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Design of functional nanoparticles by microfluidic
platforms as advanced drug delivery systems for
cancer therapy
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Nanoparticle systems are functional carriers that can be used in the cancer therapy field for the delivery of
a variety of hydrophobic and/or hydrophilic drugs. Recently, the advent of microfluidic platforms represents
an advanced approach to the development of new nanoparticle-based drug delivery systems. Particularly,
microfluidics can simplify the design of new nanoparticle-based systems with tunable physicochemical
properties such as size, size distribution and morphology, ensuring high batch-to-batch reproducibility and
consequently, an enhanced therapeutic effect in vitro and in vivo. In this perspective, we present accurate
state-of-the-art microfluidic platforms focusing on the fabrication of polymer-based, lipid-based, lipid/
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polymer-based, inorganic-based and metal-based nanoparticles for biomedical applications.

1. Introduction

In the last few decades, functional structured nanoparticles
(NPs) have attracted significant attention in the biomedical field
thanks to their use as vehicles for the controlled delivery of
different types of drugs.”* The therapeutic efficacy of NPs is
strictly connected to their physicochemical properties such as
size and morphology; however, to obtain NPs of the desired size
and shape with high batch-to-batch reproducibility remains
technically challenging in the conventional synthetic batch
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methods.>* These features are the key points for the treatment
of many forms of cancer. In particular, NPs can increase the
drug concentration in cancer cells and help to overcome some
limitations of conventional chemotherapy such as the low
specificity to cancer cells and the toxic effects on healthy cells.>®
NPs can take advantage of the enhanced permeability and
retention effect (EPR) that facilitates the NP accumulation into
cells and tissues of solid tumors.”® The EPR effect is generally
displayed by tumor vessels, which show some characteristics
such as an anomalous rate of growth, a disordered vascular
architecture and high permeability.>® Unfortunately, the EPR
efficacy/efficiency is limited by some drawbacks such as a
possible shortage of NP cell uptake, an undesired release of the
drug before the NPs are internalized and a low percentage of
the administered dose.'® A possible strategy to overcome these
limitations is aimed at providing the NPs with active targeting
moieties by means of appropriate modifications of NP surfaces
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such as nucleic acids,"*** antibodies,"* proteins,** and folate.*
Indeed, functionalized NPs can be recognized and subsequently
bind tumor cells and can even be internalized via receptor-
mediated endocytosis.">'® However not all modifications of the
NP surface represent an effective strategy to overcome the
limitations of EPR, for instance recently, folic acid-
functionalized liposomes do not enhance the distribution of
liposomes in FR-a-overexpressed tumors.'”” For all these
reasons, the NP fabrication methods represent an important
tool for the reproducibility of biological assays. In particular,
there are a variety of NP synthetic conventional methods such
as nanoprecipitation,'® solvent evaporation,**°
microemulsions,  sol-gel,>*** emulsion polymerization,**
layer-by-layer self-assembly,>” thin-film hydration,*® bulk mixing
by extrusion,” pipette mixing,”® electrodeposition and thermal
decomposition.>*° In these methods, the formation of the NPs
can be divided into three stages, a) nucleation, b) growth and c)
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Table 1 Examples of NPs fabricated by microfluidics for biomedical applications

Microfluidic Drug encapsulation
Nanomaterials mechanisms Active principles efficiency (%) Ref.
Polymer-based ~ Natural polymers  L/CS Self-assembly Docetaxel/curcumin ~ 95/99 85
NPs HA/CS Nanoprecipitation Everolimus 88 and
86
Synthetic PLGA Emulsification 5-Fluorouracil 95 87
polymers PTMC-PCL/PEG-b-PDLLA Nanoprecipitation Doxorubicin 51 and
88
Lipid-based NPs Lipid NPs C12-200/DOPE cholesterol Self-assembly siRNA and/or mRNA  83/81 98
lipid-PEG
Tf-lipid NPs Self-assembly SsiRNA 78 99
Solid lipid NPs Cetyl palmitate Nanoprecipitation Paclitaxel 54 119
Sorafenib 79
Lipid/polymer-based NPs PLGA/DSPE-PEG2000 Nanoprecipitation Sorafenib 88-95 125
Core-shell NPs PCL-PEI/cholesterol, Three step siRNA 79-98 26
DSPE-PEG2000, DOPE self-assembly
PLGA-lipid/PEG Nanoprecipitation — — 129
Inorganic-based Mesoporous silica Dox-loaded/MSN/PTX/polystyrene Nanoprecipitation Doxorubicin/paclitaxel 70/94 141
NPs NPs sulfonate
Ellipsoidal Dox-loaded EMSNs Nanoprecipitation Doxorubicin 70 142
mesoporous silica
Quantum dots AIE QDs Dspe-PEG2k Nanoprecipitation — — 146
MOF BioZIF-8 Self-assembly siRNA/BSA/DOX 53/59/47 149
Metal-based NPs Cu-based NPs BSA/Cu(DDC),MONs Nanoprecipitation Cu(DDC), 66-95 162
Polymer-metal Chitosan/silver NPs Emulsion Calotropis procera 77 163
NPs extract

