Open Access Article. Published on 17 January 2023. Downloaded on 1/28/2026 2:20:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

PERSPECTIVE

¥*® ROYAL SOCIETY
PN OF CHEMISTRY

View Article Online
View Journal | View Issue

i '.) Check for updates ‘

Cite this: Lab Chip, 2023, 23, 1389

Received 5th October 2022,
Accepted 28th November 2022

DOI: 10.1039/d21c00933a

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
% For the SPCF
microfluidic systems, the main mixing mechanism is based

means of diffusion in laminar flows.

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.

1394 | Lab Chip, 2023, 23,1389-1409

View Article Online

Lab on a Chip

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

Product (LPHNPs)
and waste outlet

Formulation

Fig. 9 Scheme of the setting of the microfluidic apparatus and of the LPHNS fabrication. Reprinted with permission from ref. 125. Copyright 2020. Elsevier.
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the nanoprecipitation BM. A PLGA acetonitrile solution (inner
fluid) and a lipid ethanol solution (outer fluid) were injected
into the microfluidic system by means of syringe pumps at an
inner/outer flow rate ratio from 1:5 to 1:50 mL h™". The
microfluidic system and the LPHNS preparation process are
schematized in Fig. 9.

The size (320-191.8 nm) and the PDI (0.163-0.1) of
LPHNSs prepared with the microfluidic method were found
to decrease as the ratio decreased, resulting in more
sensitivity to the fabrication conditions compared to the size
(~200 nm) and PDI (~0.2) of LPHNSs prepared with the BM.
The drug encapsulation efficiency of the microfluidic-
prepared LPHNSs (88-95%) resulted in higher and more
sensitivity to fabrication conditions than that obtained from
the BM (88-89%). The size, PDI and ( potential of the
microfluidic-prepared LPHNSs were stable over 10 days in
three different media (PBS, RPMI, DMEM). LPHNSs
fabricated with the microfluidic system exhibited a controlled
release of the drug over 24 h, and were tested in vitro with
breast cancer (MDA-MB-231) and prostate cancer (PC3)
against which the NPs showed higher anticancer activity
compared to the bulk method prepared NPs. Core-shell NPs
based on polyethylenimine-graft-polycaprolactone (PCL-PEI)
and lipids were prepared by means of a three-stage
microfluidic chip for the delivery of small interfering RNA
(siRNA).*® siRNA is deeply studied in the literature as a
therapeutic agent against different kinds of degenerative and
chronic diseases,"?**?® but requires a suitable carrier to be
administered, as it easily undergoes enzymatic degradation
(RNAses) and elimination by kidneys. Traditionally nano-
systems for the delivery of siRNA are prepared by means of
BMs that involve the compaction of siRNA into nanoplexes by
using cationic surfactants. These nanostructures showed a
premature release of siRNA into the bloodstream, causing an
immunogenic reaction. They also were proved to be directly
toxic due to the residual positive charge. A MM was proposed
for the production of core-shell NPs in which siRNA is
enclosed in PCL-PEI reverse micelles, which are surrounded
by a lipid neutral membrane. The microfluidic chip was
specially designed for the fabrication of lipid/PCL-PEI/siRNA
(LPS) NPs, with five inlets, two straight mixing channels, one
double spiral mixing region and one outlet. The injection of
all components was controlled by syringe pumps. The siRNA
water solution was injected in the middle inlet, and at the
first junction of the chip, it was mixed with a solution of
PCL-PEI in DMSO, injected from the peripheral inlet. In this
stage, PCL-PEI/siRNA complexes, due to the interaction
between the cationic PEI moiety and the anionic siRNA, were
formed. Two water streams were injected into the two side
inlets, and they were mixed with the central flow at the
second junction. In this stage, the PCL-PEI/siRNA was forced
to arrange in reverse micelles because of the solvent-
switching effect of DMSO/water. The water suspension of
reverse micelles was stabilized by mixing at the third junction
with the lipid solution in ethanol, containing cholesterol,
DSPE-PEG2000 and 1,2-dioleoyl-sn-glycero-3-
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Fig. 10 Representation of the microfluidic process and comparison of
in vivo circulation of LPS and LMS. Reprinted with permission from ref.
26. Copyright 2020. American Chemical Society.

