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Microfluidic Nanoparticles for Drug Delivery

Yun Liu, Guangze Yang, Yue Hui, Supun Ranaweera, and Chun-Xia Zhao*

Nanoparticles (NPs) have attracted tremendous interest in drug delivery in
the past decades. Microfluidics offers a promising strategy for making NPs
for drug delivery due to its capability in precisely controlling NP properties.
The recent success of mRNA vaccines using microfluidics represents a big
milestone for microfluidic NPs for pharmaceutical applications, and its rapid
scaling up demonstrates the feasibility of using microfluidics for industrial-
scale manufacturing. This article provides a critical review of recent progress
in microfluidic NPs for drug delivery. First, the synthesis of organic NPs using
microfluidics focusing on typical microfluidic methods and their applications
in making popular and clinically relevant NPs, such as liposomes, lipid NPs,

Sl

samples of picoliter (or less) scale, fast
mixing, rapid mass transfer, precise control
over reaction conditions and the addition
of reagent, cost-effectiveness, and short-
production time.’l More importantly, NPs
can be reproducibly synthesized in micro-
fluidic devices with well controlled and
tunable properties, such as size, shape,
surface properties, structures, etc.*’! The
capability of microfluidic methods to
provide homogeneous reaction environ-
ments along with fast mixing of reagents,

and polymer NPs, as well as their synthesis mechanisms are summarized.
Then, the microfluidic synthesis of several representative inorganic NPs (e.g.,
silica, metal, metal oxide, and quantum dots), and hybrid NPs is discussed.
Lastly, the applications of microfluidic NPs for various drug delivery applica-

tions are presented.

1. Introduction

NPs have attracted significant interest in the past decades.
Various NPs have been developed to address different drug
delivery challenges, including poor drug solubility, poor bioavail-
ability, intrinsic drug instability, serious adverse effects, and lack
of targeted delivery." Traditionally, NPs are often fabricated
using bulk methods. In comparison, microfluidics offers a new
strategy for making NPs with controlled properties for various
applications due to its unique capabilities such as in handling
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to continuously adjust the reaction condi-
tions, and to control the mixing sequence
of reagents during the reaction process,
makes it ideal for NP synthesis for drug
delivery applications.®/l Furthermore, it
can be quickly scaled up via parallelization
or numbering-up, making it viable for NPs
manufacturing for practical applications.
These advantages have been well validated by the recent success
of Pfizer's mRNA vaccine manufacturing.

mRNA vaccines produced by Pfizer are lipid NPs with mRNA
encapsulated inside. The lipid NPs act not only as delivery vehi-
cles for mRNA molecules but also as a nanocarrier protecting
mRNA from degradation. To produce these mRNA-loaded lipid
NPs, an impingement jet mixer (IJM) of a US quarter coin
size, also known as the tea stirrer, was used. Basically, the lipid
solvent solution is mixed with the mRNA solution by simply
pumping lipids from one channel and mRNA from the other,
forcing them to mix together with 400 pounds of pressure. To
meet the large-scale production requirement, instead of going
bigger and making a large-scale mixer to allow bigger volume
to pass through, Pfizer replicated the quarter-sized mixers
and achieved a parallelization (or numbering-up) of 100 static
mixers, allowing the continuous synthesis and the increase of
their vaccine productivity at the Kalamazoo (US) site to 100 mil-
lion doses per month.®! To automate the process, a computer
system was established to run the whole system that ensures
the precise control over the flow rate and pressure. Although
the IJM is small in size, it is able to be scaled up very rapidly
based on the original design, which is the key for pharmaceu-
tical manufacturing especially for pandemics like COVID-19.

The success of the Pfizer mRNA vaccine for COVID-19
represents a significant milestone not only for mRNA vac-
cines, but also for microfluidics and nanomedicines, and it has
demonstrated the feasibility and versatility of microfluidics for
making nanomaterials for drug delivery. Therefore, it is timely
and important to review this field. In this review, we are not
aiming to provide a comprehensive review of all the different
microfluidic nanomaterials for drug delivery, we will focus on
three types of NPs including typical organic NPs, inorganic
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Figure 1. Overview of the structure of this review. This review summarizes the recent progress in microfluidic NPs for drug delivery (inner core),
comprising of the microfluidic synthesis of various NPs (inner ring) including organic NPs, inorganic NPs, and hybrid NPs (middle ring; red, blue,
and orange colors respectively) and their drug delivery applications (inner ring; green color). The applications of typical microfluidic methods such
as the hydrodynamic flow-focusing, staggered herringbone micromixing, and acoustic micromixing (from top to bottom of the chip schematics) in
making popular and clinically relevant NPs such as liposomes, lipid NPs, synthetic polymer NPs, silica NPs, etc. (outer ring; from top to bottom of
the NP schematics) are explored in this review. Moreover, the drug encapsulation strategies (middle ring; green color), and cancer and other diseases

treatment applications (outer ring; green color) of these NPs are reviewed.

NPs, and hybrid NPs, including their microfluidic synthesis
methods, and their drug delivery applications (Figure 1). With
the introduction of past research and the recent success of
microfluidic NPs, more interests are expected to be drawn for
this field not only in laboratory research but also in industrial-
scale production.

2. Microfluidic Synthesis of Organic NPs

Microfluidics has been extensively used for making organic
NPs including liposomes, lipids, or polymers. The principle of
synthesizing such organic NPs is mainly based on a nanopre-
cipitation process. Basically, an organic precursor (e.g., lipid,
polymers) dissolved in a solvent solution mixes with an antisol-
vent solution (water or buffer solution), then NPs are formed
via a nanoprecipitation process. Traditionally, this nanoprecipi-
tation process occurs in bulk solutions (in beakers or vials) via
mixing, so mixing efficiency or mixing time plays a critical role
in controlling NP properties. In this sense, microfluidics pro-
vides an ideal approach for making uniform organic NPs with
tunable and controllable properties. This section starts with a
brief introduction of several typical microfluidic methods for
making organic NPs, then reviews different types of organic
NPs synthesized using microfluidics. Lastly NP synthesis
mechanisms are discussed providing valuable insights.
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2.1. Different Microfluidic Methods

Traditional methods of synthesizing NPs, such as bulk extrusion,
bulk mixing, suffer from limitations, such as less control over
particle size and polydispersity (PDI), poor reproducibility from
batch to batch, and difficulties in scaling-up production. Alter-
natively, microfluidics has been explored for producing nano-
medicines of well-controlled properties and reproducibility.”!
Consequently, it has grown in popularity over the last decade.
Microfluidic platforms for organic NP synthesis are often
referred to as micromixers. Various mixing technologies
including both passive mixing and active mixing have been
comprehensively reviewed and discussed in several excel-
lent review articles.™ Also, traditional microfluidic mixing
designs focus on liquid-liquid mixing, but mixing-induced
nanoprecipitation or self-assembly of NPs involves the for-
mation of solid NPs, that is, liquid-liquid-solid, which could
potentially lead to channel blockage. Therefore, microfluidic
devices for making NPs should be carefully designed to ensure
excellent mixing but minimum NP disposition. In this section,
we mainly focused on the mixing technologies commonly used
for the microfluidic synthesis of organic NPs for drug delivery
applications. Two widely used microfluidic designs include
hydrodynamic flow focusing!®?% and staggered herringbone
micromixer designs (Figure 2).2%] External fields could be
included to enhance mixing (e.g., acoustofluidics).[8-32
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Figure 2. Different microfluidic methods. a) Schematic of the HFF method. b) Schematic of SHM. Reproduced with permission.3l Copyright 2015, The
Royal Society of Chemistry. c) Acoustic micromixing devices using star-shaped oscillating plates: the assembled star-shaped microfluidic mixer (top)
and the ultrafast star-shaped acoustic micromixer (bottom). (Top) Reproduced with permission.? Copyright 2020, Elsevier Inc. (Bottom) Reproduced

with permission.®'l Copyright 2020, The Royal Society of Chemistry.
2.1.1. Hydrodynamic Flow Focusing (HFF)

HFF utilizes the laminar regime typically found within micro-
fluidic platforms. In HFF, a narrow stream of fluid, typically
lipid, polymer, or other NP precursor dissolved in a solvent
flows in parallel with an antisolvent (e.g., water or buffer solu-
tion) from the two side channels (Figure 2a).”] Due to the lam-
inar flow regime present within the device, rapid mixing occurs
through diffusion. Mixing time correlates with several param-
eters following Equation (1):134

tmix~w_?zw_2 ;2 (1)
4D 9D{(1+1/R)

where D is the diffusivity of the solvent, W; is the width of the
focused stream, W is the channel width, and R is the flow rate
ratio of the middle stream to the flow rate of the sheath stream.

Based on Equation 1, mixing time correlates positively with
the width of the central stream, but negatively with the diffu-
sivity of the solvent. For example, for acetonitrile which has a
diffusivity D of 10~ m? s7!, with a central stream width W; of
10 um, the mixing time would be 2.5 ms, if the Wy decreases
to 1 um, the mixing time decreases to 25 us which is 100 times
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reduction. As the W; is dependent on both the width of the
channel and the flow rate ratio, therefore, a smaller channel
with bigger flow rates benefits shorter mixing time, thus
smaller particle size and better uniformity. Therefore, the HFF
allows for a greater degree of control over the NP synthesis
compared to traditional methods.'¥l Also, by designing HFF
with different channel widths and tuning the flow rate ratio,
it can be used to produce highly tunable NPs with controlled
size and size distribution.l® Furthermore, NPs with tunable
surface properties (PEGylation, single targeting ligand, or dual
ligands) can be fabricated using functionalized lipid or polymer
precursors.3>3¢]

Most microfluidic HFF devices are made of polydimethyl-
siloxane (PDMS), as when cured it is transparent and can be
patterned with high aspect ratio structures. However, HFF
devices produced with PDMS suffer from poor solvent compat-
ibility, channel fouling due to 2D flow geometries, and defor-
mation during high-pressure operation, which can increase the
maintenance required for these systems and limit the potential
throughput.’) To counteract this, borosilicate glass capillary
flow-focusing devices present the most promising avenue for
the HFF devices. Borosilicate glass offers many advantages over
PDMS such as being inert to most solvents, minimal defor-
mation due to a high Young’s modulus, leading to consistent

© 2022 The Authors. Small published by Wiley-VCH GmbH

95UB01 7 SUOLULLOD AIIRID 3cedt [dde 8y Aq paueob 8.2 3o lie YO ‘9SO S3INJ 10} AIqITaUIIUQ AB]IM UO (SUOTPUOO-PUR-SWLBHW0D" A |IM A Teq1jBu[UO//STIY) SUORIPUOD pUe SWLB | 8U) 885 *[z202/0T/c2] Uo AkeiqiTauliuo AS|IM ‘luwn|y spreepY Jo A1sieAlun Ad 08590T20Z [IWS/Z00T OT/I0P/W00" A3 1M ARe.q jpul Uo//Sdy Woly papeojumod ‘o€ ‘2202 '6289ETIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

operating conditions and the ability to achieve 3D flow geome-
tries, which reduce channel fouling and increases the interface
between the solvent and the antisolvent. Borosilicate devices
have been used to produce several different NPs including poly-
meric NPs and gold NPs (AuNPs).}-3]

Although many studies have utilized this method to produce
various types of NPs/NMs, the HFF device relies on passive
diffusive mixing of reagents. The controllable aspects of this
device typically include flow rate ratio and channel dimen-
sions.*l To make a smaller particle size, the dimension of this
device needs to be small enough. Therefore, the throughput
of this method is often very low. Consequently, it takes a long
time to produce enough NP samples for further in vitro and
in vivo biological experiments. A high flow rate ratio also leads
to a very diluted NP solution at the outlet of the device.?! To
overcome these limitations, the induction of turbulent flow to
promote rapid mixing has been explored. First, through the
implementation of additional features to existing passive micro-
mixing designs, turbulent flow regimes can be induced in lam-
inar flow systems, such as staggered herringbone micromixers,
which can achieve quick mixing through the implementation
of specific design elements to the microchannel.?!! The second
method to generate rapid micromixing is by using active micro-
mixing such as acoustic micromixing, which allows for greater
control of tunable properties with the addition of an external
energy source.l2l

2.1.2. Staggered Herringbone Micromixing

Unlike the HFF design, where micromixing is induced through
diffusive forces between fluid streams, staggered herringbone
micromixers (SHM) induce micromixing through chaotic
advection, which allows for the mixing profile to become highly
flexible through the channel cross-sectional area (Figure 2b).
These herringbone structures are designed on the floor of the
microchannel. Due to the induction of the chaotic advection
mixing profile, smaller mixing times are achieved between flu-
idics at lower flow rates, leading to less dilution and shorter
processing times for synthesizing NPs.?2l SHM micromixers
have a suitable flow rate range (a range of Re numbers) to pro-
vide high mixing efficiency (i.e., Re = 1 to 100).53%]

Six different geometric parameters affect the mixing effi-
ciency of SHMs, including 1) the ratio of the channel width to
the channel height (w/h), 2) the ratio of the groove depth to the
channel height (dg/h), 3) the ratio of the groove width to the
groove pitch (wg/k), 4) the asymmetry factor of the groove (b),
5) the angle of the groove (¢, and 6) the numbers of grooves
per half channel (Ng).*¥ Among these six parameters, the
parameter wg/k plays the most significant role in the mixing
performance (i.e., a high mixing performance with the lowest
possible pressure drop). More specifically, the mixing perfor-
mance increases with an increasing groove width. A higher
dg/h results in an increased mixing index. Comparatively, the
groove angle (h) has a more minor effect on the mixing per-
formance.? Several studies have used the SHM to synthesize
different NPs/NMs. Lipid NPs were synthesized with a size
of 100 nm, a narrow size distribution of 0.2. and a high doxo-
rubicin encapsulation efficiency (EE) of greater than 80%.1%°]
Hybrid PLGA-lipid NPs were also produced using a SHM
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system with a desired size of 102.11 nm and a narrow size
distribution of 0.126.24 A commercial microfluidic platform
NanoAssemblr has been developed based on the staggered
herringbone micromixing technology for lab scale and clin-
ical scale NP manufacturing under cGMP conditions.*l The
NanoAssemblr platform is a benchtop instrument integrating
staggered herringbone microfluidic cartridges, syringe pumps,
and computer software. The microfluidic cartridge consists of a
Y-junction followed by a staggered herringbone mixing region.
Several studies have utilized this platform to synthesize various
NPs such as liposomes, LNPs, oil-in-water nanoemulsions, and
unilamellar vesicles.*>]

2.1.3. Acoustic Micromixing

Active micromixing is to utilize energy from an external source
to enhance the mixing performance through disrupting the
laminar flow regime and inducing faster homogenization,
thus producing smaller NPs with a narrower size distribution
(Figure 2c).3U They also allow for an additional layer of con-
trol, as these external energy sources show major influence on
mixing time and mixing process, thereby decoupling it from
flow rate, flow rate ratio, and the channel dimensions, allowing
the optimization of each variable independently.3?l Although
many active micromixers exist, including using magnetic field
forces and electrical actuation, the most promising system for
producing NPs for biological applications is through acoustic
actuation. In the past studies, ultrasound has been shown to
increase the nucleation rate. Consequently, the mean size and
polydispersity of NPs can be significantly reduced when com-
pared to bulk synthesis.[?82%:32]

Several studies have utilized acoustic micromixing to produce
superior NPs with enhanced control in NPs size and polydisper-
sity. Although the overall design and eventual application of each
design differ significantly, the underlying principle remains the
same. Typically, devices have an inlet for reagent perfusion, a
transducer for generating the required frequency signal, an oscil-
lating plate for generating the acoustic streaming field to perturb
the laminar flow regime through actuation of the internal edges
of the plate, and an outlet for harvesting the synthesized NPs/
NMs.[2832] By controlling the oscillating plate design and the
oscillation frequency, the NPs size can be tuned independently.
The design of the oscillating plate and the optimization of the
device operational parameters remain crucial in developing a
reliable system for synthesizing monodisperse NPs.

