
1610 |  Nanoscale Horiz., 2023, 8, 1610–1627 This journal is © The Royal Society of Chemistry 2023

Cite this: Nanoscale Horiz., 2023,

8, 1610

Microfluidic synthesis of nanomaterials for
biomedical applications

Yanjuan Huang,†ab Chao Liu,†ab Qiang Feng ‡*ab and Jiashu Sun *ab

The field of nanomaterials has progressed dramatically over the past decades with important contributions to

the biomedical area. The physicochemical properties of nanomaterials, such as the size and structure, can be

controlled through manipulation of mass and heat transfer conditions during synthesis. In particular,

microfluidic systems with rapid mixing and precise fluid control are ideal platforms for creating appropriate

synthesis conditions. One notable example of microfluidics-based synthesis is the development of lipid

nanoparticle (LNP)-based mRNA vaccines with accelerated clinical translation and robust efficacy during the

COVID-19 pandemic. In addition to LNPs, microfluidic systems have been adopted for the controlled synthesis

of a broad range of nanomaterials. In this review, we introduce the fundamental principles of microfluidic

technologies including flow field- and multiple field-based methods for fabricating nanoparticles, and discuss

their applications in the biomedical field. We conclude this review by outlining several major challenges and

future directions in the implementation of microfluidic synthesis of nanomaterials.

1. Introduction

Nanomaterials with unique physicochemical properties are
gaining prominence as next-generation dosage forms for drug

administration. The small size of nanomaterials allows for

increased drug loading capacity, prolonged blood circulation

time, and improved cellular uptake and tissue penetration.1,2

The specific nanostructures facilitate tunable drug loading and

release, targeted delivery of payloads to disease sites, and

improved biological efficacy.3–5 Developing robust and scalable

synthesis methods for nanomaterials is crucial for expanding

their biological applications and clinical translation.
Synthesis conditions such as solution mixing are of great

significance in determining the physicochemical properties of
nanomaterials.6,7 In a typical bottom-up approach, precursor
components assemble into nanoparticles through hydrophobic,
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electrostatic or coordinate covalent bonding interactions. The
same interaction between those components could result in the
formation of nanoparticles of different sizes and structures
depending on the mixing process.8–11 Precise control over synth-
esis conditions is thus required for the reproducible production of
nanoparticles, which is also critical for scaling up nanoparticle
synthesis.12,13

A microfluidic method with accurate manipulation of mass and
heat transfer in a confined space holds the potential to advance the
field of nanomaterial synthesis. For instance, hydrodynamic mixing
in microfluidic channels occurs at the picoliter to microliter scale
in a highly controllable, intensive, and uniform manner.14–21 The
multi-stage design of microfluidic systems facilities the integration
of different reactions at predetermined stages, allowing for sequen-
tial assembly of complex nanostructures.22 The coupling of external
physical fields with microfluidic systems further improves their
capacity to synthesize nanoparticles with functionality
diversity.23–27 Furthermore, high-throughput microfluidic synthesis
can be readily achieved through either the continuous flow-based
reaction in a single device or using parallel microchannels without
the need for re-optimization of synthesis conditions.28,29 Due to
these unique features, microfluidic technologies for nanomaterial
synthesis have exponentially grown in recent years.

One of the most successful examples of microfluidics-
enabled nanomaterials is the lipid nanoparticle (LNP)-based
mRNA vaccines developed during the COVID-19 pandemic.30

Using microfluidic platforms for rapid formulation screening and
scaling up,30,31 the first vaccine dose was administered to human
patients in a phase I clinical trial within 2 months after obtaining the
SARS-CoV-2 whole genome sequence. Taking into account the time
required for the preclinical safety and efficacy evaluations, the
formulation of vaccines took approximately one month. In phase
III clinical trials, the efficacy rate for mRNA-1273 vaccines was 94.5%
as reported by Moderna and that of BNT162b2 by Pfizer/BioNTech
was 95%.32 These impressive results can be partially attributed to the
use of LNPs as a unique delivery nanocarrier, while the microfluidic
platforms played a pivotal role in the successful clinical translation
of the LNP-based mRNA vaccines.31,33,34

As microfluidic technologies offer a significant advance-
ment in the field of nanomaterials, this review aims to provide
an overview of the fundamentals of microfluidic reactors. We
summarize the use of microfluidic devices for fabricating
various nanomaterials and their applications in the biomedical
field (Fig. 1). Additionally, we will discuss the limitations and
challenges of microfluidic synthesis, as well as exploring direc-
tions for future research.

2. Fundamentals of microfluidic
reactors

Microfluidic reactors enable precise fluid control and integra-
tion of external physical fields, offering highly controllable

Fig. 1 Overview of microfluidic synthesis of nanomaterials.
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synthesis conditions for producing diverse nanomaterials. In
this section, we will introduce the advantages of microfluidic
synthesis conditions, and present the fundamental methodol-
ogies including flow field-based microfluidic reactors and
multiple physical field-based microfluidic reactors.

2.1 Advantages of microfluidic synthesis conditions

Microfluidic synthesis is typically performed in a bottom-up
manner by which precursor components assemble into nano-
particles via the management of synthesis conditions such as
solvent to anti-solvent (hydrophobicity), ion pair formation
(charge–charge) or hydrophobic chelation (coordinate covalent
bond).35,36 Efficient mixing of different reagents in microchan-
nels is crucial for nanoparticle nucleation and growth, which
determines the physicochemical properties of nanoparticles. In
a typical nanoprecipitation process, the mixing time should be
shorter than that for particle nucleation to ensure the for-
mation of monodispersed nanoparticles, while the size of
nanoparticles can be tuned by varying the mixing time.37–39

Although conventional bulk synthesis methods have been
widely adopted for synthesizing various nanoparticles, the use
of stirrer bars or shakers may result in low efficiency, hetero-
geneous mixing with large batch-to-batch variation.40,41

Changes in reaction volumes also have a considerable impact
on the bulk mixing, hindering the large-scale production of
nanoparticles. In comparison, sufficient mixing in milliseconds
can be achieved in microchannels due to the effective mass
transfer in small space, which is several orders of magnitude
faster than bulk mixing. Moreover, microfluidic synthesis can
be feasibly scaled up by parallelizing microchannels without
changing the reaction volume in each channel.42,43 Addition-
ally, the capacity of microfluidic systems can be feasibly
expanded by designing sequential multistep synthesis or cou-
pling with physical fields (acoustic, thermal, optical, etc.).
These integrated microfluidic devices have been utilized to
synthesize sophisticated nanoparticles with complex structure
and enhanced functionality.