phosphoethanolamine (DOPE). The lipid solution was
injected through the middle inlet. The final NP suspension
was collected at the exit from the outlet. LPS was compared
with lipid/micelle/siRNA (LMS) prepared using the same
components. PEI-PCL micelles were prepared by means of
the thin-film hydration method, mixed with siRNA and then
coated with lipids. The microfluidic process and the
comparison of in vivo transport of LPS and LMS are reported
in Fig. 10.

The size of LPS was smaller (d ~ 120 nm) than that of
LMS (d ~ 200 nm), with a narrower PDI and greater size
stability over 14 days. Furthermore, the microfluidic method
produced NPs with a more negative zeta potential (-8.8 mV
LPS, -1.2 mV LMS) and higher encapsulation efficiency (LPS
98%, LMS 79%). Finally, LPS exhibited improved biological
features, with evident downregulation of the estimated
glomerular filtration rate (eGFR) mRNA and of the protein
expression level, and improved action against human
prostate cancer PC-3, tested in vitro and in vivo. The Tesla
mixer is another microfluidic architecture, composed of
repeating units of channel diversions and it blends for a
rapid mixing widely used to fabricate lipid-based NPs
(Fig. 11).

The Tesla mixer was employed to fabricate in a single step
hybrid lipid-polymer NPs by nanoprecipitation; in particular,
the central stream consisting of PLGA solubilized in
acetonitrile focused between lipid streams consisting of
lecithin and lipid-PEG in water. By varying the polymer and
lipid, or functionalizing the lipid reagents, different NP sizes
(35-180 nm), charge (=10 to +20 mV), and stability were
observed which could be applicable for drug delivery in the
cancer therapy field."* Generally, the one-step MMs are
favored compared to the two-step method thanks to their
simplicity; moreover, the crucial parameter in order to

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2lc00933a

Open Access Article. Published on 17 January 2023. Downloaded on 1/28/2026 2:20:30 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Lab on a Chip

(a) Lipid and Lipid-PEG in Water
l KRR Sn

Nanoprecipitation
I

32
PLGAin

acetonitrile

1T Nanoparticles out

Lipid and Lipid-PEG in Water

(b) (d)

Volume (%)

PEG surface shell p
Lecithin |
PLGA HydrophobicCore 100 nm

$0 100 1% 200

Nanoparticle Diameter (nm)

Fig. 11 Nanoprecipitation of (a) schematic

lipid—-polymeric NPs:
representation of Tesla structures for the production of hybrid lipid-
polymeric NPs, (b) figure of a NP. (c) TEM image of NPs, (d) average
size distribution of NPs d ~ 40 nm. (e) Solvent mixing in the Tesla
micromixing structures with a scale bar of 100 um. Reprinted with
permission from ref. 129. Copyright 2010. American Chemical Society.

achieve the control of physicochemical properties, drug
encapsulation efficiency and the release kinetics of NPs is
based on the lipid-polymer ratio and the colloidal stability
due to steric hindrance provided by polymer -chains.
Furthermore, even if the emulsification-solvent evaporation
method (ESEM) represents one of the best methods to
produce these nanosystems, great efforts have been and will
be made to shift to the one-pot nanoprecipitation method
that can provide higher drug encapsulation efficiency, as
reported in Table 1, and industrial scalability compared to
the ESEM.