Several studies implement acoustic actuation via a two-
inlets-one-outlet device with an oscillating plate and piezo-
electric transducer.*32I The oscillating plate was designed in a
star shape configuration with several sharp points which allow
for the generation of the acoustic field stream. These devices
have been used to produce various types of NPs including BCA-
P114 NPs, Budesonide nanodrugs and DNA NPs with relatively
low mixing times ranging from 4.1 to 6 ms.’32 Huang et al.
designed a piezoelectric actuator to induce the actuating fre-
quency and to disrupt the laminar flow regime present. This
creates rapid mixing of the two solutions and enhances NP
formation through nanoprecipitation. The particle size corre-
lates directly with the flow rate, but when the driving voltage
increases from 20 to 55 Vpp, the particle size remains small
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Figure 3. Devices for scale-up or scale-out production. a) Schematic of 3D HFF microfluidic device for parallel NP synthesis. Reproduced with permis-
sion.l*sl Copyright 2014, Elsevier Inc. b) Schematic of a 3D glass multicapillary array device. Reproduced with permission.[*8l Copyright 2014, The Royal
Society of Chemistry. c) Schematic of a coaxial turbulent jet mixer. Reproduced with permission.tl Copyright 2019, Elsevier B.V. d) Schematic of the
confined impinging jet (ClJ; left) and multiple inlet vortex micromixers (MIVM; right) to produce NPs through flash nanoprecipitation.

(68 nm) even at high total flow rates. The increase of total flow
rates using such acoustic actuation allows much higher NP
production throughput.?’! Acoustofluidics has not only been
utilized in microfluidic designs but also in millifluidic devices
to increase the throughput for potential scale-up production,
due to reduced fouling within the channel, easier maintenance
of homogenous chemical environments and being simpler to
manufacture, while producing tunable NPs with smaller size
distributions when compared to bulk mixing methods.>’!

2.1.4. Devices for Scale-Up or Scale-Out Production

One major limitation of synthesizing NPs using microfluidic
platforms is their scale up for commercial relevance. As micro-
fluidics typically deals with microscale variables using small vol-
umes, this often means that the produced NPs are often on the
milliliter scale per hour and are not commercially viable when
considering large-scale production of NPs. Several approaches
have been developed to increase production throughput. Par-
allel production of polymer NPs using a 3D HFF device can
enhance the production rate without losing the advantages of
robustness, controllability, and reproducibility. Karnik’s group
used a PDMS-based microfluidic system comprising of 8 par-
allel 3D HFF devices to reach the production rate of up to
84 mg h! (Figure 3a).*l Another study used the 3D flash flow
microreactor system to achieve the production rate of PEG—
PLGA NPs at =10 g h™.1¥ Their device comprised eight sets of
HFF units parallels with diverged inlets and a single converged
outlet, which could sustain a high flow rate of the polymer due
to its seven layers of the resistant PI polymer film and a fol-
lowing one-step adhesive bonding procedure.

In addition to the 3D HFF devices, glass capillary devices
with other designs, coaxial turbulent jet mixers, multiple
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inlet vortex mixers, and confined impinging jet mixers have
also been developed for the continuous production of syn-
thetic polymer NPs at high throughput (Figure 3b).” Coaxial
turbulent jet mixers (Figure 3c) are less difficult to fabricate
than PDMS devices and achieve axisymmetric flow geometry,
which reduces the fouling typically found within 2D HFF and
SHM devices, increasing the reliability of the system for high
throughput application.””) Coaxial turbulent jet mixers have
been used successfully in the production of several stable NPs
including NPs for diagnostics,””) and celecoxib NPs for anti-
inflammatory medication.®] Coaxial turbulent jet mixer was
found to be suitable for the large-scale production of synthetic
polymer NPs as well as being simple to fabricate, and also
showing improved robustness and solvent compatibility com-
pared with 2D HFF device.!

Confined impinging jet (Figure 3d) micromixing is a method
of flash nanoprecipitation in which a drug and block copolymer
are codissolved within an organic solvent, and then impinged at
high velocities against an antisolvent, which induces turbulent
mixing and high supersaturation.”? This results in coprecipita-
tion of the drug and the block copolymer, leading to the for-
mation of NPs. Confined impinging jet micromixing requires
two equal momenta inlet streams, which imposes a limitation
on the supersaturation levels that can be achieved.®¥ Thus,
to overcome limitations imposed by confined impinging jet
micromixing, multi-inlet vortex mixers (MIVM) (Figure 3d)
were developed. Each stream momentum in MIVMs acts
independently to induce the rapid mixing found within the
device.’Yl Therefore, this allows for the possibility of differing
flow rates to achieve tunable saturation levels and product for-
mulation. MIVMs are designed with four independent streams
which are organized as per Figure 3d (right). These are then
fed into a central circularized chamber to induce rapid vortex
micromixing within the chamber producing NPs through
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nanoprecipitation. The final phase fluids of MIVMs are pre-
dominately antisolvents (such as water), which lead to simpler
postproduction processing and greater NP stability.>>>4

2.2. Different Organic NPs
2.2.1. Liposomes

Liposome is a lipid-based vesicular system consisting of a
lipophilic lipid bilayer and an aqueous solution core. It has
been widely used in drug delivery and medicines (Figure 4a).
Liposomes are capable of encapsulating both hydrophobic and
hydrophilic compounds in the lipid bilayer and aqueous core,
respectively. Their surface can be modified with various ligands
for immune evasion and targeted delivery. Therefore, lipo-
some is the most widely studied and the most successful drug
delivery system for delivering small molecules, monoclonal
antibodies, genes, peptides, etc.’>* The success of Doxil in

e %0,
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1995—the first liposome-based cancer nanomedicine, opened a
new era of nanomedicine.l’]

Conventional methods for liposome synthesis rely on first
drying lipids to form lipid film followed by subsequent hydra-
tion and mechanical dispersion. To make uniform and smaller
liposomes, different postprocessing methods are applied, such
as sonication or extrusion.”” Compared to these conventional
methods, microfluidics offers many advantages in fabricating
liposomes. It allows one-step fabrication of nearly monodis-
persed liposomes with tunable and controllable diameters and
surface properties.®l Also, drug-loaded liposomes produced
using microfluidic methods exhibited higher EE, smaller and
more uniform size in comparison with those synthesized using
the conventional thin-film hydration method.(®?!

Different microfluidic approaches have been developed for
making liposomes, including the HFF method, microfluidic
jetting technique,®! droplet emulsion transfer,® electrofor-
mation,[® NanoAssemblr (Figure 4b),"#%-8] tangential flow
filtration device,®” and other microftuidic devices.”*”! Among

Solvent with

Lipids solutios
Aqueous

-
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2
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Figure 4. Microfluidic devices for production of liposomes. a) Schematic of liposomes. b) Schematic of NanoAssemblr device for liposome prepara-
tion. Reproduced with permission.l’8l Copyright 2016, Elsevier B.V. c) Schematic of microfluidic vertical HFF device. Reproduced with permission.]
Copyright 2015, Wiley-VCH. d) Schematic of 3D HFF device. Reproduced with permission.l®% Copyright 2019, Wiley-VCH.
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Figure 5. Microfluidic devices for production of lipid NPs. a) Schematic of lipid NPs. b) Schematic of 3D-iLiNP device. Reproduced with permission.lll
Copyright 2021, The Royal Society of Chemistry. c) Schematic of an integrated baffle device composed of a lipid NP production region and a post-
treatment region. Reproduced with permission.l Copyright 2020, American Chemical Society.

these methods, the HFF method is a straightforward method
that has been widely used to synthesize nanoliposomes with
various compositions and functions.*®’? The HFF method is
rapid, simple, low-cost, and capable of producing multifunc-
tional liposomes, such as targeted liposomes with PEGlylation,
single targeting ligand, or dual ligands.’>737>] To improve the
mixing, different mixing structures have been incorporated. For
example, including serpentine in the main channel can signifi-
cantly enhance the mixing performance.®!

The limited throughput of microfluidics remains a chal-
lenge for liposome production, which makes it impractical for
large-scale production. A high aspect ratio microfluidic vertical
HFF device has been explored as a new method to increase the
throughput while keeping the advantages of microfluidics to
fabricate monodisperse liposomes. By using this new platform,
the throughput was increased to as high as 96 mg h™! with the
size ranging from 80 to 200 nm (Figure 4c).””l Additionally, the
production rate of liposomes can be increased to 240 mg h™
by using a single 3D HFF device (Figure 4d).°) The resulting
liposomes had tunable size, good PDI with a throughput
around four orders of magnitude higher than using a tradi-
tional 2D HFF device.

2.2.2. Lipid NPs

Lipid NPs have been applied in a wide variety of pharmaceu-
tical applications since the 1990s (Figure 5a).””! During the
recent SARS-CoV-2 pandemic, two lipid NP-based mRNA vac-
cines from Pfizer-BioNTech and Moderna have achieved =~95%
efficacy in phase III clinical trials. The success of the two
mRNA vaccines using lipid NPs to deliver mRNAs has rightly
put lipid NPs in the spotlight.’®! Lipid NPs, as one of the most
widely used NP system, play a critical role in both improving
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the stability of mRNAs, but also enhancing their delivery into
the cytoplasm of host cells.”” Conventional methods for pro-
ducing lipid NPs often involve ultrasound, high shear or pres-
sure homogenization, microemulsion-based preparations, and
solvent evaporation, etc.B%84 The emulsion solvent evaporation
method is one of the most widely used conventional methods
to produce lipid NPs. First, lipophilic material and hydro-
phobic drugs are dissolved in a water-immiscible organic sol-
vent, which is then mixed with an aqueous phase containing
surfactants(s) to offer stability using high-speed homogeniza-
tion. Finally, lipid NPs are produced by evaporating the organic
solvent.® Such conventional methods often suffer problems
such as less control over the final lipid NP quality (size and size
distribution), harsh conditions (e.g., high energy homogeniza-
tion, high-temperature evaporation), as well as possible metal
contamination from ultrasound. To overcome these disadvan-
tages, microfluidic approaches have been developed to produce
lipid NPs with well-controlled size and size distribution.[®
Microfluidic devices with various structures have been designed
to control lipid NP formation including HFF devices, staggered
herringbone micromixer,®%] T-shape microfluidic device,®®!
2D and 3D invasive lipid NP production (iLiNP) device
(Figure 5b),81 and glass capillary-based microfluidic-chip.

Microfluidic approaches for making lipid NPs are mainly
based on nanoprecipitation.® The HFF method is the most
widely used microfluidic method for lipid NP synthesis since
2004.°4 The fast dilution of alcohol using the HFF device facili-
tates the manufacture of small lipid NPs with a narrow size dis-
tribution.””! The single-step HFF method was compared with
the conventional multistep bulk mixing method for synthe-
sizing transferrin-conjugated lipid NPs for siRNA delivery. It
was demonstrated that the HFF method produced smaller lipid
NPs with a more uniform structure.’® HFF was also combined
with passive mixing structures to achieve the self-assembly
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of monodisperse lipid-quantum dot NPs with a single-step
mixing.[”’] Additionally, it can assist the self-assembly of phos-
pholipids and membrane proteins into polyhedral arrange-
ments for structural analysis of membrane proteins in the
presence of transmembrane gradients.”® To increase the
throughput, Hood et al. designed a 3D glass multicapillary
array device comprising of seven small capillaries in one large
capillary, which can produce a 3D HFF stream thus improving
the throughput (97 and 0.04 mg h™! for 3D and 2D, respectively)
and offering better control over the NP size.*® Similarly, com-
paring to the 2D-iLiNP device, the 3D-iLiNP device produced
siRNA-loaded lipid NPs with a more uniform size.!

The SHM has also been used to produce uniform lipid
NPs. More specifically, lipids dissolved in a solvent solution
are mixed rapidly with an aqueous solution in the SHM to
produce NPs continuously with enhanced mixing facilitated
by the staggered herringbone mixing structure.’3l However,
lipid NPs fabricated using such nanoprecipitation-based rapid-
mixing devices are normally unstable due to Ostwald ripening
that could cause the fusion of lipid NPs. For maintaining the
good NP quality, it is essential to remove the solvent instantly
after synthesis.”! An integrated baffle device was designed to
address this issue. It consists of a lipid NP production region
and a post-treatment region for instant solvent dilution. This
design allowed the production of smaller and stable lipid NPs
by preventing the unfavorable aggregation (Figure 5c).%’]

2.2.3. Synthetic Polymer NPs
The production of polymer NPs through self-assembling di-
block copolymers has attracted great interest in the past decades

for drug delivery and controlled release (Figure 6a). Commonly
used synthetic polymers include poly(alkyl cyanoacrylate)s
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(PACA), poly(lactic-co-glycolic acid) (PLGA), poly-&-caprolactone
(PCL), poly(ethylene oxide) (PEO), polyamidoamine den-
drimers, etc. PLGA is one of the most popular biodegradable
synthetic polymers due to its excellent biocompatibility and bio-
degradability, tunable degradation characteristics, long clinical
experience. It has been approved by the United States Food and
Drug Administration (FDA) for drug delivery.'% PLGA can be
synthesized with different ratios of glycolic acid and lactic acid
to achieve a variety of mechanical strength, degree of crystal-
linity, and degradation rate, thus controlling its degradation and
release kinetics.['0U

Several conventional methods have been reported for the
preparation of synthetic polymer NPs such as PEG-PLGA NPs,
including nanoprecipitation (solvent displacement), salting-out,
single/double-emulsion solvent evaporation, emulsification-
diffusion, and emulsion-diffusion evaporation.l¥ These con-
ventional methods are often based on the “bulk method,” so
they often lack control over mixing, nucleation, and particle
growth, resulting in the formation of NPs with big size, wide
size distribution, and heterogenous NP structure.

