived microfibers are typically
formed from jet templates.’®””] The microfluidic method not
only enhances the uniformity of the fiber diameters but also en-
ables the incorporation of functional materials during the for-
mation process. As a result, microfluidic-derived microfibers
can exhibit unique characteristics, such as enhanced mechan-
ical strength, improved mass transfer rates, and the ability to
support cellular adhesion, making them particularly valuable for
applications in live-cell delivery systems.[”*# In addition, mi-
crofibers can be made flexible, and even be folded, bundled,
curled, and woven into intricate fibrous architectures to mimic
tissues like blood vessels, nerves, and muscles in the human
body.!81:82] Therefore, cell-laden microfibers are highly favorable
for tissue regeneration and repair.

Microfibers exhibit long and slender structures and are able
to accommodate a sufficient number of cells to fulfill functions
such as in vivo transplantation and tissue modeling. The hydro-
gel materials that make up the microfibers cannot naturally and
fully replicate the cellular environment. Therefore, the key is to
create a microenvironment in the microfibers that fosters cell-to-
cell connections, enabling the cells to demonstrate their inherent
morphology and functionality during 3D culture. One pioneering
work was done by Onoe et al., who employed a dual-coaxial mi-
crofluidic system to produce meter-long tubular microfibers with
core-shell structure, where the shell comprised alginate and the
core housed cells and ECM proteins.[*®! Despite a relatively long
gelation time of the ECM proteins, their higher molecular weight
as compared to the Ca-alginate hydrogel’s molecular weight cut-
off ensured that they can remain confined within the shell, al-
lowing sufficient time for proper gelation. During cell fiber for-
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mation, cells contacted each other, causing the initial ECM pro-
teins to gradually disappear and be replaced by newly produced
cell-derived ECM. Finally, the alginate shell was degraded using
alginate lyase to produce intact cell fibers. In another attempt,
Wei et al. used a lithography-based polydimethylsiloxane (PDMS)
microfluidic chip for continuous fabrication of multilayered cell-
laden fibers (Figure 5a).83] Methacrylated alginate grafted with
the Arg-Gly-Asp (RGD) peptide was prepared, and fibers were
formed by calcium ions cross-linking. UV cross-linking was also
employed to further enhance the mechanical strength of the hy-
drogel. The RGD peptide promotes cell adhesion and biologi-
cal activity. After the microfibers with sufficient strength were
obtained, they could be assembled into larger-scale by winding,
twisting, or 3D printing, demonstrating their potential for form-
ing complex tissues (Figure 5b).

In addition to this, the combination of microfluidic spinning
and emulsification enables fabrication of composite fibers with
microspheres embedded. Kim et al. presented a microfluidic chip
with two T-junctions to construct composite Ca-alginate hydro-
gel microfibers with cell-laden GelMA beads. Under UV light ex-
posure, GelMA bioink with cells was dispersed into microbeads
in a surrounding mineral oil. After flowing an alginate solution,
the GelMA cell beads penetrated into this aqueous fluid, and the
composite fibers were formed after cross-linking in a bath con-
taining calcium ions (Figure 5¢).8* The results showed that cells
were well-survived within the microfibers (Figure 5d). It was con-
firmed that the cell-laden beads could increase cell interactions to
a level similar to cellular spheroids.

2.3. Microneedles

Microneedles are transdermal drug delivery devices composed of
multiple micrometer-sized fine needle tips. The height of the mi-
croneedles typically ranges from 100 to 2000 pm, allowing them
to penetrate the stratum corneum and create micron-sized chan-
nels for the precise delivery of bioactive compounds like chem-
ical drugs, nanoparticles, nucleic acids, proteins, vaccines, and
live cells to the dermal layer of the skin.[?8>%7] Compared to tra-
ditional needles, microneedles are less invasive and cause low
trauma and pain, which significantly improves the compliance
of patients.

Through the rational design of microfluidic chips and
channels, microneedles can be directly fabricated using fluid
templates.[*088-91] Cai et al. constructed a unique microfluidic de-
vice with three capillary tubes and one PDMS channel with a
triangular cross section (Figure 6a).1*)] GelMA solution was in-
troduced into both the parallel phase and the outer phase. Ethy-
lene glycol dimethacrylate solution dispersed with Pt nanopar-
ticles was introduced into the inner phase. The polymerization
process was initiated by directing UV light through a meticu-
lously designed triangular photomask, a critical step that enabled
the spatially controlled solidification of the polymer within the
channels (Figure 6b). This strategy underscores the significance
of light-based techniques in microfabrication and showcases the
potential for creating complex 3D microneedles with tailored ge-
ometries. For the loading of cells, Zhao and colleagues developed
an innovative microneedle patch by a microfluidic template for
in situ encapsulation of stem cell spheroids (Figure 6¢).®%! To
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prevent cell adhesion and promote the formation of spheroids,
the chip surface was pre-treated with hydrophobic f127. In this
meticulous procedure, ADSC suspensions were injected into the
microfluidic template, where cells were uniformly distributed in
each microwell and aggregated at the bottom of the micropores to
form a spheroidal cluster. The precise cellular arrangement im-
proved the efficiency of subsequent operations and established
a solid foundation for the consistency of cell quantity, state, and
viability within each microneedle unit in the microchannel. Sub-
sequently, methacrylated hyaluronic acid (HAMA) pregel was
injected into the microfluidic template, followed by UV poly-
merization. After demolding, a microneedle array encapsulat-
ing ADSC spheroids was formed. During culture, the viabil-
ity of ADSC spheroids in the microneedle array gradually in-
creased and stabilized at about 92% after 72 h. The spheroids
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Reproduced with permission.[84] Copyright 2021, John Wiley and Sons.

also displayed a well-organized structure and distribution of actin
filaments.

3. Therapeutic Applications of Microfluidics-Based
Cell Delivery Microcarriers

Microfluidics provides an excellent platform to create diverse
cell-laden microcarriers (Table 1). Microcarriers offer a confined
space for live-cell protection. Some activation signals such as an-
tibodies and cytokines can be affixed onto microcarriers to pro-
mote the proliferation of loaded cells or regulate cell fate.[®?] Cell-
laden microcarriers can also be chemically modified, surface-
coated, or co-encapsulated with other active molecules to pro-
vide complementary functions.***] Some microcarriers with
sustained-release effects enable bioactive molecules secreted by
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template-assisted fabrication of microneedle arrays loaded with ADSCs spheroids. Reproduced with permission.[®] Copyright 2023, John Wiley and

Sons.

live cells to be released in a smooth manner.!*®! In this section,
several typical applications of microfluidics-based microcarriers
are introduced, including the treatment of diseases such as tu-
mors, tissue damage, intestinal diseases, and metabolic disor-
ders.