Microfluidics-synthesized NPs with controlled sizes and
structures may have better biological outcomes. For example,
monodispersed, small, and size-tunable NPs (15–100 nm in
diameter) prepared using microfluidic reactors show enhanced
biomedical properties and therapeutic effects due to their

effective biological barrier penetration,44 reduced liver/spleen
clearance,45 enhanced cellular uptake,46 and passive targeting
to tumor sites through the permeability and retention (EPR)
effect.47,48 In addition, NPs with complex structures, such as
core–shell NPs, fabricated by the integrated microfluidic
devices can improve the drug loading capacity and sustainable
release of drugs.49–51 These core–shell NPs under the camou-
flage of biological membranes exhibit enhanced immune eva-
sion, prolonged half-life, and better tissue or lesion targeting
capabilities.26,52–54

2.2 Flow field-based microfluidic reactors

The mixing in microfluidic reactors is closely related to the
structure of channels and flow rate of fluids in the channels
(Table 1). In a microfluidic reactor with the straight micro-
channel, the flow field is laminar and uniaxial due to the
relatively low Reynolds number (Re = UW/n, where U is the flow
speed, W is the microchannel cross-section dimension, and n is
the fluid dynamic viscosity). The resulting diffusive mixing in
microchannels is uniform, reproducible but relatively slow, as
described by the large Peclet number (Pe = Ul/D, l is the cross-
sectional dimension, and D is the molecular diffusivity), long
mixing distance (Dym B Pe � l, 41 cm), and long mixing time
(102–103 ms).55 Increasing the concentration gradient is a
practical solution for resolving the slow mixing by increasing
the diffusion rate. For instance, in hydrodynamic flow focusing
(HFF), precursor fluid is squeezed into a narrow middle stream
by sheath fluid at large sheath-to-middle flow rate ratios (FRR,
usually 410), generating sharp concentration gradients for
rapid mixing (10–102 ms depending on FRR) (Fig. 2A).51,56

Although the introduction of sheath fluid effectively shortens
the mixing time, a high FRR can also lead to a concentration
decrease of nanoparticles, hampering the production yield of
HFF.57,58

To achieve sufficient and rapid mixing without significant
particle dilution, the rational design of microstructures (her-
ring bones, obstacles, etc.) or curved microchannel geometries
(spiral, serpentine, etc.) has been attempted. Microchannels
with staggered herringbone structures can enhance the fluid
mixing through the generation of transverse microvortices
(Fig. 2B).55,59 The mixing length Dr, over which transverse
diffusion homogenizes the solution, is exponentially decreased

Table 1 Summary of the design and flow conditions of mixing-based microfluidic reactors

Microfluidic reactors Mixing time Dimensions of microchannels Flow conditions Ref.

Hydrodynamic flow focusing (HFF) 0.04–0.4 ms Width = 20 mm; height = 60 mm;
length = 1 cm

Total flow rate = 10.3–11 mL min�1 51

Staggered herringbone mixer (SHM) 3 ms Width = 200 mm; height = 79 mm Total flow rate = 2 mL min�1 59
5 ms Total flow rate = 1.4 mL min�1

5 ms Width = 300 mm; height = 130 mm Total flow rate = 5 mL min�1

8 ms Total flow rate = 3.5 mL min�1

Tesla mixer 10 ms Width = 0.2 mm; depth = 0.2 mm;
total length = 4.47 mm

Total flow rate = 10 mL min�1 61

3D double spiral channels 5.51 ms Width =300 mm; height = 300 mm;
length = 6 cm

Total flow rate = 41.25 mL h�1; Re = 60 64

Flat double spiral microchannels 0.3 ms Width =300 mm; height = 50 mm;
length = 6 cm

Total flow rate = 410 mL h�1; Re = 650 65
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with channel length L: Dr p W exp(�L/l), where l is a char-
acteristic length associated with the trajectories of chaotic flow.
Using the staggered herringbones with periodically alternating
orientations, the mixing can be accomplished in shorter L
(ln(Pe)W) within B10 ms. Tesla mixer is another powerful
tool for effective mixing, in which an array of airfoil-shaped
obstacles is placed asymmetrically within the microchannel
(Fig. 2C).60 Fluid near the curved side of an obstacle tends to
follow the curved surface and eventually collides with the
fluid at the straight side. In this manner, a Tesla mixer can
produce transverse dispersion to enhance the mixing with
a short mixing time (B10 ms).61 A bifurcating mixer with

ring-shaped obstacles also achieves effective mixing using a
fluid split and merge approach. The microfluidic device
composed of a series of bifurcating mixers has been commer-
cialized for the industrial-scale production of lipid- and
polymer-based delivery nanoparticles.62

Inducing secondary flow such as Dean flow in curved
microchannels is another strategy to improve the mixing. The
averaged flow speed of Dean flow (UDean) is described as:63

UDean = Re2n/2R (1)

where R is the radius of curvature of the microchannel. The
strong dependence of UDean on Re (Re2) indicates that effective

Fig. 2 Flow field-based microfluidic reactors. (A) Diffusion-based mixing in an HFF-based microfluidic device. Reproduced from ref. 56 with permission
from American Chemical Society, Copyright 2010. (B) Chaotic flow induced by staggered herringbone microstructures for enhanced mixing. Reproduced
from ref. 59 with permission from American Society of Gene & Cell Therapy, Copyright 2012. (C) Tesla mixer composed of an array of airfoil-shaped
obstacles for rapid mixing. Reproduced from ref. 60 with permission from Royal Society of Chemistry, Copyright 2004. (D) Secondary flow generated in a
curved microchannel for improved mixing. Reproduced from ref. 64 with permission from Royal Society of Chemistry, Copyright 2013. (E) Inclined
microchambers for generating three-dimensional microvortices to induce large shear forces. Reproduced from ref. 23 with permission from Nature
Publishing Group, Copyright 2018.
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mixing can be attained at high flow rates. As an example, the
microfluidic reactor with a double-spiral mixing section has a
short mixing time down to 6 ms at Re of 60 (Fig. 2D).64 Further
increasing the Re to 650 using a high flow rate of 410 mL h�1

can reduce the mixing time to 0.3 ms.65 In a planar micro-
channel with sudden expansion or contraction, symmetric
microvortices arising from the abrupt velocity change can
promote the mixing at Re of 30–150.66 A similar approach has
been implemented in coaxial capillary systems, where toroidal
microvortices are generated at the intersection of inner and
outer capillaries with mismatched injecting flow speeds. This
capillary system allowed the nanoparticle synthesis at a flow
rate of 4500 mL h�1 with Re up to 1300.41

Apart from enhanced mixing in microfluidic reactors,
exploration of hydrodynamic forces in microchannels has been
attempted for controlled synthesis of nanomaterials. Microflui-
dic reactors with small dimensions (W) can induce large shear
rates (scale as U/W) or shear rate gradients (U/W2). In a pair of
inclined microchambers, counter-clockwise/clockwise (CCW/
CW) vortices with predominantly P/M chirality are generated
due to their tendency of spiraling upward (Fig. 2E).23

These chiral vortices with high shear rate gradients up to 8 �
1010 m�1 s�1 can induce large shear forces of pN level that
compete with intermolecular interactions to control the chir-
ality of nanoscale supramolecular assemblies.

