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significance. Due to extreme complexi-
ties of biological systems and biological 
processes, materials for biomedical appli-
cations must possess desirable biocompati-
bility and proper functions to appropriately 
interplay with host tissues or live cells.[1] 
Since these properties and functions of 
materials highly correlate to their geome-
tries, structures, and compositions, precise 
control over these characteristics is there-
fore critical for biomedical materials.

However, conventional techniques 
for manufacturing micro/nanomaterials 
such as template molding, emulsion 
polymerization, dispersion polymeri-
zation, spray drying, extrusion-based 
methods, etc., confront inherent chal-
lenges in fabricating materials with good 
monodispersity, controlled geometries, 
tailored structures, and complicated com-
positions. To address these challenges, 
microfluidics, involving of exquisite 
manipulation of liquids of small volumes 
(from 10−9 to 10−18 L) within micrometer-
size channels,[2] has been emerging as 
a promising alternative for preparing 
micro/nanomaterials with well-defined 
characteristics. At microscale, interfa-
cial factors such as diffusion, surface 

tension and viscosity rather than gravity become dominant 
in affecting the behaviors of fluids,[3] which can be elabo-
rately controlled by the design and operation of microfluidic 
chips.[4] Owing to its superior capability in the manipulation 
of the flows of multiple fluids, microfluidics has been a pow-
erful platform technology for rational design and fabrication 
of materials with complicated and precisely tunable sizes, 
shapes, structures and compositions in a high throughout 
manner. Materials with desirable uniformity and adjust-
able geometries ranging from particles, fibers to films/bulk 
materials have been successfully produced on microfluidic 
platforms with specific chip design by appropriately tuning 
the operating parameters such as flow rate and viscosity.[5] 
In addition, due to the eases of microfluidics in manipu-
lating the emulsification, encapsulation and asymmetrical 
solidification of multiple immiscible fluids determined by the 
Rayleigh-Plateau instability in a confined space,[6] not only 
monolithic materials with isotropic features,[7] but also mate-
rials with capsular/core–shell structures, as well as anisotro-
pies in geometry and composition, can be readily generated 
on a microfluidic device.[8] The outstanding characteristics 

The emergence of micro/nanomaterials in recent decades has brought 
promising alternative approaches in various biomedicine-related fields such 
as pharmaceutics, diagnostics, and therapeutics. These micro/nanomaterials 
for specific biomedical applications shall possess tailored properties and 
functionalities that are closely correlated to their geometries, structures, and 
compositions, therefore placing extremely high demands for manufacturing 
techniques. Owing to the superior capabilities in manipulating fluids and 
droplets at microscale, microfluidics has offered robust and versatile platform 
technologies enabling rational design and fabrication of micro/nanomaterials 
with precisely controlled geometries, structures and compositions in high 
throughput manners, making them excellent candidates for a variety of 
biomedical applications. This review briefly summarizes the progress of 
microfluidics in the fabrication of various micro/nanomaterials ranging from 
0D (particles), 1D (fibers) to 2D/3D (film and bulk materials) materials with 
controllable geometries, structures, and compositions. The applications of 
these microfluidic-based materials in the fields of diagnostics, drug delivery, 
organs-on-chips, tissue engineering, and stimuli-responsive biodevices 
are introduced. Finally, an outlook is discussed on the future direction of 
microfluidic platforms for generating materials with superior properties and 
on-demand functionalities. The integration of new materials and techniques 
with microfluidics will pave new avenues for preparing advanced micro/
nanomaterials with enhanced performance for biomedical applications.

1. Introduction

With rapidly increasing aging population, health-related 
concerns have been attracting extensive attentions worldwide. 
Despite remarkable progresses in the field of biomedicine in 
recent decades, the diagnosis and treatment of many diseases 
remain greatly challenging. Fundamental innovations in multi-
disciplinary subjects are indispensable for achieving better 
outcomes. Specifically, the design and development of micro/
nanomaterials with well-defined properties and function-
alities suitable for specific biomedical applications are of high 
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of materials (particles, fibers and films) fabricated by micro-
fluidics with tunable geometries and adjustable properties 
have shown great promise for a broad range of biomedical 
applications.

In this review, we present an overview on the rational design 
and fabrication of biomedical materials based on microfluidics, 
as well as their promise in different pharmaceutic, diagnostic and 
therapeutic fields (Figure 1). The progress of microfluidic-based 
technology for manufacturing from 0D (particles), 1D (fibers) to 
2D/3D materials (film and bulk materials) is introduced. With 
the assistance of skillful microfluidic techniques, the morpho
logy, geometry, structure, composition, assembly, and even 
deformation of materials can be delicately controlled (Figure 2). 
Additionally, various promises of the rationally designed mate-
rials with tunable geometries and adjustable properties generated 
on microfluidic platforms in different biomedical applications 
fields are highlighted, ranging from forming functional micro-
beads for disease diagnosis, drug delivery systems for controlled 
release, multicellular spheroids for in vitro drug screening, 
tissue engineering for tissue repair and regeneration, to stimuli-
responsive biodevices for flexible electronics and soft robotics. 
Lastly, existing challenges and perspective of microfluidics in 
the rational design and fabrication of materials with on-demand 
properties and functions for biomedical applications is discussed.

2. Rational Material Fabrication Based  
on Microfluidics

2.1. Particulate Materials

Particulate materials with small diameters at micro/nanoscale 
and well-defined shapes hold great promise in various fields, 
particularly in biomedicine.[9] Conventionally, particulate 
micro/nanomaterials such as inorganic nanocrystalline and 
polymer micro/nanoparticles are synthesized by methods such 
as precipitation, emulsion polymerization, dispersion polymeri-
zation, and multistage reactions.[10] However, it remains greatly 
challenging to precisely control over their monodispersity, sizes, 
morphologies, shapes, structures and compositions by applying 
these conventional methods. Recently, the emergency of micro-
fluidics offers an alternative for preparing particulate micro/
nanomaterials, which show obvious superiority in conveniently 
and effectively controlling over the shape, structure and compo-
sition of resulting particles with excellent monodispersity and 
tunable sizes ranging from several nanometers to several hun-
dreds of micrometers.[5a,7,11] A typical process of preparing par-
ticulate materials by microfluidics usually includes two steps,[12] 
i.e., the formation of droplets with uniform sizes in microflu-
idic devices by using multiple emulsions as templates,[13] and 
the subsequent solidification of the droplets by means of phot
opolymerization,[8a] heating,[14] solvent evaporation,[15] thermal 
curing,[16] ionic cross-linking,[17] or chemical cross-linking.[18] To 
generate uniform droplets, microfluidic devices with different 
microchannel designs, e.g., T-junctions,[15,19] Y-junctions,[20] 
flow-focusing,[21] coflow capillaries,[22] and terrace-like micro-
channels,[23] have been developed, which are usually made of 
elastomers such as poly(dimethylsiloxane) (PDMS) and polyu-
rethane (PU) through photolithography.[24]
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Typically, micro/nanoparticles fabricated by microfluidics pos-
sess uniform spherical shapes for minimizing surface energy 
(Figure 3a), of which sizes can be precisely controlled by tuning 
different viscosities and flowing rates of fluids, determined by 
the Reynolds number and capillary number.[12] Generally, big 
droplets are formed at a relatively low capillary number. On a 
microfluidic device, spherical micro/nanoparticles made of dif-
ferent materials, such as microgels,[25] copolymer particles,[26] 
polymer/inorganic composite particles,[7] liquid crystals,[27] and 
porous spherical particles,[28] can be generated. Moreover, the 
geometries of particulate materials can be skillfully controlled 
by adapted microfluidics techniques. For example, by using a 
T-junction microfluidic device containing reactors with dif-
ferent constrained geometries, polymer micro/nanoparticles 
with anisotropic shapes such as polymer disks can be produced 
(Figure 3b).[29] The aspect ratios of these nonspherical particles 
can be conveniently adjusted through varying different volume 
of microchannels. However, the yielding efficiency of these 
methods for generating nonspherical shaped micro/nanoparti-
cles is quite low. To address this problem, Doyle et al developed 
a versatile method that integrated the predominance of micro-
scope projection photolithography with microfluidics, which 
enabled facile fabrication of polymer particles with various 
sophisticated shapes through photomask-assisted polymeriza-
tion in a high throughput manner (≈100 particles s−1).[30] Using 
this method, micro/nanoparticles with diversified geometries 
ranging from polygons to asymmetric/curved shapes can be 

simply fabricated, which extremely broadens the geometrical 
categories of micro/nanoparticles.