3.4. Inorganic-based nanoparticles

Inorganic-based NPs are widely used in a variety of fields,
such as optoelectronics,'*® imaging,"** sensing,"** catalysis**
and especially in the drug delivery field,"** due to their
unique physicochemical properties on the nanoscale. Thanks
to the advantages mentioned above, microfluidic
technologies have been widely employed for the fabrication
and surface modification of inorganic nanomaterials, such as
metal and metal/metal composite NPs,"*® silica NPs,'*®
metal-organic frameworks (MOFs)"®” and quantum dots
(QDs)."*® In particular, in the synthetic procedure, the
monodispersity of inorganic-based NPs is completely
dependent on the reaction kinetics, their mixing, the reaction
fluids, and the temperature. All these features are precisely
controlled in microfluidic devices."® The inorganic-based

This journal is © The Royal Society of Chemistry 2023
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Fig. 12 Fabrication of DOX-loaded MSN-PTX/PSS by means of
microfluidics. The PSS layer swells under an acidic tumor
microenvironment; thus, the MSN becomes positively charged and can
be internalized by tumor cells via endocytosis. Yan J. et al.***

NPs are non-toxic, biocompatible, hydrophilic, and highly
stable and are widely employed for the design of new drug
delivery systems in order to enhance target efficiency to the
cancer cells and reduce adverse effects."*® Some examples,
reported in the literature in the last two years, based on
inorganic-based NPs have been selected and described as
follows. A pH/redox-triggered mesoporous silica nanoparticle
(MSN)-based nanoplatform has been fabricated for DOX/
paclitaxel (DOX/PTX), in which PTX is covalently linked to the
DOX-loaded MSNs through a disulfide bond. This
modification has been applied for two reasons: i) to improve
the PTX loading and ii) PTX and the linker act as a redox-
sensitive gateway to control the release profile of both drugs.
Afterward, polystyrene sulfonate (PSS) is coated onto DOX-
loaded MSN-PTX in a 3D microfluidic co-current focusing
device, Fig. 12, using two miscible liquids (ethanol and water)
which are injected into the microfluidic device separately, by
electrostatic interaction to become acidic pH-responsive and
to neutralize the { potential in order to reduce the non-
specificity endocytosis of healthy cells. The diameter d of
DOX-loaded/MSN/PTX/PSS NPs was ~148.93 nm.

In vitro cytotoxicity assays performed on cancer cell BT549
and healthy breast cell MCF-10A, showed that the NPs can
selectively release DOX and PTX and eliminate cancer cells
with a negligible effect on the healthy breast cells, thanks to
the acidic microenvironment in cancer cells."*" Hao et al
developed a simple strategy to ellipsoidal
mesoporous silica nanomaterials (EMSNs) with ordered
parallel channels employing cetyltrimethylammonium
bromide and tyrosine as structure-directing agents and
tetraethyl orthosilicate as a silica precursor in dilute
ammonia to produce the hollow
counterparts of EMSNs employing phosphate-buffered saline
(PBS) as the etching agent and bovine serum albumin (BSA)
protein as the surface protective coating, a miniaturized
microfluidic device with spiral-shaped channels was used
and is reported in Fig. 13.

fabricate

solution. In order
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Fig. 13 A) Microfluidic chip for the fabrication of EMSNs. (B) COMSOL simulation result of mixing in the microfluidic spiral channel, and their

morphologies. Reprinted from ref. 142.

The microfluidic device was composed of a five-run spiral
microchannel with two inlets for mixing the reactants and
one outlet for collecting the resultant nanomaterials. Briefly,
EMSNs and BSA protein were dispersed in water as one inlet
flow and an equivalent volume of PBS as the other inlet flow.
Subsequently, DOX was loaded by mixing with nanomaterials
under stirring under dark conditions. Cytocompatibility
assays showed that DOX-loaded EMSNs had low cell viability
of SK-BR-3 compared to unloaded EMSNs.'** Li et al
developed sub-10 nm organic aggregation-induced emission
(AIE) particles using four different AIE luminogens (AIEgens)
with emissions from green to the second near-infrared
window (NIR-II). The AIE QDs were synthesized via
nanoprecipitation by means of a microfluidic chip composed
of three inlets, a mixing channel and a double spiral mixing
channel and one outlet (Fig. 14a).

