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Scalable production of microscopic particles for
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Microscopic particles (nano- and micro-particles) have shown great potential as biological delivery carriers,
with notable success stories such as in DOXIL and COVID-19 vaccines. Translation of these advanced drug
delivery systems to industry/clinic is challenging, with scalable production being one of the keys. This review
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summarizes efforts in the literature in developing scalable production processes for microscopic particle-
based bio-delivery systems. These scalable production processes include both batch processes and
continuous processes such as microfluidics, flash technology, and electrospray. The materials used for
particle-based delivery carriers include organic, inorganic, as well as hybrid materials. Finally, we also discuss
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1. Introduction

Biological delivery is the delivery of cargos (e.g., drugs, nucleic
acids, proteins, and imaging agents) in biological systems. It is
recognized as one of the most important problems to solve in
biotechnology and bioengineering."” The field of biological
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the downstream processes after production, e.g., purification, bioconjugation, sterilization, and storage.

delivery has its origins in pharmacy’s ‘drug formulation’. Con-
ventional drug formulation has many limitations. For example,
formulating a siRNA drug in a conventional tablet does little to
protect the siRNA from being degraded by nucleases in the
physiological environment. Commercial introduction of micro-
scopic particles (nano- or micro- particles, size range 1 nm to
500 pm) as biological delivery systems started with Lepron
Depot® (in 1989) and Doxil® (in 1995).>* Lepron Depot® is a
polymer microparticle injectable formulation of gonadotropin-
releasing hormone, and Doxil™ is a PEGylated liposome for-
mulation of doxorubicin. Microscopic particle-based delivery
systems are often called ‘advanced drug delivery systems’, as
they can offer the abilities of sustained drug release, stimuli-
triggered drug release, timed delivery of multiple drugs, cargo
protection, targeting, etc. Since the 2000s, inorganic nano-
particles (e.g., iron oxide, quantum dots, gold, and silica)
started to be introduced in the biological delivery field.>™*° In
addition to delivery, many inorganic nanoparticles can also
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offer the abilities of imaging or/and physics-based therapies
(therapies based on heat, light, etc.), due to their special
quantum mechanics-based physical properties.>® Most
recently, the global pandemic of COVID-19 has seen by far the
greatest societal impact of microscopic particle-based delivery,
as mRNA vaccines with lipid nanoparticles (LNPs) as the delivery
carriers were distributed to billions of people worldwide."" Thus,
it is now clear that microscopic particle-based delivery represents
a trend in biological delivery. This is especially true for newer
therapeutics such as siRNAs, mRNAs and proteins, due to their
bulky sizes and fragile structures.

For a new microscopic particle-based delivery system to
enter the clinic, a proof-of-concept study to demonstrate its
functionalities is only the beginning. A number of further
technical hurdles need to be addressed, such as production,
toxicology, etc. This review focuses on the production issue.
Translating a laboratory invention of pharmaceuticals to indus-
try requires industrial implementation of processes in which
chemical, physical, or microbiological conversion of materials
takes place in conjunction with the transfer of mass, heat, and
momentum. The transport phenomena (mass transfer, heat
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transfer, and momentum transfer) are scale dependent; that is,
they behave differently on a small scale (laboratory production
scale typical range being 10-1000 mg) and on a large scale
(commercial production scale typically being 100-1000 times of
the laboratory scale). A scalable production process needs to
have the ability to reasonably easily accommodate changes in
scales (here primarily referring to an increase in scale, that is,
scale up). Using microscopic particles as the delivery systems
brings extra challenges into production, due to the inherent
structural complexity of these systems. One needs to precisely
control a number of structural parameters, e.g., particle size, size
distribution, surface morphology, surface chemistry, porosity,
pore size distribution, pore connectivity, drug loading amount,
and drug’s spatial distribution in the particles, in a reproducible
manner. Furthermore, this control needs to be achieved not only
for lab-scale production, but industrial production. From a
chemical engineering point of view, it is challenging to maintain
the same Damkohler number (Da), the ratio between the reac-
tion rate and transport phenomena rate, across different scales
(from the smaller device volume in the lab scale to the larger
device volume in the industrial scale). In addition, the required
reproducibility for industrial production is usually much higher
than lab-scale production. Two notable examples of production-
caused disturbance to commercial microscopic particle-based
delivery systems are: (1) temporary stoppage of production of
Doxil® by Ben Venue Laboratories in 2011-2013, citing quality
control deficiencies as the reason for production stoppage,
causing a global shortage of Doxil® supply;** (2) discontinuation
of Nutropin Depot® (polymer particle-based, long-acting form
of human growth hormone) by Genetech in 2004, citing the
significant resources needed for manufacturing the products as
a main reason behind the decision.”® Although more details
about the exact reasons behind the disturbances are unavailable
in the public domain in these two examples, it is clear that it was
commercial manufacturing challenges that caused the distur-
bances. In principle, to scale up a production process of
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microscopic particle-based delivery systems, one can adopt the
same principles of process scale-up used in traditional chemical/
pharmaceutical engineering, e.g., dimensional analysis."**> An
important trend is that we are witnessing increasing efforts to
employ continuous processes for producing microscopic particle-
based delivery systems. This review will summarize the literature
on efforts of scalable production of various types of microscopic
particle-based delivery systems. In addition, this review will also
touch upon downstream processes after production, namely
purification, bioconjugation, sterilization, and storage.

2. Organic particle-based delivery
Systems
2.1 Lipid particle-based delivery systems

Multilamellar lipid structures were first discovered in 1964."°
The lamellar (multi-lamellar or uni-lamellar) lipid vesicles
(liposomes) were dubbed ‘artificial cells’. Doxil® (anticancer
drug doxorubicin-encapsulated liposomes) is one of the first
commercial liposomal formulations, and is often cited as the
face of early nanomedicine.'® Since the regulatory approval of
Doxil® more than a dozen lipid particle-based delivery systems
have been in clinical use."”'® In addition to delivering small
molecule drugs, lipid particles have been clinically successful in
delivering nucleic acids. Onpattro® (siRNA in lipid nanoparticles)
was approved in 2018 to treat polyneuropathies induced by
hereditary transthyretin amyloidosis.'® Most recently, Comiranty®
and Spikevax®™ (mRNA in lipid nanoparticles) were approved in
2021 and 2022, respectively, as vaccines against COVID-19."

Laboratory preparation of liposomes typically involves sol-
vent evaporation (film hydration), solvent dispersion, or reverse
phase evaporation, resulting in multi-lamellar vesicles (MLVs).
This is often followed by a size reduction treatment by extrusion,
sonication, or homogenization, yielding large uni-lamellar vesicles
(LUVs) or small uni-lamellar vesicles (SUVs).>° Other laboratory-
scale methods for liposome preparation include thin-layer disper-
sion, reverse phase evaporation, ethanol injection, etc. These
methods have a number of limitations as follows. It is worth
mentioning that not all of these limitations are exactly about
scale-up; some of them are inherent challenges related to specific
production processes.