The versatile HFF device, staggered herringbone micro-
mixer,'®  two-phase  gas-liquid  microfluidic = mixers
(Figure 6b),[102196-101 automated microfluidic Asia 320 flow
reactor,™ the microfluidic coflow capillary device, ' and
impact-jet micromixers!!**l have been developed to prepare the
synthetic polymer NPs in recent years.

Among all the microfluidic methods, the HFF is the most
widely used method for synthesizing polymer NPs.[3+103114-116]
Generally, a middle water-miscible solvent stream with poly-
mers and drugs dissolved is sandwiched by a two-side sheath
flow of an antisolvent (water or buffer solutions). The rapid
diffusion of the solvent in the aqueous phase leads to the for-
mation of polymer NPs via nanoprecipitation. The properties
of final NPs such as size, size distribution, drug loading (DL),

PLGA-PEG in acetonitrile ...

Bottom Sheath (ACN) Inlets A z [—
| h " -
Polymer in ACN : Y ¥y
|
2 Top Sheath(ACN) |
< ofmene : Vartical +

Vertical Horizontal

Figure 6. Microfluidic devices for the production of synthetic polymer NPs. a) Schematic of synthetic polymer NPs. b) Schematic of the two-phase
gas—liquid microfluidic reactor. Reproduced with permission.92 Copyright 2018, American Chemical Society. c) Schematic of a 2D chip-based HFF
device. Reproduced with permission.!®! Copyright 2017, Elsevier Ltd. d) Schematic of 3D HFF device. Reproduced with permission.% Copyright 2011,

Wiley-VCH.
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and release kinetics, rely on the concentration of polymers
or drugs in the solvent solution, flow rate of the solvent and
aqueous phases, flow rate ratio, and mixing structure in the
HFF device.’¥ Compared to traditional bulk methods, the HFF
method allows better control of size, size distribution, and sur-
face properties.”l On the other hand, different microfluidic
devices have their own advantages and disadvantages in syn-
thesizing polymer NPs. Othman et al. compared the synthesis
of PCL NPs using a co-flow and an HFF glass capillary device
based on nanoprecipitation. The NP size can be precisely con-
trolled by changing the total flow rate, flow rate ratio, and the
orifice size of the inner capillary. Smaller NPs were prepared
using the HFF device compared to the co-flow device of the
same geometry.>”) The HFF method can also be combined with
electrospray to further improve the size and size distribution
of polymer NPs."8 Also, the presence of surfactants such as
Tween 80 or PVA in the continuous aqueous phase facilitates
the formation of smaller NPs with better stability. However, it
is worth noting that surfactants could also affect NP structure
as it competes with the self-assembly of amphiphilic polymer
molecules. Thus, selecting the right type of surfactants with
an optimal concentration is important.'"% Moreover, the HFF
device can be used for making hybrid polymer NPs by using
different synthetic polymers with different ratios, e.g., hybrid
polymer NPs comprised of PCL and poly(trimethylene car-
bonate) homopolymers, and PLGA/PLGA-PEG NPs.[120.121

To increase the throughput of polymer NP production, one
way is to increase the polymer concentration or its flow rate.*’]
Baby et al. optimized the HFF device by varying the design
parameters such as channel structure, channel depth, channel
width, and operating conditions such as flow rate, flow rate
ratios, and polymer concentrations. The optimized design can
achieve a throughput up to 288 mg h™" using a single 2D chip-
based HFF device, which was more than 100 times higher than
the commonly used HFF device having a production rate of
1.8 mg h™! (Figure 6¢).! However, increasing polymer concen-
tration or flow rates could lead to NP deposition and channel
clogging, especially when the molecular weight of the PLGA
block is higher than 45 kDa.l'??l In addressing this problem, a
3D HFF device was designed. Polymer NPs with a smaller size
and improved monodispersity were produced by the 3D HFF
compared to 2D HFF devices (Figure 6d).'l Furthermore,
in contrast to polymer-based HFF devices, 3D HFF devices
made of glass provide an inert and stable platform for making
polymer NPs.[123]

2.2.4. Biopolymer NPs

Biopolymer NPs have been investigated as an alternative to syn-
thetic NPs due to their biodegradability, biocompatibility, low
cost, and low toxicity,'?! including chitosan, alginate, shellac,
etc.

Chitosan is a biodegradable, biocompatible, nontoxic nat-
ural polymer, which is one of the most frequently used natural
polymers for drug delivery.'?’l Chitosan is a cationic linear
polysaccharide having a positive charge, suitable to load nega-
tively charged therapeutics.'?Yl Chitosan NPs can be produced
using a range of methods including ionic gelation, chemical
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cross-linking, and microfluidic methods.l'?%! The staggered her-
ringbone micromixer, /128l microreactor with circular channels
and chamber,? and HFF devices have been used to synthesize
chitosan NPs. Sodium tripolyphosphate is a commonly used
chitosan cross-linker, and the ionic gelation reaction between
sodium tripolyphosphate and chitosan can be exploited by
microfluidic methods to form chitosan NPs for biomedical
applications.'?13% The staggered herringbone micromixer was
used for the synthesis of curcumin-loaded chitosan NPs via
ionic gelation reaction.'””! The HFF device has also been used
to produce chitosan NPs.31133 The key physical properties of
the synthesized chitosan NPs such as size, surface charge, and
drug release kinetics can be controlled by adjusting the oper-
ating conditions of the HFF device.l* Tt was reported that chi-
tosan NPs fabricated by the HFF device were much smaller and
more uniform (67 £ 13 nm) than that using the bulk method
(452 + 300 nm)."! Similarly, another study reported that the
drug-loaded chitosan NPs prepared by the bulk method had
irregular structures and non-uniform shapes due to the het-
erogeneous reaction condition. In contrast, chitosan NPs syn-
thesized by the HFF method were uniform and spherical with
an overall diameter of less than 100 nm.[3% The chitosan-based
NPs produced by the HFF method can be exploited for various
drug delivery applications. For example, one study used the
HFF device to synthesize chitosan-based NPs comprising of
poly(N-isopropylacrylamide-co-acrylic acid) and cellulose lau-
rate for transdermal multidrug delivery of tretinoin and clin-
damycin phosphate.'¥”] The obtained NPs showed diameters
ranging from 200 to 300 nm with a narrow size distribution,
and the dual-drug loaded NPs demonstrated a sustained release
with a much lower inhibitory and bactericidal concentration
compared to the NPs produced by the bulk method. Addition-
ally, the chitosan-modified NPs were able to encapsulate a
hydrophobic drug paclitaxel using the HFF method via ionic
gelation to avoid the use of chemical crosslinking agents.[126:138]

Alginate is a natural polymer extracted from brown seaweed,
which is an anionic linear unbranched polysaccharide. As a
nonimmunogenic substance, alginate is a random copolymer
comprising orl-guluronic acid and B-d-mannuronic acid via
1,4-glycosidic linkages. Alginate has been approved by the FDA
for drug delivery, tissue engineering, and wound healing appli-
cations.!3% Alginate NPs can be produced using microfluidic
methods via ionic gelation. For instance, a transforming growth
factor-beta 3 (TGF-f33)-loaded alginate nanogels was fabricated
using an HFF device for controlled release of TGF-f3 during
chondrogenic differentiation of mesenchymal stem cells. Basi-
cally, an aqueous solution containing alginate and TGF-f3 in
the middle channel was mixed with a CaCl, solution in the two
side channels for cross-linking.[1%

Shellac (food additive code: E904) is a natural resin, which
is a hydrophobic pH-sensitive polymer that contains a compli-
cated mixture of polyhydroxy polycarboxylic esters, lactones,
and anhydrides. Shellac is usually employed as enteric coat-
ings, as it is insoluble around its pKa value ranging between
5.6 and 6.6, but becomes soluble at basic/neutral pH.M! There-
fore, shellac NPs are exploited for pH-triggered release espe-
cially suitable for colon drug delivery. For example, one study
reported the development of a 3D tubing microfluidic device
for producing curcumin-loaded shellac NPs with tunable DLs
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up to 50%. The resulting NPs were stable under acidic condi-
tions for more than 10 d but showed sustained release of cur-
cumin at neutral pH, which was ideal to deliver drugs for colon
cancer therapy. A 3D tubing microfluidic device is capable to
produce shellac NPs and microparticles, showing several advan-
tages compared to 2D HFF devices, such as no clogging, higher
throughput, and better compatibility with most solvents.[42143]

2.3. Different Synthesis Mechanisms
2.3.1. Rapid Mixing Induced Nanoprecipitation

Majority of the microfluidic methods for making organic NPs
are based on nanoprecipitation through controlling mixing.!"*l
Nanoprecipitation, also called solvent displacement, relies on
the interfacial disposition of polymer or lipids solubilized in
a water-miscible solvent upon mixing with water or a buffer
solution.>10] Tt is a simple and fast method with high repro-
ducibility, and it consumes a low amount of energy and raw
materials.[4+147]

During the nanoprecipitation process, the solvent diffuses
into the antisolvent solution first, once reaching a supersatura-
tion state, the nuclei start to form followed by NP growth via
molecular deposition of the polymer chain or lipid molecules at
their surface.¥1%1 The quality of organic NPs synthesized via
nanoprecipitation depends on mixing in microfluidic devices.
When the mixing time is shorter than the aggregation time,
self-assembly is predominant resulting in the formation of uni-
form and smaller NPs. The steric stabilization provided by sur-
face stabilizers such as surfactant, surface charge, or the hydro-
philic part of the amphiphilic di-block copolymers (e.g., PEG)
can reduce NP aggregation.¥! Therefore, all the microfluidic
approaches are designed based on improving or enhancing the
mixing of the solvent and anti-solvent solutions in the microflu-
idic channels.[>%

Rapid mixing induced nanoprecipitation is ideal for the pro-
duction of drug-loaded organic NPs. It is a simple, continuous,
and controllable method. This method utilizes fast mixing to
create homogeneous supersaturation and controlled precipita-
tion of hydrophobic drugs along with the self-assembly of poly-
mers or lipids, leading to the production of precisely controlled
organic NPs.8150 When using the rapid mixing induced
nanoprecipitation to manufacture NPs with high solute con-
centration, it requires a mixing time that is less than the
nucleation and growth time (7, ,,) of an NP.I*!152 The rapid
mixing induced nanoprecipitation has been widely employed
to produce various NPs, such as polymer NPs, lipid NPs, drug
NPs, and polyelectrolyte complexes.*®l While it shares an iden-
tical principle with that of bulk nanoprecipitation, the rapid
mixing induced microfluidic nanoprecipitation demonstrates
numerous advantages, including narrow size distribution, good
reproducibility, and easy operation.®! The control of NP size
is important as it affects NP stability, biological activity, and
bio—nanointeractions. !

Many mixing devices, such as HFF, SHM, confined
impinging jets (CIJ) mixer and multi-inlet vortex mixer
(MIVM), have been commonly used to synthesize NPs based
on the rapid mixing induced nanoprecipitation.’*1>?l The CIJ
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mixer can control the supersaturation of nanomaterials by
adjusting flow rates, consequently controlling the NP size.
The MIVM having four streams is designed to overcome the
restraint of the need of the same velocity of the opposed jets for
CIJ, it can control both the final solvent components and the
supersaturation by adjusting the velocity of the stream. Their
mixing process is generally controlled by adjusting the Reyn-
olds number of the flow."3! These devices allow the flow-based
production of a range of nanomaterials such as polymer NPs,
inorganic NPs, lipid NPs, liposomes, core—shell NPs, polyplex
NPs, etc.P1153]

2.3.2. Sequential Nanoprecipitation

Normally, drug-loaded NPs produced using nanoprecipitation
especially the rapid mixing induced nanoprecipitation have
relatively low DL (lower than 10%), which is mainly due to the
different precipitation times of the drugs and nanocarriers.4
Precipitation time plays an important role in controlling the
DL and the EE based on nanoprecipitation. A combined simu-
lation and experimental approach were used to investigate the
fundamental principle that governs the encapsulation of a drug
in polymer NPs produced by microfluidic nanoprecipitation.
The huge difference in the mixing times of drug and polymer
was found to be a key reason leading to very low DL, and a
good match between their mixing times is vital for achieving
drug-loaded polymer NPs with high DL If the nanocarrier
precipitates much faster than the drug, it often leads to the
production of empty nanocarriers with a large amount of unen-
capsulated free drug, causing reduced EE as well as low DL.['*]
Therefore, it is critical to make both the drug and nanocarrier
precipitate nearly at the same time for the production of high
DL NPs, more preferably the drug precipitate firstly followed
by the precipitation of nanocarriers leading to the formation of
drug-loaded core-shell NPs to further improve the DL.
Sequential nanoprecipitation is a new approach to improve
DL. It relies on the sequential precipitation of drug firstly then
nanocarriers, thus forming high DL NPs.*® In theory, it is
achievable. But in practice, it is not trivial as it is challenging
to control the sequential precipitation times of drug and
nanocarrier to ensure the precipitation time interval between
the drug and nanocarrier is short enough thus preventing the
aggregation of the firstly precipitated drug NPs.3® Sequential
nanoprecipitation can be achieved using bulk nanoprecipita-
tion. Liu etal. reported drug—core polymer—shell NPs with
a high DL of 58.5% by a bulk sequential nanoprecipitation
method using different drugs and polymers.>”"> This bulk
sequential nanoprecipitation approach used a solvent mix-
ture containing several solvents to regulate the precipitation
time of drugs and polymers. Based on the bulk sequential
nanoprecipitation method, Baby et al. synthesized curcumin-
loaded shellac NPs using a 3D microfluidic tubing device
(Figure 7a).’] They used the same combination of solvents
as the bulk sequential nanoprecipitation method to guarantee
the sequential nanoprecipitation. By mixing the solvent-mix-
ture solution containing drugs and polymers with an anti-
solvent solution in the 3D microfluidic tubing device, drug
NPs could firstly be formed via nanoprecipitation, followed
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Figure 7. Sequential nanoprecipitation using microfluidic devices. a) Schematic of high drug-loaded curcumin-shellac NP formation in a 3D-HFF
microfluidic tubing device through sequential nanoprecipitation. Reproduced with permission.®! Copyright 2021, Elsevier Inc. b) Schematic of a
3D glass capillary device to prepare structured core-shell nanocomposites through sequential nanoprecipitation. Reproduced with permission.[6%

Copyright 2017, American Chemical Society.

by deposition of the polymer shellac on the drug NPs. The
drug-core shellac-shell NPs had high curcumin loading, excel-
lent stability, and a pH-responsive release profile.

