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Abstract In recent years, owing to the miniaturization of the fluidic environment, microfluidic technol-

ogy offers unique opportunities for the implementation of nano drug delivery systems (NDDSs) produc-

tion processes. Compared with traditional methods, microfluidics improves the controllability and

uniformity of NDDSs. The fast mixing and laminar flow properties achieved in the microchannels can

tune the physicochemical properties of NDDSs, including particle size, distribution and morphology, re-

sulting in narrow particle size distribution and high drug-loading capacity. The success of lipid nanopar-

ticles encapsulated mRNA vaccines against coronavirus disease 2019 by microfluidics also confirmed its

feasibility for scaling up the preparation of NDDSs via parallelization or numbering-up. In this review, we

provide a comprehensive summary of microfluidics-based NDDSs, including the fundamentals of micro-

fluidics, microfluidic synthesis of NDDSs, and their industrialization. The challenges of microfluidics-

based NDDSs in the current status and the prospects for future development are also discussed. We

believe that this review will provide good guidance for microfluidics-based NDDSs.
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1. Introduction
In recent years, with the development of nanomedicine, micro-
fluidics has attracted the attention of researchers all over the
world, and it has been recognized as an important tool in bio-
medicine1e3. Microfluidics is the technology that can precisely
process and manipulate tiny fluids with volumes ranging from
10�9 to 10�18 L in microchannels (their dimensions are generally
from tens to hundreds of micrometers)4e6. Microfluidics origi-
nated in the 1990s2,7, while Manz et al.8e10 used a chip to perform
electrophoretic separation previously completed in the capillary
and proposed the concept of “micro total analysis systems”
(mTAS) for the first time, which also marked the beginning of the
microfluidic revolution. After that, in order to reduce the volume
consumption of fluid, droplet microfluidic systems have emerged,
and then digital microfluidics based on single droplet emerged in
2000. It is an alternative tool to droplet microfluidic systems
which uses the electrowetting feature of droplets11, where droplet
microfluidic system is a technology in that tiny volume droplets
can be generated by injecting dispersed phase into another
continuous phase. Ever since a series of articles on microfluidics
were published in “Nature” in 200612 and a large number of
microfluidic technologies were introduced, microfluidics has been
showing a rapidly developing trend2. To date, microfluidics has
been widely applied in various fields such as molecular detec-
tion13, chemical analysis14, drug evaluation4,15, drug synthesis4,
and NDDSs4,16,17, etc. NDDSs are pharmaceutical formulations
with a particle size of 10e1000 nm, consisting of drugs and
functional drug nanocarriers prepared from biocompatible and/or
biodegradable materials2,6,18. They can deliver drugs to the
desired site and realize the drugs’ sustained release, thereby
reducing drugs’ toxicity and improving drugs’ bioavailability2.
Various NDDSs, such as liposomes, nanoparticles, and micelles,
have been extensively studied and hold great promise in the
treatment of various diseases including tumors19e22, diabetes23,
and asthma24,25. Usually, NDDSs are prepared by bulk methods
including, but not limited to, homogenization, self-assembly, and
nanoprecipitation. These traditional methods result in wide par-
ticle size distribution, poor dispersion, and high batch-to-batch
variations in physicochemical properties26, mainly owing to low
mixing efficiency and slow mass transfer. These shortcomings
strongly affect clinical results27e29, which is one of the main
reasons for the slow clinical translation of NDDSs28.

Microfluidics offers a new strategy for fabricating NDDSs26,30.
It can precisely process and manipulate tiny fluids in the micro-
channel, resulting in some features including small volume, large
specific surface area, and fast mass and heat transfer, which brings
about remarkable advantages such as low consumption of re-
agents, fast mixing, and precise control of the physicochemical
properties of NDDSs4e6. According to the properties of fluid
phases, microfluidics is divided into two categories: continuous-
flow microfluidics and segmented-flow microfluidics31. The
continuous-flow microfluidics mainly focuses on miscible fluid,
while segmented-flow microfluidics focuses on two-phase fluid
where it introduces an immiscible liquid or gas into a miscible
liquid to produce a regularly spaced segmented interface. Both
these two categories of microfluidics can continuously control the
reaction condition, process parameters (e.g., FRR, flow rate, chip
geometry, and temperature) and the mixing sequence of reagents
during the reaction process, achieving controllable preparation of
NDDSs29. Theoretically, the physicochemical properties of
NDDSs including particle size, distribution, and morphology of
NDDSs can be well controlled by microfluidic technology32, and
the scheme is presented in Fig. 1.

Furthermore, microfluidics can scale up the production of
NDDSs for clinical application via parallelization or numbering-
up4,16. LNPs-encapsulated mRNA vaccines (BNT16b2 and
mRNA-1273) for COVID-19 have been successfully produced
using microfluidics by PfizereBioNTech and Moderna16,33, which
not only prevent severe cases of COVID-19 worldwide but also
demonstrate the feasibility of microfluidics for scaling up the
preparation of NDDSs. In view of this, a detailed depiction of
microfluidics-mediated NDDSs from fundamentals to industrial-
ized applications is of great importance. Thus, herein we present a
comprehensive review of microfluidics-mediated NDDSs. Firstly,
we summarize the fundamentals of microfluidics which includes
fluid characteristics, fluid mixing, and manipulation. Secondly, the
microfluidic synthesis of NDDSs is presented. Finally, the
industrialization and challenges of microfluidics-mediated NDDSs
in the current status are discussed.

2. The fundamentals of microfluidics

2.1. The materials for microfluidic devices

Microfluidic devices play an important role in fabricating NDDSs.
Therefore, the material for microfluidic devices is critical since the
wetting and contact angles of the solution maybe also affect the
properties of NDDSs4. Recently, various materials including sili-
con, glass capillary, paper, and PDMS have been applied to
fabricate microfluidic devices2. We summarized the pros and cons
of commonly used material for microfluidic devices, as shown in
Table 12,4,9.

Glass and silicon are the earliest materials for the fabrication of
microfluidic devices. Glass materials have the advantages of
transparency and insulation, high thermal conductivity and stable
electro-osmotic mobility. Moreover, it can be easily assembled
into a capillary device. Glass capillary can provide a three-
dimensional axisymmetric fluid channel where the fluids are not in
contact with the channel inner wall, increasing the production
efficiency of NDDSs. Silicon materials show the features of well
chemical compatibility and thermostability, high design flexibility
and semiconductive9. Microfluidic devices fabricated by silicon
materials can sustain high temperatures and pressures. However,
some limitations including opacity and fragility still affect its
application in the fabrication of NDDSs. To avoid the aforemen-
tioned drawbacks, researchers are switching to PDMS-based
microfluidic devices in recent years, due to their advantages of
cheap, high optical transparency, excellent biocompatibility and
high elasticity. However, they can be easily deformed and
corroded by organic solvents, which will affect the physico-
chemical properties of NDDSs. Therefore, in order to meet the
needs for fabricating NDDSs, some essential factors such as
chemical compatibility, durability, and transparency must be also
taken into consideration.

2.2. Fluid characteristics in microfluidic devices

Generally speaking, the fluidic regime is mainly divided into
laminar and turbulent flow7. In laminar flow, the fluid flows in
parallel layers and the velocity of the fluid at any location is
constant, while turbulent flow shows no distinct streamlines, as
presented in Fig. 2.



Figure 1 The impact of microfluidics on the physicochemical properties of NDDSs, and the influences of NDDSs with different structures on

experimental results in vivo. Microfluidics is divided into continuous-flow microfluidics and segmented-flow microfluidics. The physicochemical

properties of NDDSs (e.g., particle size, morphology, and drug-loading capacity) can be well-controlled by continuously monitoring the reaction

condition and process parameters such as FRR, flow rate, temperature and chip geometry. And the circulation time was prolonged and cellular

uptake efficiency was increased.
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Re as an important parameter can be used to reflect fluid
regime2. Re stands for the relative magnitude of inertia and
viscous forces of the fluid and it can be calculated by Eq. (1)30,34:

ReZ
ruDh

m
ð1Þ

where r stands for fluid density, u and m are the average fluid
velocity and dynamic viscosity, respectively. Dh is the hydraulic
Table 1 The pros and cons of materials for microfluidic devices.

Material Pros

Silicon Well chemical compatibility and thermostab

Ease of fabrication;

High design flexibility;

High insulation.

Glass High transparency and insulation;

High thermal conductivity;

Stable electro-osmotic mobility.

PDMS Low cost;

High optical transparency;

Excellent biocompatibility;

High elasticity.

PDMS, poly(dimethysiloxane).
diameter of the microfluidic channel, which is related to the cross-
section area and wet perimeter of the channel30,34.

At low Re (<1800), viscous forces play a dominant role, and a
laminar flow occurred30. The fluid flows in a parallel layer and
fluid velocity at any location is constant. In this situation, the mass
transfer can only occur in the direction of fluid flow and passive
molecular diffusion is dominant4. Whereas at high Re (>2000),
inertia force is dominant and turbulent flow without distinct
streamlines is occurred2, and the mass transfer occurs in all spatial
Cons

ility; High opacity;

Fragile;

High cost.

Expensive to be manufactured into chips;

Time-consuming;

Low production efficiency.

High organic solvent swelling rate;

Easy deformation.



Figure 2 The schematic diagram of two fluidic regimes. The fluid

flows in parallel layers and the velocity of the fluid at any location is

constant in laminar flow, while turbulent flow shows no distinct

streamlines.
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directions. The transition state (1800 < Re < 2000) generally
occurs between laminar and turbulent35,36.

