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Abstract

Drug delivery systems (DDSs) have a great potential for improving the treatment of several diseases,
especially microbial infections and cancers. However, the formulation procedures of DDSs remain
challenging especially at the nanoscale. Reducing batch-to-batch variation and enhancing production
rate are some of the essential requirements for accelerating the translation of DDSs from small scale
to industrial level. Microfluidic technologies have emerged as an alternative to the conventional bench
methods to address these issues. By providing a precise control over the fluid flows and rapid mixing,
microfluidic systems can be used to fabricate and engineer different types of DDSs with specific
properties for efficient delivery of a wide range of drugs and genetic materials. This review discusses
the principles of controlled rapid mixing that have been employed in different microfluidic strategies
for producing DDSs. Moreover, the impact of the microfluidic device design and parameters on the
type and properties of DDS formulations were assessed and recent applications in drug and gene
delivery were also considered.
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1 Introduction

In the past decade, enormous advancement in the field of nanotechnology was achieved to produce
nanoformulations for drug and gene delivery 3. Employing this nanotechnological advancement in
nanomedicine opened doors for improving some of the most challenging therapies such as cancer
treatments. Designing nanoformulations with controlled size and features offers many advantages
including enhanced drug encapsulation, controlled release of the payloads, improved targetability and
enhanced cellular uptake #°. In addition, encapsulating the active pharmaceutical ingredients (APIs)
such as anticancer drugs within nanocarriers can enhance in vivo stability, and increase their blood
circulation time °. In spite of all these advantages, only few nanoformulations have made to clinical
trials such as Doxil®, Caelyx®, Myocet® and Abraxane® due to technical challenges in formulating many
pharmaceutical materials 7. Fabricating pharmaceutical nanomaterials can be achieved using top-
down or bottom-up approaches. In general, top-down approach is not suitable for processing many
(APIs) due to high shear forces involved in the mechanical milling #2°. In the bottom-up approach, the
formation of nanostructures is performed by converting the molecular matter dissolved in liquid to
particulate forms. Based on the nature and composition of the fabricated drug delivery systems
(DDSs), the nanostructures are formed by self-assembly, emulsification or precipitation **’. One of
the main considerations in formulating different types of polymers or APIs, is to maintain the
dimensions of the designed particles within a range of 100-300 nm which is desirable for
pharmaceutical applications 8. A frequently used technique to prepare DDSs with controlled size is
mixing amphiphile (e.g., liposomes or micelles) solutions with antisolvent or polyelectrolyte solutions
(e.g., cationic polymers or nucleic acids) 1 2°. DDSs will precipitate or self-assemble as a result of the
hydrophobic or electrostatic interactions. Despite the great potential that nano-sized DDSs possess in
vitro, they demonstrated slow translation to clinical applications. This limitation is due to challenges
such as production of large quantities and reproducibility of prepared nanostructures of the DDSs 2.
Many studies have shed more light on the mixing kinetics in order to control the properties of the
fabricated DDSs such as size, polydispersity and the APl encapsulation efficiency 22%. Among several
mixing techniques, microfluidic systems have received the most attention due to their ability to
control mixing, low running cost and amenability to modifications 2°. In comparison to bulk production
methods, microfluidic synthesis/formulation of single or multicomponent nanoparticles (NPs) has
shown higher controllability and reproducibility 2”2°. The newly developed microfluidic devices

provided a platform for preparing different formulations of DDSs including multiple emulations 3% 32,

3435 and polymeric nanoparticles ¢. There are several

protein-based nanoparticles 3% 33, liposomes
reported microfluidic devices that have implemented the principles of rapid and controlled mixing for
preparing a myriad of DDSs. In addition, the microfluidic platform has helped overcoming some
obstacles in DDSs fabrication such as purification, functionalization and large-scale production 3738,
This review presents the recent developments in microfluidics and its application in drug and gene
delivery. In the first part, the basic principles of controlled mixing and flow regimes are summarized
to provide a theoretical background for rational design of microfluidic devices. Subsequently, the most
common microfluidic design strategies are discussed with an emphasis on recent applications in
pharmaceutical preparations. The properties of the DDSs that can be controlled by the microfluidics
were discussed followed by a summary of different types of the DDSs prepared by the microfluidics
for drug and gene delivery applications. The challenges for the industrial application of microfluidics

for DDS fabrication were also included.



2 Principles of mixing under controlled conditions

2.1 Rapid nanoprecipitation

Fast precipitation is a widely used process in the pharmaceutical field as a bottom-up approach to
prepare small molecule drug nanoparticles or to formulate multicomponent nanocarriers for drug
delivery. The basis of nanoparticle formation has been explained by the classical crystallization theory
%39 In single phase system, rapid precipitation occurs when a highly supersaturated condition is
reached as a result of sudden change in precipitation dependant conditions such as concentration or
temperature. The precipitation process begins with nucleation when solid seeds emerge from the
liguid phase to achieve thermodynamic stability. This phase separation is governed by the force
generated by the reduction from the high Gibbs free energy (AG) of supersaturation state to low AG
which is more favourable thermodynamically. The nucleation rate (B) can be calculated using this
energy difference according to Equation (1) %°:

B =Aexp (#) (1)

Where A is a constant, k is Boltzmann’s constant, T is the absolute temperature and AG is the Gibbs
free energy of nucleation. Assuming the outcome of nucleation is spherical particles with critical radius