aggregation, which occur concurrently leading to some
differences, in terms of physicochemical properties, from batch-
to-batch of synthesized NPs.*' The inability to control the
physicochemical properties of each synthetic batch of NPs leads
to low reproducibility of both in vitro and consequently in vivo
biological tests.*” The new continuous-flow microfluidic systems
are largely investigated for their properties such as rapid mass
transfer, precise control, large reaction interfaces, and mixing
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efficacy.® In particular, the nucleation, growth, and aggregation
steps of the NPs can be separated as a function of distance from
the position where the solution occurs in order to achieve
absolute control of the physicochemical properties, including
particle size and morphology.***> Thus, compared to
conventional methods, the microfluidic technique allows for
overcoming all limitations for the production of NPs, increasing
the reproducibility of each synthetic batch and favoring the
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industrial scale-up, and represents a new strategy capable of
overcoming challenges in the clinical field of NP drug carriers®®
(Table 1). In this perspective, we discuss and highlight the
developments and the applications of NPs fabricated by
microfluidics as advanced delivery systems focusing on: a)
polymer-based NPs, b) lipid-based NPs, c) lipid/polymer-based
NPs, d) inorganic-based nanoparticles, and e) metal-based
nanoparticles.

2. Flow systems for nanoparticle
synthesis

Nowadays, NPs are synthesized by means of traditional
methods from the corresponding precursors employing
different approaches, described above, in which it is difficult
to control their physicochemical properties.’” In the last
decade, the microfluidic flow systems employed for NP
fabrication have been largely studied due to their advantages
such as high control of physicochemical properties and high
reproducibility of synthetic batches.*®*° The microfluidic
flow control systems depend on the Reynolds number (Re)
and the Péclet number (Pe) that allow high levels of control
over the production of NPs. Re describes the flow properties,
as a ratio between inertial and viscous forces, and can be
calculated by eqn (1).

oL
o =Pt

4 1)

where p represents the density of the fluid, v is the average
velocity of the fluid, L represents the diameter of the pipe,
and g is the viscosity of the fluid.*>*' For a microfluidic
setup, a high Re number can be obtained by increasing the
flow rate and/or the density of the liquids or by decreasing
the viscosity of the fluids. However, a Re number >2300
produces a turbulent flow with random streamlines
(Fig. 1a)."” In contrast, a Re number <2000 produces a
laminar flow with distinct streamlines parallel to the fluid
direction in order to achieve high control of monodisperse
droplets (Fig. 1b).**

The Pe number describes the diffusion, based on the
random thermal motion of molecules in their surrounding
environment, and convection phenomena of the molecules,
based on the movement of molecules from the bulk motion
of a fluid.** The Pe number range, 250-2500, shows an upper

a)
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limit that is strictly connected to the Re constraint®® and can
be calculated by eqn (2).

Pe = —— (2)

where U, represents the average velocity of the flow, H is
related to the length of the system, and D represents the
mass diffusion coefficient of the NPs. In a microfluidic
droplet, the transport of molecules is slow and it occurs
mostly by diffusion because of the laminar flow and small
volume.** For this reason, the transport of molecules from
the dispersed to the continuous phase is minimized, and
consequently, a high drug encapsulation efficiency is
obtained.*>** The microfluidic devices can be categorized
into two classes, single-phase continuous (SPCF) flow and
multi-phase flow microfluidic systems (MPF) even known as
segmented flow.