In addition to facilely prepare micro/nanoparticles with ani-
sotropic shapes, microfluidic platforms are also effective in gen-
erating micro/nanoparticles with heterogeneous compositions. 
As a representative example, Janus particles that have unique 
biphasic features of distinct chemistries, polarities and/or 
functions have attracted extensive interests in various fields.[31] 
Compared to other methods, microfluidic-based methods for 
preparing Janus particles is relatively quite simple, sometimes 
requiring only two steps, i.e., the generation of precursor 
droplets by breaking the coflowing threads of two miscible 
fluids with low Reynolds (restraining the convective transport 
across the interface), followed by the curing of monomers/
precursors through phase separation,[32] polymerization,[33] or 
other methods. For instance, Lewis et al designed a sheath-flow 
microfluidic device to construct uniform colloid-filled hydrogel 
granules.[34] The droplets with heterogeneous compositions of 
acrylamide precursors and silica colloid suspensions were gen-
erated from two water phases in a coflowed oil phase on the 
sheath-flow microfluidic device owing to the Rayleigh insta-
bility induced by the interfacial tension among immiscible 
fluids. The acrylamide was polymerized by ultraviolet (UV) 
irradiation immediately after the generation of the composi-
tional heterogeneous droplets, resulting in Janus colloid-filled 
hydrogel granules with controllable sizes, geometries and com-
positions. Moreover, ternary droplets have been successfully 
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Figure 1.  Microfluidic-assisted rational design and fabrication of materials ranging from 0D (particulate materials), 1D (fibrous materials) to 2D/3D 
(film/bulk materials) for a broad range of biomedical applications in pharmaceutics, diagnostics, and therapeutics.
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prepared by using a three parallel coflowing-focusing micro-
fluidic device (Figure  3c).[35] On this microfluidic device, two 
monomer-containing solutions (M1 and M2) are introduced 
in the intermediate and central channels, respectively, while 
a surfactant-containing solution (SDS) is injected into the 
side channels. Under proper flow rate of each solution, three-
compartment particles with an average diameter of ≈100  µm 
can be produced. Furthermore, based on microfluidics, mul-
ticompartmental particles that have multiple compositions 
with well-defined spatial distribution can be fabricated. For 
example, by using a centrifuge-based droplet shooting device 
consisting of a microtube, liquid/air multicompartmental 
droplets can be generated at the orifice of the multibarreled 
capillary under the effects of centrifuging force, which are sub-
sequently ionically cross-linked to form multicompartmental 
particles.[8b] By varying different numbers of the barreled capil-
laries, the compartmentalization of the particles can be simply 
adjusted, resulting in Janus, ternary, quaternary and even six-
compartment particles through double-, triple-, quintuple-, and 
septuple-barrel capillaries, respectively.

Not only monolithic particles, but also core–shell structured 
particles and hydrogel microcapsules can be simply formed 
on a coflow microfluidic platform by using multiple emul-
sions as templates,[36] which hold great promise in the encap-
sulation and delivery of a variety of cargo substances ranging 
from small molecular drugs,[37] bioactive proteins,[38] to even 

live cells.[39] For instance, single-core microcapsules with 
ultrathin shell thickness (only 5% of the radius) can be formed 
on a coflow glass capillary device by using water-in-oil-in-water 
(W/O/W) double emulsions as templates, of which size and 
shell thickness can be elaborately controlled by changing the 
flow rates of different fluids and microchannel dimensions.[40] 
Additionally, monodisperse core–shell microparticles with two 
distinct cholesteric liquid crystals (CLCs) cores and a hydrogel 
shell can be formed by using oil-in-water-in-oil (O/W/O) double 
emulsions as templates.[41] Since the change of temperature 
affects the color of CLCs, these microcapsules containing two 
CLCs cores can be potentially used as injectable colorimetric 
microthermometers. To improve the yielding efficiency of 
core–shell micro/nanoparticles by microfluidics, a multiplexed 
microfluidic platform has been designed, which enables con-
tinuous preparation of core–shell structured nanocomposites 
via sequential nanoprecipitation with ultrashort time inter-
vals and subsequently achieves a high throughput produc-
tion rate of ≈700  g day−1.[42] Also, using multiple emulsions 
as templates, droplets with extremely sophisticated structures 
such as multicapsular structures can be formed on a cascaded 
coaxial, coflow capillary microfluidic device (Figure 3d).[43] The 
number and the size of inner droplets can be precisely con-
trolled by changing the flow rate of each fluid, which therefore 
hold great promise for multiagent microencapsulation and 
controlled release.
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Figure 2.  Microfluidics with high versatility and robustness in the rational fabrication of materials ranging from 0D (particulate materials), 1D 
(fibrous materials) to 2D/3D (film/bulk materials) with precisely controlled geometries, structures, and compositions. Reproduced with permission.[8c] 
Copyright 2014, John Wiley & Sons, Reproduced with permission.[12] Copyright 2005, the American Chemical Sociey (ACS), Reproduced with permis-
sion.[30] Copyright 2006, Nature Publishing Group (NPG), Reproduced with permission.[34] Copyright 2006, the American Chemical Sociey (ACS), 
Reproduced with permission.[43] Copyright 2007, John Wiley & Sons, Reproduced with permission.[50] Copyright 2014, Nature Publishing Group (NPG), 
Reproduced with permission.[54] Copyright 2008, Nature Publishing Group (NPG), Reproduced with permission.[63] Copyright 2016, John Wiley & Sons, 
Reproduced with permission.[65] Copyright 2017, John Wiley & Sons, Reproduced with permission.[69] Copyright 2012, John Wiley & Sons, and Repro-
duced with permission.[73] Copyright 2019, the American Association for the Advancement of Science (AAAS).
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Figure  3.  Representative examples of rational fabrication of particulate materials with diverse geometries and controllable structures on different 
microfluidic platforms. a) Spherical microparticles formed on a flow-focusing microfluidic device. Reproduced with permission.[12] Copyright 2005, the 
American Chemical Sociey (ACS). b) Nonspherical microparticles fabricated on a microfluidic platform with T-junction microchannel design. Repro-
duced with permission.[29] Copyright 2005, the American Chemical Sociey (ACS). c) Generation of microparticles with a ternary structure on a coflow 
microfluidic device. Reproduced with permission.[35] Copyright 2006, the American Chemical Sociey (ACS). d) Multiple microcapsules generated on 
an extended capillary microfluidic device. Reproduced with permission.[43] Copyright 2007, John Wiley & Sons. e) Assembled colloidal nanoparticles at 
gas–liquid interfaces. Reproduced with permission.[49] Copyright 2009, John Wiley & Sons. f) Programmable assembly of microstructures using railed 
microfluidic channels. Reproduced with permission.[50] Copyright 2008, Nature Publishing Group (NPG).
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The robustness of microfluidic platforms in manipulating 
micro/nanoparticles can be also represented by the ability 
to guide the self-assembly of them into ordered structures. 
To be specific, microfluidic platforms are convenient to inte-
grated with external fields such as magnetic,[44] acoustic,[45] 
and electric fields[46] to effectively modulate the alignment of 
as-prepared micro/nanoparticles to forming uniformly assem-
bled structures. Alternatively, the assembly of micro/nanopar-
ticles can be also realized in dispersed phases on microfluidic  
platforms in continuous manners. For example, densely 
packed particles with ordered structures can be assembled by 
small particles generated by microfluidics through solvent 
evaporation induced assembly,[47] or interfacial assembly.[48] 
Besides, a novel microfluidic device with one channel for gen-
erating CO2 bubbles has been designed. The surface energies 
of the pH-responsive poly(styrene-co-acrylic acid) (PS-co-PAA)  
particles can be skillfully tailored by the dissolving of the 
injecting CO2 bubbles, resulting in the ordered assembly of 
the PS-co-PAA particles at the liquid–gas interfaces into a layer 
of colloidal armor shell (Figure  3e).[49] Furthermore, some 
sophisticated structures with predesigned configurations can 
be produced by the photomask-assisted UV curing and sub-
sequently sequential assembly of different particulate unites 
on a rail-like microfluidic channel in programmable manners 
(Figure  3f).[50] Various complicated structures such as Greek 
temple, Eiffel tower, skeleton, computer keyboard, etc., can be 
formed by this method, which opens a new avenue for pro-
ducing sophisticated structured materials in a continuous and 
high throughput manner.