3.1. Tumor Immunotherapy

The advancement of immunotherapy has paved the way for new
possibilities in cancer treatment. As a personalized treatment ap-
proach, adoptive cell therapy aims to in vitro activate or mod-
ify therapeutic immune cells, including cytokine-induced killer
cells, natural killer (NK) cells, T cells, CAR-T cells, etc.[106-108]
The immune cells can be reinjected into the patient to specifi-
cally target and eliminate tumor cells. Porous microspheres are
excellent microcarriers for loading therapeutic immune cells.
The distinctive porous structure facilitates the expansion of im-
mune cells and allows for their interaction with tumor tissue.
Furthermore, some activation signals can be incorporated onto
the porous microspheres to facilitate substance transfer and pro-
liferation of loaded cells. Taking this into account, Liao et al.
employed microfluidic techniques to create poly(lactic-co-glycolic
acid) (PLGA) porous microspheres embedded with CAR-T cells
(Figure 7a).1%81 To foster CAR-T cell expansion, the porous micro-
spheres were also engineered to mimic crucial signal molecules
from antigen-presenting cells by incorporating T-cell stimulatory
signals. Notably, the expansion process endured for a month in
mice with cervical cancer model and effectively inhibited tumor
growth (Figure 7b). Similar to CAR-T cells, NK cells can also elim-
inate cancer cells in an antigen-independent manner. Wu et al.
successfully developed Ca-alginate porous microspheres loaded
with NK-92MI cells through microfluidic electrospray, which
showed promising results in in situ treatment of breast cancer
in mice (Figure 7¢).[*’l The porous microspheres provided pro-
tection to NK-92MI cells against the host immune rejection. NK-
92MI cells within the microspheres exhibited continuous prolif-
eration during the culture process, accompanied by a gradual in-
crease in the secretion of cytotoxic factors perforin and granzyme
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B (Figure 7d). Particularly, the NK-92MI cells could poke out from
the surface of the microspheres and make contact with surround-
ing tumor tissues. Apoptosis of tumor cells was the most in the
NK-92 MI microsphere group (Figure 7e).

CD8* PD-1* T cells can be expanded in vitro and reinfused
into body without the need for genetic modification, which has
generated significant research interest among scientists. How-
ever, the expansion process often leads to increased cell differen-
tiation, which negatively impacts anti-tumor efficacy. To address
this, Zhang and co-workers developed a microfluidic chip that
efficiently isolates and encapsulates CD8" PD-1* T cells from
the blood of melanoma-bearing mice.l'®! The cell-laden alginate
gel microspheres, also incorporating cytokines and adjuvants,
enhance immune responses and promote dendritic cells and T
cells migration to the injection site. This improvement may be
attributed to the confined space of the microspheres, which facil-
itates effective interactions between cells and adjuvants, helping
to maintain lower levels of cell differentiation.

3.2. Tissue Regeneration and Repair

Tissues are complex 3D structures composed of various cell types
and ECMs, with their functionality shaped by cell signaling and
interactions with the surrounding ECMs. Common treatments
for tissue damage involve surgical repair, organ transplantation,
prosthetic implantation, or the use of mechanical devices to as-
sist patients in regaining lost functions.[''%112] However, these
strategies present inherent limitations, such as donor shortages,
immunological rejection, and difficulties with integration. Stem
cells have demonstrated broad prospects for application in tissue
regeneration and repair due to their self-renewal, multi-lineage
differentiation, and immunomodulatory capacities.[''3] However,
precisely because of the high plasticity of stem cells, there is a
risk of multidirectional differentiation after transplantation, es-
pecially when the cells are not fully differentiated or when the
microenvironment is not adequately controlled. To mitigate this
risk, the differentiation process of stem cells must be precisely
controlled. For example, specific differentiation factors, genetic
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Figure 7. Schematic illustration of microfluidic-derived porous microspheres for the delivery of immune cells for cancer therapy. a) Antibody func-
tionalized porous PLGA microspheres promoted the CAR-T cell expansion and tumor cell killing. b) Tumor growth curves (G5 represents the group
of engineered CAR-T cell-laden PLGA porous microspheres). Reproduced with permission.[%8] Copyright 2024, Oxford University Press. c) In situ in-
jection of porous Ca-alginate microspheres loaded with NK-92 Ml cells for tumor immunotherapy. d) The level of cytotoxic factors secreted by NK-92
microspheres. e) Apoptosis in tumor cells characterized by histological staining. Reproduced with permission.[°® Copyright 2019, American Chemical

Society.

engineering techniques, or biomaterials (such as microfluidic
hydrogel microcarriers) can be used to ensure that stem cells
differentiate in the desired direction and stably form the target
cell type. Microfluidic methods facilitate the efficient organiza-
tion of stem cells and biomaterials into structured scaffolds that
promote the formation of microtissues capable of carrying out
functions specific to the tissue type. These cell-laden microcarri-
ers serve as local delivery systems to prevent ectopic growth and
uncontrolled proliferation of stem cells, thereby greatly reducing
the risk of tumorigenesis.

For diverse tissue injuries, distinct cell delivery microcarri-
ers offer unique advantages. Transdermal microneedle arrays
loaded with stem cells are a promising device for treating
chronic skin diseases like diabetic wounds. As mentioned in
Section 2.3, uniform-sized ADSC spheroid aggregates embed-
ded in microneedle arrays were prepared for the treatment of
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diabetic wounds by utilizing the precise fluid manipulation of
microfluidics.®”) The microneedle arrays can penetrate the epi-
dermis, enabling precise and deep delivery of ADSC spheroids.
The exchange of multiple active compounds prompted the
initiation of neovascularization, collagen deposition, and tis-
sue regeneration, thereby facilitating the healing of diabetic
wounds.

BMSCs are widely used in treating bone and cartilage de-
fects due to their ability to self-renew and differentiate into os-
teoblasts and chondrocytes, directly contributing to tissue for-
mation and repair.['" Their relative abundance and ease of ac-
quisition through simple bone marrow aspiration make them
particularly suitable for applications. For the treatment of bone
defects, Yang et al. employed an all-aqueous phase microfluidic
electrospray approach to prepare core-shell microcapsules loaded
with BMSCs (Figure 8a).[1% Introducing cellulose nanocrys-
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Figure 8. Microfluidics-based cell-laden microcapsules and microfibers for bone repair. a) Schematic illustration of delivering BMSC-laden microcapsules
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d) Schematic illustration of fabrication and implantation of RUVEC-BMVs. e) Micro-CT images of calvarial defects with different treatments. Scale bars,

400 um. Reproduced with permission.[1%4] Copyright 2022, Elsevier.

tals into the shell layer roughens the surface of the microcap-
sules and creates small pores, which enhances the mechani-
cal strength of the microcapsules and promotes cell growth.
After injecting the microcapsules into the bone defect sites of
SD rats for 8 weeks, the imaging and analysis results from
micro-CT indicated that the BMSC-laden microcapsules effec-
tively enhanced bone regeneration (Figure 8b), with notable im-
provements in bone volume fraction and bone mineral density
(Figure 8c).