2.1. Microfluidic systems based on single-phase continuous
flow

The SPCF system is the most commonly employed in
microfluidics because it is a homogeneous system that
provides simplicity and versatility of a variety of features such
as control of the flow, reaction time, temperature and
reagents (Scheme 1a). In particular, the fabrication of NPs in
SPCF microfluidic systems can be carried out using single or
multiple miscible solvents and the reagents are mixed by
means of diffusion in laminar flows.***” For the SPCF
microfluidic systems, the main mixing mechanism is based
on molecular interdiffusion obtained by means of laminar
flows.*® Indeed, most single-phase microfluidic mixers are
designed to operate with a Reynolds number <2000, in order
to achieve the absence of turbulent flows.*’

The mixing time (znix) quadratically depends on the
channel width and the flow rate ratio of the miscible flows
and can be estimated by the following equation:

wi o ow? 1
4D 9D(1+1/R)?

Tmix ™~ (3)
where D is the diffusivity of the reagents, w¢ is the width of
the focused stream, w is the channel width, and R is the ratio
of the flow rate between the reagent stream and the total flow
rate of the solvent.’® In order to improve the mixing
performances, a transverse component of the flow can be

Fig. 1 Schematic illustration of different types of representative flow patterns in FEM microchannels simulated using COMSOL Multiphysics®
(velocity magnitude (m/s)); the arrows represent the streamline velocity field: a) turbulent flow and b) laminar flow.
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Scheme 1 Representative illustration of a) a single-phase flow system, b) a gas-liquid flow system and c) a liquid-liquid-flow system.

incorporated and chaotic advancement can be activated in
the microchannels through repeated cycles based on the
stretching and bending of the flows. This can be achieved
through the use of a staggered herringbone mixer in order to
obtain exponentially thin flow, leading to the exponential
growth of the interface between two fluids to obtain rapid
mixing.”’ Furthermore, the micrometric dimensions of a
microchannel permit the reduction of the mixing time to
milliseconds during the nucleation stage in the NP
synthesis.>® Moreover, the SPCF system offers the advantage
of modifications during NP synthesis by adding new reagents
during the reaction.” From an industrial point of view, the
SPCF system can be scalable through multiple parallel
reactions in order to synthesize a large amount of NPs.”*

2.2. Microfluidic systems based on multiphase flow

MPF microfluidic-based systems are composed of two
isolated phases of two or more immiscible fluid phases, in
which the addition of a new phase activates a recirculation
motion generating the stretching and bending of a solution
that improves the mixing efficiency.>® Furthermore, the MPF
synthesis strategy offers some advantages such as reducing
the deviation of the residence time, because the reactions
occur in well-defined droplets, and the reduced risk of
channel clogging thanks to the minimization of the direct
contact of the liquid with the microchannel.’® Moreover,
MPF synthesis can be split into two sub-classes: gas-liquid
flows (GIF) (Scheme 1b) and liquid-liquid flows (LIF)
(Scheme 1c). The LIF consists of two phases, such as water-
in-oil or oil-in-water dispersions, in which surfactants can be
added in order to inhibit the coalescence of the dispersed
droplets.””° The morphology of the droplets is strictly
connected to two parameters: a) the flow rate and b) the chip
design.®™®! Thanks to the appropriate mixing efficacy, mass
transfer and quick heat in LIF systems, NPs with a variety of
shapes can be synthesized in these systems.’>®? The reacting
solutions are encapsulated within liquid droplets, preventing
contamination and channel clogging, leading to the higher
reproducibility of NP synthesis.®® The GIF systems are
composed of a bubbly flow dispersed in a continuous liquid
phase. The employment of a gas phase can significantly
enhance the mixing efficacy thanks to the creation of
recirculation.®®®® One of the most interesting characteristics
of gas-liquid flow reactors is based on the separation of the
gas from the liquid to achieve the desired NPs. Unfortunately,

This journal is © The Royal Society of Chemistry 2023

in the GIF systems, possible clogging can be obtained which
can be avoided with the employment of liquid-liquid flow
reactors.®”