Subsequently, the fluorescence emission of these AIEgens
ranges from green to NIR-II, including the four reported
AlEgens 4,7-bis[4-(1,2,2-triphenylvinyl)phenyl]benzo-2,1,3-
thiadiazole (Bt), 4,7-bis(4-(1,2,2-triphenylvinyl)phenyl)-
spiro[benzo-[d]imidazole-2,1"-cyclohexane]  (Bi), 2,3-bis(4-
(phenyl(4-(1,2,2-triphenylvinyl)phenyl)amino)phenyl)
fumaronitrile (Fn), and 4,7-(bis4-(4-octylthiophen-2-yl)-N,N-
diphenylaniline)benzo[1,2-c:4,5-¢']bis([1,2,5]thiadiazole) (Ttb),
which are synthesized as reported elsewhere.'***> Thanks to

b)

microfluidic mixing, the hydrophobic fatty acid chains of
amphipathic Dspe-PEG2k can link to the aggregated
hydrophobic AIE core and the hydrophilic PEG chains allow
the QDs to be soluble in aqueous solutions. These AIE dots,
produced by a microfluidic chip, show quantum size and
their name was AIE quantum dots (QDs) in order to
distinguish them from the normal AIE dots with a diameter
>25 nm. In particular, the quantum size effects, >25 nm, are
significant for the biological properties. Indeed, the AIE QDs
lead to more efficient cell internalization and imaging
without surface modification using any membrane-
penetrating peptides than AIE dots. They demonstrated that
the AIE QDs with NIR-II fluorescence could improve the
tumor-targeting compared to >25 nm AIE dots and evasion
from the liver. Moreover, NIR-II AlIEgens have been employed
to demonstrate that AIE QDs can achieve high contrast at the
tumor as small as 80 mm? (Fig. 13B) and evade the liver more
efficiently than AIE dots. AIE QDs hold to offer the
possibilities for precise diagnosis of the solid tumor in
clinical medicine with much lower off-targeting to the liver
than AIE dots.'*® Balachandra et al. developed an integrated
microfluidic chip to synthesize an aptamer-modified
biozeolitic imidazolate framework (BioZIF-8) to target the
lymph nodes and tumor. Briefly, the microfluidic chip was
composed of a three-spiral mixing channel to synthesize

12h 24h

o
=
-
=2

3h 6h 9h

Dots QDs

Dots QDs
[+]
1 ]

MBIA [BJJUS/, MBIA 3pIS a7

Fig. 14 a) Microfluidic fabrication of AIE QDs and the structure of AIE QDs. b) NIR-II fluorescence images of 4T1 tumor bearing mice treated with
Ttb QDs or Ttb dots for 24 h from the side view and the ventral view. Green circles indicate the tumor. Yellow circles indicate the liver. Reprinted

with permission from ref. 146.
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siRNA-ZIF-8 and DOX-ZIF-8 MOFs; c) and d) aptamer-functionalized
BSA-ZIF-8 targets the lymph node and tumor. Reprinted with
permission from ref. 149. Copyright 2021. American Chemical Society.

ligand-functionalized BioZIF-8 in two steps (Fig. 14a). The
first step the ZIF-8 was synthesized, in which ZIF-8
encapsulating biomolecules (bovine serum albumin, small
interfering ribonucleic acid, and DOX), while in the second
step, the BioZIF-8 was MOFs surface-functionalized with two
different aptamer ligand, RNA aptamer and DNA, in order to
target the lymph nodes and tumor. In particular, the anti-
CCL21 DNA aptamer targets the chemokine ligand 21 of a
cytokine in the T cell-rich region of lymph nodes, while to
target the tumor, an A10 RNA aptamer is employed."*” The
A10 RNA aptamer recognizes the extracellular domain of the
prostate-specific membrane antigen (PSMA) on the surface of
prostate cancer cells."*® The preparation of the aptamer
functionalized BioZIF-8 MOFs employing a one-step, one-chip
microfluidic approach is reported in Fig. 15a.