Facilitating neovascularization plays a pivotal role in bone
tissue engineering due to the highly vascularized nature of
bone.['%] Microfibers loaded with endothelial cells can function
as biomimetic microvessels (BMVs), expediting the process of
vascularization. As a typical example, an alginate-collagen com-
posite hydrogel BMV loaded with rat UVECs (RUVECs) were
fabricated by Wang et al. based on the microfluidic technique
(Figure 8d).'%! These BMVs enabled the delivery of oxygen,
nutrients, growth factors, and other essential molecules to the
bone tissue. Additionally, the RUVEC-BMVs supported the for-
mation of new blood vessels at the bone defect site. After im-
planted into rat calvarial defects, the micro-CT image showed
that the RUVEC-BMVs group exhibited better bone formation
(Figure 8e).

Adv. Sci. 2025, 12, 2414410 2414410 (12 of 19)

3.3. Gut Microbiota Restoration

The gut microbiota, a complex and dynamic ecosystem of tril-
lions of microorganisms, plays a fundamental role in main-
taining human health.['%] These diverse communities inhabit
the gastrointestinal tract and contribute to various physiologi-
cal functions, including energy metabolism, immune modula-
tion, and maintaining the integrity of the barrier system.[''”] Ad-
ditionally, it helps protect against pathogens by maintaining the
intestinal barrier and influencing local immune responses.!118]
Increasing evidence indicates that when the gut microbiota is dis-
rupted, the risk of inflammatory bowel disease (IBD) significantly
increases.[''®] Studies have shown that MSCs isolated from um-
bilical cord blood (UCB-MSCs) offer new opportunities for treat-
ment of IBD and restoration of healthy microbiota.l'?] Consid-
ering the hostile environment of varying pH, digestive enzymes,
and bile salts in the gastrointestinal tract, Kim et al. developed
a microcapsule containing UCB-MSCs with an intermediate oil
layer through microfluidic method to enhance the adaptability of
stem cells during oral delivery.'%] The thin oil layer was suffi-
cient to isolate MSCs from the harsh gastric acid environment.
Due to the relatively low stiffness of the hydrogel shell, it un-
derwent segmental rupture along with intestinal peristalsis, al-
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Figure 9. Oral delivery of probiotics-laden microspheres for gut microbiota restoration. Reproduced with permission.l'?3] Copyright 2024, American
Chemical Society. a) Schematic illustration of colitis treatment by SCFAs produced from delivered EcN. b) Schematic illustration of colon-targeted
microspheres for gut microbiota regulation. Reproduced with permission.[®”] Copyright 2024, Elsevier.

lowing the delivery of UCB-MSCs to the inflamed colon site.
The results demonstrated that the released UCB-MSCs could ef-
fectively alleviate intestinal inflammation and dysbiosis of the
microbiota.

In addition to stem cells, oral probiotics also has a posi-
tive effect on improving the gut microbiota.l?! Probiotics them-
selves are unicellular organisms with the ability to grow, me-
tabolize, and reproduce; they can also secrete bioactive factors
like short-chain fatty acids (SCFAs) and specific enzymes to
inhibit the growth of harmful microorganisms.['?! Probiotics
have the potential to strengthen the intestinal barrier and pro-
mote optimal immune system activity.'??] Based on this, Yin
et al. employed Ca-alginate and inulin to form solid micro-
spheres, within which the probiotic Escherichia coli Nissle 1917
was encapsulated.'?3] After oral administration, the Ca-alginate
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network degraded in response to the alkaline condition of in-
testine, and the presence of inulin enhanced the retention of
EcN, as shown schematically in Figure 9a. Delivery of the mi-
crospheres effectively reduced the quantity of harmful bacteria,
restored the balance of the colon microbiota, and exerted thera-
peutic effects against IBD. In another improved study, Yang et al.
developed methacrylated dextran microspheres, which served as
colon-targeted microcarriers that enabled more precisely deliv-
ery of EcN to the inflamed areas (Figure 9b).°”! The integration
of tannic acid component in the microcarriers enhanced colon
retention through hydrogen bond interaction with the mucus
layer. Triggered by colon enzymes, the composite hydrogel ma-
trix degrades, and EcN was gradually released, thus restoring
the balance of the microbiota and promoting colon barrier re-
pair.
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Figure 10. Cell-laden microcarriers for metabolic disorder regulation. a) Schematic illustration of porous microspheres loaded with g cell aggregates for
the treatment of diabetes. b) The average fasting blood glucose levels after transplantation in different groups. c) Omental transplantation of microcar-
riers. Reproduced with permission.['%1 Copyright 2022, Elsevier. d) Schematic illustration of dual-core probiotics microcapsules for synergy therapy of

metabolic syndrome. Reproduced with permission.['%] Copyright 2020, Elsevier. American Chemical Society.

3.4. Metabolic Disorder Regulation

Metabolic disorders refer to a group of conditions that disrupt
normal metabolism, the process by which the body converts food
into energy.'?*! These disorders can affect how the body uses
nutrients, leading to imbalances in essential substances such
as carbohydrates, fats, and proteins. Typical diseases caused by
metabolic disorders include diabetes mellitus, obesity, hyperlipi-
demia, thyroid dysfunction, etc.l'?] For diabetes treatment, cur-
rent research aims to develop strategies for restoring controlled
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insulin secretion.['?® Transplantation of islet f cells via func-
tional microcarriers is a promising way, as g cells can sense
glucose levels and intelligently release insulin, thereby reducing
the risk of hypoglycemia. Li et al. prepared porous microspheres
by microfluidic technology and filled the pores with # cells and
ECM-derived Matrigel (Figure 10a).'%) The ECM-mimic envi-
ronment preserved the initial function of g cells during cell cul-
ture and promoted the growth of § cells into 3D cell aggregates.
The porous microspheres loaded with g cell aggregates were de-
livered to the mouse omentum (Figure 10c). Due to the protective
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effect of microspheres and the function of the f-cell 3D aggre-
gates, normal blood glucose levels were maintained in diabetic
mice for at least 42 days (Figure 10b).