The microfluidic industrial scale-up technologies offer the
opportunity for the fabrication on a large scale of NP-based
systems widely used for cancer treatments.®® The high-
throughput fabrication of NPs with control of
physicochemical properties such as size and shape is one of
the critical points for their effective biomedical
applications.®® In particular, a microfluidic industrial scale-
up device can be composed of thousands of micromechanical
valves that permit the production of NPs in an automated
device.”® Generally, two strategic approaches for the
industrial scale-up of microfluidic drop generators have been
developed and are based on a single chip in which there is
an integration based on multiple parallel drop generation
units’”* or multiple chips each containing parallel drop
generation units as described elsewhere.”” In particular, the
two main microfluidic device configurations used for the
industrial scale-up, employed to dispense fluids from a single
manifold into multiple parallel drop generation units, are the
tree-type and ladder-type.”*’* Although, the ladder-type
configuration shows some advantages such as small random
variation in the channel size and compact design, even if a
clogging issue can inhibit the NP production,” the tree-type
is more energy efficient.”* For these reasons, a combination
of two configurations based on multiple chips offers the
possibility of synthesizing NPs even if a clogging issue can be
detected. Although microfluidic technology is widely used for
the synthesis of NPs, its industrial applicability is still an
ongoing challenge due to the eventual clogging of both
microchannels and microchips. For this reason, some
enhancements need to be applied for the production of tons
of nanomaterials. Moreover, a microfluidic method for both
small and large-scale NP production is the use of a
NanoAssemblr™. The microfluidic NanoAssemblr™ platform
is employed for the rapid and controlled synthesis of a variety
of NPs such as polymer-based”> NPs and polymer-lipid-based
NPs in the nanomedicine field.”® In particular, the
microfluidic mixer is designed to achieve optimization for
precise control of the physicochemical properties requiring
nanoparticle self-assembly in the nanomedicine field.”””®
NPs are synthesized on fast time scales minimizing the
process variability. The NanoAssemblr™ synthesizes NPs in
<1 min and kilograms of formulations per day; in particular,
NPs developed by means of the NanoAssemblr™ are scaled

Lab Chip, 2023, 23,1389-1409 | 1393
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without employing a microfluidic mixer parallelization and
continuous flow pumping system. A single microfluidic mixer
can work at N x 24 mL min~" and can generate NPs higher
than 24 mL min~" of N-parallelized mixers.”’

3. Application of nanoparticles
fabricated by microfluidics as delivery
systems

3.1. Polymer-based nanoparticles

Polymer-based NPs, composed of natural and synthetic
polymers, have been widely fabricated by means of
microfluidics and investigated in the drug delivery field
thanks to their unique properties such as biodegradability
and biocompatibility.**"® The advantages of microfluidic
fabrication of polymer-based NPs are based on the
enhancement of the control of physicochemical properties
such as size, size distribution, and morphologies.**** Some
examples, reported in the literature in the last two years,
based on polymeric NPs have been selected and described as
follows.

Docetaxel (Dtx) and curcumin (Cur) loaded lignin/chitosan
(L/CS) NPs were fabricated in a simple and scalable
microfluidic system for flash nanoprecipitation to test their
delivery potential and cytotoxicity. Briefly, L, used as the
organic phase, and CS, solubilized in 0.1 M acetic acid, used
as the aqueous phase, solutions were rapidly mixed in a
torus-shaped mixing chamber and quickly co-assembled into
L/CS NPs in a valve-assisted mixer equipped with a medium-
pressure constant flow pump (Fig. 2).

The hydrophobic anticancer drugs such as Cur or Dtx were
solubilized in the organic phase of L. The morphological
analysis of L/CS NPs showed an average particle size of about
180 nm. The drug release amounts in acidic solutions
simulating the tumor environment were 51% for Dtx-L/CS
NPs and 50% for Cur-L/CS NPs, respectively, which were
higher than the release amounts at pH 7.4, showing a killing
effect, in both cases, on HeLa cells. Furthermore, L/CS NPs
exhibited low cytotoxicity, —demonstrating good cell
compatibility.®> The microfluidic platform was employed for
the one-pot fabrication of hyaluronic acid-chitosan (HA-CS)
NPs, based on the polyelectrolytic interactions between CS
and HA. Briefly, a staggered herringbone micromixer was

a) b)

Chitoshn A solution

Ligdin THF solution

Fig. 2 (a) Schematic representation of the valve-assisted mixer
structure. (b) Fluid guidance via the mixing plate. Reprinted with
permission from ref. 85. Copyright 2021. American Chemical Society.
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used for the fabrication of HA-CS NPs in which a CS aqueous
solution and a mixture composed of HA and sodium
tripolyphosphate (TPP) aqueous solutions were injected into
different microchannels (Fig. 3a).