(i) These batch processes are difficult to perform at large
scale maintaining a similar ratio of reaction rate to transport
phenomena rate as the laboratory-scale process.

(ii) Batch-to-batch variations are often large. The thus-
prepared liposomes are often heterogeneous. The sonication/
extrusion treatments (used to reduce particle size and polydis-
persity) involve high energy and could result in degradation
of drugs.

(iif) Many key instruments used are not readily available for
industry-scale production.

(iv) The batch production involves many steps, including
buffer preparation, phospholipid solution preparation, lipid
hydration, extrusion, dilution, aseptic filtration, etc. The transi-
tions between steps can be slow and inefficient.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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(v) In a batch process, interactions between particles can be
high, leading to aggregation.

Thus, an important component of technological innovation
of liposomes and other lipid particle-based delivery systems has
been developing their scalable production methods. Wangner
et al. reported the crossflow injection technique operated at a pilot
plant scale to produce liposomes encapsulating recombinant
human superoxide dismutase (rh-Cu/Zn-SOD).*' This technique
was an advancement of the ethanol injection method. Ethanol
injection is one of the most promising and high-energy free
manufacturing methods to produce liposomes with required key
qualities at large scale.”® By injecting an ethanol solution contain-
ing lipids into a large volume of aqueous phase, phospholipid
bilayer vesicles can be formed rapidly. Ethanol injection produc-
tion is quite simple, rapid and safe. And it is applicable to different
active pharmaceutical ingredients (APIs). In Wangner et al’s
method, the production plant was designed to prepare sterile
liposomes without the need of sterilization of the end products.
The core of the production system was the crossflow injection
module, which was made of two stainless steel tubes welded
together forming a cross. At the connecting point the module
had an injection hole (250 pum drill hole). It was believed that the
crossflow injection technique had the benefit of well-defined
injection streams, thereby permitting liposome manufacture
regardless of production scale, as scale was determined only by
the free disposable vessel volume. Fig. 1 is a schematic illustration
of the pilot plant. The protein solution was pumped from vessel A
to vessel B passing the crossflow injection module, where the
ethanol/lipid solution was injected into the protein solution, which
was immediately diluted in the stirred buffer solution in vessel B.
It was stated in this study that the manufacturing scale of several
liters was feasible. Flow dynamics studies were performed in
ref. 23 and 24, demonstrating that the crossflow injection indeed
met the above-mentioned requirements.

Pham et al. described a membrane-based technique for
producing liposomes at a pilot plant scale, which was also
based on the principle of the ethanol injection process.>® The
core module for scalable production was a Shirasu porous glass
(SPG) tubular membrane contactor. With the SPG membrane
contactor, it was believed that scale-up was more straightforward,
because the operation scaled linearly. As shown in Fig. 2, the
membrane contactor set-up included a positive displacement
pump, a pressurized vessel, equipped with a manometer M1,
connected on one side to a nitrogen bottle and on the other side
to the SPG membrane with two manometers (placed at the inlet
and outlet of the module). The membrane system can regulate the
size and size distribution of liposomes by adjusting the pore size
of the membrane. The production scale can be controlled by
adjusting the length of the membrane and manufacturing time.
In this study, when a syringe-pump device was used for laboratory
scale production, 30 mL per batch of liposomes were obtained;
then when the SPG membrane contactor was used for pilot scale
production, 750 mL per batch of liposomes was obtained.

Microfluidics-based production of lipid nanoparticles has
become enormously successful thanks to the mRNA vaccines
against COVID-19 manufactured by BioNTech/Pfizer and

Mater. Adv,, 2023, 4, 2885-2908 | 2887
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lipid/ethanol vessel
9: crossflow injection
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Fig. 1 Schematic of the pilot plant for production of protein-encapsulated liposomes by the crossflow injection technique. The protein solution is
pumped from vessel 1 through the injection module, where liposomes are formed. The lipid/ethanol solution is injected with nitrogen pressure (vessel 7
nitrogen tank). Immediately after the injection procedure in the injection module the liposome suspension is diluted with buffer solution in vessel 2. This

figure is adopted from ref. 21 with permission.

[ Organic phase ! Permeation
||I|II‘I|IIlllllllllllllllllllllwl||||||||II!HHI|IlII‘IIIIIIIIIIIIwIIIHI under applied
Aqueous phase => = ) pressure

tangential flow

lIIIIH|||||I|I|I||IIIIIIIIIIIIIIIII‘I||IlIIIIﬁIHHIImllllIIIII?IIIIIIIIlHti

Membrane

—— o™

Pressurized vessel
Dispersed phase

i

N; bottle T

Pum,
Aqueous phase P

Membrane module

0y

Nanovectors

Magnetic
stirrer

&) |

Fig. 2 Schematic drawing of the membrane contactor-based production set-up for liposomes. This figure is adopted from ref. 25 with permission.

Moderna/AstraZeneca (Comiranty® and Spikevax®, respectively).
Compared to bulk methods, microfluidics offers many unique
capabilities, making it ideal for scalable production of microscopic
particles for drug delivery, such as: (1) fast mixing and rapid mass
transfer, (2) precise control of process conditions, (3) low degree
of aggregation, because nanoparticles move with flows, (4) repro-
ducible product properties, (5) automatic sampler and software
control are available to automate the system, (6) integrating
on-line analysis is possible to improve the quality control of the

2888 | Mater. Adv, 2023, 4, 2885-2908

production process, and (7) microfluidics can be readily scaled up
by parallelization.>*>° The above features of microfluidics have
been validated in BioNTech/Pfizer and Moderna/AstraZeneca’s
manufacture of mRNA-loaded lipid nanoparticles as COVID-19
vaccines. The following is a brief summary of how Pfizer produces
its millions of COVID-19 vaccine doses.*® An impingement jet
mixer (IJM) of a US quarter coin size, also known as the tea stirrer,
is used. A lipid solution is mixed with an mRNA solution by
pumping lipids from one channel and mRNA from the other,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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forcing them to mix together with 400 pounds of pressure. To meet
the requirement of large-scale production, instead of using a large
mixer, Pfizer uses a parallelization of 100 quarter-sized mixers.
This permits continuous synthesis of 100 million vaccine doses per
month at the Kalamazoo (US) production site. A computer system
is established to automate the manufacturing process. Fig. 3
shows photos of the IJM devices used in the laboratory and in
industry for comparison.*

Two widely-used microfluidic designs are hydrodynamic flow
focusing (HFF)*** and staggered herringbone micromixer
(Fig. 4a and b).>*® External fields, e.g:, acoustofluidics, can be
employed to enhance mixing (Fig. 4c).>**° HFF utilizes the
laminar regime typically found within microfluidic platforms.
In HFF, a narrow stream of fluid, typically lipid, polymer, or
other NP precursor dissolved in a solvent flows in parallel with
an antisolvent (e.g., water or buffer solution) from the two side
channels (Fig. 4a). Due to the laminar flow regime present within
the device, rapid mixing occurs through diffusion. Mixing time
correlates with several parameters as follows:

2 2
Wi W 1

i )

Imix ~

where D is the diffusivity of the solvent, w is the width of the
focused stream, w is the channel width, and R is the flow rate
ratio of the middle stream to the flow rate of the sheath stream.
Based on this equation, mixing time correlates positively with
the width of the central stream, but negatively with the diffusivity
of the solvent. As w is dependent on both the width of the
channel and the flow rate ratio, a smaller channel with bigger
flow rates benefits shorter mixing time, thus smaller particle
size and better uniformity. Therefore, HFF allows for a greater
degree of control over nanoparticle synthesis compared to
conventional batch methods. Also, by designing HFF with
different channel widths and tuning the flow rate ratio, it can
be used to produce highly tunable nanoparticles with con-
trolled size and size distribution.