Microfibers have also been employed to deliver islet cells. Re-
searchers have tried to increase the mechanical strength of mi-
crofibers to prevent transplant damage, thereby increasing the ef-
ficacy of blood glucose regulation. Ozawa et al. prepared alginate-
polyarcylamide dual-network microfibers entrapping g cells by
microfluidic method.'® The fibers can be assembled into a
cylindrical hydrogel block. Transplantation of the assembled hy-
drogel was conducted in both subcutaneous and intraperitoneal
sites of diabetic mice, revealing that the dual-network fibers
markedly reduce blood glucose levels. The dual-network struc-
tures prevented transplant damage, as the assembled hydrogel
maintained its normal morphology after being retrieved from the
body. Watanabe et al. found that 1mm-thick Ba-alginate fibers
loaded with primary islets maintained normal blood glucose lev-
els in diabetic mice for over 100 days, which was four times
longer than the duration observed with 0.35 mm-thick fibers.['?’]
Additionally, they provided almost the same level of glucose tol-
erance as healthy mice. The 1.0 mm-thick fibers demonstrated
safety as their implantation did not induce notable foreign body
reactions or adherence to adjacent tissues.

In another attempt, probiotics-laden microcapsules were uti-
lized to treat metabolic syndrome (Figure 10d).1'*! Microfluidic
electrospray technique was employed to simultaneously encapsu-
late Lactobacillus and Bacillus subtilis in separate compartments
within dual-core microcapsules. Contact inhibition of the two
probiotics was effectively prevented due to physical isolation. At
the same time, the Bacillus subtilis could consume oxygen, which
provided a favorable environment for the anaerobic Lactobacillus.
After delivery of the microcapsules, both hepatic fat deposition
and intestinal barrier damage in mice with metabolic syndrome
induced by a high-fat diet were significantly ameliorated.

As mentioned above, the structural type, size, porosity, and sur-
face characteristics of the microcarrier can be freely tuned using
microfluidics to achieve the best match with live cells, thus pro-
viding the most suitable delivery system for a varieties of disease
conditions. Bioactive molecules and growth factors can be easily
incorporated to the microcarriers to perform a synergistic effect.
Another key benefit over traditional cell delivery methods is the
consistency of each batch of microcarriers, which is a decisive fac-
tor in achieving consistent and reliable treatment outcomes with
each dosing. The precise controllability of microfluidics could be
the greatest advantages for the derived cell-laden microcarriers
in terms of future clinical translation.

4. Conclusion and Perspectives

In conclusion, microfluidics-based cell-laden microcarriers, in-
cluding microspheres, microcapsules, microfibers, and mi-
croneedles, represent a groundbreaking approach for live- cell
delivery, providing unparalleled precision in fabrication and en-
hanced control over cellular microenvironments. Microcarriers
prepared by microfluidics exhibit uniformity in size with specific
geometries and surface properties, which are crucial for optimiz-
ing cell adhesion, proliferation, and functionality. Each microcar-
rier serves as an identical but independent functional unit, which
enables the co-encapsulation of live cells with growth factors, an-
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tibodies, immunoadjuvants, or other bioactive substances to en-
hance therapeutic efficacy. The ability to manipulate flow rates
and channel dimensions enables the engineering of microcar-
riers tailored for various cell types, ensuring compatibility with
diverse therapeutic applications.

Although great progress has been achieved in microfluidics-
based microcarriers for delivering live cells, challenges remain
for practical applications. First, the functions of tissues and or-
gans depend highly on intercellular communication and cell-
ECM interactions. While traditional biomaterials may possess
mechanical properties similar to ECM, they are insufficient in
replicating the intricate structural and compositional features of
native tissues and organs.['?8] Studies suggested that integrat-
ing ECM components into microcarriers or chemically mod-
ifying carrier materials can improve cell survival rates.[37:3883]
In the future, leveraging microfluidic technology to construct
more intricate microcarrier structures and accurately regulate the
spatial arrangement of different cell types within microcarriers
may enhance cell growth and reconstitute tissue-level functions.
Second, microfluidic encapsulation of cells in microspheres or
microcapsules involves random entry of cells into droplet tem-
plates, with cell number in each droplet following a Poisson
distribution.['??! This inherent randomness poses challenges in
precisely controlling cell numbers within droplets. Thirdly, mi-
crocarriers are typically generated in an oil continuous phase
and require post-processing steps like washing, transferring to
an aqueous phase, and centrifugation for subsequent use. How-
ever, complete removal of the oil phase can be challenging, and
these post-processing steps may impact cell viability. In view of
this, more efforts can be devoted to developing microcarriers de-
rived from all-aqueous phase emulsions.

Typically, by functionalizing the surface of microcarriers, their
adhesion, stability, and targeting performances can be improved,
thereby optimizing the behavior of preparations in vivo. In addi-
tion to physical encapsulation, alternative modes of interaction
between microcarriers and live cells, such as chemical conjuga-
tion and electrostatic adsorption, are expected to achieve smart
release of cells in response to fluctuations in the microenviron-
ment, including pH, redox status, enzyme activity, and hypoxia).
Additionally, exploring the synergy between microfluidics and 3D
bioprinting could lead to the creation of layered materials and
cells in complex configurations that support intricate tissue ar-
chitectures, thereby broadening the applications in regenerative
medicine. This integration enhances the design of cellular micro-
carriers by enabling the incorporation of multiple cell types and
the precise placement of biochemical cues. Moreover, consider-
ing the expanding scope of cell therapy, some inactivated cells
can be encapsulated within microfluidic-derived microcarriers to
serve as tumor vaccines, which can recruit and activate immune
cells for tumor immunotherapy. Dormant probiotic spores can
also be delivered into the body and germinate in appropriate en-
vironments to exert therapeutic effects.

Attention should also be given to the scalability of microflu-
idic systems. While these technologies excel in small-scale ap-
plications, transitioning to larger volumes for clinical or indus-
trial use poses challenges in maintaining reproducibility. Inno-
vations such as modular microfluidic designs could offer solu-
tions, enabling parallel processing without compromising qual-
ity. 3D printing technology can help create microfluidic channels
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with consistent quality, thereby addressing issues of device clog-
ging and replacement due to excessive residues after multiple
uses. Refining production methods to ensure consistent quality
and reproducibility will facilitate regulatory approval and clinical
translation. Emphasizing user-friendly systems for easy imple-
mentation in clinical settings can bridge the gap between innova-
tive research and practical application, ultimately unlocking the
full potential of this technology in regenerative medicine and be-
yond. Overall, microfluidics-based microcarriers offer a powerful
approach for cell delivery and disease treatment. With advance-
ments in cell biology, materials science, and microfluidics, it is
Dbelieved that this field has broader prospects and applications.

Acknowledgements

Z.F. and X.Y. contributed equally to this work. This work was sup-
ported by the National Key Research and Development Program of China
(2020YFA0908200) and the National Natural Science Foundation of China
(32271383).

Conflict of Interest

The authors declare no conflict of interest.

Keywords

cell therapy, live-cell delivery, microcarriers, microfluidics

Received: November 6, 2024
Revised: March 25, 2025
Published online: April 4, 2025

[1] C.J. Bashor, I. B. Hilton, H. Bandukwala, D. M. Smith, O. Veiseh,
Nat. Rev. Drug Discovery 2022, 21, 655.