The microfluidic on-chip fabrication allowed the
fabrication of HA/CS NPs with controlled size and
appropriate for both loco-regional, 350 nm, and parenteral,
117 nm, administration. Everolimus (EV), a water-insoluble
anticancer drug able to reduce angiogenesis and promote
apoptosis, was encapsulated in the HA/CS NPs. In vitro
cellular uptake tests, carried out on human mesenchymal
stem cells, demonstrated a blockage of the CD44 receptor
by the primary anti-CD44 antibody compared to CS-based
NPs thanks to the high selectivity of HA/CS NPs with CD44
(Fig. 3b).%¢ Among all synthetic polymers, poly(p,.-lactide-co-
glycolide) (PLGA) based NPs, fabricated by means of
microfluidic methods, are the most employed in the drug
delivery field. Indeed, during the NP synthetic process, a
variety of drugs such as docetaxel, doxorubicin and
curcumin can be effectively encapsulated inside the
hydrophobic core composed of PLGA. An example, based on
the fabrication of 5-fluorouracil (5-FU)-loaded PLGA NPs via
the emulsification mechanism through a fork-shaped chip
by means of a microfluidic technique, with diameters of
~101 nm and a drug encapsulation efficiency of ~95 for
the potential use in colorectal cancer therapy, has been
reported (Fig. 4a). Briefly, a mixture composed of 5-FU and

poly(vinyl alcohol) was injected into the middle
microchannel as a dispersed phase and PLGA solution as a
continuous phase was inserted into the external
microchannels.

In particular, the biological assays on the Caco2 and SW-
480 colon cancer cell lines demonstrate that the cell viability
was decreased by increasing the exposure time of neat 5-FU
and MF-fabricated PLGA NPs/5-FU (Fig. 4b). Furthermore, the
flow cytometry and 4',6-diamidino-2-phenylin-dole (DAPI)
staining showed that the PLGA NPs/5-FU NPs were able to kill
cancerous colon cells 1.5-fold higher than the control sample
for Caco2 and SW-480 at a gradual rate and safe drug
dosage.®” A microfluidic approach was employed for the
preparation of (co)polymeric and (co)polymer-tannic acid
(TA) NPs in a microfluidic flow-focusing glass-capillary device
by means of microfluidic-assisted nanoprecipitation for
breast cancer. The water phase was composed of Milli-Q
water, while the organic phase was composed of poly(e-
caprolactone) (PCL) and poly(trimethylene carbonate) (PtMc)
homopolymers and (co)polymers with different proportions
of comonomers which were synthesized by means of
enzymatic polymerization. Besides, TA was added to the (co)
polymer solution to fabricate NPs. In the flow-focusing
device, the (co)polymers, with doxorubicin (DOX) and TA,
dissolved in N-methyl-2-pyrrolidone, were delivered to the
outer capillary, and the aqueous phase flowed counter-
currently by means of the space among the square and inner
capillary and the resulting nanosuspension was collected
from the inner capillary (Fig. 5a).

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 a) Mechanism of HA/CS NPs in the microfluidic chip; b) ideal mechanism of action: 1) interaction between HA/CS NPs and CD44, 2) NP
internalization, and 3) everolimus release. Reprinted from ref. 86.
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Fig. 4 a) Representation of the microfluidic chip, b) MTT cytotoxicity assay results: Caco2 (1) 24 h and (2) 48 h and SW-480 (3) 24 h and (4) 48 h.
Reprinted from ref. 87.

Furthermore, poly(ethylene glycol) methyl ether-b-poly(p,.-  organic phase during the NP fabrication (Fig. 5b). The size of
lactide) (PEgmE-b-PDLLA) was chosen to generate a PEG  NPs was set over the range of 140-230 nm by regulating both
corona on the resulting NPs, previously added into the  compositions and the flow rate of the phases. Furthermore, the

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 a) DOX, tannic acid, and the schematic illustration of (co)polymer chemical structures. (b) Schematic representation of NP fabrication in a
microfluidic device and examples of the self-assembly into NPs in water. Reprinted with permission from ref. 88. Copyright 2021 Elsevier.

drug release investigations of DOX showed that the drug
release is influenced by four parameters: a) (co)polymer
molecular weight, b) their composition, c) the presence of TA
and d) the size of the NPs. In vitro tests toward breast cancer
cells (MCF-7) have shown that among all formulations, the NPs
composed of Dox-loaded PCL/TA show a higher efficiency to
inhibit the cell proliferation of MCF-7 cells.®® Although great
efforts have been made to design new chips and synthesize new
synthetic and natural polymer-based NPs, not all nanosystems
are easily scalable from an industrial point of view, both
because they can involve chemical modifications of the raw
material and because the design of the chips cannot always be
reproduced on a large scale. Furthermore, not all polymer-
based NP systems exhibit high drug encapsulation efficiency.
For these reasons, in the next few years, microfluidics-related
research trends should be focused on the production of
chemically unmodified polymer-based NPs fabricated by using
a simple chip design in order to achieve a higher drug
encapsulation efficiency than those fabricated previously and
simple industrial scale-up.