(rc), the nucleation rate can also be given by Equation (2) #*:

— 3,,2
B =Aexp (%) (2)
Where A is a constant, y is the surface tension, v is the molar volume, k is Boltzmann's constant, T is
the absolute temperature and S, is the supersaturation ratio. Both equations 1&2 demonstrate that
nucleation and particle growth are govern by supersaturation, as well as temperature 3> %, Therefore,
the mechanism by which supersaturation is achieved can control particle formation and growth at a
given temperature. The nanoprecipitation of particles requires creating the supersaturation condition
by rapid mixing of two or more miscible liquids. When one solution containing the solute (drug or
polymer) meets an anti-solvent in the mixer channels, nucleation and particle growth of the solute are
triggered (Figure 1). Optimizing mixing parameters between solution and anti-solvent such as reducing
mixing time (tmix), selecting the mixer geometry and flow regime can cause the least variation in
supersaturation conditions and thus the least variation in particle properties. However, there are
several other parameters that must be considered to modify the properties of the nanoparticles
produced by nanoprecipitation. These involve: (1) the hydrophobicity of the drug or polymer, (2) the
selection of the solvent and anti-solvent, (3) addition of stabilizers to minimize agglomeration 3% 4% 42,
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Figure 1. A) Schematic representation of solute concentration trend during the nanoprecipitation and
nanoparticle formation steps. B) The staged assembly process of block copolymers to form nanoparticles and
the effect of rapid mixing on the properties of the produced nanoparticles. Reprinted from ** with the permission
from ACS Publications.

2.2 Flow regimes and Reynolds number
The production of nanoformulations using nanoprecipitation of small molecules, controlled

32, 44 In

crosslinking of polymers, or structural transformations of proteins requires rapid mixing
nanoprecipitation, mixing in small timescale (milliseconds to microseconds) can create uniform local
high supersaturation leading to nanoprecipitation of any molecule above the saturation level
regardless of its nature * >, This mechanism has been exploited to formulate many hydrophobic drugs
in pharmaceutical industry *. The interaction of two fluids can be classified into two regimes: laminar
and turbulent. Laminar flow occurs when the mixed fluids flow in parallel layers or paths without
forming perpendicular or opposite currents to the main flow. On the other hand, turbulent flow takes
place when the fluids undergo irregular fluctuation leading to continual mixing in both magnitude and
direction °. The type of flow within the mixer chamber is governed by viscous forces and inertial forces

(resistance and driving forces) which is measured by Reynolds number (Re) in Equation (3):

Re = 220 = X (3)
u v

where p is fluid density; u is dynamic viscosity; v is the fluid kinematic viscosity; u is a mean fluid
velocity and Dy is a hydraulic diameter of the channel of the mixer. The design and geometry of the
mixing channels is corelated to its hydraulic diameter, and is given by Equation (4)%:

Di = ‘;A (4)

where A is the channel cross-sectional area and Py are wetted perimeter. Turbulent flows regime
dominates at relatively high Reynolds number (Re >4000) and the range between Re=2100 and 4000
is unsteady flow and its complexity is highly dependent on the mixer geometry. As a result of the
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random motion of fluid streams in multiple directions in time and space, the mass transfer by
advection occurs in all spatial directions in the turbulent flow regime #’. On the contrary, laminar flow
is associated with low Reynolds number (Re <2100) and the advective mass transport can only happen
in the direction of the main flow “¢. The majority of microfluidic devices use low Re and which
corresponds to laminar flow. In this regime, mixing relies on passive diffusion and advection. The
molecular movement form high concentration to a lower concentration domain is defined as
Diffusion-based mass transfer and can be calculated using Fick’s laws Equation (5) *:

d
]:_Dd_‘z (5)

Where ¢ is the concentration; D is the diffusion coefficient and x represent the spatial coordinates.
The diffusion coefficient is given by Stokes—Einstein Equation (6)*:

D = kT (6)

- 6TTur

Where k is Boltzmann's constant; T is the absolute temperature; r is the particle radius and u is the
fluid viscosity. For small molecules dissolved in water at constant ambient temperature, D can be
considered as 10 m2s13%, Diffusion does not happen at once; but it is a gradual process which takes
into account the time factor t and fluids are non-linearly diffuse over distance x. Therefore one-
dimensional diffusion process follow the Equation (7) >*:

x2 = 2Dt (7)

Where x? is the mean square distance diffused in time t. Since many microfluidic systems use laminar
flow, diffusion has become the main consideration for manipulating rapid mixing and controlling
particle production. Based on Equations (5 & 6), modifying the diffusion process can be done by
altering the viscosity (changing the solvent quality) by changing one or more of the mixed solvents.
Moreover, reducing the diffusion distance x in the microchannels of the mixer results in shorting the
time required for mixing (Equation 7) 2. Therefore, these factors have provided guidelines for the
design of microfluidic device and optimization of particle production by rapid mixing.