[2] Q. Chen, C. Wang, X. Zhang, G. Chen, Q. Hu, H. Li, ). Wang, D.
Wen, Y. Zhang, Y. Lu, G. Yang, C. Jiang, J. Wang, G. Dotti, Z. Gu,
Nat. Nanotechnol. 2019, 14, 89.

[3] D. ). Irvine, M. V. Maus, D. J. Mooney, W. W. Wong, Science 2022,

378, 853.

D. Mai, O. Johnson, ). Reff, T. J. Fan, J. Scholler, N. C. Sheppard, C.

H. June, Proc. Natl. Acad. Sci. USA 2023, 120, 2218632120.

[5] V. Segers, R. Lee, Nature 2008, 451, 937.

[6] N. K. Satija, V. K. Singh, Y. K. Verma, P. Gupta, S. Sharma, F. Afrin,

M. Sharma, P. Sharma, R. P. Tripathi, G. U. Gurudutta, J. Cell Mol.

Med. 2009, 13, 4385.

L. Daneshmandi, S. Shah, T. Jafari, M. Bhattacharjee, D. Momah, N.

Saveh-Shemshaki, K. W. Lo, C. T. Laurencin, Trends Biotechnol. 2020,

38, 1373.

[8] A.K.Gaharwar, I. Singh, A. Khademhosseini, Nat. Rev. Mater. 2020,
5, 686.
[9] J. A. Wargo, Science 2020, 369, 1302.
[10] Q. X. Huang, ). L. Liang, C. H. Yang, K. Li, M. T. Niu, ). X. Fan, X. Z.
Zhang, Biomaterials 2023, 301, 122274.
[11] Y. Liu, ). Chen, H. Liang, Y. Cai, X. Li, L. Yan, L. Zhou, L. Shan, H.
Wang, Stem Cell Res. Ther. 2022, 13, 258.
[12] A. Miklosz, B. E. Nikitiuk, A. Chabowski, Obes. Rev. 2022, 23, 13413.
[13] W. Liu, Y. Wang, J. Wang, O. L. Lanier, M. E. Wechsler, N. A. Peppas,
Z. Gu, Engineering 2022, 13, 53.

[4

[7

Adv. Sci. 2025, 12, 2414410 2414410 (16 of 19)

(14]

[13]
[16]

(17]

(18]

(19]

(20]
(21]

(22]
(23]

(24]

(25]
26]

(27]

(28]
(29]
(3]
(31]
(32]
(33]
(34]
(33]
(36]
(37]
(38]
(39
(40]
(41]
(42]
(43]
(44]

45]
[46]

(47)
(48]

(49]

www.advancedscience.com

A. M. Vargason, A. C. Anselmo, S. Mitragotri, Nat. Biomed. Eng.
2021, 5,951.

S. P. Svendsen, C. N. Svendsen, Nat. Med. 2024, 30, 2756.

C. Y. X. Chua, A. Y. Jiang, T. Eufrasio-da-Silva, A. Dolatshahi-Pirouz,
R. Langer, G. Orive, A. Grattoni, Trends Biotechnol. 2023, 41, 358.
L. L. W. Wang, M. E. Janes, N. Kumbhojkar, N. Kapate, ). R. Clegg,
S. Prakash, M. K. Heavey, Z. Zhao, A. C. Anselmo, S. Mitragotri,
Bioeng. Transl. Med. 2021, 6, 10214.

M. A. Fischbach, ). A. Bluestone, W. A. Lim, Sci. Transl. Med. 2013,
5, 179ps7.

D. Son, J. Zheng, I. Y. Kim, P. ). Kang, K. Park, L. Priscilla, W. Hong,
B. S. Yoon, G. Park, J.-E. Yoo, G. Song, J.-B. Lee, S. You, Exp. Mol.
Med. 2023, 55, 1182.

M. F. Tenreiro, A. F. Louro, P. M. Alves, M. Serra, npj Regen. Med.
2021, 6, 30.

A. V. Finck, T. Blanchard, C. P. Roselle, G. Golinelli, C. H. June, Nat.
Med. 2022, 28, 678.

L. Labanieh, C. L. Mackall, Nature 2023, 614, 635.

N. Mitrousis, A. Fokina, M. S. Shoichet, Nat. Rev. Mater. 2018, 3,
441,

M. H. Amer, L. ). White, K. M. Shakesheff, J. Pharm. Pharmacol.
2015, 67, 640.

L. M. Marquardt, S. C. Heilshorn, Curr. Stem Cell Rep. 2016, 2, 207.
W. Chen, H. Zhou, B. Zhang, Q. Cao, B. Wang, X. Ma, Adv. Funct.
Mater. 2022, 32, 2110625.

H. Chang, S. W. T. Chew, M. Zheng, D. C. S. Lio, C. Wiraja, Y. Mei,
X. Ning, M. Cui, A. Than, P. Shi, D. Wang, K. Pu, P. Chen, H. Liu, C.
Xu, Nat. Biomed. Eng. 2021, 5, 1008.

S. L. Ding, X. Liu, X. Y. Zhao, K. T. Wang, W. Xiong, Z. L. Gao, C. Y.
Sun, M. X. Jia, C. Li, Q. Gu, M. Z. Zhang, Bioact. Mater. 2022, 17, 81.
L. C. Bahlmann, A. Fokina, M. S. Shoichet, MRS Commun. 2017, 7,
472.

Y. Sun, X. Chi, H. Meng, M. Ma, ). Wang, Z. Feng, Q. Quan, G. Liu,
Y. Wang, Y. Xie, Y. Zheng, ). Peng, Bioact. Mater. 2021, 6, 3987.

Z. Ma, B. Gao, P. Wu, . Shi, Z. Qiao, Z. Yang, G. Yang, B. Huang, F.
Nie, RSC Adv. 2015, 5, 21042.

C. Shao, J. Chi, L. Shang, Q. Fan, F. Ye, Acta Biomater. 2022, 138, 21.
W. Leong, D.-A. Wang, Trends Biotechnol. 2015, 33, 653.

L. Shang, Y. Cheng, Y. Zhao, Chem. Rev. 2017, 117, 7964.

J. Wang, Y. Cheng, Y. Yu, F. Fu, Z. Chen, Y. Zhao, Z. Gu, ACS Appl.
Mater. Interfaces 2015, 7, 27035.

X. Zhao, S. Liu, L. Yildirimer, H. Zhao, R. Ding, H. Wang, W. Cui, D.
Weitz, Adv. Funct. Mater. 2016, 26, 2809.

G. Ramirez-Calderon, H. H. Susapto, C. A. E. Hauser, ACS Appl.
Mater. Interfaces 2021, 13, 29281.

H. Onoe, T. Okitsu, A. Itou, M. Kato-Negishi, R. Gojo, D. Kiriya,
K. Sato, S. Miura, S. Iwanaga, K. Kuribayashi-Shigetomi, Y. T.
Matsunaga, Y. Shimoyama, S. Takeuchi, Nat. Mater. 2013, 12, 584.
Y. Yu, L. Shang, J. Guo, J. Wang, Y. Zhao, Nat. Protoc. 2018, 13, 2557.
L. Cai, Z. Luo, H. Chen, Y. Zhao, Small 2023, 19, 2206108.