In addition to continuous-flow microfluidic reactors,
segmented-flow microfluidic devices are also widely employed

for nanoparticle synthesis which involves the segregation of
reactants into individual microdroplets. The advantages of
segmented-flow synthesis include homogenous synthesis con-
ditions, compatibility to extreme synthesis conditions, and
resistance to reactor fouling,67,68 enabling the production of
high-quality nanoparticles from a wide range of material
types.69–72 Several in-depth review papers are available on
segmented-flow microfluidic synthesis.73–75

2.3 Multiple physical field-based microfluidic reactors

The coupling of flow field with other physical fields, such as
acoustic, thermal, optical, electric, and magnetic fields, can
further improve the performance of microfluidic reactors to
produce nanoparticles with higher uniformity and complexity.
For example, the acoustic field generated by piezoelectric
transducers or bulk acoustic resonators exerts an extra mechan-
ical force in microfluidic reactors, facilitating the deformation,
rupture, and re-assembly of nanoparticles for different synth-
esis scenarios (Fig. 3A).26,76,77 Thermal field can be precisely
controlled in microchannels due to an efficient heat transfer
at small scales, allowing for the synthesis for various types
of nanoparticles.78,79 An interesting example is the use of
laser irradiation to produce high temperature gradients (105–
107 K m�1) in microfluidic channels, which enable the
optothermal manipulation of nanoparticle building blocks to
assemble into sophisticated nanomaterials (Fig. 3B). An optical
field has been employed to control the photoreaction-based

Fig. 3 Microfluidic reactors integrated with external physical fields. (A) Microfluidic platform integrated with an acoustic field. Reproduced from ref. 26
with permission from American Chemical Society, Copyright 2019. (B) Microfluidic platform combined with thermophoretic nanoparticle manipulation
upon localized laser heating. Reproduced from ref. 83 with permission from American Association for the Advancement of Science, Copyright 2017. (C)
Microfluidic reactor combined with optical field. Reproduced from ref. 81 with permission from Nature Publishing Group, Copyright 2018. (D) Microfluidic
platform integrated with electroporation. Reproduced from ref. 27 from American Chemical Society, Copyright 2017.
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nanoparticle formation in microfluidic reactors (Fig. 3C).80,81

Optical microfluidic polymerization can be seamlessly inte-
grated with droplet formation, flow field regulation, or pat-
terned illumination for the synthesis of biocompatible
nanoparticles. Leveraging the small length scale, microfluidic
reactors can generate intense electric fields (up to 103 kV m�1)
to induce effective electroporation for coating biological
membrane onto the nanoparticles (Fig. 3D).27,82 A magnetic
field can be used to trap and release magnetic precursors or
nanoparticles with precise positioning and timing, allowing for
the controlled synthesis and post-processing of magnetic nano-
particles. Therefore, the integration of multiple fields expands
the range of nanomaterials that can be synthesized in micro-
fluidic reactors, opening up new avenues for drug delivery and
other biomedical applications.

3. How microfluidic platform benefits
LNP mRNA vaccine

The development of LNP-based mRNA vaccines has been a
remarkable achievement in the field of nanomedicine.84 The
first demonstration of LNPs ability to deliver exogenous mRNA
to host cells was reported in 1978.85,86 After that, the cationic
lipid- and ionizable cationic lipid-based LNPs were developed
for significant improvement of the loading efficiency and
transfection efficiency of genetic drugs.87,88 Notably, the physi-
cochemical properties of LNPs, such as size, dispersity, and
zeta potential, dramatically affect the biodistribution and ther-
apeutic effects. However, early attempts to fabricate LNPs
suffered from issues such as large particle sizes, large batch-
to-batch variation, and difficulty in mass production, making
LNPs unsuitable for clinical use.89–91

To address those challenges, microfluidic technologies
are employed to control the synthesis process. Generally, lipids
(including cationic lipids, helper lipids, PEG–lipids, etc.)

dissolved in an organic solvent are rapidly mixed with an
aqueous buffer solution in the microfluidic reactor to form
monodispersed LNPs.30,84 As shown in Fig. 4, the first micro-
fluidic device used for LNP synthesis was a T-junction based
mixer, which was able to produce plasmid DNA-loaded LNPs
with diameters of 100–150 nm.92 Later, Apolipoprotein B
(ApoB)-targeting siRNA loaded LNPs (diameters of 77–83 nm,
polydispersity index (PDI) of 0.09–0.15) were successfully
synthesized by the T-junction microfluidic mixer, representing
one of the earliest LNPs used in clinical study.93 Other micro-
fluidic mixing strategies, including HFF56,94 and staggered
herringbone mixer (SHM),59,95 enabled the production of LNPs
at small sample volumes. These methods were employed for
high-throughput screening of up to 70 lipid-like materials for
the formulation of RNA-loaded LNPs with tunable diameters of
20–150 nm and PDI down to 0.02. Microfluidics-synthesized
LNPs not only exhibit better morphology and reproducibility
than traditional lipoplex but also demonstrate improved
efficacy. The microfluidic systems, such as SHM-based chaotic
mixer (also termed as NanoAssemblr) and bifurcating
mixer (NxGen), thus become promising tools for the production
of LNP-based mRNA vaccines or LNPs encapsulated with
siRNAs96,97 and sgRNAs/Cas9-mRNA.98,99 These microfluidic
technologies ensure the robust efficacy and rapid translation
of LNP-based gene therapy from lab-scale discoveries to
commercial-scale production.

4. Flow field-based microfluidic
synthesis of nanomaterials

The flow field-based microfluidic reactors with rapid mixing are
not only suitable for the synthesis of LNPs, but also allow
robust generation of a broad range of other nanomaterials. In
this section, we introduce the synthesis of nanomaterials with

Fig. 4 Evolution of microfluidic reactors for the formulation of RNA/DNA-loaded LNPs.
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controllable sizes and structures by the flow field-based micro-
fluidic reactors.

4.1 Mixing-based nanoprecipitation in microfluidic reactors

Nanoprecipitation is a simple yet effective approach to generate
nanomaterials (e.g., polymers and hydrophobic drugs) through
the local supersaturation when solvent is mixed with anti-
solvent. The synthesis of size tunable nanoparticles with small
PDI can be achieved by controlling the mixing time in micro-
fluidic reactors to be shorter than the formation time of
nanoparticles.