From Eq. (1), we can know that the fluidic regime is related to
fluid density, fluid velocity, dynamic viscosity, cross-section area
and wet perimeter of the channel. A low Re number can be ob-
tained by increasing the dynamic viscosity of fluids or decreasing
fluid density and/or fluid velocity and/or the hydraulic diameter of
microfluidic channel2,4,37. The dimensions of microfluidic chan-
nels are usually in the micrometer range, so lower Re can be
obtained. Re is extremely low (Re < 100) in microfluidic devices,
and laminar flow can be achieved29,30. Because laminar flow
shows steady streamlines, fluids in the microfluidic device can be
precisely manipulated and the mass transfer is dominated by
passive molecular diffusion and advection in microfluidic device4.
Molecular diffusion can be explained by Brownian motion, that is,
molecules transport from higher concentration to lower concen-
tration, resulting in a gradual mixing between precursors.

Pe as another important parameter can reflect molecular
diffusion38. Pe reflects a relative magnitude of convection rate and
diffusion rate39, When Pe is low, molecular diffusion is domi-
nate2,4,37. Pe can be calculated by Eq. (2)38:

PeZ
uL

D
ð2Þ

where u and L are fluid velocity and diffusion distance, respec-
tively. D stands for the diffusion coefficient of fluid38. As shown in
Eq. (2), Pe is positively related to fluid velocity and diffusion
distance35,36. Fluids in microfluidic channels usually have a larger
Pe. In immiscible liquids, molecular diffusion is relatively difficult
in the microfluidic channel and liquideliquid interfaces can be
obtained, while for a miscible solution, an interface can also be
formed, and molecular diffusion can occur laterally or longitudi-
nally2. The transfer of molecules from one liquid to another is
minimized, resulting in higher drug-loading capacity7.

2.3. Microfluidic mixing in microfluidic devices

Mixing efficiency or mixing time between precursors plays a
critical role in controlling the physicochemical properties of
NDDSs. Higher mixing efficiency or shorter mixing time can
achieve the smaller, more uniform particle sizes and excellent
dispersity of NDDSs. The molecular diffusion time (t) over the
distance can be calculated by Eq. (3)30:

tZ
L2

2D
ð3Þ

where L and D are the same as Eq. (2). The molecular diffusion
time is positively related to diffusion distance and negatively
correlated with the diffusion coefficient of fluid. A shorter mo-
lecular diffusion time can be realized by reducing diffusion dis-
tance. In general, the diffusion coefficient of water-soluble
molecules such as ions or dyes is 10�9 m2/s, and their molecular
diffusion takes 5 s when the diffusion distance is 100 mm40.

In order to improve mixing efficiency between precursors,
various microfluidic devices have been designed, such as micro-
fluidic chips with different geometries, three-dimensional hydro-
dynamic flow focusing microfluidic devices, multi-inlet vortex
mixer and confined impinging jets mixer, etc. According to their
different mixing mechanisms, the microfluidic mixing strategy is
classified as active microfluidic mixing and passive microfluidic
mixing41. In active microfluidic mixing, external energy sources
such as pressure, ultrasonic, temperature, electricity were applied
to perturb precursors and improve their mixing efficiency30. The
introduction of external energy sources endows a higher mixing
efficiency than passive microfluidic mixing. However, the use of
an external energy source may increase the samples’ temperature,
thus destroying their biological activity. Therefore, active micro-
fluidic mixing is not particularly suitable for pharmaceutical and
biological applications.

Passive microfluidic mixing does not require external energy
sources and relies entirely on the fluid pump and special structure
of the microfluidic channel to increase contact surface area and
reduce diffusion distance30. Many passive microfluidic devices
had been developed over the past 30 years. For instance, T- and Y-
shaped microfluidic chips, which are the simplest microfluidic
devices, were developed to improve mixing efficiency though they
need a relative long mixing channel between mixing fluids. To
overcome this shortcoming, split and recombined structures were
introduced so that the fluids can be immediately split into many
layers and finally recombined into one layer, which can effectively
improve mixing efficiency. Nowadays, this strategy has been
widely applied in drug delivery systems36,48,49.

2.4. Microfluidic liquid manipulation

According to the properties of the fluid phases and the interfaces,
microfluidic liquid manipulation can be divided into two main
categories: continuous-flow microfluidics and segmented-flow
microfluidics31. Owing to rapid mass transfer and precisely
manipulating microfluidic liquid, both fluid manipulation cate-
gories can be applied to fabricate NDDSs with narrow particle
size, higher drug-loading capacity, excellent dispersion and
repeatability. In this section, we describe these two strategies in
detail.

2.4.1. Continuous-flow microfluidics
The continuous-flow microfluidics is also called single-phase
continuous-flow microfluidics, which mainly focusing on
miscible fluid36. Its principle is very simple: a dynamic and
diffusive interface can be formed in miscible fluid while two fluids
are gradually mixed. During this process, the reaction occurs in
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the diffusion region38. The reactant composition along the reaction
channel can be continuously varied, which results in high yield of
NDDSs4. Owing to the simplicity of the flow pattern, the scale-up
of NDDSs can be realized by simply increasing the flow rate42.

HFF is one of the most common continuous-flow microfluidics
that can be applied for the preparation of NDDSs by using flow
focusing of miscible fluids on microscale platforms36,43.
Depending on their structure, it is usually divided into 2D-HFF
and 3D-HFF. In general, 2D-HFF is focused on the horizontal
direction and achieved by introducing two inlets of non-solvent as
the sheath liquid to horizontally confine the precursors solvent in
the central inlet44. The diffusion distance can be significantly
shortened owing to the confinement of sheath liquid for precursors
solvent, thus the mixing time is further reduced45 (the scheme is
shown in Fig. 3A44). Higher mixing efficiency leads to the smaller,
more uniform particle size and excellent dispersity of NDDSs.
Therefore, in order to further improve mixing efficiency between
reagents, 3D-HFF was developed (as presented in Fig. 3B46). The
liquid is focused horizontally and vertically into tiny fluids46.
Compared with 2D-HFF, 3D-HFF can isolate the precipitation
polymer from the channel walls, mix precursors more efficiently,
thus no channel fouling occurred47. Moreover, 3D-HFF can also
Figure 3 Continuous-flow microfluidics. (A) 2D-HFF microfluidics (Rep

Chemical Society); (B) 3D-HFF microfluidic device (Reprinted with the

microfluidic device with chaotic mixer (Reprinted with the permission fro

Copyright ª 2018 American Chemical Society); (E) multi-inlet vortex m
control the particle size distribution and polydispersity of
NDDSs43.

In a microfluidic device, fluid mixing is achieved through
molecular diffusion and the reaction environment is relatively
stable and mild. However, in some situations, this mixing strategy
is time-consuming and insufficient. In order to solve these prob-
lems, microfluidic devices with chaotic mixers were developed to
induce transverse flow and reduce the mixing distance. They
possess a complicated three-dimensional grooved mixer structure.
Chaotic advection in the microchannels can be generated by local
rotational and extensional flows, thereby the mixing efficiency
between precursors is rapidly enhanced34. Structures of chaotic
mixer are presented in Fig. 3C and D34,42. Many microfluidic
devices with chaotic mixers such as herringbone and Tesla had
been developed to improve mixing efficiency36. Our group also
fabricated a 3-inlets microfluidic chip with polydimethylsiloxane/
glass by conventional UV photolithography and soft-lithog-
raphy48. This microfluidic device with herringbone structure and
S-type channels with a depth of 70 mm and a width of 200 mm
excellently improved the mixing efficiency between lipid solution
and siRNA solution. Additionally, we also designed an inverted
W-type microfluidic chip, in which the mixing efficiency between
rinted with the permission from Ref. 44. Copyright ª 2004 American

permission from Ref. 46. Copyright ª 2011 Wiley-VCH); (C, D)

m Refs. 34 and 42. Copyright ª 2004 American Chemical Society;

ixer; (F) confined impinging jet mixer.
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the outer aqueous phase and the internal organic phase was
significantly improved49.

The cycle number of a chaotic mixer and its structure pa-
rameters such as depth, width, and height all play an important
role in improving mixing efficiency50. The size distribution of
NDDSs can be tuned by controlling the cycle number of a chaotic
mixer. The appropriate cycle number of a chaotic mixer can obtain
a narrower size distribution of NDDSs51. In general, a deeper
chaotic micromixer structure can achieve a higher mixing effi-
ciency52. Of course, there are some exceptions since deeper
chaotic micromixer structures may lead to a clogged problem,
resulting in stagnation of sample flow. It is important to point out
that the clogged problem must be addressed though the micro-
fluidic devices with chaotic mixers can improve mixing efficiency
between reagents36,42. Additionally, the concentration of the pre-
cursors, flow rate and FRR, etc.51,52, should also be taken into
consideration which can provide some help for the design of the
microfluidic device.

Multi-inlet vortex (Fig. 3E) is also able to improve mixing
efficiency between reagents to realize the rapid precipitation of
organic compounds. Lots of polymeric nanoparticles can be high-
throughput produced by controlling fluid velocity53. Moreover,
confined impinging jets (Fig. 3F) can very efficiently alter the
organic nucleation and growth of particles, further tuning their
average particle size and size distribution53.