2.2. Fibrous Materials

Like micro/nanoparticles, micro/nanofibers with tailored 
geometries, structures and compositions are also of signifi-
cant promise in various fields. In recent decades, it has been 
witnessed the great potential of microfluidic spinning in the 
rational design and fabrication of micro/nanofibrous materials 
with controllable geometries, structures and compositions.[5b] 
A typical microfluidic spinning device to form monolithic 
micro/nanofibers contains two coaxial microchannels, where 
laminar streams of two fluids are respectively flowed. The 
central stream of precursor can be cured by means of photopo-
lymerization,[51] ionic cross-linking,[52] sol–gel transition,[53] 
solvent exchange induced precipitation,[54] etc. For example, 
cylindrical microfibers of alginate hydrogel or poly(lactic-co-
glycolic acid) (PLGA) can be conveniently produced on coaxial 
flow-focusing microfluidic devices at appropriate flowing rates 
of the central precursor flow and the sheath flow via specific 
gelation methods (Figure  4a).[54,55] The geometries of micro-
fibers can be tuned by using microfluidic devices with special 
microchannel designs. Specifically, rather than normal cylin-
drical microfibers, ribbon-like microfibers with aligned micro-
grooves can be also fabricated by using a microfluidic device 
with slit-shaped channels (Figure  4b).[56] By using a microflu-
idic device containing two adjacent central microchannels for 
the flows of two different precursor solutions and one sheath 
microchannel, monolithic microfibers with diphasic composi-
tions with either Janus types or core–shell distributions of two 

different compositions have been formed.[57] Moreover, multi-
compositional fibers with well-defined spatial distributions of 
different compositions have been successfully fabricated by 
microfluidic spinning. For instance, a microfluidic spinning 
chip containing multiple channels and a computer-controlled 
pneumatic valve for controlling the flows of different fluids that 
mimic the silk-spinning process of spiders has been recently 
developed.[58] Microfibers with multiple compositions coded 
in serial and parallel patterns can be generated on this device 
through controlling the flows of different compositional fluids 
by the valve (Figure 4c). Recently, monolithic cylindrical micro-
fibers with quarto- and hexa-phasic compositions have been 
also successfully formed on a multiple laminar-flow microflu-
idic device, demonstrating excellent versatility of microfluidic 
spinning in forming microfibers with tailored spatial distribu-
tion of heterogeneous compositions.[8c]

In addition, microfluidic spinning has been also widely 
investigated for preparing hollow fibers. A typical microfluidic 
spinning process for fabricating hollow fibers involves of the 
generation of multiphase core/shell colaminar flows (generally 
containing a core flow, an intermediate sample flow and a 
sheath flow) by using a double coaxial microdevice, where 
the precursors at the intermediate sample flow are selectively 
cured by means of ionic cross-linking,[59] solvent extraction,[60] 
photopolymerization,[61] etc., to form the shells. For example, 
microtubes of poly(N-isopropylacrylamide) (PNIPAAm) and 
poly(sodium acrylate) (PSA) can be formed on a two capillaries 
device, where monomers flowing through the outer capillary 
are polymerized to form the shell of the microtube. Owing 
to the responsive properties of PNIPAAm and PSA, the 
resulting tubes exhibit dynamically tunable diameters and shell 
thicknesses in response to temperature and pH value.[62] Fur-
thermore, microtubes with complicated multicompartmental 
structures can be fabricated by using a microfluidic device with 
multilayer core-flow microchannels for the flows of multilayer 
fluids.[63] By tuning different numbers of the core-flow micro-
channels, the number of hollow structures can be conveniently 
adjusted, resulting in microtubes with five compartmental voids 
separated by shells of two different compositions (Figure 4d).

Not only straight fibers, fibers with sophisticated twisted 
or braided configurations can be also facilely fabricated by 
microfluidic spinning, where the viscosity and flow rates of 
fluids are key factors in determining the configurations of 
resulting fibers. Based on the viscous instabilities of fluids, 
folded streams can be formed by microfluidic spinning,[64] 
which can be subsequently employed as the templates for the 
generation of twisted fibers. On a capillary coaxial microfluidic 
device, helical alginate hydrogel microfibers (Figure  4e) can 
be formed by using a high-viscosity sodium alginate solution 
and a low-viscosity CaCl2 solution with an appropriate flow rate 
ratio between them.[65] The formation of helical configuration 
is attributed to the coiling instability of the inner jetting flow 
with high viscosity and flow velocity. Under the similar mecha-
nism, double-helical and even superhelix fibers can be formed 
by using microfluidic spinning devices with special channel 
design.[66] Furthermore, by using a microfluidic spinning chip 
with a small rotating spool, braided triple-helix fibers can be 
formed,[58] demonstrating excellent robustness of microfluidic-
based technology in forming fibrous materials with well-defined 
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configurations. Besides, microfluidic chips can be also directly 
used as the template for preparing fibrous materials with pre-
determined morphology. To be specific, gelatin methacrylate 

(GelMA) fibers with well-defined grooved morphologies can be 
replicated from a PDMS chip with grooved surface patterns.[67] 
The resulting GelMA fibers with grooved surface morphology 

Small 2020, 16, 1903798

Figure  4.  Representative examples of rational fabrication of fibrous materials with diverse geometries and controllable structures on different 
microfluidic platforms. a) Cylindrical PLGA microfibers formed on a microfluidic chip and a cover glass winding device. Reproduced with permission.[54] 
Copyright 2008, the American Chemical Sociey (ACS). b) Alginate microribbons with longitudinally grooved microstructures fabricated on a microflu-
idic platform with slit-shaped microchannels. Reproduced with permission.[56] Copyright 2012, John Wiley & Sons. c) Microfibers with serially coded 
multicomponents formed on a microfluidic platform with the assistance of a digital fluid controller. Reproduced with permission.[58] Copyright 2011, 
Nature Publishing Group (NPG). d) Heterogeneous hollow microfibers with multiple compartments generated on a microfluidic chip with hierarchical 
and multilayer microchannels. Reproduced with permission.[63] Copyright 2016, John Wiley & Sons. e) Helical microfibers formed in a capillary coaxial 
microfluidic device with precisely controlled flow rates. Reproduced with permission.[65] Copyright 2017, John Wiley & Sons.
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can effectively direct cell alignment as well as the regeneration 
of anisotropic tissues.