3 Strategies and mechanisms for controlling the formation of
DDSs

Polymeric molecules such as amphiphilic block copolymers, lipids and polyelectrolytes (e.g.,
oligonucleotides) can precipitate or self-assemble into nanostructures when changing the solvent
quality by mixing. For example, rapid mixing of the solvent (polymeric solution) with antisolvent
affects the size and size distribution of the formed particles 3. As discussed earlier, mixing time scale
tmix is a key factor in rapid mixing. Another essential factor is nucleation time t,gg, Which is the timescale
required for seeds or chains of the material to aggregate and grow (Figure 1). Determining taggis quite
difficult because it depends on the molecular weight of the building block and ranges from 10 to 100
ms 1. Large and polydisperse particles are produced when aggregation is favoured due to lack of
stabilization of the formed nanoparticles in the heterogeneous mixing environment. On the other
hand, the homogeneous solvent environment (complete solvent change) stabilizes the hydrophilic
part of the amphiphilic molecules leading to small size distribution of the formed particles. This state
occurs only when tmix < tagg and the stabilization of the nanoparticles will be favoured **. Unlike
conventional mixing methods, which require a timescale of seconds, microfluidic devices allow for
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4,55 For example, lipid nanoparticles (LNPs) have been

controllable rapid mixing within milliseconds
prepared by organic solvent injection method using several microfluidic devices. At the liquid-liquid
interface, the polarity of the solvent increases rapidly because of molecular diffusion leading to the
formation of LNPs 34, Studies have shown that manipulating dimensions and design of microfluidic
device affects the molecular diffusion and NLP properties °®°’. Moreover, reducing the mixing time in
the micromixer has shown a significant impact on the particle formation and growth kinetics &,
Different microfluidics systems have different geometric designs which can change the particle

formation mechanism.

3.1 T-mixer and co-flowing junction

T-junction is one of the earliest and simplest geometric designs of microfluidic devices. Organic solvent
meets the aqueous phase in a perpendicular manner and in some designs the two inlets merge in a
sharp angle (< 90 °) to form a Y-like shape (Figure 2A) 2% 5. By using co-flowing channels, droplets can
be formed as water-in-oil (W/0O), oil-in-water (O/W) or double oil-in-water-in-oil (0/W/0O) . In Y-
shaped devices, the mixing occurs at the aqueous/solvent interface in the main channel surface and
the key factor which affects mixing (tmi) is the diffusion rate. tmix of fluids tends to be long at relatively
low Re, because the flow regime which is dominating is laminar. Therefore, the geometric design of
these devices have been modified and higher flow rates were applied to generate perturbations that
can improve mixing efficiency .. As discussed before, the phase change in nanoprecipitation is
triggered by exceeding supersaturation threshold. This can be achieved in a T-mixer at crucial mixing
conditions such as short tmixto allow for homogeneous nucleation. One of the efficient mechanisms to
reduce tmixis enhancing the turbulence to increase the fluid interface, which can be achieved by rapid
mixing at high flow rate 2. T-mixer design can provide a wide range of mixing from the laminar to the
turbulent regime (e.g. Schikarski et al, investigated the Re from 100 to 4000) 3, which can be utilized
for preparation of different nanoformulations. Figure 2B shows an accurate simulation of small
molecule precipitation in a rectangular T-mixer ®%. To enhance the mixing efficiency between two
miscible liquids within the microchannels, Giinther et al. ® proposed a segmented gas-liquid flow
strategy ® 6. This strategy increases the advection mixing of the two liquid streams in a straight
microchannel by introducing a gas phase which generates a segmented gas-liquid flow. The separation
of the mixed liquids and gas streams reduces the mixing time and allows for shortening the mixing
length 5 8,

3.2 Hydrodynamic flow focusing

Hydrodynamic flow focusing (HFF) mixing is one of the most applicable technique for continuous
production of different types of DDSs such as polymeric nanoparticles, liposomes and nano-
emulations > 57 %8 The principle of HFF mixing relies on a stream of dispersed phase, containing lipids
or polymeric materials, flows through a central micro channel to encounter streams of the continuous

) 8°. Mixing the two streams takes place at restricted

phase which is known as sheath streams (Figure 2C
space which allows for droplet formation at controlled laminar flow conditions. This liquid-liquid
interface can generate LNPs and polymeric nanoparticles 7°. The mixing time can be tuned in HFF by

changing the diameter of the central channel which modify the width of the focused stream 71,

There are different HFF geometric designs that have been developed for controlling the properties of

I. 12 reported a simple HFF design consists of coaxial glass

the produced nanoformulation. Xu et a
capillary-based microfluidic channel and a nozzle inside a round capillary (Figure 2C). The organic
dispersed phase containing PLGA was steadily jetted from the nozzle into a larger capillary which
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contains the continuous aqueous phase leading to small-droplet emulations. This device allows for
burst nucleation and fast ripening of the PLGA nanoparticles after the molecular diffusion of the
organic solvent. Three-dimensional (3D) HFF (Figure 2D) for liposome synthesis was developed by
Hood et al. 7. Unlike 2D HFF devices with horizontal channel surfaces in the interfacial mixing region,
3D design removed these surfaces. This approach reduces the migration distance of the organic
stream and accelerate lipid convection to the mixing interface 72. 2D and 3D HFF techniques have been
widley applied in pharmaceutical industy to produce several formulations (Table 1). The mixing time
required for complete mixing in HFF devices depends on the microchannel design. For example, the
complete diffution of two fluids in two HFF designs (single & double hydrodynamic focsing) are 3.33
and 1.29 ms, respectively 3.