A
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The throughput of hydrodynamic flow focusing is usually very
low. To overcome this limitation, turbulent flow is introduced to
promote more rapid mixing. This is done by utilizing a new
geometric design of mixer (e.g:, staggered herringbone micro-
mixers, Fig. 4b), or/and employing an external energy source
(e.g, acoustic micromixing, Fig. 4c). A commercial microfluidic
platform NanoAssemblr™ has been developed by Precision
NanoSystems Inc. based on the staggered herringbone micro-
mixing technology for lab scale and clinical scale microscopic
particle manufacturing under GMP conditions.*' The NanoAs-
semblr™ platform is a benchtop instrument integrating stag-
gered herringbone microfluidic cartridges, syringe pumps, and
computer software.

For microfluidics-based production, scaling up to the industry
scale (with the common scale factor being 100-1000) has some
inherent challenges.”> Most of the key advantages of micro-
fluidics-based production originates from its small channel size,
giving rise to short transfer distances and high surface-to-volume
ratios. However, scaling up 100-1000 times could require large
increases of the channel dimensions, thereby diminishing the
benefits of micro-channels. Parallelization (also called ‘numbering
up’) could avoid this problem to a great extent. But parallelization
often leads to significant challenges in fluid distribution, since
a large number of channels is needed. In addition, for micro-
fluidics-based production, and for continuous production in
general, lag of regulatory guidelines is a significant impediment.
Based on the advantages of continuous production, many organi-
zations have expressed their support. The Center for Drug Evalua-
tion and Research (CDER) of the FDA produced a draft guidance
(Quality considerations for continuous manufacturing) in 2019.
Recently, the International Coordinating Committee (ICH)
adopted Q13 guidelines on continuous manufacturing of drug
substances and drug products.

2.2 Polymer particle-based delivery systems

Microscopic particles made of synthetic or natural polymers have
been used clinically for drug delivery for more than 30 years.
Examples of synthetic polymers used include Poly(lactide) (PLA),

l___ 1':;3'"13 53"

IIM devices used in the laboratory (A) and industry (B). This figure is adopted from ref. 32 with permission.
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Fig. 4 Different microfluidic methods. (a) Schematic of hydrodynamic flow focusing. (b) Schematic of staggered herringbone micromixer. (c) Acoustic
micromixing devices using star-shaped oscillating plates: the assembled star-shaped microfluidic mixer (top) and the ultrafast star-shaped acoustic

micromixer (bottom). The figure is adopted from ref. 39 with permission.

poly(glycolide) (PGA), poly(lactide-co-glycolide) (PLGA), poly(cyano-
acrylate) (PCA), polyethylenimine (PEI), and polycaprolactone
(PCL). Examples of natural polymers used include chitosan,
dextran, albumin, gelatin, alginate, and agar. The most commonly
used polymer is PLGA. So far, all of the >20 biodegradable
polymer-based, long-acting injectable formulations approved by
the FDA are based on PLGA due to its long history of safety.**
Drug-loaded PLGA particles are typically produced by the
emulsion-based solvent extraction/evaporation method.**™** For
this production process, effects of processing parameters and
formulation compositions on the properties of the products have
been extensively investigated in the past three decades. However,
due to the complexity of the process and large number of para-
meters involved, exact relationships between composition/process
parameters and product properties remain un-established, and
mechanistic understandings are still lacking.**™*

Fig. 5 is used to illustrate the complexity of this emulsion-
based production process for drug-loaded PLGA particles.*”
Fig. 5 describes the parameters that are known to affect product
properties. The composition includes a drug, PLGA polymer(s),
and solvent(s). Hydrophobic drugs are mainly considered in this
example. Hydrophilic drugs (e.g., peptides and proteins) could
be dissolved in water first to form a water/oil/water (W/O/W)
emulsion. As shown in Fig. 5, numerous factors contribute to

2890 | Mater. Adv, 2023, 4, 2885-2908

the formation of polymer particles. Inadequate control of the
microparticle precursor solution(s) or suspension(s), process
parameters, and storage conditions may result in significant
variability in the properties of the final formulation.*®*
For example, the concentration of poly(vinyl alcohol) (PVA),
commonly used as a surfactant in the aqueous continuous
phase, has a significant effect on the product properties.*®*° A
higher PVA concentration reduces the interfacial tension
between organic and aqueous phases yielding smaller particles,
but it also leads to faster removal of the solvent to the aqueous
phase, producing larger particles. PVA can also account for
deformation of microscopic particles.”® The extraction phase
temperature during processing can cause plasticization and
annealing of the solid matrix.>"** The influences of many factors
are self-evident. What is not known, however, is how they exactly
impact the properties of the final product, and it is not yet well
understood which parameters are more important than others.

Many efforts have been made to improve the controllability
and scalability of the emulsion-based solvent extraction/eva-
poration process for producing drug-loaded polymer particles.
For example, Liu et al. utilized glass beads in the mechanical
stirring process to produce emulsion.> At the scale of 60 mg
polymer per batch, it was found that the addition of glass beads
yielded more homogenous dispersion, and in turn smaller and

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 A flow chart of manufacturing PLGA microparticles by emulsion methods and the parameters affecting the properties of the formulation. Each
color represents specific parameters or processes: Dark blue for components, dark blue in a box for main processes, blue for process parameters, purple
for physicochemical processes, green for microparticle properties for characterization, and red for drug release characterization. The figure is adopted

from ref. 45 with permission.

more monodisperse polymer particles.®® In another example,
Sharifia et al. employed in-line homogenization to make the
emulsion solvent extraction/evaporation process a semi-
continuous one, at the scale of 1-4 g polymer per experiment
(Fig. 6).>

“Flash technology” is an emerging class of nano-manu-
facturing methods for polymer microscopic particles, as well
as other types of particles. Flash technology involves rapid
mixing in confined impingement jets mixers (CIJM) or multiple
inlet vortex mixers (MIVM), to facilitate formulation of nano-
complexes or nanoprecipitates in a high-throughput and well-
controlled manner.>® CIJM was first developed by Prud’homme
and co-workers in 2003.°° For two-inlet CIJM, two pathways lead

A io;)genizer:
2-3k RPM

)

[ Outlet

1:?