L. Cai, N. Li, Y. Zhang, H. Gu, Y. Zhu, Biomed. Technol. 2023, 1, 30.
Y. Zheng, H. Chen, X. Lin, M. Li, Y. Zhao, L. Shang, Small 2023, 19,
2206007.

D. Liu, H. Zhang, F. Fontana, . T. Hirvonen, H. A. Santos, Lab Chip
2017, 17, 1856.

Y. Li, M. Jain, Y. Ma, K. Nandakumar, Soft Matter 2015, 11, 3884.

P. Zhu, L. Wang, Lab Chip 2017, 17, 34.

H. Yasuga, E. Iseri, X. Wei, K. Kaya, G. Di Dio, T. Osaki, K. Kamiya,
P. Nikolakopoulou, S. Buchmann, J. Sundin, S. Bagheri, S. Takeuchi,
A. Herland, N. Miki, W. van der Wijngaart, Nat. Phys. 2021, 17, 794.
J. C. Baret, Lab Chip 2012, 12, 422.

Z.Zhao, Z. Wang, G. Li, Z. Cai, ). Wu, L. Wang, L. Deng, M. Cai, W.
Cui, Adv. Funct. Mater. 2021, 317, 2103339.

S. Chen, T. Shahar, S. Cohen, RSC Adv. 2024, 14, 32021.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

(5]
[51]

[52]
(53]

[54]
[55]
[56]

[57]

(58]
[59]
(60]
(61
(62]

(63]
(64]

[65]

(66]

(67]
(68]
(69]
(7]
(71

[72]

(73]
[74]
[75]
[76]

[77)
(78]

[79]

(8]

Adv. Sci. 2025, 12, 2414410

L. Shang, Y. Cheng, Y. Zhao, Chem. Rev. 2017, 117, 7964.

O. Strohmeier, M. Keller, F. Schwemmer, S. Zehnle, D. Mark, F. von
Stetten, R. Zengerle, N. Paust, Chem. Soc. Rev. 2015, 44, 6187.

Y. Zhang, N.-T. Nguyen, Lab Chip 2017, 17, 994.

S. Da Ling, J. Zhang, Z. Chen, W. Ma, Y. Du, J. Xu, Microfluid.
Nanofluid. 2022, 26, 53.

S. D. Ling, Z. Liu, W. Ma, Z. Chen, Y. Du, J. Xu, Biosensors (Basel)
2022, 12, 659.

R. Seemann, M. Brinkmann, T. Pfohl, S. Herminghaus, Rep. Prog.
Phys. 2012, 75, 016601.

M. Alfatama, Y. Shahzad, H. Choukaife, Adv. Colloid Interface Sci.
2024, 325, 103098.

J. Shen, Y. Ji, M. Xie, H. Zhao, W. Xuan, L. Yin, X. Yu, F. Xu, S. Su,
J. Nie, Y. Xie, Q. Gao, H. Ma, X. Ke, Z. Shi, J. Fu, Z. Liu, Y. He, M.
Xiang, Mater. Sci. Eng. C Mater. Biol. Appl. 2020, 1712, 110896.

T.S. Shim, S. H. Kim, S. M. Yang, Part. Part. Syst. Charact. 2012, 30,
9.

H. Tavassoli, S. N. Alhosseini, A. Tay, P. P. Y. Chan, S. K. Weng Oh,
M. E. Warkiani, Biomaterials 2018, 187, 333.

R. K. Kankala, J. Zhao, C. G. Liu, X. J. Song, D. Y. Yang, K. Zhu, S. B.
Wang, Y. S. Zhang, A. Z. Chen, Small 2019, 15, 1901397.

R. Wang, F. Wang, S. Lu, B. Gao, Y. Kan, T. Yuan, Y. Xu, C. Yuan, D.
Guo, W. Fu, X. Yu, Y. Si, Bioact. Mater. 2023, 27, 394.

Z.Yuan, X. Yuan, Y. Zhao, Q. Cai, Y. Wang, R. Luo, S. Yu, Y. Wang, J.
Han, L. Ge, ). Huang, C. Xiong, Small 2021, 17, 2006596.

J. Wang, D. Huang, H. Ren, L. Shang, Small 2022, 18, 2200858.

J. Sun, J. Li, Z. Huan, S. J. Pandol, D. Liu, L. Shang, L. Li, Adv. Funct.
Mater. 2023, 33, 2211897.

N. Gao, T. Tian, J. Cui, W. Zhang, X. Yin, S. Wang, J. Ji, G. Li, Angew.
Chem., Int. Ed. Engl. 2017, 56, 3880.

H. Zhang, L. Z. Hao, J. A. Pan, Q. Gao, |. F. Zhang, R. K. Kankala,
S. B. Wang, A. Z. Chen, H. L. Zhang, J. Controlled Release 2021, 329,
286.

L. Wu, Y. Xu, K. Xi, Y. Gu, J. Tang, T. Xin, H. Yang, L. Wang, W. Cui, L.
Chen, Chem. Eng. J. 2022, 439, 135692.

Y. X. Liu, Y. Cheng, C. Zhao, H. Wang, Y. J. Zhao, Adv. Sci. 2022, 9,
2104272.

H. Liu, Y. Wang, H. Wang, M. Zhao, T. Tao, X. Zhang, J. Qin, Adv. Sci.
2020, 7, 1903739.

Q. Chen, S. Utech, D. Chen, R. Prodanovic, ). M. Lin, D. A. Weitz,
Lab Chip 2016, 16, 1346.

H. T. Liu, H. Wang, W. B. Wei, H. Liu, L. Jiang, J. H. Qin, Small 2018,
14, 1801095.

L. Zhang, L. H. Cai, P. S. Lienemann, T. Rossow, |. Polenz, Q.
Vallmajo-Martin, M. Ehrbar, H. Na, D. J. Mooney, D. A. Weitz,
Angew. Chem., Int. Ed. Engl. 2016, 55, 13470.