2.4.2. Segmented-flow microfluidics
Segmented-flow microfluidics introduces an immiscible liquid or
gas into a miscible liquid to produce a regularly spaced segmented
interface (liquideliquid or gaseliquid). Droplet microfluidics, one
of the segmented-flow microfluidics, was widely applied to
fabricate NDDSs4. It is a technology in that tiny volume droplets
can be generated by injecting one liquid phase (the dispersed
phase) into another immiscible or partially immiscible liquid
phase (the continuous phase) and sheared off at the junction where
two phases meet54. One of the most outstanding advantages of
droplet microfluidics is its ability to produce monodisperse
droplets with a narrow size distribution55. In a microfluidic sys-
tem, the size of droplets often varies from several to hundreds of
microns, and their coefficient of variation is normally below 5%4.
The size of droplets can be precisely controlled by tuning the
geometry of microfluidic devices, the properties of two liquid
phases, and the operating parameters including flow rates, tem-
perature, FRR, etc., thus providing a reliable way to fabricate
NDDSs with uniform sizes and different structures55.

Various geometries of the microfluidic device have been
designed for generating droplets, including T-junction, flow-
focusing, and coaxial structure, etc4,41. A T-shaped chip is the
simplest and mostly used structure for droplet formation, as shown
in Fig. 4A. The continuous phase is injected into the main channel
and the dispersed phase is injected into the vertical channel. The
watereoil interface is generated at the junction and droplets are
obtained. The diameter of droplets can be controlled by varying
fluid flow rate, channel dimension, and the interfacial tension
between two phases. In a coaxial-focusing structure, the channel
of the dispersed phase is concentrically placed inside the contin-
uous phase channels. When the dispersed phase and continuous
phase are injected, the dispersed phase is surrounded and sheared
by the continuous phase to form droplets, as shown in Fig. 4B.
The dimension and generation frequency of droplets are affected
by fluid properties and velocity. The flow-focusing structure in-
cludes three injection branches, in which two branches are
continuously and symmetrically injected into continuous phase to
shear dispersed phase. Droplets are formed at the rear end of the
intersection of three branches, as shown in Fig. 4C. Similarly, the
characteristic of the droplet is affected by fluid flow rate and the
channel dimension.

Droplets can be formed in three main regimes: dripping,
jetting, and stable co-flow56, as shown in Fig. 4. Ca can be used to
reflect droplets’ regimes, and it stands for the relationship between
viscous force and interfacial tension, which can be calculated by
Eq. (4)1:

CaZ
mv

g
ð4Þ

where m, v, and g stand for the viscosity of the continuous phase
(kg/m$s), shear rate (m/s), and interfacial tension between the
continuous and dispersed phases (N/m), respectively. When the Ca

value is extremely low, the dispersed phase hinders the continuous
phase, and droplets are formed by dripping. With the increase in
Ca value, the viscous shear force overcomes the interfacial tension,
and the droplet regime presents jetting. While when Ca value is
further increased, droplets are broken in the channel, showing a
stable co-flow regime. As shown in Eq. (4), droplet regimes can be
changed by adjusting the viscosity of the continuous phase and
flow rate. At a low flow rate, a dripping regime is observed; while
the jetting regime is presented by increasing the flow rate, and
polydisperse droplets are produced. Dripping regime was widely
applied to fabricate NDDSs.

Droplet microfluidics is able to precisely control the fluid be-
haviors, therefore, droplets with different dimensions and mor-
phologies can be formed. Droplets are usually classified as single-
emulsion droplets, double-emulsion droplets, multi-emulsion
droplets, and multiple cores’ droplets4, as presented in Fig. 4D.
Single-emulsion droplets consisting of two immiscible liquids are
the simplest structure. According to the difference between the
dispersed phase and continuous phase, four typical types (e.g.,
W/O, O/W, W/W, and O/O) had been developed to synthesis of
NDDSs4. The size of single-emulsion droplets can be well-
controlled by adjusting the flow rate or the structure of the
microfluidic device. Moreover, the throughput production of
emulsion droplets can be enhanced by parallelizing the micro-
fluidic device, which allows mass production of NDDSs57. Double
emulsion droplets are usually dispersed drops containing smaller
drops inside, which had been widely used to fabricate NDDSs
with core/shell structure, while the outer and inner droplets
become the shell and core of NDDSs, respectively1. By adding the
number of microfluidic devices, double-emulsion droplets can be
produced by further encapsulating simple emulsion droplets.
Czekalska et al.58 fabricated a double emulsion device by
extending a microfluidic device with a flow-focusing junction. W/
O droplets were firstly formed in the first junction, and then
encapsulating W/O droplets at the second junction to form a W/O/
W double emulsion. Meanwhile, the size of droplets can be spe-
cifically controlled by simple varying the osmotic gradient. Thus,
multi-emulsion with uniform particle sizes can be achieved by the
one-step method. The generation process of multi-emulsion
droplets is similar to that of double-emulsion droplets. Multi-
emulsion droplets have more complex nested systems in which
lots of small size droplets are placed inside another droplets.
Besides, droplets with multiple cores can be obtained by tuning
the flow rate of each fluid phase. Therefore, the number and
components of inner compartments of the droplet can also be
strictly controlled4.



Figure 4 The structure of droplet microfluidic device, droplet regimes, and the morphologies of droplets generated from microfluidics. (A) T-

junction; (B) co-flowing junction; (C) flow-focusing junction; (D) the morphologies of droplets including single emulsion, double emulsion

droplet, multiple emulsion droplet and droplets with multiple cores.
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In summary, microfluidics provides a new strategy for fabri-
cating NDDSs with narrow particle size, excellent dispersity, and
high drug-loading capacity owing to its excellent properties such
as laminar flow, rapid mass transfer, and high mixing efficiency. It
can be manipulated as continuous-flow microfluidics and
segmented-flow microfluidics. The physicochemical properties of
NDDSs can be controlled by tuning FRR, flow rate, and the
structure of microfluidic device (e.g., width, depth, the height of
the channel). Higher FRR or flow rate can achieve the smaller
particle size and excellent dispersion of NDDSs. Higher mixing
efficiency between precursors can produce a narrower size dis-
tribution of NDDSs, which provides a guide for synthesis and
industrialization of microfluidics-mediated NDDSs.
3. Microfluidic synthesis of NDDSs

NDDSs possess multiple advantages, such as targeting, sustained
release of drugs, low drug toxicity and high bioavailability, etc2.
Microfluidics as a suitable method for fabricating NDDSs can
elaborately control fluids to achieve effectively mixing between
different reagents in a highly uniform and orderly manner.
Therefore, a large variety of microfluidics-mediated NDDSs (e.g.,
liposomes, nanoparticles, micelles) have been extensively devel-
oped in recent years. Some important examples are summarized in
Table 249,56,59e86. In this review, according to their physico-
chemical properties, the commonly used NDDSs are discussed:
liposomes-based NDDSs; nanoparticles-based NDDSs including
LNPs, inorganic nanoparticles, protein nanoparticles, and PNPs.

3.1. Liposomes-based NDDSs

Liposomes are a type of lipid vesicles with a phospholipid bilayer
and an aqueous core87,88. Owing to their high biocompatibility,
good stability, sustained release and high cellular uptake, lipo-
somes as drug carriers have been widely investigated89e92.
Microfluidics for fabricating liposomes-based NDDSs usually
includes a fluid focusing method and droplet microfluidics93,94.
Among all these microfluidics used for liposomes-based NDDSs
preparation, the most commonly used method is the fluid focusing
method based-on continuous flow microfluidics. In this method,
the formation of liposomes can be controlled by molecular
diffusion of interface substances between miscible liquids95.
Meanwhile, their average size and dispersion can also be tuned by
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adjusting the flow velocity of aqueous solution96. Jahn et al.44 was
the first to demonstrate the synthesis of liposomes by 2D-HFF. In
their work, the lipid solution containing a fluorescent dye
(DiIC18) and PBS was introduced into a microfluidic chip which
was composed of a cross-type glass and silicone microchannel
with 200-mm width and 40-mm depth. A narrow mixing solution
region was formed inside the chip and liposomes with a particle
size of 100e300 nm were obtained by squeezing of water-to-lipid
phase. Subsequently, the influencing factors of liposome synthesis
were further studied in their other works. For example, Jahn
et al.96 fabricated two different channel dimensions of 2D-HFF
devices to investigate the effect of FRR on the average size of
liposomes. Numerical simulations of microfluidic device design
and HFF is shown in Fig. 5A96. It demonstrates that the mixing
and surface-to-volume ratio of the focused IPA stream in both
channel geometries increases with the increase of FRR. A higher
FRR could produce smaller-sized liposomes with narrow size
distribution. In another word, the rapid mixing of reagents enables
the produce of small-sized and narrow-particle-size-distributed
NDDSs96. Furthermore, some other researches63,97 also showed
that lipid concentration plays important roles in controlling the
particle size and productivity of liposomes-based NDDSs.

Although 2D-HFF can excellently control the dispersion and
particle size of liposomes-based NDDSs, a slow flow rate will lead
to a lower production throughput, therefore limiting their scale-
up97. In order to solve this problem, Chen et al.98 designed a high-
aspect-ratio fluid-focusing channel with high-resolution 3D
printing technology to support large-volume flow and the scheme
of the technique is presented in Fig. 5B98. With this technique,
high-throughput production of liposomes can be achieved with the
productivity of up to 4 mg/min.