HFF is one of the prevalent strategies for producing polymer
nanoparticles through mixing-based nanoprecipitation.51,100,101

Typically, a water-miscible organic solvent containing polymer
and cargos is flanked by two aqueous anti-solvent streams.
Supersaturation induced by rapid mixing drives the polymer
precursor to assemble into nanoparticles. Among numerous
polymer species, poly(lactic-co-glycolic acid) (PLGA) has been
approved by FDA for drug formulation.102 To produce PLGA
nanoparticles, a 2-stage HFF microfluidic reactor was used for
3D focusing of polymer solution, which improved the nanopre-
cipitation process by reducing the channel fouling (Fig. 5A).100

This method allowed for size-tunable (30–200 nm) production
of PLGA–PEG nanoparticles by adjusting the polymer molecular
weight (Mw) and concentration. By using a double spiral
microchannel for HFF, vigorous mixing between an organic
solution of PLGA and PEG-b-PDPA and water was realized
within o1 ms at a high flow rate (243 mL h�1) to fabricate
small (50 nm), rigid (1.4 GPa), and pH-sensitive nanocomplexes
(RPNs).103 The RPNs exhibited enhanced cellular uptake
and lysosome escape, showing higher therapeutic efficacy in
a Dox-resistant cancer model. To date, HFF-based nanopreci-
pitation has been demonstrated for the effective synthesis of
PLGA nanoparticles loaded with various drugs, including
lipophilic,104,105 amphiphilic106,107 or a combination of hydro-
philic and hydrophobic drugs.108 Other biopolymer nano-
particles, including chitosan,46,109,110 hyaluronic acid,111

heparin,112 alginate,113 and shellac,114 have also been synthe-
sized for enhanced drug-conjugation efficiency, improved cel-
lular uptake, and reduced cytotoxicity.

Flash nanoprecipitation (FNP) is another method for gen-
erating highly loaded nanoparticles by using copolymer stabili-
zation, which can be implemented in microfluidic reactors,
such as confined impinging jets mixer (CIJM) and multi-inlet
vortex mixer (MIVM). By controlling the timescales of nuclea-
tion, aggregation, and stabilization, nanoparticles with precise
size, structure, and therapeutic load can be fabricated.57 For
example, CIJM and MIVM were used to prepare clofazimine
nanoparticles using various stabilizers (Fig. 5B).115 In this
method, organic solutions of hydrophobic clofazimine and
amphiphilic stabilizer (hypromellose acetate succinate,
lecithin, or Zein protein) and anti-solvent solutions were
injected from different inlets into a microchamber at high
velocity. The strong collision of different solutions led to a
rapid mixing, resulting in the high supersaturation level for the
formation of small, uniform clofazimine nanoparticles (90–
250 nm, PDI of 0.11–0.24 depending on stabilizer type). These
nanoparticles exhibited higher encapsulation efficiency
(490%) and superior dissolution rates in intestinal conditions
compared to Lamprene (clofazimine capsules).

Notably, mixing-based microfluidic reactors enable the
synthesis of nanoparticles with tailored sizes, architectures,
and surface modification for highly targeted biological out-
comes. A HFF microfluidic reactor was used to fabricate size-
tunable PLGA NPs (40–160 nm) by adjusting flow conditions
and concentrations of precursor and stabilizer. The small
curcumin-loaded PLGA NPs (less than 100 nm) showed fast
mucus penetration and enhanced potential for pulmonary-
targeted delivery. In contrast, PLGA NPs fabricated by bulk
mixing had a larger size of 145 nm with reduced mucus
penetration.116 Recently, a chaotic-mixing microfluidic reactor
was designed to fabricate gold nanoparticles (AuNPs) with
reproducible control in their architecture (branched or regular
shape). AuNPs of different shapes induced differential stresses
at the cell membrane, resulting in architecture-dependent
targeting to subcellular locations and biological effects (histone
modification and adjuvant-like immune response).117–119 A
HFF microfluidic reactor incorporated with a multichannel
premixing step has been utilized for combinatorial synthesis
and optimization of polymer nanoparticles. A library of

Fig. 5 Mixing-based nanoprecipitation in microfluidic reactors. (A) PLGA nanoparticles fabricated by a 3D HFF-based microfluidic reactor. Reproduced
from ref. 100 with permission from Wiley-VCH, Copyright 2011. (B) Hydrophobic drug-loaded nanoparticles by FNP in CIJM and MIVM. Reproduced from
ref. 115 with permission from American Chemical Society, Copyright 2017.
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different formulations of PLGA nanoparticles with different
sizes, surface PEG coverages, and targeting ligand densities
was synthesized and sequentially screened for optimal macro-
phage uptake evasion and prostate cancer cell targeting. In vivo
study showed that the cancer-targeted NPs demonstrated a 3.5-
fold increase in tumor accumulation compared to non-targeted
NPs.120

4.2 Sequential assembly of nanomaterials in microfluidic
reactors

Nanoparticles with unique, complex structures (e.g., core–shell,
multilayer, and porous) facilitate versatile drug loading,
improved bio-nano interaction, and better biological outcomes.
Multi-stage microfluidic reactors with precise control over the
timing and extent of mixing are especially beneficial for
sequential assembly of complex nanoparticles.

A two-stage microfluidic reactor containing co-axial capillary
HFF was used to fabricate nanoparticles with an enteric poly-
mer shell (Fig. 6A).121 In the first stage, a mixture of drug (PTX
and SFN) and enteric polymer was rapidly mixed with the
drug’s non-solvent to generate drug cores, followed by mixing
with the enteric polymer’s non-solvent for the coating of poly-
mer shells in the second stage. By exploiting turbulence-
enhanced mixing at Re up to 1300, core–shell nanoparticles
with a diameter of B100 nm and a PDI of o0.1 were fabricated
at a high throughput of B700 g per day. These nanoparticles
displayed an ultrahigh drug loading degree (drug mass fraction
440%) with enhanced payload dissolution kinetics. A three-
stage mixing-based microfluidic reactor has been developed for
fabricating complex hybrid nanoparticles comprising a hollow
water core, a PLGA shell, and an outer lipid layer.122 In the first
stage, an aqueous solution of hydrophilic reagents and two
organic solutions of lipids and PLGA were mixed by HFF to
generate the reverse micelles. In the second stage, two side
water streams were introduced to rapidly precipitate PLGA onto
the reverse micelles, resulting in the formation of water core–
PLGA shell nanoparticles. Notably, this process is difficult to

control in bulk methods without extensive use of emulsifiers
and stabilizers given that reversal micelles are only stable
for a very short time.123 In the third stage, the nanoparticles
were coated with another layer of lipids. These hybrid nano-
particles can encapsulate hydrophilic siRNA in the water
core and hydrophobic Dox in the PLGA shell, showing a
significantly enhanced anti-tumor effect in a multidrug-
resistant tumor model.