3.2. Lipid-based nanoparticles

Lipid-based NPs, besides liposomes, have a variety of possible
applications such as cosmetics, food/nutrition, nutraceuticals,
drug delivery, and sustained release of active compounds and
represent efficient delivery systems for nucleic acids.*® In
particular, small interfering RNAs (siRNAs), a class of double-
stranded RNA molecules, typically 20-25 base pair nucleotides
in length, are the most commonly investigated nucleic acids
for gene therapy.”® Gene therapy involves any procedure
intended to treat or alleviate a disease by genetically modifying
the cell of a patient. The siRNA acts within the RNA interference

1396 | Lab Chip, 2023, 23,1389-1409

(RNAi) pathway, interfering with the expression of specific
genes with complementary nucleotide sequences by destroying
mRNA (messenger RNA) after transcription, preventing protein
synthesis within the target cells. Thus, the appropriate design
of siRNA could theoretically allow the silencing of any gene in
the body, providing tremendous therapeutic potential in
cancer therapy.”’ However the low transfection rates of naked
RNAs, as well as their rapid degradation by serum
endonucleases and anionic repulsions with cell membranes,
are only some of the most challenging limitations in their
delivery.””> To overcome these limitations, RNAs are
encapsulated in LNPs by the microfluidic method (MM) and
bulk method (BM), in which a lipid solution in ethanol is mixed
with an aqueous solution (e.g. acetate buffer solution)
containing the nucleic acid to produce LNPs via self-
assembly.”® The development of specialized ionizable amino
lipids has attracted scientific attention because they can be set
to the delivery needs of the siRNA molecule leading to
enhanced activity of LNPs-siRNA.’*> Furthermore, the advent
of rapid-mixing methods has accelerated their commercial
success and the clinical translation employment of LNPs.”® In
particular, by employing rapid-mixing methods such as a
staggered herringbone mixer, an encapsulation efficiency,
about ~100%, and a single and uniform population of LNPs
could be achieved from the lab to the industrial scale.”**” A
new microfluidic architecture composed of ladder-designed
flow resistors and staggered herringbone micromixers (SHMs)
out of the parallelized microfluidic device (PMD) (Fig. 6) was
developed and compared with a microfluidic single-channel
device and the usual bulk mixing method to produce LNPs
encapsulating either siRNA for in vitro screening cell lines or
mRNA or siRNA for gene expression or in vivo gene
silencing.”®

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 a) Schematic representation of the parallelized microfluidic device (PMD) for the design of this device, consisting of an array of 4 rows of
32 SHMs, each connected to layers of channels that deliver and collect fluid from each device in the array. b) Example of an individual mixing unit
from a different angle. c) Example of an individual mixing cycle constituting the mixing unit. d and e) To validate the parallelized microfluidic
design, fluorescence images of mixing in channels were taken. Scale bars: 200 pm. Image adapted from ref. 98.

In particular, LNP self-assembly had to be achieved in the
device and, therefore, luciferase siRNA was rapidly mixed
with a solution of lipids (i.e. C12-200, phospholipid
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
cholesterol, and lipid-PEG). Besides, mRNA LNPs were
produced likewise, by mixing luciferase mRNA with the
previous solution of lipids. In the end, by comparing both
the MM and BM, the results showed how the PMD produced
LNPs at a large scale with dimensions of ~70 nm and
capable of achieving substantial in vivo siRNA and mRNA
delivery, comparable to results obtained for a single channel
microfluidic device. Li et al. developed transferrin-conjugated
lipid NPs (Tf-LNPs) by using a staggered herringbone
micromixer which were compared with those using a multi-
step bulk method. Briefly, Tf-PEG-Chol was synthesized
using a method described elsewhere. siRNA-loaded LNPs
were fabricated by both the MM and BM. Lipids such as
1,2-di-O-octadecenyl-3-trimethylammoniumpropane
(DOTMA), 1,2-dioceyloxy-3-dimethylaminopropane (DODMA),
phosphatidylcholine (PC), cholesterol (Chol) and mPEG-Chol
were dissolved in ethyl alcohol as the lipid solution, and
siRNA was dissolved in HEPES-citrate buffer at pH = 4. Fig. 7
shows the microfluidic chip composed of two sides: in the