K. Zhu, Y. Yu, Y. Cheng, C. Tian, G. Zhao, Y. Zhao, ACS Appl. Mater.
Interfaces 2019, 11, 4826.

J. Huang, D. Fu, X. Wu, Y. Li, B. Zheng, Z. Liu, Y. Zhou, Y. Gan, Y.
Miao, Z. Hu, Biofabrication 2023, 15, 025007.

G. Chen, F. Wang, M. Nie, H. Zhang, H. Zhang, Y. Zhao, Proc. Natl.
Acad. Sci. USA 2021, 118,2112704118.

L. S. Wu, Z. G. Guo, W. M. Liu, Adv. Colloid Interface Sci. 2022, 308,
102770.

C. Gabbard, J. Bostwick, Nat. Chem. Eng. 2024, 1, 31.

M. Costantini, S. Testa, E. Fornetti, C. Fuoco, C. Sanchez Riera,
M. Nie, S. Bernardini, A. Rainer, J. Baldi, C. Zoccali, R. Biagini, L.
Castagnoli, L. Vitiello, B. Blaauw, D. Seliktar, W. Swieszkowski, P.
Garstecki, S. Takeuchi, G. Cesareni, S. Cannata, C. Gargioli, EMBO
Mol. Med. 2021, 13, 12778.

Y. Yu, H. Wen, J. Ma, S. Lykkemark, H. Xu, J. Qin, Adv. Mater. 2014,
26, 2494.

H. Onoe, S. Takeuchi, Drug Discovery Today 2015, 20, 236.

2414410 (17 of 19)

(81]
(82]
(83]
(84]
(85]

(86]

(87]
(88]
(89]
[50]

(51

[92]
93]
[94]
[95]

[96]

(971
(98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]

[106]

[107]

[108]

[109]

www.advancedscience.com

K. W. Christensen, ]. Turner, K. Coughenour, Y. Maghdouri-White, A.
A. Bulysheva, O. Sergeant, M. Rariden, A. Randazzo, A. ). Sheean,
G. ). Christ, M. P. Francis, Adv. Healthcare Mater. 2022, 11,2101357.
Y. Jun, E. Kang, S. Chae, S. H. Lee, Lab Chip 2014, 14, 2145.

D. Wei, ). Sun, ). Bolderson, M. Zhong, M. |. Dalby, M. Cusack, H.
Yin, H. Fan, X. Zhang, ACS Appl. Mater. Interfaces 2017, 9, 14606.
J. Kim, H. Lee, E. . Jin, Y. Jo, B. E. Kang, D. Ryu, G. Kim, Small 2022,
18, 2106487.

C. Edwards, S. A. Shah, T. Gebhardt, C. M. Jewell, Adv. Mater. 2023,
35, 2302410.

Y. Zhang, S. Wang, Y. Yang, S. Zhao, ). You, J. Wang, J. Cai, H. Wang,
J. Wang, W. Zhang, J. Yu, C. Han, Y. Zhang, Z. Gu, Nat. Commun.
2023, 74, 3431.

B. Mbituyimana, M. Adhikari, F. Qi, Z. Shi, L. Fu, G. Yang, J. Con-
trolled Release 2023, 362, 692.

S. T. Sanjay, W. Zhou, M. Dou, H. Tavakoli, L. Ma, F. Xu, X. Li, Adw.
Drug Delivery Rev. 2018, 128, 3.

X. Wu, D. Huang, Y. Xu, G. Chen, Y. Zhao, Adv. Mater. 2023, 35,
2301064.

S.-J. Paik, S. Byun, J.-M. Lim, Y. Park, A. Lee, S. Chung, J. Chang, K.
Chun, D. D. Cho, Sens. Actuators A: Phys. 2004, 114, 276.

C. Yeung, S. Chen, B. King, H. Lin, K. King, F. Akhtar, G. Diaz, B.
Wang, J. Zhu, W. Sun, A. Khademhosseini, S. Emaminejad, Biomi-
crofluidics 2019, 13, 064125.

X. Shou, Y. Yu, D. Wu, F. Wang, W. Sun, P. Duan, L. Shang, Chem.
Eng. J. 2022, 437, 135374.

J. Bian, F. Cai, H. Chen, Z. Tang, K. Xi, ). Tang, L. Wu, Y. Xu, L. Deng,
Y. Gu, W. Cui, L. Chen, Nano Lett. 2021, 21, 2690.

Z.Han, L. Bai, ). Zhou, Y. Qian, Y. Tang, Q. Han, X. Zhang, M. Zhang,
X. Yang, W. Cui, Y. Hao, Biomaterials 2022, 285, 121545.

B. Tyler, D. Gullotti, A. Mangraviti, T. Utsuki, H. Brem, Adv. Drug
Delivery Rev. 2016, 107, 163.

R. Wang, K. Guo, W. zhang, Y. He, K. Yang, Q. Chen, L. Yang, Z. Di,
J. Qiu, P. Lei, Y. Gu, Z. Luo, X. Xu, Z. Xu, X. Feng, S. Li, Z. Yu, H. Xu,
Adv. Funct. Mater. 2022, 32, 2113034.

X. Yang, W. Nie, C. Wang, Z. Fang, L. Shang, Biomaterials 2024, 308,
122564.

Z. Liao, ). Jiang, W. Wu, J. Shi, Y. Wang, Y. Yao, T. Sheng, F. Liu, W. Liu,
P. Zhao, F. Lv, ). Sun, H. Li, Z. Gu, Natl. Sci. Rev. 2024, 11, nwae018.
D. Wu, Y. Yu, C. Zhao, X. Shou, Y. Piao, X. Zhao, Y. Zhao, S. Wang,
ACS Appl. Mater. Interfaces 2019, 11, 33716.

J. Li, H. Zhang, L. Sun, L. Fan, X. Fu, X. Liu, D. Liu, Q. Wei, Y. Zhao,
S. ). Pandol, L. Li, Chem. Eng. J. 2022, 436, 135174.

L. Yang, Y. Liu, L. Sun, C. Zhao, G. Chen, Y. Zhao, Nano-Micro Lett.
2021, 14, 4.

D. W. Kim, H. S. Jeong, E. Kim, H. Lee, C. H. Choi, S. J. Lee, J. Con-
trolled Release 2022, 347, 508.

C. Zhao, Y. Zhu, B. Kong, Y. Huang, D. Yan, H. Tan, L. Shang, ACS
Appl. Mater. Interfaces 2020, 12, 42586.

J. Wang, H. Wang, Y. Wang, Z. Liu, Z. Li, J. Li, Q. Chen, Q. Meng, W.
W. Shu, J. Wu, C. Xiao, F. Han, B. Li, Acta Biomater. 2022, 142, 85.
F. Ozawa, T. Okitsu, S. Takeuchi, ACS Biomater. Sci. Eng. 2017, 3,
392.

S. Liu, Y. Meng, L. Liu, Y. Lv, W. Yu, T. Liu, L. Wang, D. Mu, Q. Zhou,
M. Liu, Y. Ren, D. Zhang, B. Li, Q. Sun, X. Ren, Cell Death Dis. 2022,
13, 441.