2.3. Film and Bulk Materials

With advances of microfluidic technologies and the integra-
tion of other manufacturing techniques such as 3D printing, 
rational fabrication of 2D films and even 3D bulk materials 
with tailored morphologies, structures and shapes by microflu-
idics have been rapidly emerging in recent years. For example, 
a micromolding method has been reported for generating 
polymer films with different predetermined sophisticated 
morphologies, where precursors are solidified by thermal 
curing or photopolymerization on a PDMS microfluidic chip 
with specific channel design.[68] Through a bottom-up micro-
fluidic emulsion templating method,[5c] a porous polymer film 
with uniform honeycomb-like microcavities can be formed 
(Figure 5a). In this case, a capillary microfluidic device is used 
to generate stable emulsions of uniform silicone oil drop-
lets dispersed in polyvinyl alcohol (PVA) aqueous solutions. 
A porous PVA film with honeycomb-like structures is formed 
after the complete evaporation of solvents and the solvent 
evaporation induced self-assembly of PVA into close-packed 
hexagonal skeletons. Additionally, microfluidic platforms are 
also effective to form films with well-arranged multiple compo-
sitions. For example, by using a multilayer microfluidic device 
consisting of 10 vertically stacked PDMS layers with different 
channel structures, multicompositional hydrogel films with 
various patterned configurations have been successfully formed 
via the computer-assisted accurate control over the flows of dif-
ferent fluids by solenoid valves (Figure 5b).[69]

With the integration of 3D printing and microfluidic tech-
niques, bulk materials with well-defined 3D structures and 
precisely controlled spatial distribution of heterogeneous 
compositions can be formed by using a 3D printer equipped 
with a microfluidic nozzle for precisely controlling the feeding 
of different inks.[70] Due to the availability of inks with low 
viscosity for microfluidic-assisted 3D printing, even live cells 
can be incorporated within bioinks for constructing cell-laden 
constructs with well-preserved cell viability by microfluidic-
assisted 3D printing. For example, using a low-viscosity bioink 
containing poly(ethylene glycol) diacrylate (PEGDA), GelMA 
and different cell types, different cell-laden structures such as 
muscle strips and musculoskeletal junctions with similar 3D 
cell organization to the anatomy of native tissues/organs have 
been successfully built by microfluidic-assisted bioprinting 
(Figure 5c).[71]

Very recently, the design of microfluidic chip has been also 
introduced into the formation of actuating materials with 
programmable deformation capabilities. For example, for the 
films made of stimuli-responsive polymers such as vapome-
chanically responsive poly(vinylidene fluoride) and ionically 
responsive alginate that can deform from 2D to 3D upon expo-
sure to specific stimuli, the introducing of microchannels with 
certain orientations on the films can lead to in-plane aniso-
tropic mechanics and subsequently controllable deformation 
directions of the films.[72] With different microchannel designs, 
various sophisticated 3D structures of alginate hydrogels can be 

successfully formed by the programmable deformation of 2D 
films (Figure 5d).[73] It can be envisioned that the progresses of 
various fields, such as droplet transportation,[74] cell manipula-
tion,[75] and soft robotics,[76] will be significantly promoted by 
the microfluidic-assisted rational design and fabrication of films 
with programmed reconfigurable morphologies and shapes.

3. Biomedical Applications

Owing to great versatility and robustness of microfluidics in 
fabricating micro/nanomaterials with tailored geometries, 
structures and compositions at different dimensions, the 
micro/nanomaterials formed on microfluidic platforms can 
obtain well-defined characteristics and functions that may 
meet the requirements of various biomedical applications. In 
particular, the fields of disease diagnosis, drug delivery, tissue 
modeling/engineering and functional biodevices have been sig-
nificantly promoted by the development of microfluidic-based 
micro/nanomaterials. In reverse, the requirements of specific 
biomedical applications also promoted the emergency of new 
materials and new microfluidic methods. In the following 
section, we will present some representative examples of micro-
fluidic-based micro/nanomaterials for different biomedical 
applications.

3.1. Disease Diagnosis

Early diagnosis is critical for the success therapy of many 
diseases, which usually replies on advanced biosensors (e.g., 
imaging agents) enabling sensitive and reliable detection of 
specific pathologic-related biomarkers. In addition to direct 
use of microfluidic devices for monitoring various biomarkers 
including metabolites, bacteria and hormones,[77] microflu-
idic platforms are also versatile to produce multicomponent/
multicompartment barcode micro/nanoparticles with inte-
grating biocompatible and sensing components as advanced 
biosensors for disease diagnosis in a well-controlled, repro-
ducible and high-throughput manner.[78] These barcode 
micro/nanoparticles are usually coded with specific antibody 
molecules, aptamers or nucleotide sequences for sensing pur-
poses, which must be also labeled with optically active tags for 
decoding (Figure 6a).[79]

Popular methods to prepare optically decoding micro/
nanoparticles are to directly incorporate optically active agents 
such as fluorescents,[80] quantum dots (QDs),[81] upconversion 
nanoparticles,[82] surface enhanced Raman spectroscopy 
(SERS)-active nanotags,[83] and combined multifunctional 
agents.[84] These optically active agents are usually encapsulated 
in hydrogel microcapsules with core–shell structures that can 
be readily formed by microfluidics for obtaining improved 
biocompatibility and avoiding the rapid clearance of implant-
able sensors by host tissues.[85]

Alternatively, optically decoding micro/nanoparticles can be 
also formed by introducing structural colors, which are based 
on the periodic structures for the diffraction of light with 
specific wavelengths according to the Bragg’s law.[86] Structural 
color materials, particularly hydrogels with opal or inverse opal 
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Figure  5.  Microfluidic-based methods for fabricating patterned films and shape-morphing films with programmable reconfiguration. a) Porous 
films with honeycomb-like microcavities formed by using a bottom-up microfluidic emulsion templating technique. Reproduced with permission.[5c] 
Copyright 2017, Nature Publishing Group (NPG). b) Mosaic hydrogels films with welldefined spatial multiple compositions formed on a microfluidic 
platform enabling dynamic manipulation of multiple biopolymer solutions on a base layer. Reproduced with permission.[69] Copyright 2012, John Wiley 
& Sons. c) Microfluidics-enabled multimaterial maskless stereolithographic printing of heterogeneous structures. Reproduced with permission.[71] 
Copyright 2018, John Wiley & Sons. d) Stimuli-responsive hydrogel films with different microchannel designs enabling programmable reconfiguration. 
Reproduced with permission.[73] Copyright 2019, the American Association for the Advancement of Science (AAAS).
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Figure 6.  Microfluidic-based micro/nanomaterials for disease diagnosis. a) Microfluidic-based design and fabrication of barcode particles containing 
coding elements and analyte detection regions for bioassays. Reproduced with permission.[79] Copyright 2007, the American Association for the 
Advancement of Science (AAAS). b,c) Smart contact lens have been used for intraocular pressure monitoring. Reproduced with permission.[92b] 
Copyright 2014, Nature Publishing Group (NPG). d) Structural color barcode particles formed on a microfluidic device with multiple colors. Reproduced 
with permission.[93] Copyright 2018, Nature Publishing Group (NPG). e) Structural color barcode particles formed by microfluidics for the quantification 
of miRNA. Reproduced with permission.[99a] Copyright 2018, John Wiley & Sons. f) Microneedle arrays decorated with structural color barcode particles 
for the real-time monitoring of different biomarkers in skin interstitial fluids. Reproduced with permission.[99b] Copyright 2019, John Wiley & Sons.
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structures, have shown obvious advantages in bioassays owing 
to their tunable and durable colors that are hardly bleached.[87] 
Diverse structural color sensors made of stimuli-responsive pol-
ymers with the capabilities to sense various input signals such 
as water/humidity,[88] pH value,[89] toxic metal ions,[90] etc., have 
been recently developed, which offer excellent candidates for 
high-throughput multiplexed bioassays,[91] and wearable devices 
such as contact lenses for real-time healthcare monitoring 
(Figure  6b,c).[92] Microfluidics is versatile for producing struc-
tural color barcode micro/nanoparticles as biosensors that can 
be encoded with tunable or even multiple colors (Figure 6d).[93] 
These structural color barcode micro/nanoparticles can be 
formed by means of droplet evaporation,[94] optofluidic,[95] 
droplet template generation,[96] multiple emulsification,[97] 
and UV cross-linking of photocurable resins[98] on specifically 
designed microfluidic devices, demonstrating attractive poten-
tials in the monitoring and even quantification of different 
biomarkers with high physiological and medical significance 
such as microRNAs (Figure  6e) and skin interstitial fluid 
(Figure 6f).[99] By simply functionalized with SERS-active nano-
tags, structural color micro/nanoparticles formed by microflu-
idics can realize significantly improved sensitivity in biomarker 
detection due to the coupling effects.[100] However, owing to 
limited knowledge on the impacts of micro/nanoparticles at the 
cell-, organ- and body-level, the clinical translation of diagnostic 
micro/nanoparticles remains greatly challenging. Microfluidics 
offers visible routes for not only the rational design and fabrica-
tion of these functional micro/nanoparticles, but also the rapid 
evaluations and real-time optimization of them in vitro under 
microenvironments that mimic the in vivo conditions.[101] 
It will therefore significantly contribute to promoting the 
clinical translation of these micro/nanoparticles for diagnostic/
theranostic applications.