3.3 Multi-inlet vortex mixers

Multi-inlet vortex mixer (MIVM) have been designed to facilitate large scale production of polymeric
particle by rapid nanoprecipitation 3. In this system, four streams of fluids (two organic solvents &
two aqueous solutions) enter the mixer from different inlets allowing for highly efficient mixing of all
components in the solvent mixture (Figure 2E&F). A high supersaturation level can built up over a very
short time leading to rapid nanoprecipitation and formation of nanoparticles with small size
distributions 3. Compare to T-mixers, MIVM has shown more product conversion efficiency and higher
product yield *°. However, requiring identical or nearly equivalent momenta and flow rates for the
four streams are the major constraints of this technique .

3.4 Staggered herringbone and toroidal mixers
Unlike active mixers that depend on external sources to physically agitate the fluids, passive mixers
achieve mixing by hydrodynamic manipulation of the fluids such as chaotic advection 7°, fluid

6 and sequential combining and splitting within the microchannels 7’. The staggered

lamination
herringbone micromixer (SHM) is an innovative microchannel design which was developed as passive
mixer in 2002 by Stroock et al. 2. SHM has a transverse components consist of repeated patterns of
groves in the microchannel that allow for reducing mixing length and generating chaotic flow (Figure
2G) 8. Moreover, this design demonstrates a negligible flow resistance and higher diffusion rate in
comparison to other designs with similar dimensions 8. In addition, SHM can function efficiently at
relatively low Re (0 < R < 100) which is beneficial in controlled microfabrication by microfluidic systems
8 The fast and refined mixing performance of SHM can produce homogenous particle size of DDSs 3%
79, Recently, split-and-recombine micromixer with dislocation sub-channels was presented by Li et al.
8in 2013 as an alternative design to SHM. For Re in the range of 1-100 the dislocation sub-channel
design improves mixing performance as a result of inertial collisions, multidirectional vortices and
collision-induced flow in the mixing chambers 8. Therefore, Precision NanoSystems Inc. adopted and
modified this design to form the toroidal mixer (TrM) structure 7 (Figure 2H). In TrM, the rapid mixing
is achieved by chaotic advection induced by generating more vortices and centrifugal forces that
occurred between the columns within the microchannels 8. Moreover, the new TrM design can scale-
up production of DDSs (e.g., liposomes) from 12 mL/min (in SHM) to 200 mL/min which is very useful
in pharmaceutical industry ”°.
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terms of the Creative Commons CC BY license. D) A glass multi-capillary array device for generating a 3D HFF
stream. Reprinted from 72 with the permission from the Royal Society of Chemistry. E) Experimental setup for
the solution and solvent stream mixing using MIVM device. Reprinted from 7* with the permission from Elsevier.
F) Schematic showing the mixing conditions of the solution and solvent streams within MIVM. G) Schematic of
a polymeric nanoparticle formulation strategy employing the staggered herringbone micromixer (SHM).
Reprinted from 8 with the permission from ACS Publications. H) Schematic representation of Toroidal mixer
(TrM) for formulating DDSs.

4 Microfluidic techniques control the properties of the DDSs

4.1 Size

The size uniformity and reproducibility of the nanoformulation are essential requirements for
pharmaceutical applications. Controlling molecular assembly and particle growth (t.gg) plays the key
role in obtaining the desirable size of DDSs. Studies revealed that the determinant factor for nucleation
time is the precursors concentration in the microfluidic production of nanoformulations, while tsgis
govern by Re, total flow rate (TFR) and the flow rate ratio (FRR) between aqueous and organic phase
8,8 |ncreasing the FRR can reduces the mixing time which results in reducing the diameter of the
liposomes prepared by HFF mixer °*°7. One or more of these parameters can be manipulated in the
microfluidic system to achieve the required size range. For example, Ghazal et al. 3® has assessed the
dependance of multilamellar vesicles (MLVs) size and monodispersity on HFF device geometry and
FRRs *. This study found that FRR has a significant role in modulating the size distribution of the
produced MLVs, while TFR exhibited much less impact (Figure 3A&B). Increasing the FRR from 10 to
50 at constant TFR (100 pL/min) results in 27% reduction in both mean size and PDI (Figure 3B). The
design of the microfluidic chip has also shown a tangible effect on the MLVs size due to the impact of
the channel length and geometry on difution **. Another study conducted by Lim et al. 8 investigated
the impact of Re on various types of nanoparticle production including PLGA-PEG, lipid vesicles, iron
oxide nanoparticles and polysterne nanoparticles . This work has shown a significant reduction in
the size of all tested formulation (from 150 to 20 nm) when Re was increased from 500 to 3500 &,
These results implied that the size and PDI of nanoparticles can be easily controlled by microfluidic
parameters.