Water Phase:
PVA in DI water

PLGA and Naltrexone
dissolved in BA and DCM

r
| Extraction solution: £
| DI water

: Diffusion of solvent to
the extraction solution

to a small chamber where opposing streams containing solvent
and non-solvent impinge to create turbulence (Fig. 7a).>” To
maintain continuous flow, syringe pumps drive the streams
from syringes into the mixing chamber. A major limitation of
CIJM is that the CIJM geometry limits the ratio of solvent to
non-solvent due to the requirement for equal momentum of
the opposing streams in mixing.’® To overcome this limitation of
CIJM, MIVM was designed to allow unequal solvent-to-nonsolvent
ratio mixing in a scalable manner. The concept of the MIVM is that
momentum from each stream contributes independently to drive
micromixing in the chamber.”®*® MIVM used in flash technology
usually consists of components manufactured using stainless steel
and assembled with syringe adapters. MIVM are designed to be
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Fig. 6 Utilizing in-line homogenization in the emulsion solvent extraction/evaporation process for producing drug-loaded PLGA particles. (a) Schematic
of naltrexone-loaded PLGA generation using an in-line emulsification-extraction process. (b) Experimental set-up used to generate particles by pumping

both oil- and aqueous-phases into the homogenizer and transferring the
permission.
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The figure is adopted from ref. 57 with permission.

easily disassembled and cleaned. 3D printing can be used to
fabricate MIVMs.®® The MIVM design allows the combination of
immiscible solutions, providing an additional level of flexibility
for nano-manufacturing. The geometries of CIJM and MIVM used
in nano-manufacturing are illustrated in Fig. 7.*” Computational
fluid dynamics (CFD) and molecular dynamics (MD) have been
used to investigate mixing and reactions in CIJM and MIVM.*" "%
Marchisio and co-workers used CFD modeling to predict mixing
in CJM and MIVM.®>*® Their work yielded predictions well-
correlated with experimental data, and a reliable model for design
and scale-up of CJM and MIVM. Flash technology has seen
increasing applications in the past decade for delivery of drugs,
proteins, and nucleic acids.®””>

Flash technology has been increasingly employed to perform
nanoprecipitation, that is, flash nanoprecipitation (FNP). FNP uses
rapid micro-mixing to establish homogeneous super-saturation
conditions for controlled block copolymer self-assembly and pre-
cipitation of hydrophobic solutes.”® There are several key timescales
involved in FNP: mixing time (¢;), nanoformation time (fgasn),
copolymer aggregation time (f,g), and active organic nucleation
and growth time (fn,).”””® Controlling £y is crucial. To obtain
homogeneous mixing, the generation of super-saturation by turbu-
lent micro-mixing must be faster than the diffusion-limited aggre-
gation that controls self-assembly. In other words, ¢,x should be
less than the copolymer aggregation time t,o, for homogeneous
mixing.”””® When t,g, is close to the nucleation and growth time
tng, the block copolymer interacts with the active particle to alter
nucleation and growth and causes colloidal stabilization.””””® It has
been found that Reynolds number (Re) plays a key role in mixing
efficiency, and that Re > 1600 allows sufficient mixing for sub-
millisecond FNP reactions.”””®

Block copolymer selection is important in formulating stable
nanoparticles using FNP. The hydrophobic and hydrophilic
regions of block copolymers are balanced so that hydrophobic

groups are located mainly in the nanoparticle core. High drug
loading is an advantage of FNP self-assembly versus slower
mixing methods. Fast mixing (high Re) within a chamber
provides an ideal niche for supersaturation-induced precipita-
tion of drugs from organic solvent into anti-solvent within
milliseconds. This process favors nucleation over particle
growth, resulting in smaller and more homogenous nanoformu-
lations. Particle growth is stopped by steric effects caused by the
bulky polymeric stabilizer. In contrast, bulk mixing reduces
cargo loading efficiency due to unstable drug encapsulation
and insufficient stabilizer coverage.

A comparison on product quality and the reproducibility,
cost, and scalability of various production processes for organic
microscopic particles is shown in Table 1,2272%:33738:42,55-59

Using natural polymers (e.g., albumin) instead of synthetic
polymers (e.g., PLGA) to produce particle-based drug delivery
systems can take advantage of the inherent biological properties
of the natural polymers. For example, for cancer therapeutics,
albumin nanoparticles can potentially offer several biological
properties inherent to albumin: (1) it is a natural carrier for a
number of native molecules and hydrophobic drugs, (2) it is
rescued from systematic clearance and degradation by natural
mechanisms, (3) it accumulates at sites with vascular leakiness,
and (4) it is more greatly taken up and metabolized by cancer
cells which are rapidly growing and nutrient-starved.®® Drug-
loaded albumin nanoparticles can be prepared by desolvation
with ethanol, sometimes followed by a stabilization step using
crosslinking.®' This method has been established as a standard
lab-scale preparation method for albumin nanoparticles. In an
effort to extend it to industrial production method, Wacker et al.
utilized a paddle stirring system to replace the magnetic stirring
used in lab-scale preparation.®” A production scale of 2 gram
protein was achieved, with the nanoparticle size ranging between
251.2 + 27.0 and 234.1 £ 1.5 nm and with the polydispersity index

Table 1 A comparison of different production methods of organic microscopic particles for drug delivery

Particle size Particle size distribution Reproducibility Cost Scalability
Hand mixing High High Low Low Low
Ethanol injection Medium Medium Medium Low Low
Membrane-based process Low Low High Medium High
Nanoprecipitation Medium Medium Medium Low Low
FNP Low Low High Low High
3D junction mixer Medium Low High Low High
Microfluidics Low Low High High Medium
2892 | Mater. Adv., 2023, 4, 2885-2908 © 2023 The Author(s). Published by the Royal Society of Chemistry
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(PDI) below 0.2. In another effort of scalable production, Gopa-
kumar et al. employed high-pressure homogenization, yielding
gram-scale of albumin nanoparticles encapsulating sorafenib
(a small-molecule multi-kinase inhibitor).®* Further homogeni-
zation treatment was conducted to coat a mucoadhesive layer of
sodium alginate for enhanced oral delivery of sorafenib.®’
Clinically, the most notable albumin nanoparticle is the so-
called nab-paclitaxel (trade name Abraxane®), which is based
on high-pressure homogenization of the anticancer drug pacli-
taxel with albumin, forming nanoparticles with a diameter of
roughly 130 nm.?**¢