The in vivo evaluation was aimed at evaluating the
targeting efficiency of aptamer-functionalized BSA-ZIF-8
MOFs to the lymph nodes (Fig. 15¢) and tumor in a mouse
model (Fig. 15d). The targeting efficiency from the lymph
nodes showed a significant increase for the anti-CCL21 DNA
aptamer-BSA-ZIF-8 MOF-treated mice compared to those
without an aptamer as well as the zinc concentration
(Fig. 15c). Furthermore, also in the case of prostate cancer

This journal is © The Royal Society of Chemistry 2023
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cells, the targeting efficiency was higher for A10 RNA
aptamer-functionalized FITC-BSA-ZIF-8 MOFs than those
unfunctionalized. According to the targeting efficiency data,
the tumor data show a higher accumulation in the tumor
when the mice are treated with A10 RNA aptamer-BSA-ZIF-8
MOFs than those without an aptamer (Fig. 15d). These data
are also consistent with the zinc concentration for the A10
RNA aptamer-BSA-ZIF-8 MOF-treated mice.’*® Although in
recent years scientific research has been focused on different
types of inorganic NPs, i.e. QDs, silica, metal/composite NPs
and MOFs, the microfluidic-based synthetic strategies of
inorganic NPs present some drawbacks such as the low
control of the synthetic mechanism, the liquid evaporation
related to the high temperature achieved during the synthetic
procedures, the low yield that until now stops at grams per
hour, the morphology modulation and industrial production.
In order to improve the drawbacks mentioned above,
computational and predictive analyses for an integrated
design methodology of new chips can be an effective strategy
to develop inorganic NPs with precise control of the synthetic
mechanism and in order to achieve nanocarriers with high
performances. Furthermore, a hotplate adapter for the chips
was developed with dolomite in which the chip is located
between two plates hermetically sealed in order to avoid
solvent evaporation. Based on these findings, in the future,
with the rapid development of microfluidic technologies,
based on the design of the new chips, a wide set of
functional inorganic NPs, with controlled synthetic
mechanisms and physicochemical properties such as shape
and size, are expected to be realized in order to develop new
nanocarriers for cancer treatments.

3.5. Metal-based nanoparticles

Metal-based nanoparticles (MNPs) composed of pure metals,
such as Fe,"””*'' Co,"" and Ni,"®> or composed of alloys,
such as FePt,"® NiPt,"”* and NiPd,'*® were fabricated for
hyperthermia application thanks to their magnetic
properties.  Ferromagnetic = nano-sized NPs  exhibit
superparamagnetic behavior, presenting a single magnetic
domain."®® Under an external alternating magnetic field,
these magnetic NPs quickly reoriented their magnetic
moment, leading to a loss of energy that can be used to heat
the surrounding tissues and locally destroy tumor cells.">’
Once the magnetic field is removed, the NP net magnetic
moment vanishes and the NPs act like a non-magnetic
material.”®® Nevertheless, there are some limitations
associated with the use of MNPs, because of their tendency
to aggregate and precipitate when they are introduced into
the Dblood vessels, leading to low stability and
biocompatibility.”>® To overcome these issues, MNPs are
often covered with an organic biocompatible coating,

generating  metal-organic  nanoparticles  (MONPs).**°
Furthermore, MNPs and MONPs can be loaded with
anticancer drugs for cancer treatment and used as

nanocarriers characterized by high versatility and high drug

Lab Chip, 2023, 23,1389-1409 | 1403
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cuct,

Fig. 16

delivery efficiency.’®® Some examples describing MNPs

fabricated by microfluidic devices are described as follows.
Biomimetic diethyldithiocarbamate copper (Cu(DDC),) NPs
superficially decorated with bovine serum albumin (BSA)
were prepared for breast cancer therapy by using a 3D-
printed microfluidic device. The precise control of the mixing
process and massive production can be achieved, leading to
easy clinical translation and future commercialization. The
BSA employment on the NP surface is crucial for NP
stabilization because it can act as a targeting ligand to bind
with some proteins (SPARC receptors) overexpressed by
tumor cells. For this experiment, a mixing microfluidic device
was prepared with a 3D printer (Creality CR-10) using PLA as
a printing material. Briefly, BSA/Cu(DDC), NPs were prepared
by dissolving sodium diethyldithiocarbamate trihydrate
(DDC-Na) and copper chloride (CuCl,) with two BSA
containing aqueous solutions at 1% w/v concentration,

Water phase \

View Article Online
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MDA-MB-231Cells