4.2 Shape and structure

The shape of DDSs is one important factor for regulating cellular uptake and enhancing API
encapsulation #. Moreover, modifying the structure such as increasing the porosity and pore size in
NPs were associated with increasing the drug release rate. Mesoporous silica nanomaterial was
successfully prepared using spiral-shaped microfluidic devices. By changing the flow rate, it was
possible to transform the morphology of mesoporous silica from nanofibers to spherical nanoparticles
8 In another research, the compactness of chitosan nanoparticles was tuned by applying different
FRR and changing the hydrophobicity of the chitosan chains . Liu et al. ¥ has succesfuly prepared
nanocarriers that enjoy desirable features including high stbility, biodegredability, pH-responsive and
fast dissolution. These nanocarriers were fabricated by integrating sorafenib (SNF) or itraconazole
(ICZ) nanocrystal drug core into a polymeric shell which made of acetylated dextran functionalized
with folic acid (ADS-FA) using microfluidic platform (Figure 3C&D) .
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Figure 3. Examples of microfluidic fabrication of DDSs. A) A schematic representation of impact of two chip
designs on the production of MLVs. B) DLS results for the MLVs produced showing the effects of FRR and TFR on
size and polydispersity. Reprinted from 3> with the permission from ACS Publications. C) Schematics of the
process to formulate the nano-in-nano vectors through the multistep microfluidic nanoprecipitation. D) TEM
images of nano-vectors prepared by multistep microfluidic nanoprecipitation (HSFN@ADS) and (HSFN@ADS-
FA), the effect of SFN and ADS-FA weight ratio (6:4 to 9:1) on shell thickness and Z-Potential of SFN nanocrystals
in terms of pH values of the dispersion media. Reprinted from 8° with the permission from John Wiley and Sons.
E) Schematics describing the process of electroless plating and functionalizing MWCNT for capturing exosomes.
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F) The effect of pillars height, pillars spacing distance and the flow rate on the capturing efficiency. Reprinted
from 37 with the permission from the American Chemical Society. G) Assembling PLGA-lipid nanoparticles with
varying amounts of interfacial water to modify the particle rigidity, P-L nanoparticles (without interfacial water
layer, top) and P-W-L nanoparticles (with interfacial water layer, bottom). H) Size and Young’s modulus of P-L
nanoparticles and P-W-L nanoparticles from TEM and AFM scanning. Reprinted from °° with the permission from
John Wiley and Sons.

4.3 Surface engineering

One of the most common approach for improving the targetability of DDSs to cancer cells is surface
modification. For example, Di Santo et al. %° prepared hybrid nanoparticles consisting of graphene
oxide (GO) flakes coated with cationic lipids using microfluidic mixing. The resulting particles had size
of (>150 nm) and charge of (£ =+15 mV) that are suitable for delivering plasmid DNA (pDNA) to human
cervical cancer cells (HelLa) and human embryonic kidney (HEK-293) cells °. One of the challenges in
fabricating functionalized nanocarriers is the lack of approaches for isolation and purification. In a
study conducted by Wang et al. ¥, chemically modified exosomes were prepared for active targeted
drug delivery to cancer cells *. This study used three-dimensional (3D) nanostructured microfluidic
chip consist of an ordered series of micropillars functionalized with multiwall carbon nanotubes
(MWCNTSs) to efficiently capture exosomes ¥’. Capture efficiency can be optimized by changing height,
spacing distances and flow rate (Figure 3E&F).

4.4 Elasticity

Recent studies have found that the mechanical properties such as elasticity of the DDSs have a
significant influence on cellular uptake, drug release, and stability >. The precise manipulation of the
flow and flow regime within the microfluidic system can modify the particle elasticity. Sun et al. ®°
designed nanocarriers made of polymeric core (PLGA) and lipid shell with tuneable rigidity for
regulating cellular uptake (Figure 3G&H) . In this study, the particle elasticity was modulated in the
microfluidics device by altering the injection order of organic solutions containing PLGA and lipid-PEG.
This technique allows for variation in the water content leading to variation in Young’s modulus which
influences the internalization mechanism in Hela cells %.

5 Applications of microfluidic techniques in drug delivery

5.1 Double and multiple emulations

Emulations are formed by mixing two immiscible liquid phases (dispersed phase & continuous phase)
9 One of the common formulations in drug delivery are based on forming and stabilizing droplets
within another droplets which is known as multiple emulsions. When small droplets are nested one
inside the next, the formulation is called double emulsions . This approach is highly applicable in
pharmaceuticals and food products due to its ability to manipulate the properties of wide range of

92 Drug encapsulation and release kinetics can be

sensitive ingredients loaded into emulations
regulated by controlling the size and size distribution, using stimuli-responsive materials and changing
the shell thickness of the core-shell structures %. Conventional high-shear emulsification techniques
have many disadvantages such as large polydispersity, structural variability and inconsistent
encapsulation efficiency . To overcome these limitations, researchers have developed an alternative
protocol by using droplet microfluidics to formulate highly controllable multiple emulsions or

emulsion-based templets for producing uniform particles in a single step. By balancing the interfacial
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tension forces with the viscous forces, it is possible to produce uniform and versatile emulsion droplets
with a coefficient of variation (CV) of less than 5% . Michelon et al. %> produced W/O/W double
emulsions as templets for forming B-carotene-loaded liposomes using capillary microfluidic device *°.
These liposomes showed controllable size distribution and relatively good stability for over 7 days *°.
Jeong et al. °® developed 3D HFF microfluidic device which was carefully set up to produce multiple
emulsion droplets with tunable morphologies . By combining the diffusion-induced phase separation
with evaporation-induced self-assembly (EISA), it was possible to continuously synthesise hollow silica
spheres which contain a single core or multiple cores (Figure 4) %.

Figure 4. (A, B) Optical micrographs of monodisperse double emulsions with many fine internal droplets. STEM
(C), and SEM (D) images of the resultant hollow particles with multiple cores. Reprinted from °® with permission
from the Royal Society of Chemistry.