Highly porous metal–organic frameworks (MOFs) show great
promise for therapeutic protein loading and delivery.124–126

Recently, a double Y-shaped microfluidic reactor with adjustable
mixing conditions has been reported to produce enzyme-
encapsulated zeolitic imidazolate framework-8 (ZIF-8) nano-
particles (Fig. 6B).127 Precursors, Zn2+ and 2-methylimidazole
(2-MeIM) were injected into the first Y junction at low flow rates
(Bmm s�1) for the formation of ZIF-8 nanoparticles through
Zn–N coordination. The protein cargos such as enzymes were
subsequently encapsulated into ZIF-8 nanoparticles at the second
Y junction. Because of the laminar and uniaxial flow pattern, the
controlled gradient mixing at the fluid interface led to a contin-
uous variation of 2-MeIM/Zn concentration ratio, generating
structural defects in MOFs to enhance the access of substrates
to the encapsulated enzymes. This reaction condition is difficult
to achieve in conventional bulk solution synthesis, due to its
insufficient control over spatial and temporal mixing. The
microfluidics-generated glucose oxidase (GOx)-loaded MOF
demonstrated B98% activity of native GOx, an order of magni-
tude higher than the counterparts produced from bulk synthesis.

4.3 Hydrodynamic force-controlled assembly of
nanostructures

Hydrodynamic forces generated from unique flow fields in
microfluidic reactors can be used for controlling the assembly
of nanomaterials.128,129 A microfluidic reactor capable of gen-
erating a 3D microvortex has been developed to direct the
formation of supramolecular assemblies with controlled
chirality.23 Achiral building blocks (TPPS4 or BTAC) and buffer

Fig. 6 Sequential assembly of nanomaterials in microfluidic reactors. (A) A two-stage microfluidic nanoprecipitation platform for high throughput
production of drug-loaded core–shell nanoparticles. Reproduced from ref. 121 with permission from American Chemical Society, Copyright 2017. (B) A
double-Y-shaped microfluidic reactor for the synthesis of enzyme-encapsulated MOF nanoparticles. Reproduced from ref. 127 with permission from
American Association for the Advancement of Science, Copyright 2020.
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solution (acidic buffer or anti-solvent) were injected into an
array of inclined microchambers at a high flow velocity
(7 m s�1). The generated 3D microvortices enabled rapid fluid
mixing, leading to the formation of supramolecular nuclei
through the self-assembly of building blocks. Meanwhile, the
microvortices with P/M chirality exerted a pN-level shear force
to align and twist the supramolecular nuclei, allowing for
control over the initial chiral bias within milliseconds. After
subsequent growth, supramolecular gels or nanotubes with
nearly absolute chirality were obtained. In contrast to laminar
chiral microvortices, the flow in stirring cuvettes failed to
determine the chirality of nanoassemblies due to turbulent
vortices and low shear rate gradients. The chiral microvortices
were also used to control the emerging chirality of the co-
assemblies of amino acids and TPPS4, which served as the
template for further assembly of amino acids with compatible
chirality (Fig. 7).130 By detecting the chiral sign and intensity of
the supramolecular assemblies collected from different outlets
of the microfluidic reactor, quantitative detection of racemic or
enantiomeric amino acids was realized.

5. Multiple physical field-based
microfluidic synthesis of nanomaterials

Incorporating externally applied physical fields, such as acous-
tic, thermal, optical, electric, and magnetic fields, into micro-
fluidic reactors has become a promising approach for
generating nanoparticles with sophisticated structures and
enhanced functionalities.

5.1 Acoustofluidic synthesis

Acoustofluidics (the combination of acoustics and microflui-
dics) has been exploited to synthesize nanoparticles in a highly-
controllable manner by inducing strong mechanical forces. A
notable example is the development of a two-stage acousto-
fluidic microreactor for fabricating biomimetic core–shell
nanoparticles (Fig. 8A).26 The reactor was immersed into an
ultrasonic bath (100 W at 80 kHz) to generate an intense

acoustic field in the microchannels. The first stage was
designed for the formation of monodispersed PLGA nano-
particles through organic/aqueous interfacial nanoprecipita-
tion at a high flow rate (167 mL h�1, ReB250). The second
stage consisting of a double spiral microchannel enabled
efficient rupture of exosome membrane (EM) under an intense
acoustic stress (102 kPa), facilitating the reassembly of EM on
PLGA nanoparticles to form core–shell nanoparticles within
30 ms. The assembled EM-PLGA nanoparticles (179 nm, PDI
0.22) exhibited superior circulation half-life, reduced monocyte
uptake, and improved targeting ability to homologous A549
tumors as compared to lipid-coated PLGA nanoparticles of
similar size. The acoustofluidic microreactor has been further
adopted in fabricating EM-coated ZIF-8 nanoparticles that were
encapsulated with Rhodamine B for precise, in situ imaging of
cellular ATP.131 In another study, a T-junction acoustofluidic
microreactor has been developed to synthesize eutectic gallium
indium (EGaIn) liquid metal nanoparticles (Fig. 8B).132 The
acoustic field provided additional mechanical forces to over-
come the strong surface tension of EGaIn liquid metal at the T
junction to generate EGaIn microdroplets, which were subse-
quently broken down into nanodroplets for producing EGaIn
nanoparticles functionalized with antibodies. Additionally, by
exploiting microstructure vibration and fluid agitating within
acoustofluidic microreactors, rapid mixing at the millisecond
scale can be achieved for fabricating diverse nanoparticles,
including budesonide nanodrugs (80 nm), DNA nanoparticles
(63 nm), and BCA-P114 protein nano-assemblies.133,134

5.2 Thermal microfluidic synthesis

The introduction of thermal energy into microfluidic reactors
can improve mixing efficiency and mass transfer at high
temperatures. Thermal microfluidic synthesis has been
employed to fabricate a diverse range of nanoparticles, such
as biopolymer nanoparticles, metal nanoparticles, metal-oxide
nanoparticles, quantum dots (QDs), and perovskite nanocrys-
tals with potential applications for bioimaging, biosensing, and
drug delivery.135–138 A glass-capillary microfluidic platform with

Fig. 7 Hydrodynamic force-controlled assembly of nanostructures. The chiral microvortices exerted high shear forces to control the emerging chirality
of the co-assemblies of amino acids and TPPS4, allowing for quantitative detection of racemic or enantiomeric amino acids. Reproduced from ref. 130
with permission from Wiley-VCH, Copyright 2020.
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water bath heating was developed for producing b-glucan
nanoparticles at a moderate temperature condition
(Fig. 9A).139 Compared to nanoparticles synthesized at room
temperature by microfluidics, the b-glucan nanoparticles
synthesized at 65 1C had smaller sizes (102 nm) and better
colloidal stability. These nanoparticles exhibited better thera-
peutic efficacy for ameliorating myocardial injury and heart
failure than FDA-approved nano-micelles formulation. In

another work, silicon-Pyrex MR-based microfluidic reactors
that can tolerate high temperatures (350 1C) and pressures
(6 MPa), have been developed for continuous fabrication of
metallic nanoparticles.79 By tuning the temperature and resi-
dence time, this method can synthesize an assortment of
monometallic (Pt, Au, Pd, etc.) and bimetallic (Pt–Ru, Rt–Ni,
Pt–Co, etc.) nanoparticles with various configurations (nano-
dumbbells, nanosheets, nanodendrites, etc.). Using an oil bath