Hybrid microscopic particles containing both polymers and
lipids have also been explored for biological delivery. In one study,
flash technology was used to produce lipid-coated polymer nano-
particles loaded with the anticancer drug doxorubicin.’” The
nanoparticles were made of PLGA and lecithin/1,2-distear oyl-sn-
glycero-3-phosphoethanolamine (DSPE)-PEG. The mixer was
herringbone-patterned, fabricated by 3D printing.®” In another
study using flash technology, MIVM was employed to produce
lipid-polymer hybrid nanoparticles, readily achieving production
rates of greater than 10 g h™*.%®

3. Inorganic particle-based delivery
systems
3.1 Silica nanoparticles

Silica (SiO,) nanoparticles have been widely applied as drug
delivery systems due to their good biocompatibility, stability, ease
of surface functionalization, and possibility to use internal pores
to load drug molecules and imaging agents.**®" Silica nano-
particles are predominantly prepared by the Stober method,
which was reported by Werner Stober and co-workers in 1968.”
The Stober method is a sol-gel process in which a molecular
precursor (typically tetraethylorthosilicate, or TEOS) is first reacted
with water in an alcoholic solution, with the resulting molecules
subsequently joining together to form larger structures. The above
original Stober process can be modified to prepare porous silica
nanoparticles by adding a surfactant template to the reaction
mixture and calcining the resulting particles.*>°° The surfactant
forms micelles, around which the silica network grows, forming
particles with surfactant- and solvent-filled channels. Calcining

(a)

CTAB+TEOS+Ethanol

—_ﬂ/, = J B
NH, * H,0+4H,0 /, Rapid * | ___--- i 7\
2 2! 2 [e) :-m M 5
Mixing™/ << .}', Y
H,0 - /‘T&'\'
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Fig. 8
perchlorate particles (adopted from ref. 86 with permission).
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the solid leads to removal of the surfactant and solvent molecules
by combustion and/or evaporation, leaving porous voids through-
out the structure.

A number of efforts have been made to make the Stober
process more scalable. Kim et al. modified the Stober process by
using a continuous silica source injection system in a monophasic
environment without heating. By doing so the authors synthesized
mesoporous silica nanoparticles (MSNs) up to gram-scale with
controllable size and narrow size distribution.”® Flash technology
has been adapted to perform the Stober process. Fu et al. utilized a
sequential flash technology process to produce abamectin-loaded
MSNs (Fig. 8a).>* Two MIVMs in series were used for forming the
micelle template (based on cetyltrimethylammonium bromide, or
CTAB) and then MSNs. The silica shell thickness and cavity size
were tunable by controlling the composition of reactant streams.
Flash technology has also been used for rapid production of
ammonium perchlorate (AP) particles. An integrated CIJM system
linked to a temperature bath with a peristaltic pump was employed
to produce <20 pm AP particles with minimum product clogging
at the high rate of 3 kg h™* (Fig. 8b).”

3.2 Metal nanoparticles

Thanks to their special optical, mechanical, chemical, and cata-
Iytic properties, metal nanoparticles have been widely applied in
biomedicine.’*®” Noble metal nanoparticles such as gold (Au) and
silver (Ag) nanoparticles are of particular interest due to their
excellent biocompatibility and ease of surface functionalization
with biomolecules (e.g., therapeutic or targeting molecules).
Furthermore, noble metal nanoparticles possess special plasmo-
nic and photothermal properties which give them potential for
applications in biosensing, thermotherapy, and theranostics.
Many methods have been developed for the formation of metal
nanoparticles. A widely used approach is the chemical reduction
route in which aqueous metal ionic precursors are reduced by
reducing agents (e.g., ascorbic acid, sodium citrate, and sodium
borohydride), and stabilized by polymeric capping agents or
surfactants to avoid aggregation.

In an effort to develop scalable production methods for silver
nanoparticles, Deshpande et al. analyzed the kinetics of silver
nanoparticle synthesis via citrate reduction in several different
reactor configurations, including helical coils, continuous stirred-

(b) AP solution
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— 75|
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= .
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(a) Production of MSNs by flash technology (adopted from ref. 94 with permission). (b) Flash technology system for the fabrication of ammonium
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Fig. 9 Microfluidic-based synthesis of metal nanomaterials. (a) Schematic illustration of the experimental set-up and the connectivity of a microfluidic
reactor for Au nanoparticle synthesis. Adopted with permission from ref. 99. (b) Schematic diagram of a modular microreactor arrangement for the flow-
based synthesis of Au NPs. Adopted with permission from ref. 100. (c) Schematic diagram of the coaxial flow reactor setup. Inset displays
flow visualization of laminar flow inside the coaxial flow reactor. Adopted with permission from ref. 101. (d) Schematic diagram of the experimental
arrangement for the combinatorial synthesis screening for Ag—shell Au—core NPs. Adopted with permission from ref. 102. (e) Schematic illustration of
the experimental arrangement for the microflow-based synthesis of core—shell nanoparticles (A, B, C, D, ... inlet ports for educt solutions). Adopted with
permission from ref. 103. (f) Transmission electron microscopy images and an interpretation scheme (bottom right) of star-like Au/Ag nanoparticles.
Adopted with permission from ref. 103. (g) Schematic of the synthetic processes of Cu nanoparticles by a T-shaped microflow chip at room temperature.
Adopted with permission from ref. 104. (h) Schematic representation illustrating the working mechanism of liquid metal NP formation, where liquid
metal microdroplets formed at the T-junction are later gradually broken into NPs in the presence of acoustic waves. Adopted with permission
from ref. 107.
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tank reactor (CSTR), CSTRs in series, segmented-flow reactor, and
3D flow reactor.”® It was found that having a larger CSTR at the
beginning of the series of CSTRs was not suitable, because
nucleation is a fast reaction and at least one small CSTR should
be used exclusively for the nucleation phase to avoid a significant
overlap of nucleation and growth. It was also found that a higher
number of tanks enhanced the reaction rate, conversion, and
hence, the particle sizes. The effects of backmixing, initial reaction
concentration, pH, and temperature on the reaction conversion,
particle size, and poly-dispersity were quantified and used for the
identification of a suitable reactor configuration. Mixing, ie.,
extent of dispersion, was found to have a strong impact on the
overall conversion rates as well as the particle size distribution.

