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Abstract: Protein-based therapies hold great promise for treating many diseases. Neverthe-
less, the challenges of producing therapies with targeted attributes via standardized processes
may hinder the development of protein formulations and clinical translation of the advanced
therapies. Microfluidics represents a promising technology to develop protein formulations
with pre-programmed functional characteristics, including size, morphology, and controlled
drug release property. In this review, we discuss some examples of adopting microfluidics
for fabricating particle- and fiber/tube-based formulations and highlight the advantages of
microfluidics-assisted fabrication.
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Introduction

Protein-based therapies have been rapidly developed to treat many diseases, such as
cancer and metabolic and autoimmune disorders.! The delivery of proteins such as
growth factor can also have significant impact in the field of regenerative medicine.
Globally, the market of protein-based therapy is expanding dramatically, which was
valued at around $174.7 billion in 2015 and is expected to reach over $240 billion
by 2020.2 Examples of protein products include monoclonal antibodies and fusion
protein.>*

In general, protein drugs show higher binding selectivity and specificity to target
molecules with low toxicity compared to small-molecule drugs.’ However, they often
suffer from low bioavailability due to degradation, aggregation, adsorption, and dena-
turation.® To enhance the performance of protein formulations, functional characteristics
can be programmed during the preparation steps. These characteristics include size,
morphology, and controlled drug release property.

To effectively deliver drugs to target site, micro-/nanoparticles encapsulating
protein drugs have been developed, offering protection against premature degrada-
tion as well as serving as drug depot for controlled release of protein.” Proteins can
also be engineered into different configurations, such as fiber and tube, which can be
applied in various drug delivery and tissue engineering applications.®® Nevertheless,
the lack of advanced fabrication approaches that facilitate the development of protein
formulations with controllable attributes significantly hinders clinical translation of
protein-based formulations.'’

The Food and Drug Administration (FDA) has issued the guidelines of current
Good Manufacturing Practices (cGMP) for biomanufacturing to ensure products
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(eg, drugs) are fabricated with the desired characteristics in
terms of identity, strength, quality, and purity.!" The use of
microfluidics, which refers to the manipulation of fluid flow
in tiny scale (micro- or pico-liter), to fabricate biologically
relevant materials is a promising approach owing to the
multiple advantages it offers.!? Here, we review the rationale
and examples of adopting microfluidics for the fabrication
of protein formulations with pre-programmed functional
characteristics and highlight the role of microfluidics in
advancing clinical translation of protein-based therapies.

Introduction of microfluidic technologies
Microfluidics is a technology characterized by the study and
manipulation of fluids at the submillimeter scale and has
shown great promise in biomedical applications.'* The core
of the technology is a device with channels of submillimeter
scale and fluid flow in the device is driven by pump or manual
injection. Due to the small dimension of the channel, the
Reynolds number, which represents the relative importance
of inertia to viscous force, is small (typically between 107¢
and 10) and hence laminar flow often results.!* This allows
better control over molecules/particles distribution in fluidic
system. One distinction between microscale and macroscale
fluid phenomena is that the relative effects of various forces
are different. Surface tension and capillary forces are domi-
nant at the microscale, whereas the effect of gravity is less
important as the dimension becomes smaller. This facilitates
operations such as generating monodisperse emulsion drop-
lets and patterning cells on surface. The interfacial flow is
especially crucial in the case of droplet generation.'* Emul-
sion droplets are generated when two or more immiscible
streams such as water and oil, in the presence of a surfactant,
are injected into a microfluidic channel in various configura-
tions. Some examples of device configuration are T-junction,
flow-focusing, and concentric flow.!* These emulsion droplets
serve as uniform-sized reactor to compartmentalize the bulk
reaction mixture into discrete and controllable units. This can
lead to consistent material fabrication. The mode of droplet
formation is determined by the ratio of viscous force in the
continuous phase to the interfacial tension (ie, capillary num-
ber).'¢ Besides, active techniques such as electrical, magnetic,
centrifugal, and mechanical inputs can also be introduced to
further manipulate the droplet formation.' Significant effort
has been devoted to study the physical mechanisms of droplet
formation, which was reviewed elsewhere.!”