" “

(a) Schematic illustration of the mixing microfluidic device adopted to fabricate BSA/Cu(DDC), MONPs. (b) MTT assay results of 4T1 cells
and MDA-MB-231 cells treated with BSA-Cu(DDC), for 48 hours. Reprinted with permission from ref. 162. Copyright 2019. Elsevier.

respectively. Then, DDC-Na and CuCl, solutions were injected
into the microfluidic device through two inlets by a syringe
pump (Fig. 16a). Different experiments were conducted at
different flow rates (0.5, 1, 2 ml min™") and the molar ratio
between DDC-Na and CucCl, solutions was fixed to 2:1.

The outlet solution containing MONPs was purified by
centrifugation and subsequent filtration. The use of the
microfluidic mixer device allows for obtaining NPs with a size
of around 65 nm, a PDI of around 0.2 and a { potential of
around -30 mV, because of the presence of BSA covering the
NP surface. Furthermore, thanks to the BSA stabilizing
action, the NP size remains constant over the first 60 hours.
The enhanced mixing efficiency guaranteed by
microchannels leads to a high yield of NP production (95%).
The loaded drug percentage is a function of the flow rate into
the device microchannel. Indeed, by increasing the flow ratio
from 0.5 ml min~" to 2 ml min™", the drug concentration in

PTFE Tubing immersed

in a water bath

/Microreactor
/

Fig. 17 Experimental setup for fabrication of CpE loaded CS NPs.
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the MONPs increases from 1.3 mg ml™* to 1.9 mg ml™" and
the drug loading percentage increases from 66% to 95%,
thanks to the better mixing efficiency that the mixing
microdevice has when the flow rate becomes higher.
Moreover, the microfluidic device developed for these
experiments allows for increasing the NP production rate,
managing to fabricate 240 ml of BSA/Cu(DDC), NPs (2 mg
ml ™) per hour. Finally, in vitro experiments were performed
to test the BSA/Cu(DDC), antitumor activity. For a drug
concentration of 1 uM, after 48 hours MTT tests showed a
cell viability of around 20% for MDA-MB-231 cells and of 0%
for 4T1 cells (Fig. 16b)."®> A polymethyl-methacrylate (PMMA)
microfluidic chip was employed to fabricate silver
nanocarriers embedded by CS and loaded with a Calotropis
procera extract (CpE), which seems to have biological
properties, among which is anti-cancer activity. Chitosan/
silver NPs (CS NPs) were fabricated by means of a T-junction
microreactor device reported in Fig. 17.

The continuous oil phase (canola oil) was fluxed through
the straight channel by means of a syringe pump. The
dispersed aqueous phase (reaction mixture) was prepared by
mixing 1.5% of CS solution and a 4 mM AgNO; solution at a
volumetric ratio of 4:1, respectively. 40 mg of CpE was
dissolved in a polar solvent (2:3, ethanol:dH,0) and it was
added to an aqueous solution at different volumetric ratios
(1, 2, 4 and 6). The reaction mixture was heated by flowing
through a helically coiled polytetrafluoroethylene (PTFE) tube
immersed in a temperature-controlled water bath at 90 °C.
The reaction mixture heating is crucial to activate the
effective capping efficiency of CS on silver. After the reaction
mixture was injected through the perpendicular channel to
form the microemulsion, which was collected at the outlet of
the chip, for some samples, 10% of NaOH was added into
the sample for further reduction. The CS NPs obtained were
centrifuged and the resulting NPs were lyophilized for
subsequent analysis. The SEM micrographs showed different
morphologies between loaded and unloaded CS NPs. Indeed,
unloaded CS NPs revealed an irregular shape with a rough
surface, probably due to some agglomeration of silver NPs.
Meanwhile, silver NPs were quite visible on the smooth
surface of CS and CpE, after CpE loading. This difference
could be interpreted considering that CpE has a significant
role in determining and stabilizing NP surfaces. Therefore,
SEM analysis pointed out that samples fabricated without the
reaction mixture heating showed a completely different
morphology (flower-like), consisting of interconnected nano-
needles of Ag,O with a mean diameter of 161 + 25 nm. The
drug encapsulation efficiency was found to be higher for
heated samples (77%) than for samples fabricated at room
temperature (57%), thanks to the better encapsulation
efficiency of CA NPs compared to the Ag,O nano-needles.
H,0, antioxidant assays were conducted to evaluate the CA
NP antioxidant activity. The scavenging ability of CpE CS-2
NPs (CpE loaded CS NPs in which CpE was added to the
reaction mixture at a volumetric ratio equal to 2) was higher
as compared to that of free CpE at low concentration, thus