3.2. Drug Delivery

Drug delivery systems (DDSs) aim to realize first the targeted 
delivery and then on-demand release of drugs into specific 
sites of human body. To achieve this goal, desirable DDSs 
require to possess uniform size, narrow size distribution, 
tailored geometries/structures, and well-designed properties. 
Micro/nanoparticles formed by microfluidic platforms offer 
excellent candidates as DDSs owing to the obvious advantages 
in stably generating monodisperse single/multiple emulsion 
droplets and precise control over these droplets.[102] Through 
microfluidics, monodispersed micro/nanoparticles made of 
biodegradable polymers (e.g., PLGA) and biopolymers (e.g., 
chitosan, alginate) can be simply produced for the controlled 
releases of both hydrophobic and hydrophilic drugs.[103] 
Notably, microfluidics also offers a powerful tool to prepare 
microcapsules and core–shell micro/nanoparticles through 
multiple emulsion methods, which exhibit unique superiorities 
in the high-efficiency loading, protecting and controlled release 
of drugs compared to conventional methods such as double 
emulsification and layer-by-layer assembly.[38a,104] Using a 
multistage coflow microfluidic device, nanoparticles with PLGA 
cores and lipid shells have been produced.[105] A hydrophobic 
drug is loaded in the PLGA cores of the nanoparticles with 

a high loading efficiency, which can be effectively delivered 
into cells owing to the presence of the lipid shells that obvi-
ously enhance the cellular uptake of the resulting core–shell 
nanoparticles. Additionally, uniform and rigid nanoparticles 
with more complicated structures (water core/PLGA shell/
lipid outer layer) have been successfully fabricated by micro-
fluidics (Figure  7a), where hydrophilic drugs such as siRNA 
and doxorubicin can be entrapped in the water core with 
high loading contents and subsequently effectively delivered 
to target cells for specific therapeutic applications.[106] To pre-
serve the bioactivities of chemically sensitive biomolecules, 
novel all-aqueous multiphase microfluidics methods have 
been investigated for preparing microcapsules of polyelectro-
lyte (Figure 7b), liposome and protein fibrils without the uses 
of organic solvents, realizing high-efficiency encapsulation and 
bioactivity retention of the encapsulated biomolecules.[38b,107]

While drug release from most of existing DDSs usu-
ally exhibits either burst or sustained profiles depending on 
molecular diffusion and matrix swelling/degradation, on-
demand release in a programmable manner becomes an 
urgent demand for specific therapeutic applications. To meet 
these requirements, functional DDSs such as core–shell nano-
particles with pH-sensitive Eudragit shell and microcapsules 
of PLGA with different degradation rates and varying shell 
thickness have been produced by microfluidics, respectively 
realizing pH- and mechano-responsive releases of drugs for 
oral delivery of chemotherapeutics to colons and enhanced 
repair of musculoskeletal tissues.[37,108] Moreover, multiple 
drugs can be also controlled released from multicompartment 
microcapsules generated on a microfluidic device by using 
water–oil–water–oil–water (W/O/W/O/W) quadruple-emulsion 
droplets as templates (Figure  7c).[109] Different water-phased 
compartments of the microcapsules are isolated by ultrathin 
polymer shells. Through tuning different compositions of the 
polymer shells, the releases of the encapsulated multiple drugs 
can be controlled in a programmable manner. Very recently, 
a self-propelled DDS that can actively move to target sites has 
been also prepared by microfluidics based on Janus micropar-
ticles.[110] The Janus microparticles with anisotropies in both 
shapes and compositions (containing Pt and magnetic nano-
particles at different parts) that can be precisely controlled by 
microfluidics obtain the capability of locomotion based on the 
mechanisms of Pt-catalyzed decomposition of H2O2 and mag-
netic guidance, which will be a promising “smart” DDS for 
target drug delivery. Not only particulate materials, but also 
hydrogel microfibers enabling encapsulation and controlled 
release of drugs such as antibacterial metal-organic frame-
works (MOFs) can be formed by multiphase microfluidics. 
The hydrogel microfibrous scaffolds with locally controlled 
releasing MOFs have shown their superior performance in 
assisting wound healing (Figure 7d).[111] Furthermore, in addi-
tion to producing DDSs, the capabilities of microfluidics in 
formulating different drugs that meet U.S. Pharmacopeia 
standards have been also demonstrated.[112] It is therefore of 
great promise to develop an integrated microfluidic device with 
combined properties in both drug formulation and encapsula-
tion, which will significantly accelerate the production of phar-
maceuticals through the production and packaging of drugs in 
a continuous-flow manner.
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3.3. Organ-in-a-Droplet

Functions of human tissues and cells are usually based on 
biological processes occurring at microscale, where surface 
tension, diffusion and viscosity are dominant factors.[113] The 
operation of microfluidics underlies the similar mechanism, 
making it feasible to construct artificial systems mimicking the 
functions and pathophysiology of human tissues/organs.[114] In 
a pioneering work in 2010, Donald Ingber successfully reca-
pitulated organ-level lung functions in vitro on a microfluidic 
chip.[115] Inspired by this landmark study, organs-on-chips as 
a new route for reverse engineering of human pathophysi-
ology have attracted enormous attentions in both scientific and 
industrial fields.[116] Different types of modular tissues/organs 
with simulated functions to native ones, including microves-
sels,[117] cutaneous wound,[118] intestine,[119] kidney,[120] liver,[121] 
blood-brain barrier,[122] and even cancer,[123] have been built for 
pathophysiologic investigations and rapid screening of drugs/
therapeutic interventions in vitro.

In addition to pattern different cell types at specific 2D domains 
by using microfluidic chips to replicate the tissue-level func-
tions, microfluidics also offers a facile route for high-throughput 
cell encapsulation within well-defined and biomimetic 3D envi-
ronments that may resemble not only the spatial cell distribu-
tion but also the biomechanics and biochemistries within native 