This journal is © The Royal Society of Chemistry 2023

first section, the internal phase was composed of lipid
solution while the external phase was composed of siRNA
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Fig. 7 Schematic representation of Tf-LNP fabrication using the
staggered herringbone micromixer. Reprinted with permission from
ref. 99. Copyright 2016. Elsevier.
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solution in which chaotic mixing of the solutions was
achieved by the staggered herringbone micromixer structure;
subsequently, the second section, composed of the
Y-junction with the second external phase, was composed of
HEPES buffer or Tf~PEG-Chol solution.

Physicochemical characterization demonstrated that Tf-
LNPs-MF showed smaller size (~132 nm) and more uniform
structures compared to LNPs produced by the multi-step BM
(~152 nm). Furthermore, the in vitro biological test on HepG-
2 cells demonstrated efficient internalization of Tf-LNPs
fabricated by the MM as well as greater tumor inhibition
in vivo, achieved by injection of Tf-LNPs-siRNA by the MM
and free siRNA intravenously into mice, demonstrating that
the Tf-LNP MM had higher siRNA delivery efficiency both
in vitro and in vivo.”® In the last few decades, LNPs have been
also commonly used in drug delivery; however, in LNPs, as
well as in liquid nanoemulsions for parenteral nutrition, a
controlled drug release is quite difficult to achieve, due to the
small size of the carriers, as well as due to their liquid state,
leading to a rapid release of the drug.'® Thus, among
colloidal systems with characteristic dimensions between 10
and 1000 nm, solid lipid nanoparticles (SLNs) were
introduced at the beginning of the 90s as potential alternative
carrier systems able to encapsulate with higher efficiency
lipophilic drugs such as DOX,'" ciprofloxacin,'®* tetracaine,
etomidate and prednisolone.’®® Furthermore, SLNs can be
used like LNPs as delivery systems for immunotherapy, gene
therapy, or prophylactic vaccines, by encapsulating free
nucleic acids,'® as their electron-dense core of nucleic acid/
lipid complexes can easily grant an efficient intracellular
delivery of such nucleic acids.'"® SNLs can be seen as an
evolution from parenteral nutrition emulsions, where the oil
phase composed of a liquid lipid has been replaced with a
lipid that is solid at room temperature (e.g. fatty acids,
purified triglycerides, glyceride mixtures, etc.)."® In fact, they
are usually produced with a variety of lipids: from common
triglycerides (e.g. tricaprin,’®” trilaurin'® and tripalmitin'®®)
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to steroids (e.g. cholesterol) and to waxes (e.g cetyl
palmitate).’® Moreover, SLNs take advantage of their solid
core in order to maximize the drug release time through
diffusion from the lipidic nucleus to the outside. Different
from LNPs, a solid nucleus can prevent drugs from clearance
by the reticuloendothelial system, maintaining all the benefits
of the liquid nanoemulsion."'® Eventually, SNLs have been
proven to be capable of controlling/targeting drug release,
improving the stability of both lipophilic and hydrophilic
drugs, granting effective biodegradability and excellent
biocompatibility, in addition to great ease in scaling up and
sterilizing.""""'* However, SNLs show some drawbacks, with
some of them potentially vitiating their massive use: SNLs
present a poor drug load capacity and a frequently occurring
drug expulsion, following lipid polymorphic transition.'*?
Early SNL production involved the precipitation of LNPs
through bulk mixing by extrusion, pipette mixing, or other
methods."'* Generally BMs fabricate NPs with variable
physicochemical and biological properties, showing a wide
dimensional range, averagely above 100 nm, which are
therefore incompatible with numerous tissue fenestrations,
as the size influences in vivo biodistribution, uptake, and
clearance.”®'"® Meanwhile MM-produced SLNs showed a very
narrow PDI, together with generally uniform and controlled
physiochemical properties thanks to the intrinsic control over
small volumes flowing in the channels,'*® granting an
efficient tunability of drug encapsulation, loading efficiency
and release rate.''” Besides, the microfluidic architecture can
be interestingly selected or designed, in order to have an ad
hoc reagent flow."'®'° In a recent study, two different
microfluidic devices were assembled from borosilicate glass
capillaries and glass rods to produce cetyl palmitate-based
SLNs."*® In the first one, the end of the cylindrical glass
capillary was tapered using a micropipette puller; in contrast,
device 2 shows a three-port valve connected after device 1, in
which an immiscible fluid such as air can flow to maximize
mixing efficiency (Fig. 8).