5.2 Protein-based nanocarriers

Potential toxicity and lack of biodegradability of may synthetic polymers have encouraged researcher
to utilize natural biomaterial as an alternative building block for several DDSs & 9. However,
processing biomaterials such as silk fibroin (SF), collagen and gelatin is more challenging due to the
complexity and sensitivity of the protein-based materials ' 8, Hardin et al. * have used a capillary
microfluidic device to prepare uniformly sized gelatin microparticles %°. These microspheres served as
template for adsorbing DNA-functionalized polystyrene which facilitate DNA release under different
thermal conditions *°. Processing conditions can affect the properties and reproducibility of the
produced protein nanoparticles. A recent study conducted by Solomun et al. 1 investigated the
impact of precise control of SF nanoparticles manufacture assisted by microfluidics 1®. Although no
substantial difference in particle size was observed between manual and microfluidic mixing method,
significant reduction in the surface charge (-41 mV to -29 mV) was reported 1%°. Wongpinyochit et al.
32 has tested the influences of microfluidic device parameters such as TFR and FRR on the SF particle
size and shape. SHM (NanoAssemblr™ benchtop instrument) was used in this study to produce SF
particles by desolvation method using two organic solvents (acetone & isopropanol) (Figure 5). High
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organic solvent: aqueous ratio (i.e., isopropanol: water = 5:1) combined with relatively low TFR (1
mL/min) has shown significantly higher yield in comparison to other conditions. In addition, particle
size, polydispersity and surface charge can be tuned by modifying TFR (1- 12 mL/min), FRR (1:1, 3:1,
5:1) and changing the organic solvent (Figure 5) 32. The variety of tunable conditions in this
microfluidic device allow for precise optimization of properties of the produced nanoparticles.
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Figure 5. Microfluidic fabrication of protein-based nanocarriers. A) Organic solvent and SF solution were pumped
into two inlets and rapidly mixed (NanoAssemblr™ benchtop instrument) at different TFR & FRR to form silk
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nanoparticles by nanoprecipitation. The cartridge contains Y-junction and a staggered herringbone structure. B)
particle size, C) polydispersity index (PDI), and D) zeta potential of silk nanoparticles. Reprinted from 32 with
permission from the Royal Society of Chemistry under the terms of the Creative Commons CC BY license.

5.3 Lipid-based nanoparticles

Lipid nanoparticles (LNPs), including liposomes, have served as DDSs for many APls and food
ingredients due to their ability to load the cargo within the lipid shell or the particle core 34191, Despite
the multiple advantages conventional LNPs hold such as biocompatibility and high loading efficiency,
further improvements are required to increase their clinical applications 1% 1, The most common
strategy to improve the LNPs formulations is surface modification that results in enhancing stability,
increasing retention time in blood and delivering drugs and genes to the targeted tissues 0% 104106,
Conventional methods to prepare lipid-based nanomaterials are based on lipid layer hydration or bulk
mixing of several liquid phases, leading to the formation of inhomogeneous nanoparticles. Several LNP
formulations have been developed using microfluidic devises to address the limitations of the
conventional LNP production methods. The principle of LNP production by microfluidic platforms is
similar to some of the conventional methods such as hydration and organic solvent injection.
Utilization of fluid dynamics mixing, the interface of the microfluidic devices and the shape of the
microfluidic channels effectively assisted the production of the LNPs with desirable properties 3* 107
108 Kitazoe et al. 1® designed a microfluidic device with one inlet and 13 outlets to produce LNPs
encapsulating pDNA. In this study, lipid films blended with cationic polymer (Polylysine) were coated
on the inner surface of the glass channels before injecting pDNA to hydrate the lipid film. LNPs were
formed and the loading of the pDNA was achieved by electrostatic interactions. This microfluidic
technique not only produce uniform NLPs but also significantly shorten the production time %,
Another study conducted by Nakamura et al. **° used herringbone chaotic mixer to prepare pH-
sensitive LNPs (30, 100, 200 nm) for targeting lymph nodes (LNs) . This work assessed the effect of
the particle size and charge on the transitivity to and distribution within LNs (Table 1). The small size
of these LNPs (30 nm) resulted in significantly higher transitivity to LNs when injected subcutaneously
in mice. On the other hand, the negatively charged LNPs were transported more efficiently to LNs than
neutral and positively charge batches 1%°, Balbino et al. 3 prepared cationic liposomes using single and
double HFF technique for gene delivery to Hela cells 3. In this study, the lipid concentration and FRR
were manipulated for producing liposomes (250-530 nm) with polydispersity ranging from 0.29 to 0.87
to encapsulate pDNA 3. The single and double HFF devices used in this study produced unilamellar
liposomes that enhanced the biological efficiency of pDNAS3.

5.4 Polymeric and hybrid nanoparticles

Polymer-based micro and nanoparticles can be prepared using several conventional methods
including crosslinking, ionic gelation, solvent evaporation, and solvent-antisolvent mixing 1. Similar
to the other discussed nanoformulations, polymeric particles can be fabricated by rapid mixing within
microfluidic systems with higher degree of controllability and uniformity in comparison to other
methods. HFF and droplet-based methods are among the most common microfluidic system to
produce several polymeric particles for the delivery of wide range of drugs such as amoxicillin 2,
docetaxel 13, dexamethasone 1 (Table 1). Droplet based microfluidics can assist the production of
spherical and non-spherical microparticles through ionic crosslinking to modify the drug release
kinetics. For example, alginate microgels were generated in three different shapes (spherical, tailed
& mushroom-like microgel) by modifying the microfluidic device where the ionic crosslinking takes
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place (Table 1) 1. This study found the manipulating the morphology of the microgels affects the
release behaviour of the loaded drug (iopamidol) 1°. In gene delivery, Koh et al.}!® efficiently produced
polyethylenimine (PEI) and pDNA complexes using HFF device !¢, The laminar flow formed in the HFF
chip created well-defined interfacial region which allowed for generating ordered condensates of
PEI/pDNA. These PEI/pDNA complexes have demonstrated an improved size control, higher gene
transfection efficiency and lower cytotoxicity in mouse NIH 3T3 fibroblast cells and mouse embryonic
stem (MES) cells in comparison to bulk mixing methods 1.