tissues/organs. Microbeads/microcapsules with encapsulated 
different cell types or multicellular spheroids for replicating 
the functionals of diverse modular tissues/organs, also called 
“organ-in-a-droplet,” can be formed by using different mate-
rials and microfluidic devices via appropriate gelation methods 
(Table 1). Compared to conventional methods for preparing cell-
encapsulated microbeads or multicellular spheroids such as cell 
encapsulation in microwells,[124] microfluidics enables one-step 
and high-efficient encapsulation of live cells with well-preserved 
cell viability, which deceases the time for the processing of cells 
in harsh environments. For example, using a simple T-junction 
microfluidic device, monodispersed and uniform alginate micro-
beads with encapsulated adult T-Cell leukemia can be readily pre-
pared by ionic cross-linking in a continuous manner (Figure 8a). 
Uniformly spherical microbeads with small sizes and narrow 
size distribution formed by microfluidics would favor the metab-
olism and long-term survival the encapsulated cells.[25] Other 
polymers such as agarose have been also investigated for pre-
paring cell-encapsulated microbeads by microfluidics, of which 
elasticity can be tuned by varying different concentrations of 
agarose to deliver controllable biomechanical cues to the encap-
sulated murine embryonic stem cells (ESCs).[125] Since gelation 
methods within the microfluidic platforms significantly affect 
the viability of encapsulated cells, mild approaches such as 
bio-orthogonal cycloaddition reaction have been also explored 
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Figure 7.  Microfluidic-based micro/nanomaterials for drug delivery. a) Formation of core–shell structured nanoparticles on a microfluidic device for 
highefficiency loading and controlled release and hydrophilic drugs. Reproduced with permission.[106] Copyright 2015, John Wiley & Sons. b) Preparation 
of polyelectrolyte microcapsules for protein delivery by all-aqueous microfluidics. Reproduced with permission.[38b] Copyright 2016, John Wiley & Sons. 
c) Multicompartment microcapsules generated on a microfluidic device by using water–oil–water–oil–water (W/O/W/O/W) quadruple-emulsion drop-
lets as templates for the controlled releases of multiple drugs. Reproduced with permission.[109] Copyright 2018, John Wiley & Sons. d) Microfibrous 
hydrogel scaffolds with locally controlled releasing antibacterial MOFs for promoting wound healing. Reproduced with permission.[111] Copyright 2018, 
the Royal Society of Chemistry (RSC).
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for the gelation of precursors of poly(ethylene glycol) (PEG) and 
dendritic polyglycerol (dPG), resulting in high-efficient encap-
sulation of yeast cells with a desirable cell viability of ≈99%.[126] 
By using appropriately modified PEG-dicyclooctyne and dPG-
polyazide as the precursors, resultant microbeads with encapsu-
lated fibroblast cell lines (NIH3T3) could be disrupted in a pH-
controlled manner, leading to controlled release of encapsulated 
live cells.[127] Microfluidics-based cell-encapsulated microbeads 
provide biomimetic environments for not only the 3D cell cul-
ture of somatic cells but also the programming of stem cell fate. 
Within the microbeads formed by microfluidics, the differen-
tiation of human mesenchymal stem cells (hMSCs) and mouse 
ESCs could be effectively induced by the incorporated different 
bioactive molecules at the 3D cell culture condition,[128] of which 
inducing efficiency is obviously higher than that of 2D cell cul-
ture on a Peri dish.

In addition to form monolithic cell-encapsulated microbeads 
with encapsulated one cell type, microfluidics is also effective 
in preparing multicompartment microgels with encapsulated 
different cell types for investigating cell–cell interactions in a 
coculture model or mimicking the complicate functions of mul-
ticellular tissues/organs. For example, Janus microgels formed 
by using a coflow microfluidic device have been developed for 
the pairing of hMSCs and human umbilical vein endothelial 
cells (HUVECs) within one microgels (Figure  8b), which pro-
vide an excellent model for investigating cell-cell interaction 
at single cell level.[129] In addition, microfluidics could gen-
erate core–shell structured microcapsules for 3D cultivation 
of cell spheroids within aqueous cores by using flow-focusing 
devices.[130] Less shear stress is exerted on the cells during the 
generation of the microcapsules by microfluidics, which would 
be beneficial for the preservation of cell functions. On basis 
of that, different cell types, such as hepatocytes (HepG2) and 
NIH3T3 cell lines, could be separately encapsulated in the core 
and shell of microcapsules to form heterogeneous multicel-
lular spheroids. Compared to conventional methods to prepare 

heterogeneous multicellular spheroids that involve of multi-
step procedures of sequential seeding of different cell types in 
microwells with dynamically tunable volumes (Figure  8c),[131] 
microfluidics have offered a simple yet robust way enabling 
precise control over the spatial distribution of different cell 
types by using water-in-water-in-oil (W/W/O) emulsions as tem-
plates (Figure  8d).[132] By using a coflow microfluidic device 
with the assistance of air-flow directing effects, heterogeneous 
microspheroidal organoids with spiral distribution of different 
cell types could be formed (Figure  8e), offering promising 
approaches to resemble the complicated anatomy of human tis-
sues/organs.[133] In addition to prepare cell-encapsulated struc-
tures with similar geometries and cell incorporation to human 
tissues/organs, reconstituting the biochemistries of native 
extracellular matrix (ECM) by synthetic 3D spherical cell micro-
environments via microfluidics is also important. Recently, 
some natural polymers such as ECM proteins and gelatin 
methacrylate (GelMA) have been exploited as precursors for cell 
encapsulation through different microfluidic techniques.[134] 
Superior biochemical properties of the microbeads made of 
natural ECM proteins effectively facilitate the maturation of 
induced hepatic (iHep), induced cardiac (iCar), and induced 
myogenic (iMyo) cells derived from fibroblasts, which holds 
great promise for reprogrammed cell-based therapy.[134a]

Compared to other biofabrication methods such as 
bioprinting and organoid engineering for constructing modular 
tissues/organs, microfluidics exhibits obvious advantages 
not only in the precise control over the spatial distribution of 
multiple cell types within uniform microstructures with well-
defined geometries, but also in the easy integration of different 
bioactive molecules and biosensors for on-demand cell pro-
gramming and real-time cell monitoring.[135] The progress 
of microfluidic technology, particularly the field of “organ-in-
a-droplet” will significantly contribute to building advanced 
modular tissues/organs for promoting the development of new 
drugs and methods toward personalized precision therapy.
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Table 1.  Materials and techniques used for preparing cell spheriods by microfluidics.

Cell type Material Microfluidic device Gelation method Cell viability Ref.

Adult T-Cell leukemia Alginate T-junction device Ionic cross-linking >75% [25]

Murine ESCs Agarose T-junction device Thermosetting Not calculated [125]

Yeast cells PEG and dPG Flow-focusing device Bio-orthogonal thiol-ene click reaction 99% [126]

NIH3T3 PEG-dicyclooctyne and 

dPG-polyazide

Flow-focusing device Bio-orthogonal strain-promoted  

azide-alkyne cycloaddition reaction
>94% [127]

hMSCs Alginate Flow-focusing device Ionic cross-linking >80% [128a]

Mouse ESCs PEGDA, 8-arm PEG-thiol and 

methacrylate-modified heparin

Flow-focusing device Michael addition reaction >95% [128b]

hMSCs and HUVECs Arginine-glycine-aspartic acid 

(RGD)-modified Alginate

Coflow device Ionic cross-linking >85% [129]

Cancer cells Collagen and alginate Flow-focusing device Ionic cross-linking Not calculated [130a]

Primary epithelial cells 4-arm PEG-maleimide and Flow-focusing device Michael addition reaction ≈83% [130b]

hepG2 and NIH3T3 Alginate Flow-focusing device Ionic cross-linking >80% [132]

hMSCs and HUVECs Alginate Coflow device Ionic cross-linking >85% [133]

iHep, iCar, or iMyo cells ECM proteins Flow-focusing device Physical cross-linking ≈90% [134a]

HepG2 and HUEVECs GelMA Flow-focusing device UV exposure Not calculated [134b]
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3.4. Tissue Engineering

Tissue engineering involves of multidisciplinary efforts to 
direct behaviors and functions of live cells for restoring, main-
taining or even enhancing human tissues/organs.[136] Owing 
to the superior convenience and validity in manipulating cell 

suspensions and constructing subtle cell-laden constructs, 
microfluidics has hugely enriched the toolkits of tissue engi-
neering.[137] First, microfluidics enables the fabrication of 
cell-laden microstructures as building blocks for bottom-up 
engineering of complex tissues with well-defined 3D architec-
tures.[138] On basis of the abilities of microfluidics in forming 
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Figure 8.  Representative examples of organ-in-a-droplet. a) Uniform alginate microbeads with encapsulated live cells formed on a T-junction micro-
fluidic device. Reproduced with permission.[25] Copyright 2007, John Wiley & Sons. b) Microfluidic templated Janus microgels for encapsulation and 
pairing of different cell types. Reproduced with permission.[129] Copyright 2018, John Wiley & Sons. c) Multicellular spheroids formed on a micro-
fluidic chip made of thermal-responsive materials. Reproduced with permission.[131] Copyright 2012, John Wiley & Sons. d) Multicellular spheroids 
with core–shell spatial distribution formed on a flow-focusing microfluidic device. Reproduced with permission.[132] Copyright 2016, the Royal Society 
of Chemistry (RSC). e) Heterogeneous microspheroidal organoids with spiral distribution of multiple cells formed on a coflow microfluidic device 
with the assistance of air-flow. Reproduced with permission.[133] Copyright 2018, John Wiley & Sons.
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cell spheroids or cell-laden microcapsules/microgels with well-
preserved cell viability and functions,[139] a 3D modular tissue 
with a thickness at millimeter scale and uniform cell density 
have been simply constructed in a doll-shaped mold (Figure 9a), 
where microgels with encapsulated different types of cells fab-
ricated in a microfluidic device are used as the building blocks 
in this case for the assembly of complex functional tissues.[140]