This journal is © The Royal Society of Chemistry 2023

View Article Online

Perspective

the presence of CS microcarriers increases the CpE
scavenging proficiency. Finally, in vitro assays were performed
to evaluate the antitumor activity of loaded CS NPs against
4T1 cells and demonstrated that CS NPs increase the
cytotoxicity of free CpE. In particular, CpE CS-2 NPs showed
better results in terms of cytotoxicity, reducing the cell
viability up to 6.34% and 4.63% at concentrations of 80 pg
ml™ and 100 pg ml™, respectively, after 24 hours.'®® Despite
the numerous advances made in the fabrication of MNPs
through microfluidics,’®* great efforts should be made to
simplify the MNP fabrication and improve their drug
encapsulation efficiency as well as physicochemical property
control in order to be efficient nanocarriers used in cancer
therapy. An effective strategy, to overcome these drawbacks,
could be based on: 1) the design of simple chips, supported
by computational modeling and 2) the employment of real-
time characterization in order to monitor all variations
during the MNP structure formation. Therefore, with the use
of new chip designs, it could be possible to achieve
nanocarriers with high drug encapsulation efficiency and
high morphology control in order to achieve their fast
industrial scalability.

4. Conclusions and future
perspectives

We have highlighted some of the most important microfluidic
technologies employed for the production of NPs; in
particular, the microfluidic platform offers a higher level of
control of physicochemical properties, such as size, shape
and morphology, in the production of nanoparticles than the
conventional fabrication methods. The precise control of the
physicochemical properties is a key parameter to design and
develop new technology platforms for the development of
drug delivery systems for cancer therapy. Indeed, the success
of microfluidic technology is based on: (i) rapid mixing in
microfluidic channels in order to obtain monodisperse
nanoparticles with a high yield; (ii) the precise control of
physicochemical properties to obtain batch-to-batch
reproducibility; (iii) the integration of multiple fabrication
procedures in a single microfluidic device to allow for the
fabrication of nanoparticles with desired structures in one
step. Microfluidic devices, with all these features, represent
an ideal system for controllable fabrication and practical
applications of a variety of nanoparticles. Although many
efforts have been made in the last decade, it is clear from the
current state of the art of microfluidic research for NP
fabrication that not all drug delivery systems can be used for
cancer treatments due to the low drug encapsulation
efficiency or due to the not easy up-scalability to the industrial
scale. Therefore, in order to face the drug load capacity and
frequent drug expulsion, different types of enhancements
such as 1) the choice of the raw materials such as the
production of nanoparticles without any chemical
modifications, 2) the one-pot synthesis and 3) the design of
the chips must be considered. Indeed, the design of ad hoc
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microfluidic device architectures can improve both the drug
encapsulation efficiency and the production rates of NPs. For
instance, a device composed of parallel channels or several
mixing chambers can be used as an effective strategy to
improve industrial scalability. However, although the
employment of microfluidic devices for nanoparticle
fabrication is still under great exploration, research carried
out in the last two decades, especially in the last five years,
has demonstrated that microfluidics could facilitate the
fabrication of nanoparticles for cancer therapies. Currently,
the use of many NP-based materials in experimentation on
animal models is stopped, but the new opportunities
provided by microfluidics represent the possibility to move
forward with the clinical translation. Thanks to the new
advancements that are occurring in the design of both
microfluidic technologies and nanomaterials, fabricated with
microfluidics, the research activity, in this field, will inevitably
provide new ideas in the future for producing new functional
nanomaterials applicable in the cancer therapy field.
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