Additionally, sequential nanoprecipitation can also be real-
ized using the unique design of the microfluidic device. A
microfluidic platform was designed to produce paclitaxel-loaded
hypromellose acetate succinate NPs and achieved a DL of
42.6% (Figure 7b).[1%% The sequential precipitation was achieved
by controlling the time intervals between the sequential nan-
oprecipitation process of the polymer and the drug offered
by the device. The solvent phase solubilizing hydrophobic
drugs (paclitaxel and sorafenib) and a pH-sensitive polymer,
hypromellose acetate succinate, was mixed with a basic antisol-
vent in a microfluidic device thus drug NPs formed first due
to nanoprecipitation. Then an acidic solution was introduced to
lower the pH so the pH-responsive polymer was precipitated
and coated on the drug NPs, achieving a high DL of 45.2%.

3. Microfluidic Synthesis of Inorganic NPs

Inorganic NPs, such as silica NPs, metal NPs (e.g., Au), metal
oxide NPs (e.g., iron oxide), and quantum dots (e.g., CdS and
CdSe) generally exhibit superior mechanical and chemical sta-
bility, lower polydispersity, richer surface chemistry and surface
morphology, and larger surface area (for porous NPs) compared
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to organic NPs.l1617163] Moreover, many inorganic NPs also pos-
sess special optical, photothermal, and magnetic properties
that can be leveraged for theranostics, thermotherapy and mag-
netically induced tumor targeting, etc. These unique features
render inorganic NPs promising candidates for drug delivery
applications, thus they have been widely fabricated via various
approaches in the past decades. Among these methods, the
microfluidic preparation of inorganic NPs has been attracting
increasing attention in recent years due to its efficient mass and
heat transfer rate, and the precise and easy control on reaction
parameters, which not only dramatically reduce the preparation
time of inorganic NPs without sacrificing their quality, but also
provide a better insight into reaction mechanisms. Also, the
continuous synthesis process offers great potential for future
continuous manufacturing industry applications.

Different from the synthesis of organic NPs in microfluidic
devices which is based on nanoprecipitation, the preparation of
inorganic NPs in microfluidic devices often involves reaction,
which requires the addition of reagents, mixing, separation,
purification; so different types of microfluidic approaches have
been developed. Therefore, instead of summarizing and dis-
cussing microfluidic devices, types of organic NPs, and mecha-
nisms separately as we did in Section 2, this Section focuses
on providing a wide variety of examples of inorganic NPs, we
group them into four subsections including silica NPs, metal
NPs, metal oxide NPs, quantum dots.
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3.1. Silica NPs

Silica NPs have been widely synthesized and applied as drug
delivery vehicles in the past decades due to their good biocom-
patibility, stability, and ease of surface functionalization.['6416]
Active components ranging from chemical therapeutics,
imaging agents, to siRNA can be covalently or physically loaded
on the surface or inside the pores of silica NPs, or entrapped in
the interior of a hollow silica shell, while the surface of silica
NPs are normally conjugated with antifouling agents and tar-
geting ligands to prolong their blood circulation and selective
accumulation at the tumor site.1%-1%1 Microfluidics represents
an emerging technology for the fabrication of colloidal silica
NPs for biomedical applications. Compared to the conventional
batch sol-gel processes, the unique advantage of the microflu-
idic method for silica NPs lies in the more homogeneous reac-
tion by more efficient mixing and the precise control over their
size, shape, porosity, composition, and surface modification,
while maintaining a high production rate and monodispersity.

In a pioneering work, Khan et al. designed a continuous flow
microfluidic device with two inlets leading to a mixing channel
(Figure 8a, dotted area) and the following aging section.” Two
reactant solutions: 1) diluted ethanol solution of TEOS as silica
precursor and 2) a water solution of ammonia and ethanol were
pumped into the microfluidic reactor via the inlets to trigger the
nucleation and growth of the silica NPs. At a low flow rate that
corresponds to a residence time of 16 min, silica NPs with an
averaged diameter of 321 nm and a size deviation of 9% were
obtained (Figure 8D left). In comparison, at a high flow velocity,
the short residence time (3 min) led to smaller NPs (164 nm,
Figure 8b right) but with a dramatically higher size deviation of
25% due to the axial dispersion of the growing colloidal parti-
cles. This axial dispersion effect was eliminated by using a seg-
mented flow device as all the small segmented batches share
the same residence time in the reactor. In another study, both
laminar flow (Figure 8c) and segmented flow (Figure 8d) micro-
fluidic reactors were built by connecting commercially available
ETFE tubes, fittings, and connectors.l” Such a setup effectively
attenuated the tube clogging caused by the deposition of NPs
on channel walls. By using TMOS as a silicon source and PEI
as nucleation catalyst, silica NPs with diameters of less than
100 nm were produced at a yield higher than batch synthesis,
and their sizes and size distributions could be readily tuned by
adjusting the variables including pH, flow rate, and residence
time. Segmented flow microreactor again produced finer par-
ticles with narrower size distribution than the continuous flow
microreactor, highlighting the importance of eliminating the
influence of axial dispersion effect.

Other than solid silica NPs, the production of hollow silica
spheres by microfluidics has also been realized. Nie et al. reported
the ultrafast fabrication of submicrometer-sized hollow silica
particles using a spiral microfluidic channel (Figure 8e-i).l7%
By injecting a silica precursor solution and an aqueous solu-
tion containing ammonia and CTAB into the channel sepa-
rately via the two inlets, two laminar flows were generated
to form an interface (Figure 8e-ii) where TEOS emulsions
were generated and stabilized by CTAB micelles. Then, the
hydrolysis of TEOS occurred in the presence of ammonia, and
the condensation of hydrolyzed TEOS generated a silica shell

Small 2022, 18, 2106580

2106580 (12 of 33)

www.small-journal.com

with the mixing of the two flows (Figure 8e-iii). Different active
components including proteins, fluorescent dyes, quantum
dots, and magnetic NPs were successfully encapsulated into the
hollow silica shells for applications in cell imaging and drug
delivery, etc.

Silica NPs with a mesoporous structure can also be prepared
using microfluidic flow synthesis. By designing a flow synthesis
reactor and using appropriate reactant solutions (Figure 8f),
Ng et al. reported the fabrication of mesoporous silica NPs
with controllable size (50 to 650 nm) and shapes (spheres and
random) using both laminar flow and Taylor flow.”3] CTAB
was added into the aqueous reactant solution and served as a
structure-directing agent to create pores in the NPs, and the
pore size of the particles could be regulated by controlling
mixing quality, different silicon alkoxide precursors, and the
addition of a cosolute. Microfluidics has also been exploited
to fabricate silica-based hierarchical nanocomposites for com-
bined functionalities. Using two continuously flow microreac-
tors connected in tandem (Figure 8g), fluorescent silica NPs,
plasmonic Au NPs, and superparamagnetic NPs were assem-
bled into a multifunctional nanocomposite (Figure 8h).[74l The
fabrication process was highly reproducible and efficient, and
can be readily generalized and applied to any type of inorganic
NPs. Other than using as-prepared NP suspensions as building
blocks, Hao et al. prepared silver—core silica—shell nanocom-
posites directly from precursor solutions through two spiral-
shaped laminar flow microfluidic reactors.””! By pumping a
NaBH, solution and another reactant flow containing AgNO;,
trisodium, and H,0, into the first microreactor (Figure 8i left),
triangular-shaped silver nanoplatelets were produced within
250 ms in a large scale. The obtained silver nanoplatelet sus-
pension was then mixed with a silica precursor TEOS (in eth-
anol) and pumped into one inlet of the second microreactor. By
pumping an ammonia solution into the other inlet (Figure 8i
right), hierarchical Ag—core silica—shell nanocomposite was
produced with a tunable silica shell thickness (Figure 8j). Com-
pared to conventional batch approaches, a salient advantage of
flow synthesis lies in the sequential combination of individual
reactions (e.g., nucleation, particle growth, and coating) in
a single system. Because self-nucleation is suppressed in the
microfluidic system, no washing process is required between
every reaction step, which dramatically reduces the fabrication
time.

3.2. Metal NPs

Metal NPs have been widely applied in various biomedical
applications due to their unique optical, mechanical, chemical,
and catalytic properties. Among all metals, noble metal NPs
such as Au and Ag NPs are of particular interest due to their
outstanding biocompatibility and the ease of surface function-
alization for conjugating with multiple biomolecules, thera-
peutics, and targeting ligands, which renders them promising
drug delivery vehicles. Moreover, the unique photothermal and
plasmonic behavior of noble metal NPs also endows them with
potential applications in thermotherapy, biosensing, and thera-
nostics applications. A variety of approaches have been proposed
for the generation of metal NPs. For example, an extensively
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Figure 8. Microfluidic-based synthesis for silica-based nanomaterials. a) Schematic of a microfluidic device with two inlets (L1 and L2) and an
outlet (O). Reproduced with permission.[7% Copyright 2004, American Chemical Society. b) SEM images of silica NPs synthesized using the micro-
fluidic device in (a), with residence times of 16 min (left) and 3 min (right). Reproduced with permission.[V% Copyright 2004, American Chemical
Society. Schematic diagrams of a c) laminar and a d) segmented flow-based microreactor for silica NP synthesis. Reproduced with permission.["”l
Copyright 2010, Elsevier B.V. e-i) Simulation results showing the mixing of two flows in the spiral channel; experimental observation of ii) the
interface of two reaction flows, and iii) complete mixing. Reproduced with permission.l"” Copyright 2017, Springer Nature Limited. f) Schematic
diagram of the flow synthesis reaction setup for laminar and Taylor flow operations. Reproduced with permission.l'”l Copyright 2015, The Royal
Society of Chemistry. g) Schematic of a two-step microfluidic synthetic device for the assembly of multifunctional NPs/fluorescent silica particle
assemblies. Reproduced with permission.[V4l Copyright 2013, Wiley-VCH. h) TEM images of SiO,-Au-¥Fe,0; nanostructures produced using the
two-step microfluidic procedure in (g). Reproduced with permission.['4l Copyright 2013, Wiley-VCH. i) Simulation result of the mixing in the (left)
first spiral microchannel, with NaBH, and AgNO+TSC+H,0, being the two precursor solutions, and triangular Ag NPs (tAg) obtained from the
outlet; simulation result of the mixing in the (right) second spiral microchannel, with ammonia and tAg+TEOS being the two precursor solu-
tions, and TiO,-coated triangular Ag (tAg@SiO,) NPs obtained from the outlet. Reproduced with permission.l75] Copyright 2019, Elsevier Inc.
j) TEM images and schematic drawing (upper right) of tAg@SiO, NPs produced using the devices in (i). Reproduced with permission.l”l
Copyright 2019, Elsevier Inc.
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used method is the chemical reduction route by which the
aqueous metal ionic precursors are reduced by reducing agents
such as ascorbic acid, sodium citrate, and sodium borohydride,
etc., and stabilized by polymeric capping agents or surfactants
to avoid aggregation. Conventionally, metal NPs were mostly
produced through a batch process in bulk solutions. However,
the microfluidic route has recently emerged as a promising tool
for metal NP synthesis as it greatly improves the production
yield and reliability, and offers more precise and facile control
on the characteristics of the NPs. Moreover, compared to the
batch process, it is easier to fabricate and functionalize NPs in
microfluidic reactors through a single step.

By using 12 nm sized, citrate-stabilized Au NPs as seeds,
Wagner et al. successfully synthesized larger Au NPs of diam-
eters ranging from 15 to 24 nm using a continuous flow micro-
fluidic reactor (Figure 9a), wherein HAuCl, was reduced by
ascorbic acid, leading to the growth of Au NPs, which was
further stabilized using polyvinyl pyrrolidone (PVP).I70 The
size and size distribution of the particles could be altered by
adjusting the flow rate and the concentration ratio of the
reactants. The same authors also reported the synthesis of
ultrasmall Au NPs (4 to 7 nm) directly from precursor solu-
tions under continuous flow conditions.””] Rather than using
smaller Au NPs seeds, an Au salt (HAuCl,) solution, a reducing
agent (NaBH,), and a ligand were pumped separately from dif-
ferent inlets into a glass-silicon microreactor system consisting
of three static chip micromixers (Figure 9b), which led to the
formation and direct surface modification with thiol ligands of
Au NPs. Two approaches: 1) the hydrophobic treatment of the
reactor and 2) the elevation of pH were adopted to suppress the
Au nucleation at the inner channel surface, which can poten-
tially cause channel clogging. The channel blockage issue can
also be eliminated by using microfluidic coaxial flow reactors,
in which the nucleation and growth of NPs are confined at the
interface of the inner and outer flows away from the channel
walls. For example, by using an ETFE T-piece connector, Baber
et al. successfully prepared Ag NPs with AgNO; and NaBH,
being the inner and outer streams, respectively, in the presence
of trisodium citrate as the surfactant (Figure 9c).”#l

In addition to single-phase NPs, binary composed noble
metal NPs can also be fabricated using microfluidics. Knauer
et al. synthesized Ag-shell Au—core NPs using a segment flow
microreactor system (Figure 9d), wherein Ag was reduced from
its precursor salt solution and uniformly grew on Au NP seeds
to form a homogeneous 1.1-6.1 nm layer.'””l The inherent wide
particle size distribution, which is a common issue of conven-
tional wet-chemical synthesis, is dramatically suppressed by
the microfluidic reactor owing to its effective mixing condition.
Using a continuous flow microreactor with multiple inlets at
different locations (Figure 9e), star-like and core—shell struc-
tured Au/Ag NPs have been prepared by directly reducing Au
and Ag salts with ascorbic acid (Figure 9f).%% By controlling
the concentration of the reducing agent, the relative nucleation
rate of Au and Ag can be adjusted, leading to the different spa-
tial distribution of elements inside the NPs.