In general, microfluidic system is associated with benefits
such as sample volume reduction, device miniaturization,
rapid heat and mass transfer, amenability to scaling up and

high-throughput screening, and enhanced processing accu-
racy and efficiency.'®?° The amount of reagent input and
device footprint can be reduced in microfluidic operation
compared with conventional macroscale bioprocessing.?!
This can lead to reduced cost and better controllability. In
addition, the physical properties of resulting particle formu-
lation can be easily tuned by adjusting the total flow rate,
polymer concentration, aqueous-to-organic flow rate ratio,
the use of a co-solvent, and the rate of solvent mixing.?
Protein therapeutics created by microfluidic approaches
can be categorized into two main types: particle-based and
fiber/tube-based formulations (Figure 1). We will examine
each category and discuss how microfluidics contributes to
programing functional characteristics of protein.

Particle-based formulation
Polymeric micro/nanoparticle as protein carrier
Since protein therapeutics are very sensitive to enzymatic
degradation, aggregation, adsorption, and denaturation and
they usually target specific sites of the body, encapsulat-
ing them in carrier can protect them from degradation and
delivering them to target site via surface modification (in
the case of nanoparticle (NP)). The first US FDA-approved
protein delivery therapy was polyethylene glycol(PEG)ylated
adenosine deaminase (Adagen®; Leadiant Biosciences,
Pomezia, Italy) in 1990. Since then, various classes of carri-
ers for protein delivery have been developed.'® Examples of
nanoscale carriers include lipid-based (eg, liposome and exo-
some) and inorganic (eg, calcium phosphate and mesoporous
silica) NPs. The NPs can shield protein from denaturation and
prolong circulation in the blood stream.?* Unlike NPs that can
be administered systematically, microscale carriers are usu-
ally administered locally at the target site or subcutaneously
for sustained protein release via diffusion through surface
pore or degradation of carrier material

Two common strategies of micro/nanoparticle formation
are nanoprecipitation and emulsification. During nanopre-
cipitation, the reduction of the quality of the solvent in which
the ingredient of NPs is present triggers particle formation.
The change in solvent quality can be achieved by altering salt
concentration, solubility conditions, pH, etc.!> For instance,
precursors of NP and protein can be dissolved in an aqueous
solvent and added to another solvent with good water misci-
bility but as a poor solvent for the constituents. NPs will be
precipitated out of the mixture. NPs synthesized in typical
bulk condition are usually prone to polydispersity and batch-
to-batch variation due to longer timescale of solvent exchange
(in the order of seconds) than that of precursor nucleation
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Figure | lllustration of different forms of protein formulation fabricated using microfluidics system.

and growth, resulting in uncontrolled NP aggregation. The
use of microfluidics can improve the process by expediting
solvent exchange via hydrodynamic flow focusing, where
the precursor solution is focused into a narrow stream by
two streams of anti-solvent flowing in parallel (Figure 2A).%
Rapid diffusion can occur through the interface. Vortex and
turbulence created in high speed flow within hydrodynamic
focusing can enable even shorter mixing time and increase
the production rate.’**” A recent report described the use
of a Staggered Herringbone Mixer for rapid mixing of two
streams and channeled to a Tangential Flow Filtration device
for subsequent purification, which led to high-throughput
liposome production and effective removal of non-entrapped
protein (ovalbumin).?

Another common way of fabricating micro/nanoparticles
is by emulsification followed by solvent depletion, such as
evaporation and solvent diffusion." Tiny emulsion droplets
containing protein and particle precursor are first generated
by vigorous agitation or mixing two immiscible phases. A
subsequent mixing step can be applied to generate double
emulsion for preparing core—shell structures. The droplet
content will condensate and form micro/nanoparticles after
solvent depletion. The final size of particles is directly related