Microfluidic system also contributes greatly to the drug-
loading of liposomes, especially in the encapsulation of nucleic
acid drugs64. Microfluidics can not only reduce the degradation of
nucleic acids but also improve their mixing efficiency, resulting in
a more uniform mixture between lipids and nucleic acid drugs.
Balbino et al.99 prepared liposomes-based NDDSs (pDNA/CL) by
multiple hydrodynamic focusing regions (the scheme is presented
in Fig. 5C99). In their work, microfluidic platform with two
different regions was designed. After the synthesis of the empty
liposomes, liposomes and pDNAwere directly assembled, and this
simplifies the tedious steps in the traditional method. The trans-
fection results in vitro showed that the transfection efficiency of
liposomes prepared by a microfluidic platform is similar to those
fabricated by a conventional method. Liposomes co-loaded with
multiple drugs including genetic drugs can also be obtained by
increasing the number of microfluidic device geometry or modi-
fying the microfluidic chip100. Zhang et al.101 designed a multi-
stage microfluidic chip to prepare liposomes co-loaded with
siRNA and DOX. siRNA and DOX were encapsulated in different
regions of a multistage microfluidic chip, which simplifies the
tedious drug-loading process and saves preparation time.

Droplet microfluidics, which can be divided into the single-
emulsion droplet method and double-emulsion droplet methods, is
also used to prepare liposomes-based NDDSs102. The double-
emulsion droplet method which uses W/O/W as the standard
method is one of the most common methods to prepare lipo-
somes103. Its principle is very simple, namely, volatile organic
reagents were used as oil phase to accelerate the distribution of
lipids solution at the W/O interface. Subsequently, a double-
emulsion can be formed104. In general, liposomes-based NDDSs
generated by droplet microfluidics possess higher encapsulation
efficiency. Moreover, their particle size and monodispersity can be
more precisely controlled105.

3.2. Nanoparticles-based NDDSs

Nanoparticles are solid colloidal particles made of natural or
synthetic materials with a particle size in the nanometer order106.
Owing to the difference in the raw materials used, nanoparticles
are divided into different types: LNPs, PNPs, protein nano-
particles, and inorganic nanoparticles107. Therefore, in this review,
we focus on their preparation by microfluidics.

3.2.1. Lipid nanoparticles
LNPs are one of the most widely studied NDDSs. They possess
lipid-encapsulated shells and oily, solid, or amorphous
cores108e110. In LNPs, the incorporation of lipids helps to over-
come the burst release and reticuloendothelial absorption of the
drug in the nanoparticles. They present many advantages
including excellent sustained release111,112, good biocompati-
bility113,114 and high stability in vivo115e118. LNPs also can load
all kinds of drugs owing to their superior properties. Hydrophilic
drugs are encapsulated into the aqueous phase, while hydrophobic
drugs are encapsulated into the lipid phase; amphiphilic drugs can
be inserted into lipid membranes119,120. Moreover, both hydro-
philic and hydrophobic drugs can also be simultaneously encap-
sulated into LNPs121. Compared with liposomes, LNPs can more
stably encapsulate nucleic acid drugs122. Therefore, LNPs play an
important role in the prevention and treatment of infectious dis-
eases123, cancer124 and hereditary diseases123.

Continuous-flow microfluidics is the most used method to
fabricate LNPs-based NDDSs. It is able to provide on-demand and
tailored synthesis125. This method is simple, where a lipid solution
is dissolved in an organic solvent and an aqueous solution is
introduced into the microfluidic device. The lipid stream is
squeezed by an aqueous solution stream, and LNPs are produced
at the liquideliquid interface with the dilution of lipid solution126.
Arduino et al.69 prepared LNPs by nano precipitation in a glass
capillary microfluidic device. During precipitation, the internal
and external solutions, consisting of a lipid matrix dissolved in a
95% ethanol solution and an aqueous solution containing a sta-
bilizer, are pumped into a microfluidic device at a constant flow
rate in the same direction. It was found that LNPs prepared by this
method were superior to the traditional methods in morphology,
size and PDI. The experimental results in vitro have confirmed that
LNPs-based NDDSs produced by microfluidics have a stronger
cytotoxicity on cancer cells than free drugs.

The properties of LNPs are greatly influenced by the particle
size and their size distribution127,128. Flow rate, FRR, and lipid
concentration are the important parameters to control the physi-
cochemical properties of LNPs129. Roces et al.67 found that LNPs
with different sizes and dispersity could be obtained by changing
the ratio between cholesterol and cationic lipids. Okuda et al.70

revealed that salt concentration could significantly affect the
particle size of LNPs. By adding appropriate salt to the buffer of
nucleic acid to increase the particle size of LNPs, the obtained
LNPs with the larger particle size showed higher gene expression
efficiency and better therapeutic effect. Hood et al.43 fabricated a
3D-HFF device assembled from seven identical borosilicate glass
capillaries in a large capillary to synthesize LNPs. In this 3D-HFF
microfluidic device, each capillary possesses an inner diameter of
0.58 mm and an outer diameter of 1.0 mm, and they are collec-
tively fused in a circular pattern with an equivalent outer diameter



Table 2 The samples of microfluidics preparation of NDDSs.

NDDS Microfluidic device Control condition The feature of NDDSs Ref.

Size (nm) Dispersion Shape Others

Liposomes Hydrodynamic flow focusing Flow rates;

Concentrations

50e110 <0.2 Spherical Enhanced cell uptake 59

Doxorubicin-loaded lipid-based

NDDSs

Microfluidic mixer chip FRR; TFR 92e269 <0.2 Spherical Have better tumor regression and

overall survival rates

60

Curcumin-loaded liposomes Staggered herringbone

micromixer

TFR; FRR; drug-to-total lipid

ratio

120 <0.2 Spherical Augmented the antitumor

efficacy and decreased the

nephrotoxicity

61

Multi-responsive liposomes Microfluidic mixer chip FRR; TFR 60e110 <0.2 Spherical e 62

Niosome nanoparticles Microfluidic mixer chip ‒ 158 <0.2 Spherical Raise high antibody immune

responses

56

Liposomes Microfluidic mixer chip The average flow velocity; TFR;

aspect-ratio of microfluidic

device

80e120 <0.2 Spherical ‒ 63

Liposomes Microfluidic hydrodynamic

focusing device

Flow rates 40e120 Excellent Spherical High drug-loading efficiency 64

Liposomes Staggered herringbone chaotic

micromixer

Flow rates 50e150 Excellent Spherical e 65

LNPs Staggered herringbone

micromixer

Flow rates;

Concentrations

20e55 <0.03 Spherical Highly efficient delivery of

siRNA

66

LNPs Y-shape staggered herringbone

micromixer

FRR; TFR 80e100 <0.25 Spherical Highly efficient delivery of

siRNA

67

LNPs Staggered herringbone

micromixer

The channel of parallel

microfluidic device

<30 Excellent Spherical Highly efficient delivery of

mRNA and siRNA

68

Solid LNPs Glass capillary-based

microfluidic-chip

Flow rate 100e200 0.16e0.23 e Highly efficient delivery of PTX

and SLNs

69

LNPs iLiNP device Flow rate:

Concentrations of lipid

80e150 0.08e0.18 Spherical Highly efficient delivery of

siRNA

70

Cabazitaxel-loading albumin

nanoparticles by

microfluidics (MF-CTX-NPs)

Microfluidics chip Flow ratio; Concentrations 142.1 � 2.7 0.095 Spherical Enhanced tumor uptake;

increased the therapeutic efficacy

49

Folic acid-modified MF-CTX-

NPs (FA-MF-CTX-NPs)

Microfluidics chip Flow ratio 162.4 � 3.1 0.102 Spherical Increased delivery efficiency of

CTX; strong tumor inhibition

71

BCA-P114 nanoparticle Acoustically actuated

microfluidic mixer

Concentrations of MgCl2;

Mixing time and strength

207.5 1 Spherical e 72

Bovine serum albumin

nanoparticles

Microfluidics chip Flow ratio; Concentrations 122.5 � 0.9 0.107 Spherical Increases drugs solubility;

decreases drug cytotoxicity

73

Pea protein-curcumin

nanoparticles

Microfluidics chip Pressure; Concentrations 271.3 0.16e0.53 e Increases drugs solubility 74

DOX@ZIF-8@SiO2

nanoparticles

T-junction thermal-assisted

microfluidic system

The type of chip 67.7 � 22.1 e Spherical High tumor inhibition 75

pCas9pPXN@NPs@PDDA Microfluidics chip Concentration of NPs and

polymer; FRR

e e Spherical Improve the nuclear plasmid

delivery efficiency

76

TMC/Pd nanoparticles Microfluidics chip Flow rate; FRR 84.4 � 33.8 e Spherical Enhanced biocompatibility 77
(continued on next page)
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of 3 mm (as shown in Fig. 6A43). LNPs synthesized by this 3D-
HFF device presented unprecedentedly low levels of poly-
dispersity. The evaluation of the flow FRR effect on LNPs further
indicated that higher FRR decreased PDI.