HFF microfluidic reactor was successfully used to fabricate B-carotene-Pluronic F127 by rapid
nanoprecipitation . Compare to bulk mixing, rabid mixing generated by HFF allows for the formed
B-carotene nuclei to be efficiently coated and stabilized by Pluronic F127 molecules Y. Another study
used as simple T-mixer design to generate Janus nanoparticles and monophasic nanoparticles

118 Both nanoparticle types were used to

comprised of PLGA through fast nanoprecipitation
encapsulate anticancer agents such as paclitaxel (PTX) and doxorubicin (DOX) and demonstrated
different release profiles for each drug 2. In another study conducted by Hong et al. '*° spherical
polyester-based nanoparticles were prepared by herringbone mixer with sizes ranging from 50 to 150
nm depending on TFR and FRR °. These particles have a dual enzymatic stimuli-responsive polyester
due to the ester bonds and sulfide linkages fabricated by the microfluidic system. Moreover, coating

these particles with stabilizers such as PEG enhanced the viability and reduced toxicity to Hela cells
119

Table 1. Recent examples of DDSs fabricated by microfluidic platforms

Microfluidic Formulations  DDS types Size Loaded cargo Advantages Refs
devices (nm)
T-Mixer NA Small 50- Ibuprofen Controllable size & narrow size
molecule 120 distribution 63
NPs
T-Mixer PLGA! Janus & 100- Paclitaxel & Multiple payloads & modified 18
Monopha = 200 doxorubicin drug release profile
sic NPs
Y- Junction NA Amorpho | 450 Cefuroxime Enhanced drug dissolution rate & | 120
us NPs axetil controllable size
Y- Junction NA Small 364 Danazol Enhanced drug dissolution rate & | 121
molecule controllable size
NPs
Y- Junction Graphene Lipid NPs <150 pDNA Uniformly coating GO sheets with | 20
oxide lipid layers that is suitable for
(GO)/DOTAP gene delivery
Turbulent PLGA -PEG? Polymeric = ~100 Docetaxel Versatile and controlled 85
jet mixer NPs preparation of NPs & high
production rates
2D-HFF HMCS3 Polymeric = 74- paclitaxel Narrow size distribution, high 88
NPs 216 loading capacity, and controlled
compactness
2D-HFF PMOXA- Micelles 20- Tamoxifen Controllable size & polydispersity | 122
PDMS- 100
PMOXA*
2D-HFF Poloxamer Polymeric = 75 Mithramycin Low polydispersity, robustness & | 7t
407 micelles high reproducibility
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2D-HFF HPMCAS? Microsph ~5000  Atorvastatin Narrow size distribution and pH 123
polymer eres & Celecoxib responsive dissolution behaviour
2D-HFF CAMs (Au Vesicles 500- Rhodamine B Controllable dimension and the 124
nanorods) 2000 morphology
2D-HFF Sodium Microgel >5000 | lopamidol Shape-dependent release 115
alginate particles
2D-HFF Sodium Microgel >5000 = Ampicillin pH-responsive & shape- 125
alginate NPs dependent release
2D-HFF Polyethylenim = Polymeric = ~250 pDNA Narrow size distribution & 116
ine (PEI) NPs enhanced transfection efficiency
3D-HFF PLGA -PEG Polymeric = 13- Docetaxel Tunable properties & high z
NPs 150 production rates for in vivo study
3D-HFF PLGA Polymeric = 35- Dexamethasone = Enhanced drug loading & 114
NPs 350 controllable particle size
3D-HFF Silica-PMMA® | Multiple >1000 @ NA Precise control over droplet size %6
emulsions and the internal morphology
MIVM PEG-PLAY Polymeric = 80- Curcumin Controllable size & narrow size 74
NPs 200 distribution
Toroidal DSPC/Chol/D Liposomes = 50-70 | Ovalbumin Narrow size distribution & high I
mixer OPS production rates
Herringbone DOPC/POPC/ Lipid NPs 20- SiRNA Controllable size & narrow size 84
Mixer Chol/PEG- 100 distribution
DMG
Herringbone Silk fibroin Polymeric = 100- NA High particle yield & tunable 32
Mixer NPs 300 properties
Herringbone DOTAP/ Lipid NPs 30- DiD (lipophilic pH-responsive & size-dependent 110
Mixer cholesterol/ 200 tracer) transitivity to lymph nodes
DMG-PEG
Herringbone DMAP- Lipid NPs 30- SiRNA Size-dependent pharmacokinetics = 126
Mixer BLPa/DSPC/ch 110 & gene silencing potency
olesterol/PEG
-DMG
Herringbone DOPE/DOTAP, Liposomes @ 50- Dil-C18 Controllable size & size- 127
Mixer DOPE/DDA 750 (lipophilic dependent in vitro cellular uptake
tracer)

Abbreviations:1 poly(lactic-co-glycolic acid), 2 Polyethylene glycol, 3 Hydrophobically modified chitosan, 4 poly(2-methyl-2-oxazoline)-

block-poly(dimethylsiloxane)-block-poly(2-methyl-2-oxazoline, 5 hydroxypropyl methylcellulose acetate succinate, 6 poly(methyl

methacrylate, 7 Poly (DL-lactide).