K. M. Maalej, M. Merhi, V. P. Inchakalody, S. Mestiri, M. Alam,
C. Maccalli, H. Cherif, S. Uddin, M. Steinhoff, F. M. Marincola, S.
Dermime, Mol. Cancer 2023, 22, 20.

E. Vivier, L. Rebuffet, E. Narni-Mancinelli, S. Cornen, R. Y. Igarashi,
V. R. Fantin, Nature 2024, 626, 727.

Y. Tian, K. Wang, C. Xu, ). Feng, Z.-L. Zhang, Chem. Eng. J. 2022, 439,
135839.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

SCIENCE NEWS

ADVANCED
SCIENCE

Open Access,

www.advancedsciencenews.com

[110]
111
[112]
[113]

[114]

[115]
[116]
[117]

[118]

Adv. Sci. 2025, 12, 2414410

A. Das, A. Nikhil, P. A. Shiekh, B. Yadav, K. Jagavelu, A. Kumar,
Bioact. Mater. 2024, 33, 324.

S. Jou, S. R. Mendez, |. Feinman, L. R. Mitrani, V. Fuster, M.
Mangiola, N. Moazami, C. Gidea, Nat. Rev. Cardiol. 2023, 21, 25.
H. Wang, S. Huddleston, J. Yang, G. A. Ameer, Adv. Mater. 2023, 36,
2306326.

S. Temple, Cell Stem Cell 2023, 30, 512.

S. Zhang, Y. Liu, S. Derakhshanfar, W. He, Q. Huang, S. Dong, |.
Rao, G. X. Luo, W. Zhong, W. Liao, M. Shi, M. Xing, Adv. Healthcare
Mater. 2018, 7, 1800118.

S. Chen, X. Zhou, T. Li, C. He, Acc. Mater. Res. 2024, 5, 1121.

Y. Fan, O. Pedersen, Nat. Rev. Microbiol. 2021, 19, 55.

S. Jalili-Firoozinezhad, F. S. Gazzaniga, E. L. Calamari, D. M.
Camacho, C. W. Fadel, A. Bein, B. Swenor, B. Nestor, M. J. Cronce,
A. Tovaglieri, O. Levy, K. E. Gregory, D. T. Breault, ). M. S. Cabral, D.
L. Kasper, R. Novak, D. E. Ingber, Nat. Biomed. Eng. 2019, 3, 520.
G. De Palma, M. D. J. Lynch, J. Lu, V. T. Dang, Y. Deng, .
Jury, G. Umeh, P. M. Miranda, M. Pigrau Pastor, S. Sidani, M.
I. Pinto-Sanchez, V. Philip, P. G. McLean, M.-G. Hagelsieb, M.
G. Surette, G. E. Bergonzelli, E. F. Verdu, P. Britz-McKibbin, |.
D. Neufeld, S. M. Collins, P. Bercik, Sci. Transl. Med. 2017, 9,

aaf6397.

theirapplications in drug delivery.

2414410 (18 of 19)

[119]

[120]

[121]

[122]

[123]
[124]

[125]
[126]

[127]

[128]
[129]

www.advancedscience.com

X. Yang, J. Yang, Z. Ye, G. Zhang, W. Nie, H. Cheng, M. Peng, K.
Zhang, ). Liu, Z. Zhang, ). Shi, ACS Nano 2022, 16, 4041.

C. Qiao, W. R. Xu, W. Zhu, J. B. Hu, H. Qian, Q. Yin, R. Q. Jiang, Y.
M. Yan, F. Mao, H. Yang, X. Z. Wang, Y. C. Chen, Cell Biol. Int. 2008,
32, 8.

X.Yang, C. Wang, Q. Wang, Z. Zhang, W. Nie, L. Shang, Smart Med.
2023, 2, 20230019.

F. Cao, L. Jin, Y. Gao, Y. Ding, H. Wen, Z. Qian, C. Zhang, L. Hong,
H. Yang, J. Zhang, Z. Tong, W. Wang, X. Chen, Z. Mao, Nat. Nan-
otechnol. 2023, 18, 617.

Y. Yin, Z. Li, H. Gao, D. Zhou, Z. Zhu, L. Tao, W. Guan, Y. Gao, Y.
Song, M. Wang, Nano Lett. 2024, 24, 1081.

X. Zhao, J. Y. Y. Kwan, K. Yip, P. P. Liu, F. F. Liu, Nat. Rev. Drug Dis-
covery 2020, 19, 57.

A. ). Lusis, A. D. Attie, K. Reue, Nat. Rev. Genet. 2008, 9, 819.

N. Dimitrioglou, M. Kanelli, E. Papageorgiou, T. Karatzas, D.
Hatziavramidis, Drug Discovery Today 2019, 24, 737.

T. Watanabe, T. Okitsu, F. Ozawa, S. Nagata, H. Matsunari, H.
Nagashima, M. Nagaya, H. Teramae, S. Takeuchi, Biomaterials 2020,
255, 120162.

J. M. Aamodt, D. W. Grainger, Biomaterials 2016, 86, 68.

D. Velasco, E. Tumarkin, E. Kumacheva, Small 2012, 8, 1633.

Zhonglin Fang is currently a Ph.D. candidate at the Institute of Biomedical Science, Fudan University,
under the supervision of Prof. Luoran Shang. His scientificinterest is focused on microfluidics and

Xinyuan Yang is currently a student in Prof. Luoran Shang’s group, and a Ph.D. student in the class of
2022 atthe Institute of Biomedical Science, Fudan University. His research interest focuses on oral
probiotics delivery and functional materials for biomedical applications.

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED

ADVANCED
SCIENCE SEWS SCIENCE

www.advancedsciencenews.com www.advancedscience.com

Luoran Shang is currently a professor at Institutes of Biomedical Sciences, Fudan University. She re-
ceived her Ph.D. degree from Southeast University in 2017 under the supervision of Prof. Yuanjin
Zhao. She worked as a postdoctoral fellow at Harvard University with Prof. David Weitz from 2017
t02019. Her current scientific interest is focused on microfluidics and their biomedical applications.

Adb. Sci. 2025, 12, 2414410 2414410 (19 of 19) © 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

	Microfluidics-Based Microcarriers for Live-Cell Delivery
	1. Introduction
	2. Structural Design of Microfluidics-Based Live-Cell Microcarriers
	2.1. Microspheres and Microcapsules
	2.1.1. Solid Microspheres
	2.1.2. Porous Microspheres
	2.1.3. Core-Shell Microcapsules

	2.2. Microfibers
	2.3. Microneedles

	3. Therapeutic Applications of Microfluidics-Based Cell Delivery Microcarriers
	3.1. Tumor Immunotherapy
	3.2. Tissue Regeneration and Repair
	3.3. Gut Microbiota Restoration
	3.4. Metabolic Disorder Regulation

	4. Conclusion and Perspectives
	Acknowledgements
	Conflict of Interest
	Keywords