Fig. 9 Thermal microfluidic reactors for fabricating functional nanoparticles. (A) A glass-capillary microfluidic platform with water bath heating to
synthesize b-glucan nanoparticles for cardiac targeting drug delivery. Reproduced from ref. 139 with permission from Wiley-VCH, Copyright 2022. (B)
Thermophoretic assembly of nanoparticles into functional superstructures. Scale bars, 5 mm (left) and 2 mm (right). Reproduced from ref. 83 with
permission from American Association for the Advancement of Science, Copyright 2017.

Fig. 8 Acoustofluidic microreactors for fabricating nanoparticles. (A) A two-stage acoustofluidic microreactor for assembling biomimetic EM-PLGA
nanoparticles with improved homotypic tumor targeting. Reproduced from ref. 26 with permission from American Chemical Society, Copyright 2019. (B)
An acoustofluidic microreactor for synthesizing EGaIn nanoparticles functionalized with antibodies. Reproduced from ref. 132 with permission from
Wiley-VCH, Copyright 2018.
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(160–200 1C), a thermal microfluidic reactor was reported to
fabricate iron@iron-oxide core–shell nanoparticles by thermal
decomposition of Fe(CO)5 precursor in the presence of surfac-
tant oleylamine.140 The byproduct of CO gas formed an gas–
liquid two-phase system to induce Dean-Taylor vortices for
enhanced mixing during synthesis. Moreover, thermal micro-
fluidic reactors integrated with droplet-based precursor encap-
sulation have been used for the robust synthesis of
semiconductor QDs (CdSe, Ag2S, ZnO) and perovskite nano-
crystals with tunable size and emission spectra.141–143 The
thermal microfluidic reactors with multistage configurations
further enabled additional surface modification procedures for
the formation of high-performance core–shell QDs (ZnSe/ZnS,
CuInS2/ZnS, InP/ZnS, etc.).144,145

In addition to thermal microfluidic reactors using homoge-
neous temperature conditions, thermophoresis arising from a

localized heating-induced temperature gradient in the microreac-
tor offers an innovative approach to assemble various nano-
particles into functional superstructures (Fig. 9B).83,146,147 In a
microchamber containing the mixture of nanoparticles and ionic
surfactant cetyltrimethylammonium chloride (CTAC), a sharp
temperature gradient (up to B107 K m�1) induced by laser
heating of the Au substrate resulted in the generation of a
localized electric field upon the differentiated thermophoretic
depletion of CTAC and Cl�. The negatively-charged CTAC-
absorbed nanoparticles were electrophoretically trapped at the
hot spot to form nanoparticle assemblies, which were then
stabilized upon the inter-particle bonding arising from depletion
attraction force, van der Waals interaction, and electrostatic
interaction. The thermophoresis technique enabled the fabrica-
tion of nanoparticle assemblies of diverse materials (metal, metal
oxide, polymer) and configurations (1D chains, 2D patterns, and

Fig. 10 Optical microfluidic reactors for synthesizing various nanoparticles. (A) An optical microfluidic reactor for fabricating organic–inorganic core–shell
particles through UV polymerization. Reproduced from ref. 81 with permission from Nature Publishing Group, Copyright, 2018. (B) Photo-induced microfluidic
synthesis of ultrasmall gold nanoparticles engineered with glycans. Reproduced from ref. 154 with permission from Wiley-VCH, Copyright 2022.

Fig. 11 Electric or magnetic microfluidic reactors for the formation of nanoparticles. (A) A microfluidic reactor consisting of an electroporation zone to
fabricate core–shell RBC-MNPs with enhanced MRI and PTT. Reproduced from ref. 27 from American Chemical Society, Copyright 2017. (B) A droplet-
based microfluidic reactor coupled with a magnetic tweezer for generating SiO2@g-Fe2O3 nanoparticles. Reproduced from ref. 157 from Royal Society of
Chemistry, Copyright 2015.
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3D structures). These superstructures with unique optical proper-
ties hold great potential for biosensing and imaging applications.

5.3 Optical microfluidic synthesis

Optical microfluidics offers an effective approach for photo-
induced synthesis of nanoparticles. An optical microfluidic
platform has been developed to fabricate organic–inorganic
core–shell particles through UV polymerization (Fig. 10A).81

Photocurable droplets containing DDMA (polymer core mate-
rial) and TPM were generated by flow focusing in the

microchannel. UV irradiation triggered the in situ polymeriza-
tion of DDMA and TPM to form the solid cores. The silane
groups exposed on the core surface were further hydrolyzed
into activated silanol groups, enabling the attachment of silica
nanoseeds for growth into a silica shell in the presence of
TEOS. These silica–polymer hybrid particles could serve as
versatile delivery platforms for chemotherapeutic agents, anti-
biotics, MRI contrast agent, etc.148,149 The microfluidic UV
polymerization strategy was also applied to fabricate hydrogels
from biocompatible polymers, such as hydraulic acid

Table 2 Characteristics, advantages, disadvantages of each microfluidic technique for producing NPs

Microfluidic
reactors Characteristics and mechanism Advantages Disadvantages

Nanoparticle
production

Hydrodynamic
flow focusing
(HFF)

The sheath streams focus the intermediate
sample streams in a narrow region, shortening
the mixing distance

(1) Easy integration
into existing micro-
fluidic devices

(1) Low particle concentration LNPs, polymeric NPs

(2) Rapid and efficient
mixing

(2) Possibility of particle aggre-
gation or sedimentation at the
interface between different fluid
streams

Staggered her-
ringbone mixer
(SHM)

Employ a pattern of interlocking herringbone
grooves on the channel walls to induce chaotic
advection and enhance mixing through sec-
ondary flows

(1) Efficient and rapid
mixing

(1) Complex fabrication process LNPs, polymeric NPs

(2) Low sample
consumption

(2) Potential clogging issues due
to the presence of grooves

(3) Scalable production (3) Limited solvent compatibility
for device materials

Tesla mixer One of the fluid streams is split into two
streams and then, the two streams combine
again to create chaotic advection for enhanced
mixing performance