The dilution efficiency of lipid solution is also another
important parameter to control the physicochemical properties of
LNPs130. A higher dilution efficiency of lipid solution can result in
a narrower size distribution of NDDSs131. In order to improve the
dilution efficiency, many researchers are devoted to developing
microfluidic devices with chaotic mixer132,133. Chaotic advection
in the microchannels can be generated by local rotational and
extensional flows, thus the dilution efficiency of lipid solution is
rapidly enhanced34. Our group prepared Tf-LNPs by a 3-inlet
microfluidic device with herringbone structure and S-type chan-
nels, and the scheme is presented in Fig. 6B48. In this work, we
compared the microfluidic method with a multi-step bulk mixing
method for synthesizing Tf-LNPs. The results indicated that
microfluidics enables a rapid and efficient synthesis of Tf-LNPs.
Compared with Tf-LNPs produced by the multi-step bulk mix-
ing method, Tf-LNPs prepared by microfluidics had a smaller size
and more uniform structures. Moreover, because the herringbone
structure and S-type channels can excellently improve the mixing
efficiency between lipid solution and siRNA solution, Tf-LNPs
prepared by microfluidics showed more efficient cellular uptake
in vitro, greater tumor inhibition, and higher siRNA delivery ef-
ficiency in vivo.Moreover, the appropriate cycle number or deeper
micromixer structures lead to a higher mixing efficiency51,52.
Maeki et al.50 fabricated microfluidic devices with chaotic
micromixers possessing different cycle numbers (0, 2, 6, 10, 20,
and 69 cycles). The LNPs sizes were found to range from 40 to
150 nm. LNPs produced by microfluidic devices with 10, 29, and
69 cycles produced LNPs that were smaller and less dispersed.
Meanwhile, deeper chaotic micromixers were found to have
higher mixing performance than that of shallower ones.

Although the microfluidic devices with chaotic mixers
improved mixing efficiency between reagents, a clogged problem
still exists36,42. In order to overcome this limitation, Kimura
et al.42 developed the two-dimensional baffle mixer device (named
as iLiNP device) for producing LNPs (as shown in Fig. 6C42).
iLiNP device with a baffle mixer (width of 150 mm, depth of
100 mm, and interval of 100 mm) was fabricated by standard
photolithography. The baffle mixer is similar to a zigzag-shaped
microchannel and its microchannel has a width of 200 mm and a
height of 100 mm. In their work, LNPs were prepared by iLiNP
and microfluidic device with chaotic mixer, respectively. Results
indicated that iLiNP has higher mixing efficiency than the chaotic
mixer device at high flow rate conditions and the clogging prob-
lem was well solved. Meanwhile, the dimensions of the baffle
structure, such as width and depth, showed an important effect on
controlling the size of LNPs.

3.2.2. Polymer nanoparticles
PNPs usually include polymer nanospheres and nanocapsules134.
Among them, polymer nanospheres are matrix particles, which
can be used as carriers for bioactive molecules including drugs135,
genes136, nucleic acids137, fluorescence138, and other functional
substances139. Unlike polymer nanospheres, polymer nano-
capsules are vesicle systems in which the bioactive agents are
confined within a water core and surrounded by a polymer
shell134. The surface of polymer nanoparticles can be function-
alized by coupling a series of metal ions, small molecules, and
surfactants to achieve drug targeting and avoid immune



Figure 5 (A) Numerical simulations of microfluidic device design and HFF (Reprinted with the permission from Ref. 96. Copyright ª 2010

American Chemical Society). Mixing and surface-to-volume ratio of the focused IPA stream in both channel geometries increases with the

increase of FRR. A higher FRR could produce smaller-sized liposomes with narrow size distribution. (B) Vertical flow focusing chip model, and

magnified schematic of the focusing region (Reprinted with the permission from Ref. 98. Copyright ª 2019 WILEY-VCH). High-throughput

preparation of liposomes can be achieved by this technique with their productivity up to 4 mg/min. (C) Schematic representation of the

microfluidic devices for the one-step formation of plasmid DNA (pDNA)/CL lipoplexes (Reprinted with the permission from Ref. 99. Copyright

ª 2017 Elsevier B.V.).
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response140. As a drug delivery system, polymer nanoparticles
have the following advantages: 1) high drug-loading capacity141;
2) high cellular uptake efficiency142; and 3) good stability and
biocompatibility143. At present, their synthesis methods include
solvent rotary evaporation144, emulsification solvent diffusion145,
and solvent displacement146, etc. However, polymer nanoparticles
obtained by these methods have some common problems, such as
large particle diameter, broad particle size distribution and poor
continuous synthesis ability147.
Figure 6 (A) 3D-HFF microfluidic device with seven identical borosilica

with the permission from Ref. 43. Copyrightª The Royal Society of Chem

an outer diameter of 1.0 mm, and they are collectively fused in a circular pa

LNPs by microfluidic device with herringbone structure and S-type chann

Elsevier Inc.). (C) iLiNP possessing a microchannel with a width of 200

permission from Ref. 42. Copyright ª 2018 American Chemical Society)
In order to obtain PNPs with smaller particle size, narrower
size distribution, high drug-loading capacity, and better repeat-
ability, many researchers have applied microfluidic technology148.
During the formation of PNPs, processes such as mixing, droplet
generation, and nano-precipitation can be precisely controlled,
which cannot be achieved by traditional methods. The most
commonly used microfluidics device for synthesizing PNPs is
microfluidic focusing device149. The principle is microfluidic nano
deposition that the low solubility of the polymer in the aqueous
te glass capillaries in a large capillary for fabricating LNPs (Reprinted

istry 2014). Each capillary possesses an inner diameter of 0.58 mm and

ttern with an equivalent outer diameter of 3 mm. (B) Schematic of Tf-

els (Reprinted with the permission from Ref. 48. Copyright ª 2016

mm and a height of 100 mm for fabricating LNPs (Reprinted with the

.
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phase leads to the precipitation of polymer in the water/organic
interface, followed by the formation of PNPs150. Martı́n-Banderas
et al.151 prepared PNPs loaded with gemcitabine by microfluidics.
They found that drug encapsulation efficiency was twice than that
of the solvent rotary evaporation method and the drug sustained-
release effect was better. Meanwhile, they also presented an
improved antitumor effect. Baby et al.84 also reported a novel
microfluidic nanocrystalline precipitation technique for the prep-
aration of polymeric nanoparticles with a drug loading of up to
50%, and the drugs’ release can be adjusted efficiently by
changing pH. In this way, the tunable drug-loading capacity and
the controllable drug release of PNPs were successfully achieved.
Results showed that the particle size of PNPs is significantly
correlated to their biological functions152. Gimondi et al.153

investigated the effect of several parameters (e.g., polymer con-
centration, flow rate, and FRR between aqueous and organic so-
lutions) on the physicochemical properties of PNPs, and
confirmed that the particle size of PNPs strongly affects their drug
encapsulation, delivery ability, and other biological functions.

As one of the most widely used degradable polymer organic
compounds, PLGA has the advantages of good biocompatibility,
non-toxicity, and easy degradation, etc154. PLGA PNPs obtained by
microfluidics have great application prospects in drug delivery155.
Karnik et al.156 prepared PNPs by different methods, including
Figure 7 (A) The schematic diagram of prepared PNPs by microfluidics

with the permission from Ref. 156; Copyright ª 2008 American Chemical

microfluidics (Reprinted with the permission from Ref. 158; Copyright ª
microfluidics and solvent rotary evaporation method, and the
schematic diagram is shown in Fig. 7A156. They found that the
particle size of the microfluidic-generated PLGA PNPs was 34 nm,
while the particle size of the PLGA PNPs synthesized by solvent
rotary evaporation method was 105 nm. They proved that PNPs
prepared by microfluidics are much smaller in size than those ob-
tained by traditional method. In order to study how to obtain PNPs
with smaller sizes by changing the experimental conditions, Leung
et al.157 used microfluidic hydrodynamic focusing to load curcumin
into PLGA PNPs and found that flow rate and FRR played an
important role in particle size, PDI and encapsulation efficiency of
PLGA nanoparticles. Similarly, the preparation of PLGA PNPs by
microfluidics can also be used to deliver other drugs, such as
nucleic acid drugs. Zoqlam et al.158 prepared PLGA-Eudragit
nanoparticles encapsulating plasmid DNA by microfluidics (as
shown in Fig. 7B158). Compared with PLGA-Eudragit nanoparticles
obtained by traditional methods, DNA transfection efficiency of
microfluidic-prepared PLGA-Eudragit nanoparticles was higher.
However, PLGA can easily clog microchannels owing to their large
molecular weight, thus limiting their clinical mass production159.
To overcome this shortcoming, Liu et al.160 designed a 3D coaxial
flow microfluidic device to prepare PNPs. This device inserts a
conical glass capillary into another larger cylindrical capillary and
aligns it coaxially. The inner fluid (4% ethanol solution containing
. The process of mixing in a microfluidic device using HFF (Reprinted

Society). (B) The fabricating process of PLGA-based nanoparticles by

2021 Elsevier B.V.).
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50 mg/mL phospholipids as a stabilizer) flows inside the inner cy-
lindrical capillary, while the outer fluid (50 mg/mL PLGA aceto-
nitrile solution) flows between the inner and outer cylindrical
capillaries. The use of this microfluidic platform not only solves the
problem that PLGA is easy to block the channel, but also ensures
that the prepared nanoparticles have a uniform size distribution, and
the particle size and surface charge can also be easily adjusted,
thereby providing a potential method for clinical large-scale
production.