Microfluidics-based production methods have been developed
for the synthesis of metal nanoparticles. By using 12 nm sized,
citrate-stabilized Au NPs as seeds, Wagner et al. synthesized larger
Au NPs with diameters from 15 to 24 nm using a continuous flow
microfluidic reactor (Fig. 9a).”® In the reactor, HAuCl, was
reduced by ascorbic acid, leading to the growth of Au NPs, which
was further stabilized using polyvinyl pyrrolidone (PVP).”® These
authors also reported synthesis of ultrasmall Au nanoparticles
(4 to 7 nm) directly from precursor solutions under continuous
flow conditions (with the highest flow rate tested being
4 mL min~")."* Rather than using smaller Au NPs seeds, an Au
salt (HAuCl,) solution, a reducing agent (NaBH,), and a ligand
were pumped separately from different inlets into a glass-silicon
microreactor system consisting of three static chip micromixers,
which led to the formation and direct surface modification with
thiol ligands of Au NPs (Fig. 9b).’° Two approaches, namely (1)
hydrophobic treatment of the reactor and (2) the elevation of pH,
were utilized to suppress Au nucleation at the inner channel
surface, which could potentially cause channel clogging.'®® The
channel blockage issue can also be eliminated by using micro-
fluidic coaxial flow reactors, in which nucleation and growth of
nanoparticles are confined at the interface of the inner and outer
flows away from the channel walls. For example, by using an ETFE
T-piece connector, Baber et al. synthesized Ag nanoparticles with
AgNO; and NaBH, being the inner and outer streams, respec-
tively, in the presence of trisodium citrate as the surfactant (with
the highest flow rate tested being 14 mL min ") (Fig. 9¢)."**

In addition to single-phase nanoparticles, binary composed
noble metal nanoparticles can also be fabricated using micro-
fluidics. Knauer et al. synthesized Ag-shell Au-core nano-
particles using a segment flow microreactor system, in
which Ag was reduced from its precursor salt solution and
uniformly grew on Au nanoparticle seeds to form a homoge-
neous 1.1-6.1 nm layer (with the highest flow rate tested being
~100 pL min~') (Fig. 9d).'*> Using a continuous flow micro-
reactor with multiple inlets at different locations (Fig. 9e), Au/
Ag nanoparticles with star-like and core-shell structures were
prepared by directly reducing Au and Ag salts with ascorbic acid
(with the flow rate used for HAuCl, being 0.5 mmol L™ %)
(Fig. 9f).'®® By controlling the concentration of the reducing
agent, the relative nucleation rate of Au and Ag can be adjusted,
leading to the different spatial distribution of elements inside
the nanoparticles.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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In addition to noble metals, efforts have also been made to
utilize microfluidics to prepare other metal nanoparticles includ-
ing Cu, Pd, and Gd, etc.’**°® For example, Cu NPs were prepared
by reducing CuSO, with NaBH, under a segmented flow condition
using a T-shaped microfluidic chip (with the flow rate used for
CuSO, being 0.2 mol L") (Fig. 9¢)."* By using PVP as the
dispersant and antioxidant, Cu nanoparticles were prepared with
their size, morphology, and size distribution and elemental
compositions regulated by the flow rates. The synthesis of liquid
metal nanoparticles using microfluidics was also reported
recently. Due to the large surface tension of liquid metals relative
to water, it is challenging to create fine liquid metal nanoparticles
solely by the shear force provided by a Tjunction. In this regard,
Tang et al. embedded the T-shaped microfluidic channel into a
sonication bath to break the eutectic gallium indium (EGaln)
liquid metal microparticles into NPs using an acoustic wave (with
the reported yield reaching 50 mg mL™") (Fig. 9h).'"”

3.3 Metal oxide nanoparticles

Metal oxide (e.g, titanium oxide and iron oxide) nanoparticles
have found many biomedical applications such as tissue engi-
neering, bio-imaging, immunotherapy, and drug delivery. For
example, TiO, nanoparticles have been utilized for tissue engi-
neering due to their excellent biocompatibility and cell adhesion
ability. Iron oxide nanoparticles have been applied for magnetic
resonance imaging (MRI), magnetically-guided drug delivery, and
hyperthermia.'®®™"'® High quality iron oxide nanoparticles are
most commonly synthesized by the thermal decomposition
method."" In this method, organometallic precursors are used
to produce monodispersed nanoparticles under high tempera-
ture. The process of decomposition of organometallic precursors
is carried out under the presence of organic stabilizing agents to
produce iron oxide nanoparticles of the desired size and shape.
The stabilizing agents used include fatty acids, hexadecylamine,
and oleic acid. The stabilizers can slow down the nucleation of
nanoparticles and help in producing a spherical shape and
desirable size of less than 30 nm (often <10 nm).

Microfluidics has been adapted to synthesize iron oxide nano-
particles, using both tubular and chip-based micro-reactors via
the coprecipitation mechanism, which relies on the pH-depen-
dent solubility of iron oxides. At a pH above 10, iron salt solutions
become supersaturated, triggering the nucleation and growth of
the iron oxide nanoparticles in the solution.""> Using a contin-
uous flow micro-reactor, iron oxide nanoparticles with sizes
between 26.5 and 34 nm were synthesized through the oxidative
hydrolysis of Fe*" salts (with the flow rate used for iron precursor
being 3.25-9.75 mol min ')."** The two modular unit designs
allowed control of the type of gas dissolved in the solution
(Fig. 10a). In another effort, iron oxide nanocrystals with diameter
ranging from 23 to 70 nm were prepared via segmented flow using
a gas slug microfluidic reactor, in which mixing and reaction
stages were segregated for fast mixing of precursor solutions as
well as precise control over the reaction temperature and atmo-
sphere (with the flow rate used for the iron precursor being
0.22 mol min~") (Fig. 10b).""* The type of gas slug was found to
play an important role in regulating the morphology of iron oxide

Mater. Adv., 2023, 4, 2885-2908 | 2895


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ma00021d

Open Access Article. Published on 16 junho 2023. Downloaded on 15/03/2026 01:30:48.

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

[{ec

View Article Online

Review Materials Advances

Run3

S
fros} B = _‘ﬁb
s g8

KNoy Precerer

®)  Mixing Stoge: 60s Reaction stage: 60-360s

SdL\

dro
formation

Fig. 10 Microfluidic-based synthesis of metal oxide nanomaterials. (a) Schematic of the experimental setup with H,-saturated heptane for flow synthesis
of iron oxide nanoparticles. Adopted with permission from ref. 113. (b) Schematic diagram of the microfluidic setup designed to produce magnetic
nanoparticles in gas—liquid segmented flow. Adopted with permission from ref. 114. (c) Transmission electron microscopy images of magnetic
nanoparticles obtained using the microfluidic setup in (b) at different runs and under different gas environments (H,, N, O,, and CO). Adopted with
permission from ref. 114. (d) Schematic of the capillary-based segmented flow reactor showing the injection of precursor solutions of Fe?*/Fe>*/dextran
and NH4OH into a continuous octadecene stream for the synthesis of iron oxide NPs. Adopted with permission from ref. 115. (e) Schematic diagram of
the experimental setup for the preparation of TiO, nanoparticles (1—CO(NH), solution, 2—TiOSO4 solution, 3—advection pumps, 4—micromixer, 5—oil
bath, 6—water bath, 7—triangle beaker, 8—steel tube for heating, 9—steel tube for cooling, 10—back-pressure regulator). Adopted with permission from
ref. 116. (f) Photograph of the temperature controlling module mounting with a microfluidic chip. Adopted with permission from ref. 117. (g) Droplet
formation of precursor and benzyl alcohol in Fluoronox inside the microfluidic device (left) and the dissolution of benzyl alcohol in the continuous phase
causing droplet shrinkage over time (right). Adopted with permission from ref. 117.