to the size of the emulsion droplet, which can be very het-
erogeneous in bulk mixing, thus resulting in uncontrollable
drug release profile. The benefit of forming monodisperse
emulsion droplet in a microfluidic platform can contribute
significantly to the formation of monodisperse particles with
higher encapsulation efficiency and more controlled drug
release rate.?**° Also, the precise introduction of reagents into
the droplets could be realized using pulse width modulation
as demonstrated in one report.’! The cell-free synthesis of
green fluorescent proteins inside double emulsions was moni-
tored and the influence of DNA concentration on protein pro-
duced could be evaluated. In another report, microparticles
composed of poly(vinyl alcohol) loaded with bovine serum
albumin were fabricated with a size range of 23—47 um and an
encapsulation efficiency of 84%.%* Another report described
the fabrication of monodisperse silk fibroin microparticles
as a drug carrier using microfluidic platform due to its good
biocompatibility, lack of toxicity, and immunogenicity.**
Furthermore, growing evidence has shown that particle
shape may influence the particle targeting, drug loading, and
release properties.>* For example, more hydrophobic drug
molecules could be loaded into worm-like micelles than
spherical ones due to the presence of larger core volume.*
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Figure 2 (A) Top: Schematic of formation of nanoparticle via hydrodynamic flow focusing. Bottom: The size distribution of nanoparticles fabricated by different approaches
(flow ratio =0.03 and 0.1 refer to ratio of flow rates of PLGA-PEG/water). Reprinted (adapted) with permission from Karnik R, Gu F, Basto P, et al. Microfluidic platform
for controlled synthesis of polymeric nanoparticles. Nano Lett. 2008;8(9):2906—2912.* Copyright (2008) American Chemical Society. (B) (i) Schematic of formation of
microfluidic emulsion droplets. Middle: Image of droplets produced and their size distribution. Scale bar is 200 pm. (i) Images of droplets stored in the device, (jii) collected
off-chip, and (iv) forming microparticles via self-assembly after 24 hours. Scale bar is 100 ym. Copyright © 2014. Dove Medical Press. Adapted from Bai S, Debnath S, Gibson
K, et al. Biocatalytic self-assembly of nanostructured peptide microparticles using droplet microfluidics. Small. 2014;10(2):285-293.%

Abbreviation: PLGA-PEG, poly(lactide-co-glycolide)-b-poly(ethylene glycol).

Based on the emulsification technique, the shape of the
particle could be modulated by changing the geometry of
the microchannel.*® Rod- and disc-like particles could be
generated via controlled deformation of emulsion droplet
inside the channel. Besides, a method that integrates micro-
scope projection photolithography and microfluidics allowed
continuous production of particles of distinct shapes.’” The
monomer stream was infused through a microchannel above
a mask containing desired features. Particles were polymer-
ized when exposed to UV light through the mask and carried
along by the stream for subsequent reaction to take place.
The versatility of this approach enabled a wider variety of
shapes to be produced for various applications.

Self-assembly within emulsion droplet

Self-assembly represents another strategy of formation of
protein formulation, which involves the assembly of molecu-
lar building blocks into peptide- or protein-based particle.*® In
bulk, the process is usually conducted with minimal control
over the macroscopic size and shape of the resulting particle.
By confining building blocks into discrete, monodisperse
emulsion droplets, we can exert better control over the par-
ticle properties. In one example, thermolysin and amino acid

derivatives Fmoc-S (fluorenylmethyloxycarbony-serine) and
F-OMe (phenylalanine methyl ester) were encapsulated in
emulsion droplets for catalytic condensation to form mic-
roparticles (Figure 2B). The resulting spherulite micropar-
ticles were similar to those formed in bulk reaction but were
more homogenous in size.* In another example, emulsion
droplet was used to study the coacervation of intrinsically
disordered proteins by employing elastin-like polypeptides
as model, where different coacervate architectures (ie, mul-
tilayer, mixed coacervate, and puncta) could be achieved by
introducing a mixture of polypeptides with varying sequence,
molecular weight, and concentration into the droplets.*® Over-
all, the use of emulsion droplet permits the study and control
of individual microenvironment for self-assembly to occur.

Fiber/tube-based formulation

Flow-based self-assembly

In addition to droplet-based system, self-assembly of peptide/
protein can also be controlled in a flow-based microfluidic
device. For instance, the diphenylalanine building block
would self-assemble into nanotubes in a spontaneous manner.
By compartmentalizing nanotubes in microfluidic platform
filled with micron-scale pillars and exposing them to building
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blocks of various concentrations, it is possible to manipulate
the assembly process by controlling the net monomer influx
at given time points and visualize the process (elongation
and shortening) in real-time (Figure 3A).*' The control
over the dimensional alteration will facilitate the design of
supramolecular polymers such as protein formulation for
various applications.