3.2.3. Protein nanoparticles
Protein nanoparticles-based NDDSs are formulations in that drugs
are encapsulated into protein nanoparticles161. Drugs can be
covalently bound in the three-dimensional spatial structure of the
protein or doped in the matrix, which can protect drug molecules
from degradation162,163. Protein nanoparticles, as a drug carrier,
have been widely applied in drug delivery owing to their excellent
properties such as low toxicity, good biocompatibility, high
biodegradability, and high affinity164e166. Owing to the excellent
property of microfluidics, it has also been used to fabricate protein
nanoparticles50. In the microfluidic system, aqueous and organic
phases are simultaneously injected into a microfluidic chip by a
high-pressure delivery pump. The liquid experiences turbulent
flow, laminar flow, or atomization in the microfluidic chip, and
two-phase mixing is realized35. Under the action of the high-
pressure delivery pump, the particle size of protein nanoparticles
can be reduced by impact force and shear force, thereby achieving
a stable and controllable continuous synthesis of homogeneous
protein nanoparticles56,167.

Jeon et al.168 prepared protein nanoparticles by continuous-flow
microfluidics. In their work, Ni-NTA-PS solution was introduced
into the central inlet channel at a flow rate of 40 mL/min, while His-
GFP PBS buffer was introduced into both sides of the inlet at a flow
rate of 20 mL/min. The Re of the obtained His-GFP solution was
3.45, and the Re of the polymer solution was 6.87, indicating that
the flow was in a strong laminar state. To solve the blockage of
protein nanoparticles, they added a delayed entry channel and
introduced a DMF solution to avoid the direct contact of Ni-NTA-
PS with His-GFP solution. However, the formation of protein
nanoparticles could be easily disrupted in a microfluidic system,
because proteins and small molecules are easily absorbed by PDMS
materials169. In order to overcome this limitation, Jeon et al.
modified the surface properties of transparent glass slides and
PDMS molds with oxygen plasma, and hydrophobically modified
channel surfaces using liquid-phase evaporated dichloro dimethyl
silane self-assembled monolayers168.

Since the microfluidic chip can precisely control liquid mixing
and maintain a high mixing efficiency, protein nanoparticles-based
NDDSs with a higher encapsulation efficiency can be obtained. In
order to improve the drugs’ encapsulation efficiency, our group
designed an inverted W-type microfluidic chip by conventional
UV photolithographic and soft-lithography for preparing CTX-
NPs49. Human serum albumin containing sufficient drug binding
sites was used as protein material, and microfluidic technology
and traditional method were used to prepare protein nanoparticles,
respectively. The results indicated that obtained MF-CTX-NPs
have a higher drug-loading capacity and encapsulation efficiency
than CTX-NPs fabricated by the traditional method (BU-CTX-
NPs). Besides, MF-CTX-NPs exhibited more uniform and nar-
rower particle size and dispersion. MF-CTX-NPs also showed
better tumor inhibition in vivo, which can be attributed to the
improved mixing efficiency between the outer aqueous phase and
the internal organic phase49. To improve the targeting of MF-
CTX-NPs, we fabricated FA-MF-CTX-NPs, and the scheme is
presented in Fig. 8A71. Compared with MF-CTX-NPs, FA-MF-
CTX-NPs enhanced tumor targeting and exhibited more pro-
nounced tumor suppressive effects, both in vitro and in vivo.
Meanwhile, FA-MF-CTX-NPs also prolonged the blood circula-
tion time. Different from the albumin self-assembly method
employed by our group, Hakala et al.170 developed a 3D co-flow
device to generate protein nanoparticles by co-flowing an
aqueous protein solution and celastrol ethanol solution. In their
design, a water flow was added into the outer layer. The addition
of the water flow squeezed ethanol and protein, making the two
phases diffuse rapidly. In addition, water layer also hinders the
direct contact of proteins with PDMS and reduce their adhesion.
The nanoparticles obtained by 3D co-flow device are stabilized by
intermolecular disulfide bonds, thereby eliminating the need for
toxic crosslinkers171. This 3D co-flow device increased the
encapsulation efficiency of celastrol in protein nanoparticles, and
significantly reduced its cytotoxicity.

Recently, more microfluidic devices have been designed for the
preparation of protein nanoparticles172. Acoustically driven micro-
fluidic mixers are designed to solve the problem of prolonged
mixing between reagents64. It can homogenize nanoparticles within
6 ms and can mix reaction solution efficiently and quickly to pre-
vent concentration fluctuations and minimize particle size variation
of protein nanoparticles64. Furthermore, an electrodynamics-based
fast-mixing microfluidic device was developed, which can
generate turbulent-like flow under the action of an alternating
electric field to assemble functional proteins and polymers in an
ethanol/water co-solvent system. The physicochemical properties of
protein nanoparticles can be easily controlled and tuned by
adjusting the alternating current electric field (e.g., voltage, fre-
quency, signal phase shift) and flow rate, which also provide a new
strategy to obtain protein nanoparticles73.

3.2.4. Inorganic nanoparticles
Compared with organic nanoparticles, inorganic nanoparticles,
such as silica nanoparticles173e175, metal nanoparticles176e178 and
quantum dots179, show better mechanical and chemical stabil-
ity180. Moreover, many inorganic nanoparticles also have special
optical photothermal and magnetic properties181e183. Therefore,
inorganic nanomaterials have attracted extensive attention in drug
delivery184,185. However, the nanoparticles obtained by traditional
preparation methods have poor stability and uncontrollable par-
ticle size, which limit their clinical translation186. Microfluidics
had been widely applied to controllably prepare inorganic nano-
particles owing to its unique properties. The principle of preparing
nanoparticles by microfluidics is similar to traditional methods.
The fabrication of inorganic nanoparticles mainly consists of two
steps187. The first step is the nucleation stage, in which the su-
persaturated inorganic salt solution is deposited into an insoluble
monomer and then assembled into small nanoparticles, and the
second step is the growth stage during which the tiny inorganic
nanoparticles grows187. It is generally believed that the nucleation
and growth happened simultaneously throughout the formation of
NDDSs. A higher nucleation rate and a slower growth rate can
obtain stable and ultrafine NDDSs with a small distribution co-
efficient53. The high mixing efficiency is helpful in creating high
nucleation rates, and smaller and more uniform NDDSs with
higher drug-loading capacity can be obtained53,188. Different from
the principle of the nano-precipitation method for organic nano-
particles, microfluidic preparation of inorganic nanoparticles



Figure 8 (A) Schematic illustrations of the preparation of FA-MF-CTX-NPs by inverted W-type microfluidic chip (Reprinted with the

permission from Ref. 71; Copyright ª 2019 by the authors). FA-MF-CTX-NPs enhanced tumor targeting and exhibited more pronounced tumor

suppressive effects, both in vitro and in vivo. (B) Schematic illustration of the microfluidic system for the synthesis of drug@ZIF-8@SiO2

(Reprinted with the permission from Ref. 75; Copyright ª The Royal Society of Chemistry 2018).
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usually involves a chemical reaction, which requires reagent
addition, separation, and purification16. The size distribution and
shape of nanoparticles can be adjusted by adjusting pH, saturation
degree of solution, and flow rate of liquid189e191.

Silica nanoparticles with a large specific surface area, strong
loading capacity, good biocompatibility, and surface modification
are suitable for biomedical field183. Continuously flowing micro-
fluidics and segmented-flow microfluidics have all been widely
applied to synthesize silica nanoparticles192,193. In 2004, Khan
et al.194 designed a continuous-flowing microfluidic device with
two inlets leading to a mixing channel to fabricate silica nano-
particles for drug delivery, and the effect of flow rates for silica
nanoparticles was investigated. In this work, ethyl orthosilicate as
silica precursor was diluted by ethanol solution. Then, ammonia
and ethanol solution were pumped into the microfluidic device,
respectively. The results indicated that silica nanoparticles with an
average diameter of 321 nm and a size deviation of 9% were
obtained at low flow rates. At high flow rates, smaller silica
nanoparticles (164 nm) were obtained in 3 min, but their size
deviation was significantly increased by 25% due to axial
dispersion of colloidal particles. In order to overcome this draw-
back, they then used a segmented flow device to eliminate this
axial dispersion effect194. Later, He et al.195 constructed two
microfluidic devices including a single-phase continuous-flow
microreactor (CFMR) and a two-phase segmented-flow micro-
reactor (SFMR). This device can minimize the effect of particle
deposition in the reaction tube while maintaining constant flow
conditions. Similarly, tetramethoxy silane was used as a silicon
source, and PEI was used as a nucleation catalyst, and silica
nanoparticles with a diameter less than 100 nm were prepared.
The yield is higher than that of batch synthesis. The size and size
distribution can be easily adjusted by changing pH, flow rate, and
residence time. Since the axial dispersion effect is eliminated
under SFMR conditions, the size distribution of silica nano-
particles is narrower than that of CFMR195. However, micro-
fluidics can not only be used to fabricate silica nanoparticles but
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also to coat other materials such as polymer layers on the surface
of silica nanoparticles196e198. Polymer layers can be used as a
response layer to protect the bioactivity and control the release of
drugs198. Yan et al.199 fabricated a pH/redox-triggered MSN
nanoplatforms for co-delivery of DOX/PTX by a microfluidic
device. First, PTX was covalently attached to the surface of DOX-
loaded MSN via disulfide bonds, and then, PSS was electrostati-
cally adsorbed on DOX@MSN-PTX in a microfluidic device,
which can effectively protect the activity of PTX and DOX. Under
acidic conditions, MSN-NH2 is protonated, and the electrostatic
interaction is disrupted at pH Z 5. The covalent binding sites as
redox-sensitive switches can precisely control the release of DOX
and PTX, and thus DOX@MSN-PTX@PSS can be pH/redox-
triggered. In vitro experiments proved that DOX@MSN-
PTX@PSS could effectively and selectively kill BT549 cancer
cells and had no effect on healthy breast cells MCF-10A199.
Similarly, Xu et al.76 prepared functionalized MSNs with high
loading efficiency to deliver CRISPR/Cas9 plasmids, and then
adsorbed PDDA on the surface of MSNs, thus effectively pre-
venting EcoRV restriction endonuclease enzyme-induced degra-
dation of the plasmid to promote nuclear translocation.
Kucukturkmen et al.200 also used a microfluidic device to
encapsulate PDDA in an outer layer of monodisperse silica
nanoparticles to maintain the biological activity of the internally
encapsulated protein. The use of this microfluidic device for
secondary modification of MSNs and the modification of pH-
sensitive polymer (arginine-modified acetyl dextran) on the sur-
face of silica nanoparticles can further improve the stability of the
protein and prevent their premature release.