(1) Rapid and efficient
mixing

(1) Low particle concentration LNPs, polymeric NPs

(2) Low sample
consumption

(2) Not suitable for low Reynolds
number flows

Microfluidic
bifurcating/
baffle mixer

Utilize a branching channel structure to divide
and recombine fluid streams

(1) Rapid and efficient
mixing

Potential uneven distribution of
fluids at the recombination point

LNPs, inorganic NPs

(2) Low sample
consumption
(3) Excellent tuning of
particle size

Acoustofluidic
synthesis

Exert an extra mechanical force in microfluidic
reactors, facilitating the deformation, rupture,
and re-assembly of nanoparticles for different
synthesis scenarios

(1) Improved mixing (1) Side effect of rapid heating LNPs, metal NPs, bio-
mimetic membrane-
coated NPs

(2) Reduced particle
size

(2) Expensive costs of devices

(3) Manufacture of
biomimetic lipid
nanoparticles

Thermal
microfluidic
synthesis

Improve heat transfer at small scales (1) Suitable for the
synthesis of thermal-
sensitive materials

Thermal deformation of the
microfluidic channels or
materials

Metal NPs, organic
NPs, quantum dots

(2) Controlled particle
shape because of ther-
mally reversible
properties
(3) High spatial reso-
lution for colloid
assembly

Optical micro-
fluidic
synthesis

UV or visible light exposure leads to homo-
geneous breakage of bonds in the photo-
initiator molecules, resulting in the release of
free radicals and the formation of bonds
between the polymer chains

(1) Trigger the in situ
chemical reaction

Potential photochemical or pho-
tothermal effects that can influ-
ence the reaction

Organic/inorganic
hybrid NPs, polymeric
NPs(2) Easy surface

functionalization

Electric or
magnetic
microfluidic
synthesis

Induce flow instabilities and transversal
transport to improve mixing

(1) Allow efficient
membrane coating on
the surface of
nanoparticles

Relatively complex microfluidic
device fabrication to implement
electric field

LNPs, metal/metal
compound NPs, bio-
mimetic membrane-
coated NPs

(2) Offer a template-
free strategy for metal
NPs synthesis
(3) Control the assem-
bly of nanoparticles
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Table 3 Summary of microfluidic reactors for synthesizing varied nanoparticles and their biomedical application

Microfluidic
reactors Nanoparticles Main synthesis parameters

Biomedical
application Biological outcomes Ref.

Two-stage hydro-
dynamic flow
focusing (HFF)

Doxorubicin-loaded
PLGA–PEG nanoparticles

Reynolds number (Re) = 133; total
flow rate = 243 mL h�1

Anti-tumor therapy Inhibition of tumor growth by
92%

103

Confined imping-
ing jets mixer
(CIJM) and multi-
inlet vortex mixer
(MIVM)

Clofazimine nanoparticles Flow rate of clofazimine and zein =
12 mL min�1; flow rate of NaCas and
citrate buffer = 36 mL min�1

Cryptosporidiosis
therapy

Improved dissolution
characteristic

115

Two-stage micro-
fluidic reactor con-
taining co-axial
capillary HFF

Paclitaxel/sorafenib-
loaded multilayered core/
shell organic
nanocomposites

Flow rate of aqueous solution =
4.21 mL min�1; flow rate of paclitaxel
or sorafenib drug acetone solution
(10 mg mL�1) = 0.42 mL min�1

Drug delivery Ultrahigh drug loading degree and
enhanced therapeutic dissolution

121

Three-stage micro-
fluidic reactor

Water core/PLGA shell/
lipid layer nanoparticles

Flow rate of hydrophilic molecules =
0.2 mL h�1; flow rate of PLGA and 1,2-
dioleoyl-3-trimethylammonium pro-
pane = 1 mL h�1; flow rate of water
sheaths = 15 mL h�1

Anti-tumor therapy
in a multidrug-
resistant tumor
model

Consistent suppression of tumor
growth

122

Double Y-shaped
microfluidic
reactor

Glucose oxidase (GOx)-
loaded MOF

Flow rates of zinc nitrate
(9.3 mg mL�1), 2-MeIM
(102.5 mg mL�1), and enzyme
(1 mg mL�1) water solutions =
0.5 mL min�1

Catalysis, bio-
sensors, and drug
delivery

Demonstration of B98% activity
of native GOx

127

Microfluidic reac-
tor capable of gen-
erating 3D
microvortex

Tetra-(4-sulfonatophenyl)
porphyrin (TPPS4)-Lys co-
assemblies

Flow rate of mixtures of TPPS4

(20 mM) and racemic Lys (5 mM) =
30 mL h�1; flow rate of HCl (1.5 M)
and C2mim + (0.4 M) = 1 mL h�1

Chiral sensing NA 130

Two-stage acousto-
fluidic
microreactor

Exosome membrane-
coated PLGA
nanoparticles

A bath sonicator with a frequency of
80 kHz and a power of 100 W; flow
rate of PLGA (5 mg mL�1) and PBS
solution = 7 mL h�1; flow rate of
exosomes (0.5 mg mL�1) = 80 mL h�1

Drug delivery Enhanced immune evasion and
homotypic targeting effect

26

Two-stage acousto-
fluidic
microreactor

Exosome membrane-
coated ZIF-8
nanoparticles

A bath ultrasonic instrument with a
frequency of 80 kHz and a power of
100 W; flow rate of ZIF-8 loaded
with FITC-BSA and PBS solution =
11 mL h�1; flow rate of exosomes
(5 � 1010 mL�1) = 80 mL h�1

In situ imaging of
cellular ATP

Improved immune invasion and
enhanced uptake by homotypic
tumor cells

131

T-junction acousto-
fluidic
microreactor

Eutectic gallium indium
(EGaIn) liquid metal
nanoparticles

An ultrasonic transducer with
a power of 65 W and a frequency of
20 kHz; flow rate of bPEG =
50 mL min�1; flow rate of EGaIn =
1 mL min�1

Biosensors and
photothermal/elec-
tric field-induced
intracellular
delivery

NA 132

Glass-capillary
microfluidic plat-
form with water
bath heating

b-Glucan nanoparticle Temperature = 65 1C; flow rate
of chitosan (0.4 mg mL�1) and phos-
phorylated barley b-1,3-1,4 glucan
(0.8 mg mL�1) = 40 mL h�1;
flow rate of air = 150 mL h�1

Therapy for ameli-
orating myocardial
injury and heart
failure

Specific targeting capability
toward Dectin-1+ macrophage,
better therapeutic efficacy than
FDA-approved nano-micelles
formulation

139

Silicon-Pyrex MR-
based microfluidic
reactors

Monometallic and bime-
tallic nanoparticles

Temperature = 25–200 1C; constant
back pressure = 0.8–2 MPa; flow rate
ratio = 0.5–4