In addition to noble metals, researchers have also realized
the microfluidic preparation of other metal NPs including
Cu,[181 4,82l and Gd,[8% etc. For example, Cu NPs were pre-
pared by reducing CuSO, with NaBH, under a segmented flow
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condition using a T-shaped microfluidic chip (Figure 9g).l8 By
using PVP as dispersant and antioxidant, Cu NPs possessing a
uniform size distribution and an oxidation resistance were pre-
pared, with their diameter, morphology, and size distribution
and elemental compositions regulated by the flow rates. The
synthesis of liquid metal NPs using microfluidics has also been
reported recently. Due to the large surface tension of liquid
metals relative to water, it is challenging to create fine liquid
metal NPs merely by the shear force provided by a T-junction.
In this regard, Tang et al. embedded the T-shaped PDMS
microfluidic channel into a sonication bath to break the eutectic
gallium indium (EGaln) liquid metal microparticles into NPs
using acoustic wave (Figure 9h).13% By adopting a solution of
brushed PEG polymer with trithiocarbonate end groups as
the aqueous phase, the generated EGaln NPs with a diameter
ranging from tens to a few hundreds of nanometers can be
directly coated and stabilized in the channel.

3.3. Metal Oxide NPs

Metal oxide NPs represent another important subclass of
inorganic nanomaterials that have found various biomedical
applications including tissue engineering, immunotherapy, bio-
sensing, dentistry, diagnosis, and drug delivery owing to their
unique physical and chemical features, such as high stability,
biocompatibility, and ease of functionalization, etc. Besides, dif-
ferent types of oxide NPs possess unique properties that can
be leveraged for specific applications. For example, TiO, is well
known for its outstanding biocompatibility and cell adhesion
ability, thus suitable for regenerative tissue engineering; the
superparamagnetic behavior of iron oxide NPs has been exten-
sively exploited for MRI, magnetically guided drug delivery
and hyperthermia, etc. Given these merits, metal oxide NPs
have been widely prepared during the past decades. Among
the various synthetic strategies, microfluidics is emerging as a
powerful platform for the fabrication of metal oxide NPs that
are superior in monodispersity and quality control compared to
other conventional procedures.

Iron oxide NPs have been prepared using both tubular and
chip-based microreactors via the coprecipitation mechanism,
which relies on the pH-dependent solubility of iron oxides. At
a pH above 10, iron salt solutions become supersaturated, trig-
gering the nucleation and growth of the iron oxide NPs in the
solution.'®! Using a continuous flow microreactor, iron oxide
NPs with sizes between 26.5 and 34 nm were synthesized
through the oxidative hydrolysis of Fe?* salts in just 3 min by
controlling the variables (e.g., temperature, flow pattern, etc.)
in the flow system, which was much more efficient than batch
synthesis.' The two modular unit design allowed the control
on the type of gas dissolved in the solution (Figure 10a), and it
was found that the presence of H, in the reaction solution pro-
moted the formation of magnetic phase, while dissolving CO
in the solution resulted in smaller NPs. In another case, mag-
netic iron oxide NPs were fabricated using a 3D hydrodynamic
flow focusing microreactor, which effectively eliminated the
fouling of channels and provided good control on the average
particle sizes."®”] Notably, a miniaturized NMR relaxometer was
integrated into the microfluidic system to allow a facile online
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Figure 9. Microfluidic-based synthesis of metal nanomaterials. a) Schematic illustration of the experimental set-up and the connectivity of a micro-
fluidic reactor for Au NP synthesis. Reproduced with permission.[7¢] Copyright 2003, Elsevier B.V. b) Schematic diagram of a modular microreactor
arrangement for the flow-based synthesis of Au NPs. Reproduced with permission.l”’l Copyright 2007, Elsevier B.V. c) Schematic diagram of the
coaxial flow reactor setup. Inset displays flow visualization of laminar flow inside the coaxial flow reactor. Reproduced with permission.[”®l Copy-
right 2015, The Royal Society of Chemistry. d) Schematic diagram of the experimental arrangement for the combinatorial synthesis screening for
Ag-shell Au—core NPs. Reproduced with permission.[7®l Copyright 2014, The Royal Society of Chemistry. e) Schematic illustration of the experimental
arrangement for the microflow-based synthesis of core-shell NPs (A, B, C, D, ... inlet ports for educt solutions). Reproduced with permission.['8%
Copyright 2007, Hindawi. f) TEM images and an interpretation scheme (bottom right) of star-like Au/Ag NPs. Reproduced with permission.'3
Copyright 2007, Hindawi. g) Schematic of the synthetic processes of Cu NPs by T-shaped microflow chip at room temperature. Reproduced with
permission.[®l Copyright 2014, The Royal Society of Chemistry. h) Schematic representation illustrating the working mechanism of liquid metal NP
formation, where liquid metal microdroplets formed at the T-junction are later gradually broken into NPs in the presence of acoustic waves. Reproduced
with permission.® Copyright 2018, Wiley-VCH.

process monitoring of NP formation, size optimization, and  and reaction stages of the reactants are segregated for the fast
final characterization by their transverse and longitudinal relax-  mixing of precursor solutions as well as precise control over the
ivity data. Iron oxide nanocrystals with sizes ranging from 23  reaction temperature and atmosphere to adjust the character-
to 70 nm have also been prepared via segmented flow using a  istics of the NP products.® The type of gas slug was demon-
gas slug microfluidic reactor (Figure 10b), in which the mixing  strated to play an important role in regulating the morphology
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Figure 10. Microfluidic-based synthesis of metal oxide nanomaterials. a) Schematic of the experimental setup with H,-saturated heptane for flow
synthesis of iron oxide NPs. Reproduced with permission.®l Copyright 2020, MDPI. b) Schematic diagram of the microfluidic setup designed to
produce magnetic NPs in gas-liquid segmented flow. Reproduced with permission.l®8 Copyright 2015, American Chemical Society. c) TEM images of
magnetic NPs obtained using the microfluidic setup in (b) at different runs and under different gas environments (H,, N, O, and CO). Reproduced
with permission.® Copyright 2015, American Chemical Society. d) Schematic of the capillary-based segmented flow reactor showing the injection
of precursor solutions of Fe?*/Fe3*/dextran and NH,OH into a continuous octadecene stream for the synthesis of iron oxide NPs. Reproduced with
permission.®% Copyright 2012, The Royal Society of Chemistry. e) Schematic diagram of the experimental setup for the preparation of TiO, NPs (1—
CO(NH),solution, 2—TiOSO,solution, 3—advection pumps, 4—micromixer, 5—oil bath, 6—water bath, 7—triangle beaker, 8—steel tube for heating,
9—steel tube for cooling, 10—back-pressure regulator). Reproduced with permission.[®® Copyright 2021, Chinese Society of Particuology and Institute
of Process Engineering, Chinese Academy of Sciences. Published by Elsevier B.V. f) Photograph of the temperature controlling module mounting with
a microfluidic chip. Reproduced with permission."? Copyright 2018, Elsevier Ltd. g) Droplet formation of precursor and benzyl alcohol in Fluoronox
inside the microfluidic device (left) and the dissolution of benzyl alcohol in the continuous phase causing droplet shrinkage over time (right). Repro-
duced with permission.l"d Copyright 2018, Elsevier Ltd.
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of the iron oxide NPs, with H, and N, slugs leading to cubic
NPs, O, and CO slugs resulting in the formation of spherical/
rod and hexagonal NPs, respectively (Figure 10c). Iron oxide
NPs coated with a polymer layer have also been prepared using
microfluidic devices. By using aqueous solutions of Fe?*/Fe*t/
dextran and NH,OH as the two precursor solutions to induce
the coprecipitation of iron oxide in a capillary-based droplet
reactor (Figure 10d), Kumar et al. successfully obtained dextran-
coated superparamagnetic iron oxide NPs with a mean diam-
eter of 3.6 nm and narrow size distribution.®” The dextran
layer not only stabilized the NPs but also improved their bio-
compatibility for biomedical applications.

TiO, NPs have been extensively fabricated through a hydro-
thermal process, in which the TiO, precursors crystalizes at
high pressure and relatively low temperature, thus leading
to low agglomeration, finer particle sizes, and narrower size
distribution compared to other conventional procedures that
require calcination, such as liquid-phase precipitation and
sol-gel methods.'*! However, a long reaction time is normally
required for the preparation of TiO, due to the low thermal
transmission rate and the slow hydrolysis of organic titanium
reagents. This problem can be addressed by preparing TiO,
NPs using a microfluidic reactor, which features a high mass
and heat transmission and a more uniform mixing compared
to batch processes. For example, Deng et al. successfully syn-
thesized superfine anatase TiO, NPs with an averaged size of
5.3 nm using a microcurved-tube system (Figure 10e).%% In
the study, TiIOSO, and urea solutions were pumped into the
microreactor and mixed in the tube. No reaction occurred
until the mixed solution was heated at 120-200 °C to allow
the hydrolysis of urea into NH,OH and react with TiOSO,
to form the TiO, precursor, which then undergoes a fluidic
hydrothermal process in the hot tube to yield TiO, NPs. The
whole fabrication process finished in 3.5 min, as compared
to the conventional batch hydrothermal process that normally
requires hours or even days. The authors have also reported the
hydrothermal synthesis of CeO, NPs by using the same micro-
fluidic experimental setup.'® In this case, the reagent solu-
tions, NaOH and Ce(NOj;);, were pumped into the T-shaped
mixer via the two inlets separately. The mixed solution was
then led to a helical microreactor heated at a temperature
ranging from 100 to 230 °C to generate CeO, NPs. Compared
to the time-consuming traditional batch hydrothermal method
that generally takes days to synthesize ceria NPs, a reaction
time of only 8 min is needed for the microfluidic approach.
Moreover, the addition of PVP as a capping agent into the
reaction system was found to promote the conversion of ceria
nanorods to nanocubes. By utilizing a droplet-based segment
flow microfluidic reactor integrated with a computer-controlled
heating and cooling system (Figure 10f,g), Stolzenburg et al.
reported the synthesis of multiple types of metal oxide NPs.[Z
For example, zinc acetylacetonate hydrate and cerium trichlo-
ride solutions, which are the precursors for ZnO and CeO,,
respectively, were supplied to the microfluidic device to form
segmented droplets dispersed in a fluorocarbon oil via flow
focusing. By subsequently heating the device at a temperature
ranging from 100 to 200 °C and precisely controlling the resi-
dence time of droplets, ZnO and CeO, NPs with diameters of
150 nm and 100 nm were produced.
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3.4. Quantum Dots

Quantum dots (QDs) are 5-20 nm sized semiconductor
nanocrystals with their excitons confined in all three dimen-
sions.1’l Due to this discrete energy level, QDs exhibit out-
standing electronic and optical performances such as high
fluorescence brightness, long fluorescence lifetime and good
stability, etc. As a result, QDs have found various applications
in the biomedical fields such as bioimaging, biosensing, and
drug delivery,*1%] and their laboratory and industrial produc-
tion has also been arousing increasingly more interests during
the past decades. Compared to traditional batch procedures,
microfluidics represents a relatively new but powerful platform
for the precise production of QDs. The nucleation and growth
of QDs can also be accurately regulated in microfluidic devices
by adjusting the reaction parameters to control their size and
composition, which are critical in determining their emission
bands and width. As such, various QDs and QD-doped nano-
materials have been produced using microfluidics.

As the most numerous family of QDs, semiconductor QDs
have been widely synthesized using microfluidics. Semicon-
ductor QDs can be roughly classified into II-VI group (e.g.,
CdSe, Cds, CdTe, ZnS, ZnSe, ZnTe), II1I-V group (e.g., InP,
InAs), IV-VI group (e.g., PbS, PbSe, SnS, SnSe), I-III-VI
group (e.g., CulnS,, CulnSe;), IV group (Si, Ge), etc., by the
groups of their constituent elements. In a pioneering work in
2002, Yen et al. reported the microfluidic preparation of CdSe,
which is the most well-characterized colloidal semiconductor
nanocrystal.'*!l Two precursor liquids: cadmium oleate and tri-
n-octylphosphine selenide in a high-boiling solvent system were
delivered into a continuous flow microreactor and combined in
a mixing chamber (Figure 11a), before the mixture was led to
a heat glass reaction channel (180-320 °C) to form CdSe QDs.
By changing the precursor concentration, it was able to control
the nucleation rate of the CdSe nanocrystals, therefore their
sizes correspond to a wide spectral range. By developing a two-
phase oscillatory segmented flow microprocessor integrated
with a spectral detecting module (Figure 11b), Abolhasani et al.
fabricated both II-VI and III-V group semiconductor QDs
and studied the kinetics and mechanism of their nucleation
and growth stages via in situ spectral characterizations.l'””] The
effect of reaction time, precursor ratio, and temperature on
obtained QDs was systematically investigated, providing valu-
able insights into the optimal conditions that can be potentially
transferred to the large-scale manufacturing of semiconductor
nanocrystals with reproducible quality. QDs with heteroge-
neous structures such as core-shell architecture can also be
prepared using the flow-based approach. Beak et al. reported
the synthesis of multiple III-V core—shell semiconductor QDs
including InP/ZnS, InP/ZnSe, InP/CdS, and InAs/InP QDs
using a continuous chip microreactor-based multistage plat-
form (Figure 11c).®® The microreactor system consisted of
six cascaded high-temperature and high-pressure silicon-pyrex
microchip reactors that allow the sequential occurrence of six
consecutive reactions including mixing, aging, growth, two
shell formation steps, and an annealing process. Such a config-
uration allows the fabrication of core-shell QDs of comparable
quality with those obtained from batch processes but in a much
shorter reaction time. Besides, the reaction parameters can be
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Figure 11. Microfluidic-based reactors for the synthesis of quantum
dots. a) Schematic of the capillary microreactor for the synthesis of CdSe
nanocrystals. Reproduced with permission.1%®l Copyright 2003, Wiley-
VCH. b) Schematic of the oscillatory microprocessor for the synthesis of
11-VI and I1I-V group semiconductor quantum dots. The Inset shows an
image of a droplet oscillating inside the tubular fluorinated ethylene pro-
pylene reactor embedded within the aluminum chuck. Reproduced with
permission.'”] Copyright 2015, American Chemical Society. c) Schematic
of the multistage microfluidic platform for the synthesis of InP/ZnS core—
shell quantum dots. The first three stages are used for the synthesis of InP
cores and the following three stages for the core—shell morphology (left).
The ten subchannel design of the shell-formation microreactor (right).
Reproduced with permission.['8l Copyright 2018, Wiley-VCH.

easily screened using the flow-based platform to figure out the
optimized conditions for QD nucleation and growth.