Device 1 SOUSLIAD
0 Asymmetric o S
R TS TS S

Inner fluid

Outer fluid
Capillary wall for inner fluid

\N

Inner fluid
Outer fluid

Capillary wall for inner fluid

Device 2

Mixing compartment

Stabilizing surfactants: F68,
F127, PVA, T80

Fig. 8 Schematic representation of microfluidic devices 1 and 2. As for device 1, the outflow is collected and cooled; for device 2, the outflow is
further connected to a three-port valve with continuous air pumping (mixing compartment). Image adapted from ref. 120.
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Briefly, SLN nanoprecipitation with a co-flow geometry was
obtained by using cetyl palmitate and DSPE-PEG as lipid inner
fluid, dissolved in a 95% ethanol solution, while the outer
continuous fluid consisted of an aqueous solution containing
stabilizers. The effect of different parameters such as variation
in the flow rate, flow speed, type and concentration of
surfactants was studied. It was noted that using Pluronic F127,
by increasing its concentration, the size of the SLNs improved,
while with Pluronic F68 and poly(vinyl alcohol) (PVA), the
trend was the opposite. Instead, Pluronic F68-based SLNs
formed smaller particles than PVA and Pluronic F127. The best
combination of parameters was proved to be the one involving
the surfactant F68 at 2% w/v, with a flow rate of 5:15,
fabricating SLNs with a diameter of ~180 nm and a PDI value
of ~0.23. Clearly, device 2 can fabricate smaller SNLs by
means of its higher mixing efficiency. Moreover, by
additionally decreasing the lipid concentration up to 10 mg
ml ™, the diameter further decreased to 178 nm, keeping the
same PDI. Subsequently, SLNs were loaded with sorafenib
(SFN) and paclitaxel (PTX) drugs for cancer therapy. The drug
loading (DL) and encapsulation efficiency (EE) were evaluated:
the PTX-SLN best drug concentration was seen to be 0.75 mg
mL™*, with an EE of 54% and a DL of 1.4%. While for SFN-
SLNs, the best concentration was found to be 0.5 mg mL™
with an EE of 79% and a DL of 1.04%. Besides polymer-based
NPs, LNPs and SLNPs have been used as effective carriers for a
variety of anticancer drugs. However, there are still some
challenges such as the chip design and drug encapsulation
efficiency; the latter represents a key issue if the scientific
community wants to use microfluidic-based NPs as carriers for
cancer treatment. For this reason, in the next few years the
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direction of research, in our opinion, should be focused on
the uses of herringbone staggered micromixer chips that can
lead to both high drug encapsulation efficiency and possible
industrial scalability.

3.3. Structured nanoparticles

The development of lipid-based and polymer-based
nanocarriers was reported to be an advantageous approach of
designing novel and more efficient carriers for targeting and
controlling drug release.*"'**> In this context, the preparation
of lipid-polymer hybrid nano-systems (LPHNSs) has emerged as
a valuable strategy to overcome some of the drawbacks that
lipid nanosystems (high polydispersity, low biphasic release,
physicochemical and biological stability) and polymer
nanosystems (reduced drug loading and encapsulation
efficiency) exhibit taken individually.'** As well as other kinds
of nanocarriers, in the last few years the introduction of MMs
allowed overcoming some problems that traditionally affect
BMs for the preparation of LPHNSs.'** In this paragraph are
reported examples of microfluidic chips optimized to design
single-step processes for the fabrication of LPHNSs,"*® or to
prepare LPHNSs with microscopic architectures that would be
inaccessible through traditional BMs."*® LPHNSs for drug
release based on PLGA and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[methoxy(polyethylene  glycol)-2000]
(DSPE-PEG2000) were prepared by co-flow nanoprecipitation.'*®
The microfluidic chip was fabricated with borosilicate glass
capillaries, to obtain a device resistant to organic solvents.
LPHNSs were loaded with the anticancer drug sorafenib (SFN),
a model drug, and were compared with LPHNSs prepared with
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Fig. 9 Scheme of t