nanoparticles, with H, and N, slugs leading to cubic nano-
particles, and O, and CO slugs resulting in spherical/rod and
hexagonal nanoparticles, respectively (Fig. 10c). Iron oxide nano-
particles coated with a polymer layer were also prepared using
microfluidic devices. By using aqueous solutions of Fe*'/Fe®/
dextran and NH,OH as the two precursor solutions to induce
the co-precipitation of iron oxide in a capillary-based droplet

2896 | Mater. Adv., 2023, 4, 2885-2908

reactor, Kumar et al. obtained dextran-coated superparamagnetic
iron oxide nanoparticles with a mean diameter of 3.6 nm and
narrow size distribution (with the carrier flow rate used being
600 uL min~") (Fig. 10d).""* TiO, nanoparticles have been exten-
sively fabricated through a hydrothermal process, in which the
TiO, precursors crystalize at high pressure and relatively low
temperature, thus leading to low agglomeration, finer particle

© 2023 The Author(s). Published by the Royal Society of Chemistry
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sizes, and narrower size distribution compared to other conven-
tional procedures that require calcination."’® However, a long
reaction time is normally required for the preparation of TiO,
nanoparticles due to the low thermal transmission rate and slow
hydrolysis of organic titanium reagents. This problem can be
addressed by preparing TiO, nanoparticles using a microfluidic
reactor. For example, Deng et al. synthesized superfine TiO,
nanoparticles using a microcurved-tube system (with the flow
rate used for the Ti precursor being 0.3 ¢ min~") (Fig. 10e)."'® By
utilizing a droplet-based segment flow microfluidic reactor inte-
grated with a computer-controlled heating and cooling system,
Stolzenburg et al. reported the synthesis of multiple types of metal
oxide nanoparticles (with the flow rate used for the metal pre-
cursor being 180 mmol L") (Fig. 10f and g).""”

3.4 Quantum dots

Semiconductor nanocrystals, also known as quantum dots (QDs),
exhibit unique fluorescent properties, such as high fluorescence
intensity, photo-stability, narrow fluorescence peak width, size-
dependent fluorescence peak wavelength, and long fluorescence
lifetime. QDs have found numerous biomedical applications such
as bio-imaging, diagnostics, and drug delivery."'®* The most suc-
cessful and widely adopted QD syntheses involve rapid nucleation
by injection of a precursor into a hot bulk liquid, followed by
growth at a lower temperature in the presence of stabilizing
surfactants."*® This process is usually performed in a batch reactor.
There have been efforts to scale up the batch reaction.””>**' In one
example, the Peng team introduced the SILAR (successive ion layer
adsorption and reaction) process, which was originally developed
for deposition of thin films on solid substrates from solution baths,
to grow high quality QDs at large scale (2.5 gram per batch).'** In
another example, the Zhong team reported a non-injection method
to synthesize QDs at gram-scale (>3 g per batch)."*!

Meanwhile, there have been an increasing number of
reports on adopting microfluidics to produce QDs. The earliest
works on microfluidics synthesis of QDs were conducted by the
deMello team'*? and the Alivisatos team.'?* Soon afterwards,
the Mathies and Alivisatos team developed a droplet-based
microfluidics platform for synthesis of QDs.'** In the micro-
fluidics design, the authors used a stepped microstructure to
reproducibly generate controlled streams of octadecene dro-
plets (Fig. 11). CdSe nanocrystals were synthesized at high
temperature in this droplet-based micro-reactor. Many efforts
have been made since these early reports.'?”

Electrospray-based methods have been employed for semi-
continuous production of hybrid nanoparticles containing poly-
mers, QDs, and sometimes also iron oxide nanoparticles.’**™*3° In
these reports, a top-down process, namely co-axial electrospray,
and a bottom-up process, namely interfacial instability-induced
self-assembly, were combined to form inorganic-organic hybrid
nanoparticles with sub-100 nm sizes (Fig. 12).

3.5 Microorganisms-based production

Although chemical methods are more established, micro-
organisms-based methods have the potential to offer cheap,
scalable and highly tunable green synthetic routes for the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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production of nanomaterials.'*' In an example of biosynthesis
of silver nanoparticles as antimicrobials, Fayaz et al. utilized
Trichoderma viride to synthesize silver nanoparticles from silver
nitrate solution.’** The nanoparticles were formed via naturally
occurring reductants in culture filtrates. Bacterial systems have
also been studied for biosynthesis of silver nanoparticles. The
subsurface iron-reducing bacterium Geobacter sulfurreducens
has been shown to reductively precipitate extracellular silver
nanoparticles.”*® In an example of biosynthesis of iron oxide
nanoparticles, Moon et al. employed Thermoanaerobacter sp.
TOR-39 to produce biogenic zinc-doped magnetite (Fe;0,)
nanoparticles with large quantity (1 kg wet weight).”** In an
example of biosynthesis of gold nanoparticles, Hassanisaadi
et al. evaluated the extracts of 109 different plant species as
possible sources of gold nanoparticles. 37 of them were found
to result in biosynthesized gold nanoparticles, with sizes ran-
ging from 27 to 107 nm."*> In an example of biosynthesis of
QDs, Bao et al. used E. coli to synthesize cadmium telluride
(CdTe) QDs with tunable fluorescence emission.’*® The QD
precursors (cadmium chloride, trisodium citrate, Na,TeOs,
mercaptosuccinic acid, and sodium boronhydride) were mixed
with E. coli cells. As the CdTe crystals formed from chemical
reduction of the tellurite by the boronhydride, extracellular
proteins from the microbial cultures were thought to play a
critical role in QD crystal growth, ultimately forming a biocom-
patible capping layer around the nanoparticles. The large gene
pool of microorganisms has the potential to encode enzymatic
systems that can yield synthesis of many different nanomaterials.
As understanding of the underlying biochemistry and genetics of
these microorganism systems is increasingly developed, these
biosynthesis-based production methods are expected to become
an important component of our synthetic biology toolbox.