Carbon QDs, such as graphene QDs and multiple-graphene
layered QDs, represent another important subclass of QDs.
Compared to traditional semiconductor QDs, carbon QDs do
not contain any metal elements, thus generally demonstrating
better biocompatibility and lower toxicity, which are preferable
for biomedical applications.'”? Carbon QDs have also been
synthesized using microfluidic approaches to improve the syn-
thetic efficiency and quantum yields. By utilizing a continuous
flow microreactor and anhydrous citric acid/ethylene-diamine
as precursors, Rao et al. realized the rapid production of carbon
QDs in less than 5 min, which was faster than most of previously
reported methods.?) The additive concentration, flow rate,
and reaction temperature were screened using the microreactor
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to determine the optimal conditions, leading to the preparation
of carbon QDs with a high quantum yield of 60.1%, which is
comparable to or even greater than those obtained via hydro-
thermal approaches. Shao et al. synthesized carbon QDs with
full-spectrum emission fluorescence from citric acid and
urea solutions as precursors using a continuous flow micro-
reactor.?®!) The microflow-based reaction greatly reduced the
conventional reaction time from 12 to 24 h to 20 min, while
the uniform and rapid mass transfer facilitated the production
of smaller (average diameter of 2.88 nm) and more uniform
carbon QDs than those synthesized in the autoclave.

4. Microfluidic Synthesis of Hybrid NPs

4.1. Polymer-Lipid NPs

Polymer-lipid hybrid NPs usually have a polymer core coated
by lipid layers. The polymer core allows the encapsulation of
drugs or imaging agents for high drug encapsulation, good
stability, and sustained release properties, while the lipid sur-
face takes advantage of the unique properties of lipids such
as their excellent biocompatibility and biomimicking proper-
ties, and chemical tunability.?°2l Therefore, the combination
of polymer and lipid in a hybrid NP makes good use of the
attractive features of both polymer NPs and liposomes.?%3] Fur-
thermore, they can encapsulate two therapeutic agents having
different hydrophobicity by loading the hydrophobic one in the
polymer core and the hydrophilic one in the lipid envelope to
achieve the controlled release of both agents.””] Polymer-lipid
hybrid NPs have great potential for drug delivery due to their
attractive properties including high stability, high EE, efficient
cellular uptake, and prolonged circulation.? Microfluidics
offers a powerful platform to precisely manipulate and control
hybrid NP properties. Two approaches are available for making
polymer-lipid hybrid NPs, that is, two-step or one-step methods.
The two-step method makes polymer NPs first followed by a
lipid bilayer or lipid multilayer coating.?0>2% Alternatively, the
one-step method synthesizes hybrid NPs by self-assembling
polymer and lipid simultaneously.?"’!

Various microfluidic devices such as HFF, multistage micro-
fluidic chip,?% parallelized swirling microvortex reactors, 2%
glass capillary-based microfluidic chips (Figure 12a),?1% three-
inlet microfluidic chips,?'»??l and Tesla micromixer?3] have
been deployed for making polymer-lipid NPs. Sorafenib-loaded
polymer-lipid NPs were synthesized using PLGA, lecithin, and
DSPE-PEG 2000 in a glass capillary microfluidic device.?'%
Two immiscible solutions were injected into the capillary to co-
flow and mix rapidly in the outer glass capillary leading to nan-
oprecipitation and formation of polymer-lipid NPs in one step.
Hybrid NPs with a core—shell structure were observed. Also,
they exhibited comparatively higher EE and better-controlled
release of sorafenib compared to those NPs prepared using a
bulk method.

Polymer-lipid NPs have been fabricated in an HFF device
using either a two-step or one-step method. Uniform temper-
ature-sensitive polymer-lipid hybrid NPs were synthesized via
the two-step method by controlling the convective-diffusive
mixing of two miscible NP precursor solutions, that is, a lipid

© 2022 The Authors. Small published by Wiley-VCH GmbH

95UB01 7 SUOLULLOD AIIRID 3cedt [dde 8y Aq paueob 8.2 3o lie YO ‘9SO S3INJ 10} AIqITaUIIUQ AB]IM UO (SUOTPUOO-PUR-SWLBHW0D" A |IM A Teq1jBu[UO//STIY) SUORIPUOD pUe SWLB | 8U) 885 *[z202/0T/c2] Uo AkeiqiTauliuo AS|IM ‘luwn|y spreepY Jo A1sieAlun Ad 08590T20Z [IWS/Z00T OT/I0P/W00" A3 1M ARe.q jpul Uo//Sdy Woly papeojumod ‘o€ ‘2202 '6289ETIT



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

(@)

(b) (d)

Hydrogel Precursor in PBS

Liposome Pncunlor in IPA
y

Hydrogel Precursor in PBS

l Gel filtration

@B
RB

= |ipid

High voltage
power supply =

Controlled
microvort

=N lipid-PEG PLGA -V lipid-PEG

www.small-journal.com

(C) Outer liquid
Inner liquid
Syringe pump 1
—
o Stereomicroscope
o Syringe pump 2
- o
oo

Lipid-polymer -
hybrid (LPH)
nanoparticle

100 150
Nanoparticle size (nm)

Figure 12. Synthesis of polymer—lipid NPs using microfluidic approaches. a) Schematic of glass capillary microfluidic device. Reproduced with permis-
sion.l2'% Copyright 2020, Elsevier B.V. b) Schematic of two-step fabrication of polymer-lipid hybrid NPs. Reproduced with permission.[?"l Copyright 2010,
American Chemical Society. ¢) Schematic of the electrospray integrated with a microfluidic chip. Reproduced with permission.["8 Copyright 2021, IOP
Publishing. d) Schematic of a three-inlet microfluidic platform. Reproduced with permission.?" Copyright 2012, American Chemical Society.

mixture in isopropanol and a photopolymerizable polymer
mixture in an aqueous buffer, thus forming lipid nanovesicles
encapsulating the hydrogel precursors. The synthesized NPs
collected from microfluidic synthesis were then irradiated with
UV light to polymerize the hydrogel precursors into polymer
cores (Figure 12b).2" Another study produced polymer-lipid
NPs via a one-step HFF method for siRNA delivery. PEI-800
and cationic lipids were mixed in the HFF forming polymer—
lipid hybrid NPs loaded with VEGF siRNA, and the resulting
NPs achieved high gene silencing efficiency.?'>2!%] Basically, the
lipid/polymer solution was introduced from the middle channel
while the siRNA solution was injected from two side channels
and then mixed in an S-style channel. The final NPs synthe-
sized were smaller with a narrower size distribution compared
to the bulk method.

Polymer-lipid hybrid NPs have also been fabricated com-
bining HFF with other active modules. For instance, drug-
loaded PLGA/DPPG NPs were produced using an HFF device
combined with electrospraying (Figure 12c)."® DPPG is a
charged surfactant that can increase the stability of NPs. A
mixture of DPPG and PLGA solution was introduced into the
microfluidic device as an outer phase. DPPG spontaneously
covers the surface of the PLGA core through electrostatic repul-
sion under an electric field, consequently forming a shell to
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improve the stability of the hybrid NPs. HFF devices have been
used in the production of polymer-lipid NPs for both RNA-
based drug and vaccine delivery. Polymer-lipid hybrid NPs
loaded with VEGF siRNA had an average smaller mean diam-
eter and PDI when compared to those NPs produced using the
bulk mixing method. The HFF produced NPs also exhibited
higher cytotoxicity, more efficient cellular uptake and greater
inhibition of tumor growth when compared to bulk mixing pro-
duced NPs, demonstrating the advantages of using microfluidic
HFF devices for making NPs for drug delivery.[215216]

In addition to glass capillary microfluidic devices and HFF
devices, a three-inlet microfluidic chip was developed for
the one-step fabrication of polymerlipid hybrid NPs with
increased production throughput. Langer’s group reported
the synthesis of polymer-lipid hybrid NPs with enhanced pro-
ductivity up to 0.3 g h™! using a controllable microvortex plat-
form with the three-inlet microfluidic chip. They used a highly
diluted polymer solution (5 mg mL™) to avoid aggregation
(Figure 12d).21

Similarly, TPGS-PLGA hybrid NPs were also synthesized
using the three-inlet microfluidic chip by microvortex-induced
fast mixing, with PLGA dissolved in an organic solvent in the
inner channel and an FDA-approved polymer d-ortocopheryl
polyethylene glycol 1000 succinate (TPGS) in the outer
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channels.?”] Compared to conventional microfluidic methods,
microvortex can increase productivity significantly. The micro-
vortex pattern can be controlled by changing the Reynolds
number and the flow rate ratio of the outer solution to the
inner solution.[2!1-212]

In addition to polymer-lipid hybrid NPs, chitosan,?!>28 and
polycation polyethyleneimine (PEI)[?'®! have also been used to
form hybrid NPs. Chitosan/polymer hybrid NPs were synthe-
sized using an HFF device to produce the chitosan NPs firstly,
followed by the Eudragit FS 30D coating via a Tesla micro-
mixer.213l On the other hand, liposomes can be first produced
and then coated with chitosan, where both steps used the
microfluidic device.®® By utilizing the electrostatic interaction
between positively charged polymer PEI and negatively charged
siRNA, hybrid polymer-lipid NPs encapsulating siRNA can be
fabricated by one step using a three-inlet HFF device.?!®]

4.2. Metal-Organic Frameworks (MOFs)

MOFs have been exploited as a new class of crystalline nanopo-
rous materials in recent years.*!] Extensive attention has been
paid to expanding the microfluidics method beyond organic or
inorganic NPs to more advanced materials such as MOFs.[22%
Compared to traditional porous materials, MOFs demonstrate
many unique characteristics such as biodegradability, biocom-
patibility, flexible or tailorable pore size, and high surface area.
With the careful selection of organic linkers and metal-based
building blocks, it is possible to fine-tune the size, functionality,
and geometry of the porous structures of MOFs, which makes
MOFs a good candidate for drug delivery applications especially
when the size of MOFs is reduced to the nanoscale.[?20:221]

Microfluidics is able to make MOFs with controlled mor-
phology using a one-step continuous method.??%222l Lymph
node and tumor-targeting aptamer-modified biozeolitic imida-
zolate framework (BioZIF-8) were synthesized using a one-step
microfluidic method (Figure 13a).22}l ZIF-8 loaded with dif-
ferent molecules (doxorubicin (DOX), small interfering ribonu-
cleic acid (siRNA), and bovine serum albumin) were fabricated
first, followed by aptamer modification of the BioZIF-8 sur-
face in a microfluidic chip. This microfluidic method not only
reduced the total production time from 15 h (using the conven-
tional two-step method) to about 10 min but also increased the
biomolecule loadings.

www.small-journal.com

Microfluidic methods can also be used to control the struc-
ture of MOFs for further improving their performance in bio-
applications. For example, enzyme-MOF composites were
made in a microfluidic mixing device with a significantly
improved enzyme activity (Figure 13b).222l The precise control
of diffusion-based mixing was realized in a microfluidic lam-
inar flow system containing a three-way mixing scheme, which
created structural defects in the enzyme-MOF composites,
resulting in enhanced enzyme activity due to increased sub-
strate accessibility.

5. Drug Delivery Applications

5.1. Key Physicochemical Properties

Identifying the key physicochemical properties of NPs is impor-
tant for engineering efficient drug delivery applications. Precise
control over the identified key physicochemical properties plays
a critical role in dictating the nano-bio interactions.>™ Micro-
fluidics offers a powerful tool for making NPs with tunable and
controlled physicochemical properties by using different micro-
fluidic devices and controlling their operation conditions.?24
One of the key physicochemical properties is the particle
size of NPs, affecting their in vivo fate.®”] More specifically,
larger NPs (>200 nm) have been demonstrated to accumu-
late in the spleen and liver.??5! While NPs under 150 nm can
cross the endothelial barrier.®® Compared to NPs of 100 nm,
NPs of 50 nm demonstrated superior penetration in cells in
vitro, tumor spheroids ex vivo, and tumor xenografts in vivo.??
NPs of 30 nm were demonstrated to be ideal for the effective
outcome of an immune response.??°! Extremely small NPs
of 6 nm can transfer quickly from lungs to lymph nodes and
bloodstream, eventually being cleared by kidneys.?!!
Microfluidic methods are very effective at controlling
the size of NPs, especially to produce NPs between 10 and
200 nm, which is the size range most related to systematic
drug delivery.??”] Fast mixing achieved by microfluidic methods
enables the synthesis of NPs with small size and excellent sta-
bility.®”) For example, liposomes with particle sizes ranging
from 31 to 277 nm could be prepared using the microflu-
idic HFF devices.[®V?28] Bigger liposomes above 105 nm were
observed to be excluded from deeper skin layers past the
stratum corneum, while smaller liposomes between 31 and
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Figure 13. Synthesis of MOFs in microfluidic devices. a) Schematic of the fabrication of ZIF-8 MOFs via double spiral microfluidic devices. Reproduced

with permission.?23l Copyright 2021, American Chemical Society. b) Schematic of microfluidic laminar flow synthesis and bulk solution synthesis of

enzyme-MOF composites. Reproduced with permission.[?22l Copyright 2020, The Authors, Published by American Association for the Advancement

of Science.
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Figure 14. Microfluidic approaches for controlling NPs’ mechanical properties. a) Schematic of the HFF device used for the synthesis of polymer NPs
with controlled compactness. Reproduced with permission.?>4 Copyright 2013, Elsevier Ltd. b) Schematic of the two-stage microfluidic platforms for
assembling polymer-lipid hybrid NPs with controlled rigidity. Reproduced with permission.2%l Copyright 2014, Wiley-VCH.

41 nm exhibited considerably increased penetration. Similarly,
the size of polymer NPs can also be controlled via the HFF
device by varying flow rate, solvent, surfactant, and polymer
composition and concentration.??%! Considering the wide range
of drug delivery applications of NPs, it is important and neces-
sary to develop a microfluidic method that is able to produce
NPs with tunable and reproducible particle size, so an NP
library could be established to screen the optimal NP size tai-
lored for a particular drug delivery application.