Second, microfluidics enables facile patterning of different 
types of cells in specific regions,[141] which offer the possibility 
to build multicellular constructs in a simple way. To be specific, 
vessel-like structures can be rapidly constructed through the 
strain-induced self-rolling of an elastomer film with fibroblasts, 
smooth muscle cells and vascular endothelial cells located on 
the selected regions of the film patterned by a microfluidic 
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Figure 9.  Microfluidic-based micro/nanomaterials for tissue engineering. a) Microfluidic-assisted bottom-up engineering of 3D doll-shaped cell-laden 
constructs using cell beads as building blocks. Reproduced with permission.[140] Copyright 2011, John Wiley & Sons. b) Self-rolling of a film with dif-
ferent cell types located specific regions patterned by a microfluidic chip as artificial vein. Reproduced with permission.[142] Copyright 2012, John Wiley 
& Sons. c) Shape-memory vascular scaffolds enabling facile 3D endothelialization. Reproduced with permission.[144] Copyright 2018, John Wiley & Sons. 
d) Microfluidic spinning of cell-lade fibers with controllable cell spatial organizations resembling the anatomy of different tissues. Reproduced with 
permission.[147] Copyright 2013, Nature Publishing Group (NPG). e) Microfluidic-assisted multimaterial bioprinting for building tissue-like constructs 
with complicated heterogeneous compositions. Reproduced with permission.[152b] Copyright 2017, John Wiley & Sons.
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chip.[142] The resulting elastomer roll with incorporated multiple 
cells shows layered cell organization resembling the anatomy 
of native artery (Figure 9b), which therefore hold great promise 
in vascular tissue engineering. By using additional electro-
spun nanofibrous membranes made of different biodegradable 
polymers as structural platforms for supporting cell attachment, 
the elastomer film can be removed after the formation of the 
cell-laden rolls, where nanofibrous tubular constructs with excel-
lent structural stability and vessel-like organization of multiple 
cells are subsequently formed.[143] However, the artificial vessels 
formed by the self-rolling strategy confront difficulty in forming 
a closed-hoop of confluent endothelial monolayer at the lumen 
of the tube, which significantly limit their application scope 
in the regeneration/reconstituting of well-functioning blood 
vessels. To address this problem, a new bilayer vascular scaffold 
with one shaping layer made of shape-memory polymers and 
one nanofibrous bioactive layer fabricated by electrospinning 
has been reported.[144] Thanks to the shape-memory effects of 
the shaping layer, the bilayer scaffold with high-density seeded 
vascular endothelial cells can be conveniently deformed from 
temporary flat shape to permanent tubular shape, resulting in 
rapid formation of a confluent endothelial cell monolayer on 
the lumen of vascular scaffolds (Figure  9c). This study offers 
a new strategy for facile 3D endothelialization of vascular scaf-
folds, which will facilitate the construction of well-functioning 
artificial vascular grafts.

Third, microfluidics has offered platform technologies to pre-
pare fibrous scaffolds or fibrous cell-laden constructs for tissue 
engineering owing to its superiority in the rational design and 
formation of fibrous materials. To be specific, stimuli-responsive 
tubular hydrogels have been produced by microfluidics, which 
have been utilized as tissue engineered scaffolds for guiding cell 
attachment with tunable hydrogel shell thickness in response to 
the changes of temperature and pH value.[62] Moreover, live cells 
can be directly incorporated within hydrogel microfibers with 
well-preserved cell viability and functions via microfluidics,[145] 
which offers visible approaches for building tubular tissue-like 
constructs in continuous manners.[146] By using a microfluidic 
device with double-coaxial laminar flow, core–shell hydrogel 
microfibers with encapsulated different types of live cells can be 
produced.[147] Through the selective removal of the shell or the 
core of the microfiber and the self-organization of cells, different 
cell-laden microfibers with similar cell organization to native 
tissues such as myocyte fiber and endothelium lumen can be 
subsequently produced (Figure 9d). Cell-laden fibers fabricated 
by microfluidics can be even knitted in programmable manners 
with the assistance of textile strategies, resulting in some com-
plex multicellular assembled or braided fibrous constructs.[148] 
Additionally, by using a microfluidic device capable of multi-
axial extrusion of liquids, tri-layered hollow microfibers with 
different types of cells and ECM proteins located at different 
layers have been produced in a continuous manner.[149] The 
multicellular organization of the tri-layered hollow microfibers 
resembles the anatomy of native veins, which offers an alterna-
tive route for the creation of cell-laden vascular grafts.

Fourth, the bioprinting of low-viscosity cell-laden bioinks 
via a microfluidic nozzle holds promise in forming thick 3D 
multicellular constructs for tissue engineering.[150] Through 
microfluidic-assisted bioprinting, multicellular constructs with 

well-defined geometries and appropriately arranged cell organi-
zation resembling both the macroscopic shapes and complicated 
anatomy of human tissues/organs have been established.[151] 
Equipped with microfluidic nozzles with multichannel or coaxial 
multichannel designs, bioinks with tunable compositions 
and multicellular incorporation could be printed in extrusion-
based methods (Figure 9e), which offer robust strategies for the 
rapid and continuous construction of thick tissue-like structures 
with hierarchical and heterogeneous architectures.[152] Micro-
fluidic strategies also provide visible approaches for addressing 
the common challenge of vascularization for bioprinted thick 
cell-laden constructs. Thick vascularized tissues have been built 
by microfluidic-assisted bioprinting where embedded vascula-
ture is formed by the coprinting of an ECM protein that is then 
selectively removed after the formation of bioprinted thick mul-
ticellular constructs. Vascular endothelial cells are then lined 
within the embedded vasculature to form functional vascular 
networks that can support the durable survival of multiple cells 
in the bioprinted thick constructs for up to 6 weeks.[153] The 
feasibility of microfluidic-assisted bioprinting to generate thick 
vascularized structures implies the promise of this technology 
in building functional artificial solid tissues/organs. While the 
creation/regeneration of well-functioning artificial solid organs 
for replacing disordered/impaired ones is the ultimate goal of 
tissue engineering, there is still huge gap to come across which 
relies on extensive innovations of multidisciplinary subjects 
including microfluidics.