In addition, metal nanoparticles, because of their unique op-
tical, mechanical, chemical, and catalytic properties, have been
widely used in biomedical fields187. Precious metal nanoparticles
(e.g., Au and Ag) is also a promising drug delivery carrier due to
their excellent biocompatibility and easy to combine with a variety
of biological molecules such as target ligands16. Continuously
flowing microfluidics had been widely applied to synthesize metal
nanoparticles-based NDDSs201,202. Hao et al.203 designed a
microfluidic device with a micro-spiral-shaped double inlet, and
core-silicon-shell nanoparticles (Ag@SiO2) with adjustable sili-
con shell thickness was synthesized by this continuously-flowing
microfluidics. Zhang et al.204 developed a simple, fast, and
feasible temperature-programmed microfluidic process, combined
with surface modification and functionalization of nanohybrids, to
prepare nanomedicines with multimodal imaging capabilities and
good antitumor effects (e.g., Au@CoFeB-Rg3). Au@CoFeB-Rg3
had obvious inhibitory effects on human hepatoma cells (HepG2/
C3) and human chronic myeloid leukemia cells (K562), and it was
found that the hybrid nanoparticles had an obvious synergistic
effect with Rg3. Additionally, the CoFeB shell was super-
paramagnetic and strongly interacted with X-ray radiation, which
could be tracked by MRI and CT imaging, thus making the drug
more accurate and visible in vitro and in vivo, and further facili-
tating clinical application.

MOFs have also attracted researchers’ extensive attention due
to their unique advantages such as large surface area205, high
porosity, and biodegradability206. Hu et al.75 developed a
thermally-assisted microfluidic system consisting of a T-shaped
PDMS core and PTFE tube attachments for continuous and scal-
able preparation of drug-loaded MOFs@SiO2 nanoparticles, the
scheme is shown in Fig. 8B75. Rose Bengal photosensitizer (RB)
and DOX were successfully encapsulated into the nanoparticles,
which showed great potential in tumor therapy and photodynamic
therapy75. Moreover, MOFs are also used for insulin delivery.
Rohra et al.207 reported the microfluidic synthesis of MOFs in
response to glucose stimulation. They synthesized ZIF-8 loaded
with insulin and gold nanoparticles (AuNPs) via a continuous-flow
microfluidic mixing system, which increased the insulin loading
capacity to 77%e88%. Drug release studies confirmed the
response of MOFs to glucose to trigger insulin release207.
4. The industrialization and challenges of microfluidics-
mediated NDSSs

As aforementioned, microfluidics-mediated NDDSs have achieved
outstanding research results in laboratory studies due to their
diverse compositions, precise size control capabilities, and ease of
production2,32. To date, with the rapid development of scientific
research and industrial technologies, microfluidics-mediated
NDDSs have been promoted and applied in industrial processes
to meet the growing needs of human life and production. For
instance, in 2018, the first small interfering RNA (siRNA)-based
drug patisiran, namely Onpattro�, developed by Alnylam Phar-
maceuticals and Sanofi-Aventis, was approved by the U.S. Food
and Drug Administration (FDA) for the treatment of adults that
suffered from polyneuropathy triggered by hATTR, which paved a
way for the fabrication of microfluidics-mediated NDDSs towards
industrialization208. Recently, although many microfluidics-
mediated NDDSs have been reported for some disease therapy
including genetic diseases and cancer, there is still a small step
away from large-scale industrialization. Since 2019, with the rapid
spread of COVID-19 to more than 200 countries, which caused
severe economic consequences and huge loss of lives. The
emergence of the COVID-19 vaccine greatly stimulated the
development and application process of microfluidics-mediated
NDDSs, thereby accelerating microfluidics-mediated NDDSs for
more than 30 years in laboratory research to industrial production.

At present, the marketed microfluidics-mediated NDDSs
against COVID-19 include Pfizer/BioNTech’s BNT162b2 and
Moderna’s mRNA-1273, both of which are LNPs-encapsulated
mRNA vaccines16,33. In these two commercial products, LNPs are
used as drug carriers, which have the advantages of easy formu-
lation, good biocompatibility, large loading capacity, and pro-
tecting mRNA from degradation. They are composed of cationic
lipids, cholesterol, helper lipids, and PEG lipids, and are till now
the only mRNA delivery carrier approved by the FDA for indus-
trial production (search on fda.gov). In the preparation of LNPs,
ionizable lipids can associate with mRNA molecules through
electrostatic interactions under acidic conditions to form nano-
particles, deliver mRNA into cells via endocytosis, and also
enhance mRNA escape from endosomes. We summarize relevant
information on commercial microfluidics-mediated NDDSs, as
presented in Table 3.

Pfizer uses an IJM to produce mRNA-loaded LNPs. The
physical picture of IJM device which is used in laboratory and
industrialization are shown in Fig. 9A and B, respectively. IJM
device used by Pfizer was obtained from KNAUER company
(Germany) and was configured with up to eight parallel mixing
units. Unlike the devised used in the laboratory, the device ac-
cessories are simplified and each unit consists of two pumps (lipid
pump, API pump), two flow meters and one jet mixer in indus-
trialization. In which, the pump was used to deliver lipid and
active pharmaceutical ingredient solution, and flow rate was
controlled by flow meter. The relevant parameters of IJM device

http://fda.gov


Table 3 The relevant information on FDA-approved microfluidics-mediated NDDSs, search on fda.gov.

Product name Patisiran BNT162b2 mRNA-1273

Market time 2018 2021 2021

Company Alnylam/Sanofi-Aventis Pfizer/BioNTech Moderna

Type siRNA drug mRNA vaccine mRNA vaccine

Drug siRNA silencing hATTR Nucleoside-modified mRNA

encoding viral spike (S) glycoprotein

of COVID-19

Nucleoside-modified mRNA

encoding viral spike (S) glycoprotein

of COVID-19

Indication Adults with polyneuropathy caused

by

hATTR

COVID-19 COVID-19

Mechanism hATTR mRNA silence Immune response Immune response

Microfluidic device Undisclosed Impingement jet mixer Undisclosed

Cationic lipid DLin-MC3-DMA ALC-0315: (4-hydroxybutyl)

azanediyl)bis(hexane-6,1-diyl)bis(2-

hexyldecanoate)

SM-102: heptadecan-9-yl-8-((2-

hydroxyethyl) (6-oxo-6-

(undecyloxy)hexyl) amino)

octanoate

PEG-lipid PEG2000-C-DMG: 1,2-dimyristoyl-

rac-glycero-3-carbonylaminoethyl-

u-methoxypolyethylene glycol-2000

ALC-0159: 2-[(polyethylene glycol)-

2000]-N,N-ditetradecylacetamide

PEG2000-DMG: 1,2-dimyristoyl-

rac-glycero-3-methoxypolyethylene

glycol-2000

Helper lipid DSPC DSPC DSPC

Cholesterol Cholesterol Cholesterol Cholesterol

Others Monobasic potassium phosphate Monobasic potassium phosphate Tromethamine hydrochloride

Sodium chloride Sodium chloride Acetic acid

Sodium phosphate dibasic

Heptahydrate

Sodium phosphate dihydrate dibasic Sodium acetate

e Potassium chloride, sucrose Tromethamine, sucrose

COVID-19, coronavirus disease 2019; hATTR, hereditary transthyretin-related amyloidosis; PEG, polyethylene glycol.

3292 Huan Zhang et al.
used in industrialization are presented in Table 4. Briefly, the lipid
solution was pumped on one side and mRNA was pumped on the
other, and they were mixed together with pressure of 400 pounds.
The mixture was then quenched in a third mixer where the high
mixing velocity could reduce the solubility of the lipids so that
homogenous mRNA-loaded LNPs could be formed. To improve
the production efficiency of BNT162b2 vaccine, Pfizer achieved a
parallelization of multiple static mixers by replicating the quarter-
Figure 9 The physical pictures of IJM device which is used in laborator

Tech Ltd.
sized mixers, which allow the continuous synthesis and the in-
crease of their vaccine productivity at the Kalamazoo (US) site to
100 million doses per month209. However, till now, the micro-
fluidic device for Moderna’s mRNA-1273 has not been disclosed
though it was used for vaccine production.

In China, there are also some companies that use microfluidic
technology to prepare microfluidic-based NDDSs. For instance,
StemiRNATherapeutics Co., Ltd. and micro&nano Biologics Co.,
y (A) and industrialization (B). The figures were provided by Lumiere



Table 4 The relevant parameters of IJM device. The data was provided by Lumiere Tech Ltd.