In addition to NP size, particle shape, surface properties,
and mechanical properties play a critical role in regulating
nano-bio interactions. NPs directly interact with biological sys-
tems on their surface when they are administered. The shape
and rigidity of NPs affect their cellular uptake,?30-232 release
kinetics of the encapsulated drugs, and in vivo fate. Micro-
fluidic methods allow tuning of size and shape of the gener-
ated droplets as well as producing NPs with desired surface
textures.[?*)l Microfluidic methods can also be used to con-
trol the NPs’” mechanical properties such as compactness and
rigidity (Figure 14a).?34 For instance, a two-stage microfluidic
platform was developed to produce polymer-lipid hybrid NPs
with tunable stiffness by changing the amounts of interfacial
water between the lipid shell and PLGA core through control-
ling the injection order of the PLGA and PEGylated lipid solu-
tions. Polymer-lipid hybrid NPs with different rigidity were
synthesized while keeping other properties the same, including
surface properties, size, and chemical composition, for investi-
gating the influences of rigidity of NPs on their cellular uptake
(Figure 14b).204 Additionally, size-tunable monodisperse lipid—
PLGA hybrid NPs can also be generated using this two-stage
microfluidic chip by varying the flow rates.l?*’]

5.2. Drug Encapsulation
5.2.1. Chemotherapy Drugs
It was reported that 40% of drugs currently on the market and

approximately 90% of new drug candidates under develop-
ment have poor water solubility especially chemotherapy drugs,
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small inhibitors.[?*%l To increase their water solubility, improve

their bioavailability and reduce their side effects, chemotherapy
drugs are commonly formulated using NPs. However, DL of
these NPs is normally very low (less than 5% or even as low
as 1%), which means that majority of NPs are the nanocarrier
material which could lead to undesirable toxicity or adverse
immune responses.?] Although most nanoformulations on
the market or in clinical trials are based on liposomes with
low DL (£10%) suggesting that low DL is not necessarily a hin-
drance to success, increasing numbers of recent studies indi-
cate that high DL is beneficial for improved antitumor efficacy
and favorable pharmacokinetics, especially for solid NPs other
than soft liposomes.™23¥ High DL can help to reduce the
required administration volumes of NPs and reduce the toxicity
from the nanocarrier itself, thus improving adherence.[>-23.240]
Microfluidic methods have been exploited to load various
chemotherapy drugs in different NPs with enhanced EE and
DL compared to bulk methods.

Paclitaxel is a commonly used antitumor drug against a
broad spectrum of tumors, such as ovarian cancer, lung cancer,
breast cancer, and glioma, but its poor water solubility makes
it challenging for applications. Microfluidic methods have
been used to make paclitaxel-loaded NPs with improved drug
loading and encapsulation efficiency. One study developed
a microfluidic HFF platform for the synthesis of paclitaxel-
loaded nanocapsules via controlled self-assembly. The resulting
nanocapsules comprised of a Pluronic copolymer shell and
dendritic polyethylene core with uniform sizes of 50-200 nm.
These nanocapsules achieved a relatively high loading of pacli-
taxel (9.9%) while providing a sustained release profile with
high tunability.?*!] Moreover, the application of external forces
within a microfluidic device can facilitate the control of mor-
phology, size, and internal crystallinity of polymer NPs for drug
delivery.?*l 1t was reported that the encapsulation efficiency and
release rate of paclitaxel-loaded polymer NPs prepared by a two-
phase microfluidic reactor were strongly dependent on both the
flow rate and the block copolymer composition (Figure 15a).24!
In another study, a microfluidic chip combined with an electric
field was used to produce paclitaxel-loaded polymer NPs with a
core—shell structure having an encapsulation efficiency of above
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Wiley-VCH. d) Schematic of the process to synthesize CPP-functionalized multidrug-loaded PSi@AcDX-CPP. Reproduced with permission.l2

Copyright 2014, Elsevier Ltd.

90% and drug loading of 75%.8 The morphology, size, and
encapsulation efficiency of NPs can be easily optimized through
the precise control of operating parameters including flow rate
ratio, PLGA concentration, and working voltage of the electric
field. The obtained NPs showed a slow-release profile, which
improved the bioavailability of paclitaxel and reduced its tox-
icity.''8) Additionally, paclitaxel can be loaded in lipid NPs using
a glass capillary-based microfluidic chip with an encapsulation
efficiency of 54% and drug loading of 1.4% (Figure 15b).°2 The
obtained paclitaxel-loaded lipid NPs showed a sustained release
and higher cytotoxic effect in 2D and 3D cell models compared
to free paclitaxel.

Besides paclitaxel, doxorubicin,**! 5-fluorouracil,M® and
sorafenib (SFN)Z%! have also been widely used as anticancer
drugs for making drug-loaded NPs using microfluidic methods.
Generally, microfluidic nanoprecipitation produces NPs with
drug loading lower than 10%. The sorafenib-loaded lipid NPs
with encapsulation efficiency of 79% and drug loading of
1.04% were produced using a glass capillary-based microflu-
idic chip.’”! The simultaneous precipitation of polymer/lipid
and hydrophobic drugs limited the space in the polymer/lipid
matrix to incorporate hydrophobic drugs. In contrast, core—shell
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spermine-functionalized dextran NPs with sorafenib-loaded
and folic-acid-conjugated (SFN@ADS-FA) were generated with
a very high sorafenib drug loading of 58.4% via a microfluidic
sequential nanoprecipitation (Figure 15c).2 The synthesized
SEFN@ADS-FA NPs consisted of a sorafenib drug core and a
polymer shell at a ratio of 1:1, showing high drug loading, high
stability in serum, pH-responsive fast dissolution, and good
biodegradability. Basically, the drug nanocrystals were pro-
duced first, then the ADS-FA precipitated and deposited onto
the surface of drug nanocrystals upon mixing the solvent and
antisolvent fluids, resulting in the formation of the sorafenib—
core polymer—shell NPs. Their half-maximal inhibitory concen-
tration was approximately 54 times lower than the low drug
loading NPs, indicating the higher efficacy of the high drug
loading NPs.[112

Intrinsic or acquired multidrug resistance (MDR) remains a
main cause of the failure of cancer chemotherapy, presenting a
big challenge for current chemotherapies.?*! Encapsulation of
chemotherapeutics and MDR modulators concurrently in NPs
offers a new strategy to overcome the MDR.??’l Moreover, com-
bination therapy of multiple drugs for synergistic effects ben-
efits the treatment of complicated diseases, such as cancer.*#!
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For instance, the combination therapy of cisplatin and iri-
notecan, two routinely used drugs, showed synergistic effects
with improved anticancer efficacy.?*¥! Microfluidics provides
an ideal platform for the synthesis of NPs encapsulating mul-
tiple drugs with a ratiometric control. Although cisplatin and
irinotecan have different chemical and physical properties, they
were effectively co-loaded into the same polymer NP. The more
hydrophilic drug cisplatin was conjugated to the backbone of
a polymer followed by the encapsulation of the hydrophobic
irinotecan via a single-step nanoprecipitation in a microflu-
idic device.?®! The obtained two drug-loaded NPs were around
55 nm with a low polydispersity index of about 0.04 owing to
the fast mixing in the microfluidic devices. Their strong syn-
ergistic cytotoxicity was observed when incubating with cancer
cells. Additionally, a nanocomposite comprising of an encap-
sulated PSi NP and an acid-degradable acetalated dextran
(AcDX) matrix was synthesized using a one-step microfluidic
self-assembly approach. The obtained PSi@AcDX composites
can be simultaneously loaded with multiple chemotherapy
drugs having different physicochemical properties with a rati-
ometric control, including paclitaxel, sorafenib, and metho-
trexate. The release kinetics of these three drugs was mainly
controlled by the disintegration rate of the outer AcDX matrix
(Figure 15d).2*1 The HFF device was able to produce multiple
cargos-loaded NPs as well, for instance, the synthesis of mul-
tifunctional targeting nanocarriers for cancer drug delivery,
diagnostic imaging, and hyperthermia treatment simultane-
ously.® The nanocarriers comprised of PLGA chains conju-
gating with radioactive bisphosphonate tracer molecules as the
bone-targeting moiety, followed by loading with paclitaxel and
superparamagnetic iron oxide NPs as an MRI contrast agent
using the HFF device. The obtained NPs have potential for
theranostic applications in bone cancers treatment.

5.2.2. Gene Therapeutics

Gene therapy employs genetic materials such as DNA or RNA
as therapeutics for genetic, acquired, and infectious diseases.
Although gene therapy has great potential, the lack of efficient
and safe gene delivery methods limits its clinical applications.
Gene delivery often uses recombinant viruses as delivery vec-
tors and nanocarriers as delivery vehicles. The nonviral gene
delivery method using nanocarriers such as liposomes, lipid
NPs, polypeptides, and polymers NPs are able to protect the
genetic material from nucleolytic enzymes, extending their
lifetime in the blood, and delivering the genetic material to a
specific tissue or cell.?>!l Compared to viral delivery vehicles,
inert nanocarriers are normally much safer but suffer insuffi-
cient delivery efficiency.?*”) Among the wide variety of genetic
materials, small interfering RNA (siRNA) and messenger RNA
(mRNA) have broad potential as therapeutics.??%! Recently,
the clinical translation of mRNA and siRNA therapeutics has
been improved significantly as a result of the developments of
NPs.12>3 However, delivery of siRNA and mRNA in vivo remains
challenging due to their poor stability. Compared to liposomes,
lipid NPs show improved stability, and their rigid structure also
assists deeper cellular penetration.””! Therefore, lipid NPs rep-
resent the most clinically advanced mRNA delivery vehicles.
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The two approved SARS-CoV-2 mRNA vaccines both employ
lipid NPs consisting of cationic or ionizable lipids, which have
been studied extensively to deliver siRNA and mRNA due to
their high encapsulation efficiency, effective cytosolic delivery
as well as simple industrial production.22¢]

While cationic lipids can preserve their charges despite
changes in pH, ionizable lipids only display positive charges
via protonation of amines when the pH is decreased. Positively
charged polymers such as polycation polyethylenimine (PEI)
have also been used for mRNA and siRNA delivery.!! In addi-
tion, polyamidoamine (PAMAM) or polypropylenimine-based
dendrimers, cell-penetrating peptides (CPPs), and other mate-
rials have been investigated for their potential as vehicles for
intracellular delivery of gene materials.[?>’]

Conventional methods for synthesis of siRNA or mRNA-
loaded NPs are based on bulk mixing of cationic components
and RNA solutions, which is an uncontrolled process typically
including multiple steps, leading to poor reproducibility. In con-
trast, microfluidic methods with improved mixing can produce
high-quality siRNA or mRNA-loaded NPs with improved bio-
logical efficiency than the bulk method.>>! The success of lipid
NPs for mRNA and siRNA drug delivery has set a milestone
for microfluidics to produce NPs in a commercial context. Pati-
siran, a lipid NP-based siRNA drug, was the first siRNA drug
approved by the FDA, which was prepared using a pH-sensitive
cationic lipid based on a microfluidic approach. Furthermore,
production on an industrial scale can be achieved using micro-
fluidic continuous synthesis.[?>>! HFF method has been usually
used to produce siRNA-loaded NPs. In one study, VEGF siRNA-
loaded hybrid polymer-lipid NPs were prepared in an HFF
device with a smaller size and a narrower size distribution com-
pared to the NPs synthesized using the bulk method.>*®! They
showed low vehicle cytotoxicity and potent tumor cell inhibition
in vitro and exhibited prolonged blood circulation and greater
down-regulation of VEGF mRNA and protein levels as well as
greater tumor inhibition in a xenograft tumor model compared
to free VEGF siRNA.I2% Similarly, another study reported the
synthesis of small (=38 nm) nucleic acid-loaded lipid NPs using
a HFF device, which exhibited higher encapsulation efficiency,
a narrower size distribution, and higher stability in blood
plasma and serum compared to those NPs synthesized using
the bulk mixing method.?*’]

Lipid NPs have also shown numerous advantages for mRNA
delivery in biocompatibility, simplicity of formulation, and
better stability. During the SARS-CoV-2 pandemic, the emer-
gency use authorization (EUA) by the FDA for two mRNA-based
vaccines BNT162b2 (Pfizer-BioNTech) and mRNA-1273 (Mod-
erna) has been a significant milestone for NP drug delivery.’®l
The success of the BNT162b2 vaccine with about 95% efficacy
in phase III clinical trials would not have been possible without
the use of lipid NPs.”l Furthermore, the BNT162b2 vaccine
also benefited from its continuous production with paralleli-
zation of 100 static mixers, named an impingement jet mixer
(IJM), which have been used to increase vaccine productivity at
their site in Kalamazoo (US) to 100 million doses/month.?*8l
Lipid NPs were used to improve the stability of mRNA by
protecting it from ribonucleases and enabling the delivery of
undamaged mRNA to the target site. Typically, purified mRNA
is mixed with lipids in an IJM microfluidic device to form
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mRNA-loaded lipid NPs. Fast mixing provided by a microfluidic
device induces the precipitation and self-assembly of lipid NPs
while encapsulating mRNA instantly during self-assembly."®!

5.3. Drug Delivery Applications
5.3.1. Cancer Drug Delivery

A wide variety of NPs have been developed for cancer drug
delivery. Compared to bulk methods, microfluidic approaches
are so versatile, robust, reproducible, and scalable that can be
used to synthesize NP libraries with precisely controlled and
systematically varied properties (e.g., size, charge, and surface
properties) for screening the optimal formulations for cancer
drug delivery.l?>l Moreover, microfluidic approaches have been
developed to synthesize NPs with tunable compactness thus
controlling the release property of drug-loaded NPs 234 and to
tune the rigidity of lipid-polymer hybrid NPs to improve their
therapeutic efficiency.?*4

Microfluidics provides a facile strategy to develop libraries of
nanocarriers with designed surface properties, which have been
recognized to play a vital role in affecting NP pharmacokinetics
and biodistribution. For example, anionic NPs usually show
considerably prolonged circulating half-lives. In contrast, highly
cationic NPs are quickly cleared from circulation. However,
the presence of cationic surface charge facilitates the disrup-
tion of endo/lysosomal membranes, thus improving the endo/
lysosomal escape of NPs after cellular uptake.’? This intri-
cate interplay between NP charge and their nano-bio interac-
tions makes it important to design NPs purposely for particular
cancer drug delivery application.