6 Industrial application

Pharmaceutical products have a very high value with estimated global market of one trillion USS 1%,
However, the process required from discovery, formulation to manufacturing the final product is
costly and time consuming 2. Therefore, one of the main priorities of pharmaceutical companies is
to implement new strategies for rapid and controlled manufacturing of pharmaceutical products to

129 1n microfluidics, the

achieve cost effectiveness, sustainability and on-demand production
translation form bench-top instrument to the industrial scale requires high production rate and
compliance with good manufacturing practice (GMP)”. Increasing the production rate by increasing
the fluid velocity within the microfluidic channel is undesirable due to the significant increase in the
pressure drop across the fabrication device. Therefore, generating a cumulative flow by increasing the

number of identical devices at the same fluid velocity is a better alternative strategy for production at
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industrial level > 3%, In addition, using a multiple pressure sources (pumps) for each microfluidic device
can provide more control, thus more uniform size distribution but it is not cost-efficient. Distributing
a uniform flow from a main pressure source is more convenient and practical for industrial applications
and substantial research and development are required in this area 7% 3% 132, NanoAssembler GMP
system is one of the recent development in large scale production of pharmaceutical formulations
using microfluidic platforms™. This system offers a replaceable cartridge, which has the mixing
elements, and is equipped with custom pumps. Changing the cartridge is not only beneficial for
maintaining the mixing quality and sterility, but also allows for switching the mixer type (SHM &
TrM)”8. Switching to continuous flow production using microfluidics still has many challenges in regard
to quality control and cost efficiency. By implementing new approaches and modifying the current
designs, microfluidics can play a key role in large scale production of pharmaceuticals, especially in
nanomedicine.

7 Conclusion

The recent innovations and developments in the microfluidic technology have offered a better
alternative to many conventical techniques for designing and producing DDSs. The new designs of
microfluidic systems have many functionalities that address many of limitations of the early designs.
This substantial improvement has made microfluidic platform an effective tool in fabricating a wide
range of formulations for drug and gene delivery. The main challenges that complicated the
formulation development in the field of nanomedicine are reproducibility and manipulation of the
properties. These challenges slow down the translation of many potentially effective DDSs form
academia to large scale production in the pharmaceutical industry. Most of the nanoformulations that
are designed as DDSs for many drugs and genetic material are fabricated by fast nanoprecipitation or
self-assembly. Both methods are difficult to control in conventional bulk methods leading to lack of
uniformity of the produced particles and large batch-to-batch variation. However, the rapid mixing,
which occurs in the channels of the microfluidic device, allows for predetermined conditions that
control size, shape and reproducibility. Manipulating the production parameters and the geometric
design can not only change the flow regime of the mixed fluids but also modify or create specific
properties in the formed DDSs. These properties include size, shape, surface charge, elasticity and pre-
programmed release profile of the laded cargos. Various types of DDSs such as multiple emulsions,
protein-based particles, lipid and polymeric nanoparticles, have been successfully produced by several
microfluidic strategies. The advantages provided by these DDSs improves the delivery and the
therapeutic quality of many APIs especially anticancer agents.

8 Future perspectives

There are many hurdles for microfluidic technologies to become widely applicable in the
pharmaceutical industry. In many cases, a specific geometric design of the microfluidic channels is
manufactured and calibrated to fabricate specific formulation (e.g. double and multiple emulations)
which might not be suitable for controlling the assembly process of other types of DDSs (e.g. polymeric
nanoparticles). Despite the flexibility of operating parameters (TFR & FRR) provided by the microfluidic
platform, it is still difficult to assemble some types DDSs in a single step. For example, layer-by-layer

133135 require completely different mixing conditions from fast

assembly and coating protocols
nanoprecipitation. Due to the micrometric dimensions of the microfluidic channels and high TFR that

pass through, impurities and precipitates can accumulate in the channels which can alter the mixing
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conditions. To ensure that the mixing channels are free from any impurities and in a perfect condition,
NanoAssemblr™ have designed a benchtop instrument with disposable chips to obtain precise DDSs
properties in every single batch. However, this approach can be expensive and allows for limited mixer
designs. Another area for improvement in the current microfluidic designs is real time characterization
techniques. These techniques can help optimizing the microfluidic parameters and directly monitor
any change in DDSs formation. Recently, studies have used advanced on-chip characterization

136 confocal Raman microscopy 37 and fluorescence

techniques such as dynamic light scattering (DLS)
resonance energy transfer (FRET) 3. However, further investigation is required to improve current
designs to obtain more accurate on-chip data during microfabrication of DDSs. Although difficulties
such as the cost and complexity still remain in some current designs, microfluidic technologies
demonstrate an enormous potential as practical methods for DDSs large scale production. In-depth
understanding of the mixing principles in combination with comprehensive evaluation of the current
systems can lead to the development of a new generation of microfluidic devices that accelerate the

translation of many novel DDSs formulation to the pharmaceutical market.
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