Content Parameter

Number of IJM Up to 8

Number of pumps Up to 16

Number of flow meters Up to 16

Process connection inlet** Sanitary Clamp Connector (2 inlets)

Process connection outlet** Sanitary Clamp Connector (1 outlet)

Volumetric flow rate Depending on configuration

Maximum operating pressure*** 50e70 bar (725e1015 psi)

Liquid temperature range 4e60 �C (39.2e140 �F)
Wetted materials Stainless steel, PEEK, titanium, FFKM, PTFE (GFP 55), aluminum oxide, ruby,

sapphire, EPDM, zirconium oxide, POM, hastelloy

Power supply Pump: 100e240 VAC single phase, 50/60 Hz;

Flow meter: 115/230 VAC single phase; depending on configuration

Power consumption (per device) Pump: maximum 320 W; flow meter: 3 W; PC: 1000 W; monitor: 380 W; network switch: 50 W

Ambient conditions Temperature range: 4e40 �C; 39.2e104 �F; below 90% humidity (non-condensing)

IJM, impingement jet mixer; **, different connections on request; ***, depends on specific pump configuration and application.
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Ltd. self-developed domestic high-throughput microfluidic device
(INano™) to large-scale produce mRNA vaccines with lip-
opolyplex (LPP) as drug carrier210. LPP nano-delivery platform is
a double-layer structure with polymer-encapsulated mRNA as the
core and phospholipid as the outer shell. Compared with tradi-
tional LNPs, LPP has better encapsulation and protection of
mRNA, and can gradually release mRNA molecules when the
polymer degrades. On April 29, 2022, StemiRNA Therapeutics
Co., Ltd. announced that their self-developed mRNA vaccine
against COVID-19 had been approved by State Food and Drug
Administration (China) and would carry out clinical experi-
ments211. Recently, Akso Biotechnology completed an angel
round of financing of RMB 20 million to develop high-throughput
3D microfluidic chips, and accelerate the large-scale production of
high-performance microspheres212.

Microfluidics-mediated NDDSs provide a firm foundation for
the successful development and commercialization of COVID-19
vaccines, which is a key component in the rapid industrialization
of COVID-19 vaccines. The unique large-scale production of
microfluidics-mediated NDDSs is different from the scale-up
process of traditional technology, which prominently shortens
the translational time from laboratory preparation to industrial
manufacturing, effectively accelerating the drug development and
production progress. Recently, parallelization or numbering-up of
microfluidic devices can scale up to produce microfluidics-
mediated NDDSs. However, controllability still needs to be
further attention. Therefore, combining the multidisciplinary ad-
vantages of nanotechnology, automation technology, and
biomedicine, to develop intelligent and controllable microfluidics-
mediated NDDSs will be helpful for further improvement of the
production efficiency and homogeneity of the as-prepared drug
delivery systems.

Although microfluidic-mediated LNPs have been used for the
preparation of COVID-19 vaccines and the drug that suffered from
polyneuropathy triggered by hATTR in industrial production,
there are still some severe challenges that remain to be conquered.
For instance, during the production process, Pfizer-BioNTech
vaccine uses an IJM constructed from multiple static mixers in
parallel for continuous production to improve the production ef-
ficiency of COVID-19 vaccine, but it still suffers from the possible
failure of any one of the static mixers which may affect the quality
and the production efficiency mRNAvaccines, which undoubtedly
increases the uncontrollability of production. Moreover, excessive
production pressure greatly increases the risks met in the pro-
duction process, and thus higher requirements for the stability of
the equipment are required. Furthermore, at present, the purifi-
cation process of the microfluidic-mediated NDDSs needs to be
carried out separately after the synthesis process, which retards the
production efficiency and increases the difficulty of preparation.
Thus, in view of the above-mentioned problems during the in-
dustrial production process, the following points need to be further
considered: 1) Multifunctional mixers with efficient, stable and
smart production capabilities need to be researched and developed
to improve the yields faced in large-scale industrial production. 2)
The mixers for the production of microfluidic-mediated NDDSs
need to be optimized through industrial design strategies, and
more convenient and stable reactors need to be produced with the
assistance of various technology, thereby effectively improving
the safety in the industrial large-scale production process. 3) Re-
actors that can combine the synthesis and purification of
microfluidic-mediated NDDSs to simplify the preparation process
and improve production efficiency should be developed to serve as
a reliable cornerstone for the industrial microfluidic-mediated
NDDSs.

5. Conclusions and perspective

In this review, we have presented a comprehensive summary of
microfluidics-based NDDSs, from fundamentals to industrialized
applications. Because of its capabilities of miniaturization and
precise control over fluids, microfluidics has an extremely
important contribution to NDDSs. First, we reviewed the funda-
mentals of microfluidics. The fluid characteristic is laminar, and
mass transfer is dominated by passive molecular diffusion.
Microfluidics is divided into continuous-flow microfluidics and
segmented-flow microfluidics. Continuous-flow microfluidics
mainly focuses on miscible fluid. Owing to the simplicity of the
flow pattern, the scaling-up of microfluidics-mediated NDDSs can
be realized through increasing flow rate. The segmented-flow
microfluidics mainly focuses on immiscible fluid, and it is able to
produce monodisperse droplets with narrow size distribution. By
continuously controlling the reaction condition, process parame-
ters (e.g., FRR, microfluidic device geometry, flow rate), and the
mixing sequence of reagents during the reaction process,
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microfluidics-mediated NDDSs with narrow particle size distri-
bution, high drug-loading capacity can be controllably prepared.
Therefore, microfluidics offers a new strategy for preparing
NDDSs. Afterward, we summarize the microfluidic synthesis of
NDDSs, including liposomes and nanoparticles (such as LNPs,
PNPs, protein nanoparticles, and inorganic nanoparticles), and
provide insights into the synthesis methods, existing problems,
and research progress. Finally, the industrialization of
microfluidics-mediated NDSSs is introduced. The success of
Pfizer/BioNTech’s BNT162b2 and Moderna’s mRNA-1273
against COVID-19 demonstrated the feasibility of microfluidics
for scaling up the preparation of NDDSs. Meanwhile, in China,
some companies (e.g., StemiRNA Therapeutics Co., Ltd.,
micro&nano Biologics Co., Ltd., Akso Biotechnology, etc.) also
apply microfluidic technology to produce microfluidic-based
NDDSs, thereby accelerating the industrial development of
microfluidics-mediated NDSSs.

Although microfluidics-mediated NDSSs have been used in
industrial production, there are still some serve challenges to be
overcome. Firstly, the hydrodynamic theory and growth mechanism
of microfluidics-mediated NDDSs still need to be further explored
to guide and optimize the carrier stability and drug loading issues
during the construction of drug carriers. For example, rapid phase
separation may facilely lead to in compact structures of the as-
prepared nano drug carriers during the synthesis of microfluidics-
mediated NDDSs. The flow behavior of liquids and the phase state
changes of nanocarriers in numerous microfluidic devices can be
further studied to establish a theoretical relationship between
microfluidic systems and nanocarriers, thereby summarizing the
design principles of the microfluidics-mediated NDDSs. Secondly,
the fabrication process still needs to be further optimized. The
physicochemical properties of NDDSs (e.g., size, morphology,
dispersity) have a great impact on tissue distribution, blood circu-
lating time and cellular internalization, etc. However, controllable
preparation principles of microfluidics-mediated NDDSs are still
not ideal. Therefore, more precise control over the physicochemical
properties of microfluidics-mediated NDDSs still needs further
exploration. In addition, organic solvents used as liquid phases may
present poor biocompatibility and affect the biological activity of
drugs, so liquid phases for fabricating microfluidics-mediated
NDDSs with better biocompatibility still need to be further devel-
oped. Thirdly, microfluidic devices still need to be further designed.
The material for microfluidic device fabrication is significantly
important since the wetting and contact angles of solution maybe
also affect the properties of microfluidics-mediated NDDSs. In
order to meet the temperature and pressure conditions needed for
fabricating NDDSs, other essential factors such as chemical
compatibility, durability, and transparency must be also considered.
The microfluidic devices with chaotic mixers are widely used to
improve mixing efficiency between reagents. However, clogging
problems often occur, thus limiting the production efficiency.
Therefore, the geometry of microfluidic devices should also be
further optimized. Last but not least, although the success of
BNT16b2 and mRNA-1273 against COVID-19 demonstrates the
feasibility of microfluidics for scaling up the preparation of NDDSs
via parallelization or numbering-up, several challenges should still
be considered. 1) Some laboratory-designed microfluidic devices
ignore the practicality of industrial production. For instance, in
order to solve clogging problems and increase the production effi-
ciency of microfluidics-mediated NDDSs, a 3D-HFF microfluidic
device has been used in the laboratory. However, how the micro-
fluidic device can be parallelized or numbered up in industrial
production to achieve scale-up should be further considered. 2)
Most of the current microfluidics-mediated NDDSs need further
off-chip purification. Moreover, integrated multi-process micro-
fluidic systems can be designed, and this will shorten processing
time and improve production efficiency. 3) Microfluidic devices
rely on customized modular components, and chips for liquid
mixing suffer from vulnerable materials, complex design, and small
liquid flow, which greatly limit the large-scale industrial production
of microfluidics-mediated NDDSs. Therefore, combining the ad-
vantages of materials science, synthetic science, and industrial
production to design microfluidic chips equipped with high-
pressure resistance, corrosion resistance, and continuous genera-
tion, will serve as a reliable cornerstone for the industrial
microfluidics-mediated NDDSs. Overall, although microfluidics
still exists some challenges, it provides an excellent strategy to
controllably prepare NDDSs.
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