Microfiber production

Protein fibers are one of the major components of extracellu-
lar matrix, and some of them such as silk fiber are also found
in nature. Micro- and nano-scale fibers hold great promise as
implantable scaffold. They possess attributes such as short
diffusion distance and high surface-to-volume ratio for mass
exchange, thus they are suitable as cell culture platform and
localized drug delivery vehicle. There are various ways to

manufacture fibers, but not many of them are applicable to
produce protein formulation.*> For example, melt spinning
requires heating polymer above its melting point which can
cause protein denaturation. Wet spinning, which is achieved
by extruding material into a coagulation bath for solvent to
diffuse out, often involves the use of harsh chemical that
may not be optimal for protein application as well as for
producing fiber with relatively a large diameter (20—200
um).* Electrospinning is another technique that is commonly
used to fabricate fibers, but the use of high voltage to draw
the charged solution may preclude the loading of sensitive
biological materials.

By using microfluidic flow focusing, microscale fibers
can be generated with predictable and controllable properties.
Through adjusting the flow rates of protein and surrounding
buffer, fibers of various diameters can be fabricated. One
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Figure 3 (A) Top: Diphenylalanine monomer and the design of the microfluidic device for nanotube assembly. Bottom: lllustration and imaging of nanotube formation at
supercritical, critical, and subcritical monomer concentrations in flow. Scale bar is 5 um. Adapted from Arnon ZA, Vitalis A, Levin A, et al. Dynamic microfluidic control
of supramolecular peptide self-assembly. Nat Commun. 2016;7:13190. Creative Commons license and disclaimer available from: http://creativecommons.org/licenses/by/4.0/
legalcode.*' (B) Schematic of microfluidic chip for collagen microfiber formation and images of microfibers fabricated with varying buffer flow rates. Reprinted (adapted)
with permission from Haynl C, Hofmann E, Pawar K, Forster S, Scheibel T. Microfluidics-produced collagen fibers show extraordinary mechanical properties. Nano Lett.
2016;16(9):5917-5922.* Copyright (2008) American Chemical Society. (C) Schematic of the microfluidic spinning process of recombinant spider dragline silk and geometries
of the spinning ducts of spider and silkworm. A biomimetic, microfluidic channel was designed to mimic the contracting geometry of spinning ducts to form compact and
ordered silk protein microfiber. Adapted from Peng Q, Zhang Y, Lu L, et al. Recombinant spider silk from aqueous solutions via a bio-inspired microfluidic chip. Sci Rep.
2016;6:36473. Creative Commons license and disclaimer available from: http://creativecommons.org/licenses/by/4.0/legalcode.*
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study reported that collagen fibers with diameters as small
as 3 um could be produced (Figure 3B).* Meanwhile, it
has been observed that the silk gland in the silkworm and
spider function similarly as a microfluidic system.** The
concentrated spinning dope would flow along a contracted
gland and is exposed to solution with ionic gradients which
regulate crystallization and protein aggregation. A biomi-
metic microfluidic device that mimics the specific geometry
found in silkworm or spider or by means of flow focusing
can reproduce the silk spinning process (Figure 3C).* In
addition, the shearing and elongational forces supplied by
microfluidics also direct the alignment of B-sheets during
fiber formation, resulting in fibers of tunable diameter,
stiffness, and toughness.***” Compared with traditional wet
spinning, microfluidic-based approach is more economical
and nontoxic, which will facilitate the rapid and inexpensive
fabrication of fiber of protein formulation.

Future perspectives

The demand for protein-based therapies is constantly rising,
but fabricating protein formulations with controllable and
pre-programmed functional characteristics is still a challenge.
To comply with cGMP, technologies that enable controlled
fabrication of protein formulation with pre-programmed func-
tional characteristics must be developed. These characteristics
include size, morphology, and controlled drug release property.
Microfluidics has emerged as a potential platform to advance
biofabrication of particle- and fiber/tube-based protein formu-
lation. Here, we have reviewed several technologies that can
not only improve the quality of protein formulations but also
facilitate the design of supramolecular polymers for various
protein applications. However, most of the previous reports were
proof-of-concept studies and the translation of microfluidic-
based formulation to preclinical and clinical application is still a
challenge. One limitation is that microfluidic platform generally
has a low production rate. To address this, efforts are devoted to
scaling up the microfluidics technologies, such as by utilizing a
microfluidic module with 128 cross-junctions that can produce
droplets at a rate of 5.3 mL/min.* Inspiration can also be drawn
from the computer chip industry where massively parallel and
miniaturized processing systems are developed to analyze big
data. We envision that increased adoption of microfiuidic tech-
nologies should pave the way for more effective protein-based
therapy in the near future.
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