Electronic, optical,
and medical
applications

NA 79

Thermal micro-
fluidic reactor

Iron@iron-oxide core–
shell nanoparticles

Temperature = 180–200 1C; flow rate
= 0.05–30 mL min�1

Magnetic
hyperthermia

NA 140

Microfluidic plat-
form with a light-
controlled thermo-
electric field

AuNPs with cetyl-
trimethylammonium
chloride (CTAC) micelles

A 532 nm diode-pumped solid-state
laser

Biosensing and
imaging
applications

NA 83

Optical micro-
fluidic platform
with UV irradiation

Silica-polymer hybrid
particles

Wavelength range of UV light
(100 W HBO mercury lamp) =
330–380 nm

Drug delivery and
tissue engineering

Highly controlled diffusion of the
active compound

81

Optical micro-
fluidic platform

Glycan-decorated ultra-
small AuNPs

Flow rate of ligand 1-Man =
0.25 mL min�1

Modulation of
carbohydrate-
mediated recogni-
tion events

NA 154

Microfluidic chip
with an electro-
poration zone

Membrane-coated Fe3O4

magnetic nanoparticles
Pulse frequency = 100 Hz; duration =
200 ms; flow velocity = 20 mL min�1;
voltage = 20–70 V

Tumor magnetic
resonance imaging
(MRI) and photo-
thermal therapy
(PTT)

Better immune escape ability,
longer blood circulation, and
enhanced MRI and PTT
performance

27
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derivatives and PEG derivatives, with controllable size, rigidity,
and porosities.150,151 The combination of microfluidic UV
polymerization and inertial flow shaping allowed for the pro-
duction of 3D-shaped particles for biomedical applications
including drug delivery and tissue engineering.152,153 The opti-
cal microfluidic reactor was also capable of fabricating glycan-
decorated ultrasmall AuNPs (Fig. 10B).154 Aqueous mixture of
HAuCl4, thiol-terminated glycan derivatives, and ethanol was
infused and circulated into an FEP microtube by a peristaltic
pump. UV-induced decomposition of the solvent (water and
ethanol) generated hydroxyl radicals and solvated electrons for
HAuCl4 reduction and AuNPs formation. The produced AuNPs
functionalized with glycans had a diameter down to B6 nm,
with potential applications in modulating carbohydrate-
mediated recognition events.155,156

5.4 Electric or magnetic microfluidic synthesis

Microfluidic reactors coupled with an electric field have been
reported for fabricating biometric nanoparticles in a precise
and reproducible manner.82 A microfluidic reactor consisting
of a serpentine microchannel and a downstream electropora-
tion zone (B300 kV m�1, pulse duration 0.2 ms) was developed
to effectively encapsulate Fe3O4 magnetic nanoparticles
(MNPs) into red blood cell (RBC) membrane-derived vesicles
(Fig. 11A).27 Compared to RBC-MNPs fabricated by conventional
bulk extrusion, microfluidic electroporation-synthesized RBC-
MNPs possessed a more complete cell membrane coating, better
colloidal stability, improved immune escape ability, longer blood
circulation, and enhanced magnetic resonance imaging (MRI)
and photothermal therapy (PTT). The coupling of an electric field
with droplet-based microfluidic reactor was used to synthesize
anisotropic gold nanostars (AuNSTs).70 Each droplet containing
PVP and gold salt was precisely mixed with an equal volume of Au
seeds through electric pico-injection, allowing for the production
of AuNSTs of tens of nm with a low batch-to-batch variation.

The integration of magnetic field with a droplet-based
microfluidic reactor has been devised for automated, sequen-
tial fabrication of magnetic SiO2@g-Fe2O3 nanoparticles
(Fig. 11B).157 A syringe pump combined with a pipetting robot
was used to generate deterministic trains of droplets of g-Fe2O3

precursor suspension, sodium citrate solution, washing buffer,
SiO2 nanoparticle suspension, etc. An on-demand trapping of
droplets was achieved by applying a magnetic tweezer

across the microchannel for streamlining multistep operations
such as mixing, flocculation, redispersion, washing, and sur-
face functionalization. Using this method, monodispersed
fluorescent SiO2@g-Fe2O3 nanoparticles (200 � 4 nm) were
synthesized.

6. Conclusions and future directions

Microfluidics featuring miniaturization, integration, and high
controllability has emerged as a revolutionary technology to
accelerate the development of nanomaterials for biomedical
applications. Microfluidic reactors, such as flow field-
based microfluidic reactors and multiple physical field-based
microfluidic reactors, have been demonstrated for synthesi-
zing a diverse range of nanoparticles with complex structure
and enhanced functionality in a highly-controllable manner
(Table 2). These nanoparticles play an important role in the fields
including cancer therapy, imaging, and biosensing (Table 3).

Despite these promising results, further efforts should be
directed to improve the development of microfluidic reactors.
First, the current maximum mass productivity is limited by the
small size of the microchannel which cannot withstand exces-
sive flow rates. To make the transition of microfluidic synthesis
from bench to industry, scalable manufacturing of microfluidic
devices with parallel reaction arrays and high production
rates needs to be considered. Second, the synthesis of three-
dimensional complex-structured nanoparticles is not easy even
for microfluidic reactors. The adoption of extreme synthesis
conditions, such as high temperature, high pressure, and
strong acid and alkali, can be attempted in microfluidic reac-
tors for better control of the nanoparticle formation process.
Third, although microfluidic synthesis can accelerate the devel-
opment process of nanomaterials, more efficacy and toxicity
testing of those generated nanomaterial need to be conducted
in clinical trials in addition to animals. We anticipate that
microfluidic technology will become a more versatile and
efficient tool for the rapid fabrication, optimization, and trans-
lation of nanomaterials.
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Table 3 (continued )

Microfluidic
reactors Nanoparticles Main synthesis parameters

Biomedical
application Biological outcomes Ref.

Droplet-based
microfluidic reac-
tor coupling of
electric fields

Anisotropic gold
nanostars

Voltage = 600 V; flow rate of PVP in
DMF (37.5 mM) and HAuCl4 (1.5 mM)
= 50 mL h�1; flow rate of Picosurf-1 =
500 mL h�1; flow rate of spherical gold
seeds of 15 nm = 50 mL h�1

Biosensing and
bioimaging

NA 70

Droplet-based
microfluidic reac-
tor coupling of
magnetic fields

Magnetic SiO2@g-Fe2O3

nanoparticles
Magnetic field = 0.3 T; flow rate = 0.02
mL s�1

Biomedical diag-
nosis and
nanomedicine

NA 157
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Moreira, C. Zerbini, R. Bailey, K. A. Swanson, S.
Roychoudhury, K. Koury, P. Li, W. V. Kalina, D. Cooper,
R. W. Frenck, L. L. Hammitt, Ö. Türeci, H. Nell, A. Schaefer,
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