3.5. Functional Biodevices

Functional biodevices is a new topic with great promise as 
wearable/implantable electronics and soft robotics for various 
biomedical applications, which are designed and formulated 
with outstanding sensing and/or actuating properties for 
accomplishing complex tasks in controllable manners.[154] 
Compared to conventional approaches, microfluidics provides 
an alternative for producing stimuli-responsive devices/systems 
with well-defined structures and functions. To be specific, 
elastic microfluidic channels can provide desirable reservoirs 
for the embedding and packaging of liquid metals, which can 
be used as flexible and stretchable electronics for different 
healthcare monitoring applications.[155] Owing to good bio-
compatibility and excellent transformable properties at both 
room temperature and physiological temperature, eutectic 
gallium indium alloy (EGaIn) has been widely used as the fill-
ings for preparing flexible and stretchable electronics.[156] By 
enclosing EGaIn in the microfluidic channels made of highly 
flexible elastomers such as PDMS and Ecoflex, different elec-
tronic devices including interconnects and antennas have been 
developed by patterning and printing methods.[157] The excel-
lent stretchable and transformable nature of these electronic 
devices based on liquid metal and elastomers have endowed 
resulting devices excellent mechanical and geometrical com-
pliance to human tissues with nonplanar surfaces, as well as 
mechanically tunable electric properties (e.g., the resonance fre-
quencies of antennas).[157c] Additionally, a system with highly 
integrated multiple sensors has been formulated based on 
microfluidic chips with free-floating interconnected network, 
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which enables multiple physiological signal monitoring on 
human skin in a wireless mode.[158] However, the mechan-
ical durability of these liquid metal–filled electronics made of 
monocomponent elastomer is significantly weaker than that of 
neat elastomer, so that breaks usually take place at some weak 
points of microfluidic channels such as inlets and outlets. To 
address this problem, a hybrid design has been introduced to 
manufacture microfluidic channels with multicomponents, 
where mechanically weak points are reinforced by stiff elas-
tomers. Stretchable antennas with tunable resonance fre-
quencies (from 0.738 to 1.53  GHz), outstanding mechanical 
durability (95% radiation efficiency at a tensile strain of 120%), 
and excellent electric reliability (less than 1% changes in the 
radiation efficiency after 100 stretch-recovery circles) have been 
developed by microfluidics with embedded liquid metal under 
the hybrid design principle. In addition to the filling of liquid 
metal, flexible, and stretchable electronics can be also formed 
by microfluidic printing methods. During the microfluidic 
printing of liquid metals, the ultrahigh surface tension of liquid 
metals is a technical hurdle for the well-defined patterning of 
liquid metal inks, which can be addressed by means of sonica-
tion and shear mixing to form well-dispersed microdroplets for 
printing.[159] However, the ease in the oxidation of liquid metal 
microdroplets may affect the electric reliabilities of resulting 
electronics. To address this problem, liquid metal-based cir-
cuits are first printed on a substrate, followed by the casting 
of a layer of elastomers above. After peeling off the elastomer 
layer from the substrate, the printed liquid metal-based circuits 
can be transferred on the elastomer layer with well-preserved 
layout. The shear force in the peeling off process ruptures the 
oxide shell of the liquid metal microdroplets, resulting in flex-
ible and stretchable electronics with highly conductive circuits 
and reliable electric properties for a variety of applications in 
the areas of motion sensors, wearable glove keyboards, and cell 
electroporation (Figure 10a).[160]

Due to the similarities in the liquid transportation and mass 
transfer between microfluidic platforms and vascular networks 
of biological systems to support metabolism, microfluidics has 
also inspired the innovation of soft robots with biologically 
analog properties (e.g., autonomous locomotion and self-adaptive  
coloration). For instance, a chameleon-inspired structural color 
actuators has been developed based on a vapomechanically 
poly(trimethylolpropane triacrylate) (PTMPTA) film with inverse 
opal structures and well-defined microfluidic networks.[161] 
The color and shape of the film could be changed upon exposure 
to chemical vapors. And their reconfiguration and locomotion 
modes could be precisely controlled by the specific designs of 
their geometries and microfluidic networks. A mini-sized worm-
like walking robot with environment-interactive abilities that 
can move and change colors in response to the change of chem-
ical environments has been developed (Figure 10b), which hold 
promise as biosensors or therapeutic microrobots. Not limited 
to chemical energy, even live cells can be also employed for 
the actuation of soft robots. Based on the electroactive beating 
behaviors of neonatal rat cardiomyocytes, a biohybrid and soft-
robotic ray actuated by live cells like a real creature has been 
formed.[162] The “muscles” of the ray-like robot are formed by 
patterned neonatal rat cardiomyocytes on microfluidic channels 
located at specific regions of the fin. And the skeleton is made 

of microfabricated gold wires. With the assistance of optoge-
netics, the motion behaviors of the neonatal rat cardiomyocytes 
can be optically guided, leading to photoguided swimming and 
steering of the robots through the coordinated undulation of 
the fins driven by cell actuation (Figure 10c). Very recently, live 
cell-actuated soft robots with the abilities of not only autono-
mous actuation behaviors but also self-adaptive coloration have 
been developed based on hydrogels with incorporated patterned 
neonatal rat cardiomyocytes and inverse opal structures.[163] 
The emergency of these soft robots under bioinspired design 
have blurred the boundary between man-made machines and 
biological systems in both structures and functions, which will 
pave new avenues for some unprecedented applications par-
ticularly in biomedicine-related fields.

4. Summary and Outlook

The emergency of microfluidics has enabled the formation 
of numerous new materials with well-controlled geometries, 
shapes and compositions, which can obtain superior function-
alities beyond materials fabricated by conventional techniques 
and therefore exhibit bright prospect in many biomedical fields. 
However, the practical uses and commercialization of microflu-
idic platforms for material manufacturing confront an inherent 
challenge in scale-up production, though some efforts such as 
parallelization and 3D channel designs have been made for 
improving the yielding rates.[164] High cost is an alternative con-
cern for the commercialization of microfluidic platforms since 
existing microfluidic-based methods for fabricating materials 
with complicated geometries and structures usually require 
microfluidic chips with delicate design and formed by high-cost 
microfabrication approaches.

Even though the mass production and cost are not premier 
concerns in the investigations of biomedical materials, it 
remains greatly challenging for microfluidics to generate 
materials with on-demand properties and functionalities for 
specific biomedical applications in high throughput manners. 
There are still unmet needs of the microfluidic platforms with 
enough structural stability for resisting the high pressure of 
injecting multiple fluids, appropriate surface chemistry for 
eliminating unwanted side reactions, and mild yet high-effi-
ciency routes for rapidly solidification of precursor fluids/
droplets with limited influences on the properties of encap-
sulated cargos such as bioactive proteins and live cells. 
Additionally, owing to dynamic characteristics of biological 
processes and biological systems, the microfluidic-based 
design and preparation of materials must possess not only 
precisely controlled geometries, shapes and compositions, 
but also dynamically tunable characteristics. The potential of 
microfluidics to assemble “smart” systems and devices with 
predictive and programmable properties and functionalities 
such as micro/nanomotors and soft robotics shall be further 
intensively exploited. To further promote the progress of 
microfluidics in the rational design and fabrication of mate-
rials, not only new materials with unique properties such as 
stimuli-responsive capabilities, but also new manufacturing 
techniques such as 4D printing shall be integrated in the 
design of microfluidic chips and/or the formation of precursor 
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fluids/droplets. Microfluidic devices made of stimuli-respon-
sive materials with tunable microchannel dimensions and 
surface properties (e.g., surface chemistry and microstruc-
tures) will offer additional dimensions in controlling over the 
characteristics of resultant materials, while the introducing 
of stimuli-responsive materials within the precursor fluids/
droplets will open new avenues for forming materials with 
on-demand and dynamically tunable properties for assisting 

complex biological processes and/or accomplishing compli-
cated biomedical tasks. Despite it still requires multidiscipli-
nary and tremendous efforts in both scientific and engineering 
for promoting the progress of microfluidics, a bright prospect 
can be envisioned for the design and manufacturing of new 
materials with tailored properties and on-demand functions by 
microfluidics for a broad range of biomedical applications in 
the fields of pharmaceutics, diagnostics, and therapeutics.

Small 2020, 16, 1903798

Figure 10.  Functional biodevices formed by microfluidics-based methods. a) Highly stretchable and conductive electronics formed by the entire transfer 
of liquid metal circuits from an initial patterning layer (IPL) onto a stripping layer (SL) via a peeling off process, demonstrating promise in hand gesture 
recognition and cell electroporation. Reproduced with permission.[160] Copyright 2018, Elsevier. b) Structural color actuators with diverse microchannel 
structural design enabling programmable reconfiguration and locomotion. Reproduced with permission.[161a] Copyright 2019, Elsevier. c) An artificial 
ray with well-defined cardiomyocyte patterning which enabling directional swimming with the assistance of optogenetics-controlled actuation of car-
diomyocytes. Reproduced with permission.[162a] Copyright 2016, the American Association for the Advancement of Sceience (AAAS).
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