Long blood circulation time is a prerequisite for cancer drug
delivery to achieve enhanced tumor accumulation. NPs are
often modified with polyethylene glycol (PEG) or coated with
cell or vesicle membranes to prolong the circulation time for
cancer drug delivery applications.?%% Additionally, NPs can
be decorated with targeting ligand to improve targeted drug
delivery. For example, surface coating of natural cellular or exo-
somal membranes (EMs) onto polymer NPs can extend their
circulation time by evading immune surveillance (Figure 16a).
A one-step microfluidic sonication method was used to break
the structure of natural EM while reassembling EM over PLGA
cores to form core-shell structured EM-coated PLGA NPs. The
resulting NPs showed not only a prolonged in vivo circulation
time due to the surface coating of EM but also a high tumor
targeting efficiency benefiting from the surface binding of
AS1411 aptamers that targeted nucleolin on cancer cells mem-
brane.?l However, it was observed that the introduction of tar-
geting ligands to some nanocarriers such as PEG-PCL polymer
micelles, was not effective because most of the micelles were
rapidly disassembled in the bloodstream after in vivo adminis-
tration. Therefore, the stability of surface-functionalized nano-
carriers is vital.[262]

In addition to the combination of two different surface mod-
ification strategies, the synergistic effect from two targeting
ligands, or one targeting ligand combined with a cell-pene-
trating ligand can improve cancer drug delivery as well. How-
ever, the dual-ligand targeting strategy remains controversial
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because of the complicated interplay between numerous fac-
tors including the selection of two ligands, their ratios, densi-
ties, and length matching, etc. Microfluidics makes it simple
and straightforward. A one-step microfluidic technology
was exploited to produce libraries of PLGA NPs with diverse
properties such as ligand density, ratio, and length to screen
their targeting efficiency (Figure 16b).2>"! A series of single-
and dualligand targeted polymer NPs with hyaluronic acid
and acid folic as the two targeting ligands were designed and
successfully manufactured using an HFF device. All the syn-
thesized NPs had sizes of 70-90 nm, low PDI (0.053-0.221),
and negative charges (-25.9—78 mV). The optimal dual-ligand
targeted NPs showed the highest targeting specificity both in
vitro and in vivo. Similarly, Ran et al. reported the production
of a library of single- and dual-ligand liposomes with systemat-
ically varied properties including size, zeta potential, targeting
ligand, ligand ratio, and ligand density using the HFF method.
A targeting ligand folic acid and a cell-penetrating peptide
transactivating transcriptional activator (TAT) were utilized
to obtain the best synergistic targeting effect.*>’* These two
studies demonstrated the versatility of microfluidic methods
in engineering libraries of multifunctional NPs with controlled
properties.

Drug release solely relying on slow diffusion and degrada-
tion is generally insufficient in cancer drug delivery applica-
tions. The ideal release profile of drug-loaded nanocarriers is a
minimal release during circulation and in healthy tissues but a
quick release at targeting sites.?%3 In addition to targeted drug
delivery strategies, stimuli-responsive drug release is highly
desirable for improving the efficacy of cancer drug delivery.
The stimuli-responsive property of NPs relies primarily on
the microenvironments in cells, tissues, or organs within the
human body, e.g., different pH in stomach and colon, dif-
ferent glutathione concentrations in normal and cancer cells,
different temperature in healthy and inflammable tissues, etc.
Among the different types of stimuli, pH is one of the earliest
and widely studied stimuli for cancer drug delivery applica-
tions, due to the very different pH from organs to compart-
ments in a cell.”® For instance, the pH gradients in the tumor
microenvironment (pH 5.7-70 in tumor tissues, compared to
pH around 74 in normal tissues) have been exploited to design
pH-responsive NPs to achieve higher drug concentrations in
cancer cells.[264

Taking advantage of the capability of microfluidic methods
in controlling the key properties of drug-loaded NPs, Baby et al.
used a 3D tubing microfluidic device to synthesize curcumin-
loaded shellac NPs with tunable DL from 20% to 57% and high
encapsulation efficiency, through a sequential nanoprecipita-
tion process.'! These curcumin-loaded shellac NPs remained
very stable under acidic conditions (pH 4.5) for at least
10 days but released the curcumin at neutral pH in a sustained
manner due to the pH-responsive property of shellac. There-
fore, these stable curcumin-loaded shellac NPs have potential
in oral drug delivery for colon cancers. Additionally, the pH-
responsive release property can be achieved by controlling the
compactness of nanocarriers via microfluidic synthesis. For
example, the hydrophobically modified chitosan (HMCS) via
N-palmitoyl groups can be used to encapsulate hydrophobic
anticancer drugs such as paclitaxel using an HFF device with
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Figure 16. Microfluidic production of NPs for cancer drug delivery. a) Schematic of EM-coated PLGA NPs conjugated with AS1411 aptamers for extended
circulation in the blood and improved tumor targeting. Reproduced with permission.?6!l Copyright 2020, American Chemical Society. b) Schematic of
the HFF device for synthesizing a combinatorial library of single and dual-ligand NPs. Reproduced with permission.?>°l Copyright 2018, Wiley-VCH.
c) Schematic of the dual microfluidic platform used to synthesis pH-responsive paclitaxel-loaded HMCS NPs. Reproduced with permission.?"l Copy-

right 2016, Wiley-VCH.

an encapsulation efficiency of above 95%. These microfluidic
manufactured paclitaxel-loaded HMCS NPs showed a low
release rate at pH 74 due to their compact nanostructures,
which was attractive for long-term circulation stability. How-
ever, when these paclitaxel-loaded HMCS NPs were exposed to
pH 5.5, the NPs released the paclitaxel over an order of mag-
nitude faster.'®l Their paclitaxel release profile was observed
to be effectively controlled by the compactness of the NPs.[234
Moreover, microfluidics provides an alternative strategy to
achieve pH stimuli-responsive release by coating a pH-sensitive
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layer onto the prefabricated drug-loaded NPs to tailor the pH-
responsive range (Figure 16¢).23 A HFF device was used to
synthesize paclitaxel-loaded HMCS NPs, and basic water was
employed to induce the NP self-assembly. Then, a Tesla micro-
mixer was used to make a pH-sensitive Eudragit FS 30D layer
coating onto the paclitaxel-loaded HMCS NPs for colon drug
delivery application. The paclitaxel-loaded HMCS NPs manu-
factured and coated via the dual microfluidic platform demon-
strated improved cellular uptake during pH changes compared
to those produced by a bulk method.
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5.3.2. Other Diseases

In addition to cancer drug delivery, microfluidic methods have
been exploited widely to deliver other drugs such as coenzyme
Q10 for the prevention and treatment of ischemic diseases,**!
efavirenz for the treatment of human immunodeficiency virus
(HIV),266] Mithramycin A for the treatment of hematological
diseases,?”] dexamethasone for regulating osteogenic differen-
tiation of mesenchymal stem cells,** metformin hydrochloride
(MET) for diabetes therapy,3®! streptokinase for thrombolysis
disease therapy,"! hydromorphone and ketamine for pain
relief,2%! azithromycin (a macrolide antibiotic) against biofilm-
forming,1??! etc.

Based on the different physicochemical properties of these
drugs, liposomes, PLGA NPs, chitosan NPs, and hybrid lipid—
polymer NPs have been frequently used to formulate drug-
loaded NPs via various microfluidic methods. A microfluidic
device incorporating a baffled mixer named invasive lipid NP
(iLiNP) production device was used to load the coenzyme Q10
in liposomes, which allowed the production of small-sized
homogenous coenzyme Q10-loaded liposomes with good repro-
ducibility (Figure 17a).?®! The efavirenz-loaded PLGA NPs
produced through microfluidics showed reduced size, compa-
rable polydispersity, less negative zeta-potential, higher encap-
sulation efficiency of above 80%, and higher drug loading of
10.8% compared to the NPs synthesized using a bulk method.
The efavirenz-loaded PLGA NPs produced by the microflu-
idic method also demonstrated a sustained in vitro efavirenz
release (Figure 17b).2%1 A HFF device was used to load the
DNA-binding drug, mithramycin, in Pluronic block copoly-
mers based polymer NPs,?%’] to load streptokinase in chitosan
NPs,[135] as well as to synthesize crosslinked carboxymethyl chi-
tosan NPs containing MET.®®l The size of MET-loaded chitosan
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NPs was around 77 nm with a narrow size distribution. These
NPs showed a high encapsulation efficiency of around 90% and
controlled drug release properties. Moreover, the in vivo assess-
ments of MET-loaded chitosan NPs illustrated a decreased
blood glucose level of 43.58% and an increased body weight up
to 794% for diabetic rats when compared to the free MET.[13¢]
Besides the HFF device, a two-stage microfluidic method was
used to fabricate hydromorphone/ketamine-loaded hybrid
lipid-polymeric NPs.[2%! Furthermore, ultrasmall azithromycin-
loaded TPGS-PLGA hybrid NPs were fabricated using a trident-
shaped microfluidic chip, demonstrating its capability in over-
coming multiple barriers, and achieved sustained release of
antibiotics in the surrounding area of biofilm-forming bacteria
(Figure 17¢).212

6. Conclusions and Outlook

Significant research interests have been drawn to both micro-
fluidics and NPs for more than two decades. However, micro-
fluidics has been mainly directed toward analytical applications
such as analysis, diagnosis, due to its unique characteristics
such as using samples of picoliter (or less) scale, rapid mixing,
precise control over the addition of reagent and reaction con-
ditions, and cost-effectiveness, as its application in synthesis
and production has been limited by its production scale. On
the other hand, the concept of NPs for drug delivery applica-
tions has been around for more than two decades since the
first clinical approval of Doxil using nanosized liposomes for
cancer therapy, but nanomedicine has never really lived up to
its promise. Until COVID-19, the success of the first nanotech-
nology-enabled mRNA vaccine has really put both microflu-
idics and nanomedicine in the spotlight, highlighting the great

mixer set

Depth: 100 pum
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= )
PUMPS: Aqueous.
solution

PUMPS: Organic e® M i
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Figure 17. Microfluidic synthesis of NPs for other drugs delivery. a) Schematic of the preparation of the coenzyme Q10-loaded liposomes. Reproduced
with permission.l?%l Copyright 2019, Published by Elsevier Inc. on behalf of the American Pharmacists Association. b) Schematic of production of efa-
virenz-loaded PLGA NPs. Reproduced with permission.[2%8! Copyright 2018, Elsevier B.V. c) Schematic of preparation of ultrasmall azithromycin-loaded
TPGS-PLGA hybrid NPs prepared by the trident-shaped microfluidic chip. Reproduced with permission.?'2 Copyright 2019, American Chemical Society.
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potential of using microfluidics for making NPs for pharma-
ceutical applications.

Microfluidics holds great promise in making various kinds
of NPs, especially for those based on single-step synthesis
mechanisms. For example, most organic NPs are synthesized
in microfluidic devices based on mixing-induced nanoprecipi-
tation. It is a single-step, easy and facile process. More impor-
tantly, such a simple microfluidic method can be used for
making multifunctional NPs depending on the composition
of the initial precursor solution. For example, lipid or polymer
NP libraries with systematically varied properties (charge, sur-
face properties) can be produced by using PEGylated, targeting
ligand conjugated lipid or polymers at different ratios. Further-
more, the size and size distribution can be tuned by varying
the operating conditions such as flow rate, flow rate ratio, lipid
or polymer concentrations. Therefore, microfluidics offers a
very powerful tool to synthesize NP libraries with systematically
varied properties which allow the screening and identification
of the optimal formulation for drug delivery applications.

To make it viable for large-scale production, instead of
scaling it up by using bigger volume, microfluidic devices
can be replicated to achieve parallelization (or numbering-up)
of hundreds or thousands of the exact same devices, allowing
the continuous synthesis and the increase of productivity. This
capability of microfluidics really revolutionizes the traditional
concept of process scaling up and large-scale production, and
significantly shortens the translational development from lab-
oratory-scale synthesis to industrial-scale manufacturing. Fur-
thermore, with the rapid development of new technologies,
such as atomization, digitization, machine learning for optimi-
zation, the whole manufacturing process using microfluidics
can be automated, ensuring precise control over the qualities of
NPs for drug delivery applications.

The continuing progress in microfluidics and nanomedi-
cine promises to create unparalleled opportunities for micro-
fluidic synthesis of NPs for various drug delivery applications.
Based on the experiences and lessons from previous laboratory
and clinical studies, microfluidic nanomedicine can be fur-
ther improved in several aspects. Firstly, the NP concentration
synthesized using microfluidic approaches needs to be fur-
ther increased. Many new microfluidic approaches have been
developed to improve production throughput, but not the NP
concentration of the final product. On the other hand, high NP
concentration may compromise the mobility of NPs in micro-
fluidic devices, resulting in NP deposition and sedimentation
on the microchannel then fouling and clogging of the micro-
channel.?%8] Therefore, the development of new coatings with
low nonspecific binding and high solvent resistance, and the
introduction of non-invasive external fields (e.g., acoustic
focusing,?*®) microwave,®°l ultrasonic,”! magnetic,’? elec-
trical fields,?”?l etc.) may provide new opportunities for micro-
fluidic approaches in producing NPs with increased concentra-
tions. Second, the integration of multiple processes in a single
microchip could be further developed to include NP synthesis,
purification, sample concentration, online analysis, etc. Most of
the current NPs synthesized using microfluidic devices need
further off-chip purification, concentration steps, and off-line
NP quality control. Integrated multi-process microfluidic sys-
tems will allow short processing time, continuous production
as well as strong automation potential. Third, despite the wide
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application of microfluidics for the synthesis of inorganic NPs,
their real application in drug delivery is quite limited. Although
most of the clinical translation efforts focus on organic NPs,
the immense potential of inorganic NPs for future biomedi-
cine is undisputed, which is evidenced by the fact that more
than 25 inorganic nanomedicines have been approved since
the success of the first inorganic nanomedicine CosmoFer
in 1974.7741 Therefore, there are enormous opportunities for
the continuous and large-scale production of inorganic NPs
for future clinical translation. Finally, although microfluidics
offers various advantages for making NPs for drug delivery, it
requires expertise and iterative process optimization to achieve
the successful synthesis of NPs with desirable properties. The
convergence of microfluidics and machine learning will enable
the prediction of NP properties based on the design parameters
of microfluidic devices, it will also eliminate expensive design
iteration and process optimization. More importantly, accurate
NP property prediction will facilitate the design of automatic
control tools for NP synthesis.
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