4. A comparison of the production of
organic and inorganic microscopic
particles

The formation of organic microscopic particles often involves
inter-molecular forces such as van der Waals forces, electrostatic
forces, steric and depletion forces, hydrogen bonds, and hydro-
phobic interactions."”” Bottom-up formation (self-assembly) of
these particles is predominantly driven by inter-molecular
forces. Top-down fabrication processes of these particles often
involve some degree of inter-molecular forces, coupled with
other forces (e.g., high shear stress-induced droplet breaking).
Self-assembly is driven by the lowest energy principle. Individual
components are driven by various intermolecular forces in
the direction of minimum energy, and the components are
assembled into an orderly, stable structure. In principle, self-
assembly processes should be highly reproducible and easy-to-
control, since the state of the product is supposedly determined
by the minimum energy."*® However, in practice, the mechanism
of self-assembly is not well understood at present, and this is an
important reason why the critical process parameters (CPPs) in
self-assembly processes are difficult to identify. It has been
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This figure was adopted from ref. 124 with permission.

found that structures that are metastable can be stabilized
during dynamic self-assembly."** When it comes to scalable
production, when the mass transfer efficiency is low, several
metastable structures may co-exist in the system. Moreover,
some self-assembly processes are very fast, which places high
demand on mass transfer of the mixing process."*’

In laboratory scale production, due to the small volume of
the reactor, heat and mass transfer is often not problematic.
However, in the pilot scale, the heat and mass transfer problem
becomes significant. Two different approaches have been used
to solve this problem. One approach is to stick to the amplified
reactor, and try to choose the appropriate stirrer (e.g., propeller,
turbine, paddle, anchor, frame, and screw) with the appropriate

2898 | Mater. Adv., 2023, 4, 2885-2908

stirring speed. During the scale-up process, the pilot scale
production needs to reproduce the reaction rate, yield, and
product quality from the laboratory scale production. The main
influencing factors often include temperature, concentration,
mass transfer, and shear rate. It is often not possible for all four
to be identical for reactions of different sizes. The scale-up
process can sometimes be simplified by making some choices
from these influencing factors. For example, self-assembly is
usually performed at room temperature, thus temperature can
be removed from the list of the main influencing factors.
Another approach is to use continuous production in relatively
small reactors. The small reactor size allows mass and heat
transfer to be similar to that of laboratory scale production,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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they form (d), micelles encapsulating the hydrophobic species. Complete removal of the organic solvent through instabilities and evaporation results in
(e), a suspension of micelles containing hydrophobic species. This figure is adopted from ref. 126 with permission.

thereby better reproducing the product quality, reaction rate,
and yield.

On the other hand, formation of inorganic microscopic
particles often involves crystallization processes, which include
the stages of atom generation, nucleation, and crystal growth."*"
The first step, atom generation, often involves redox reactions. The
second step (nucleation) and the third step (growth) tend to
overlap. The explosive and continuous nature of nucleation is
the main reason why the crystallization processes are difficult to
control, and is a major obstacle limiting the mass production. The
crystal growth is slowed down and controlled by capping of organic
stabilizers."*> Reducing the degree of overlap between the nuclea-
tion and growth steps can improve the homogeneity of the
products. In addition, the growth rate of larger particles is slower
than that of smaller particles, thus increasing mass and heat
transfer in the crystal growth step could improve the product
homogeneity.

5. Downstream processing after
production
5.1 Purification

In the early stage of product development, purification of
microscopic particles is usually performed on a laboratory scale
using centrifugation or dialysis, requiring manual processing
which is difficult to achieve reproducibility. To date, the first
technologies that have been developed for the scalable purifi-
cation process of microscopic particles include membrane
separation (tangential or cross-flow filtration) and continuous
flow centrifugation.'*®

Tangential flow filtration (TFF) is a continuous filtration method
in which the fluid flows along the membrane surface rather than
through the membrane, resulting in less particle accumulation on
the membrane surface and more stable filtration rate. TFF also

© 2023 The Author(s). Published by the Royal Society of Chemistry

allows the gradual exchange of solvents into isotonic solutions
that can be further concentrated for subsequent applications.
Liu et al. synthesized pDNA/IPEI nanoparticles by flash tech-
nology, and performed scalable purification based on TFF to
reduce the concentration of free PEI in the nanoparticle for-
mulation (Fig. 13)."** TFF was found to reduce free PEI by 60%
while preserving the size and morphology of the nanoparticles.
Furthermore, a comparison with the ultrafiltration method
showed significant superiority of TFF in nanoparticle product
size, DNA recovery, and free PEI remaining in the product
(Fig. 13)."**

Continuous flow centrifugation is a centrifugation technique
suitable for large-scale preparation where the sample liquid is
continuously introduced into the centrifuge, the precipitation is
kept in the centrifuge bin, and the supernatant is discharged
continuously. Many types of continuous centrifuges are avail-
able, which are named after their geometric features such as
perforated bowl centrifuges, scroll discharge centrifuges, and
tubular centrifuges. They have been used in a variety of applica-
tions including biomaterials, cells and vaccines.

High-speed centrifugal machines (centrifuges) with a solid
elongated bowl (length-to-diameter ratio of L/D = 5-7, Fig. 14) are
used in many industrial sectors.**> In this kind of tubular bowl
centrifuge, the feed enters the centrifuge under pressure
through a nozzle at the bottom, and is accelerated to rotor
speed, then moves up the cylindrical bowl. The solid is removed
from the liquid if it moves to the top of the bowl wall at a
sufficient speed during the residence time of the liquid in the
machine. Solids in tubular centrifuges are accelerated by
forces between 13000 and 16 000 times the force of gravity.
Ultracentrifuge, a form of narrow tubular bowl centrifuge, is
used to break down emulsions and creates a centrifugal force
105 to 106 times higher than gravity. The RTR-102K-01 and
RTR-151K-01 tubular centrifuge models are used for continu-
ous separation of emulsions. Bowl diameters of these industrial

Mater. Adv., 2023, 4, 2885-2908 | 2899
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centrifuges range from 80 to 150 mm and their processing
capacities range from 0.2 to 2.0 m* h™*.'*°

Another type of tubular centrifuge used in industry is a disc
stack bowl centrifuge."*® Under the influence of centrifugal
force, the heavier feed components are thrown outward, while
the lighter liquid is moved toward the center of the bowl, flows
inward through the upper face of the disc, and is expelled from
the top of the bowl (Fig. 15)."*® One drawback of centrifuges
that automatically expel solids is that the solids must remain
wet enough to flow through the machine. Disk-stacked centri-
fuges used for biological processing typically produce forces
between 5000 and 15000 times gravity. For reference, the
minimum solid-liquid density difference for successful separa-
tion in a disk-stacked centrifuge is about 0.01 to 0.03 kg m>. In
practice, the smallest particle diameter separated is about
0.5 um at an appropriate flow rate.'*’

Water —}—

Emulsion —
+.—..—O—. — — e ._.%

- R Ir l-"o
Water ———E

Fig. 14 Schematic for calculating the oil-in-water emulsion separation
process in the bowl of a continuous centrifuge. This figure is adopted from
ref. 145 with permission.
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5.2 Bioconjugation

Conjugation of microscopic particles with biomolecules, such
as antibodies or drugs, can potentially offer further targeting or
therapeutic abilities. Wicki et al. reported their large-scale,
GMP-compliant production process of doxorubicin-loaded and
anti-EGFR-coated immunoliposomes (anti-EGFR-ILs-dox) used in
a first-in-man, dose escalation clinical trial."*® Ten batches of this
nanoparticle were produced in clean room facilities. All batches
fulfilled the defined release criteria, indicating a high reproduci-
bility as well as batch-to-batch uniformity of the main physico-
chemical features of the nanoparticles in the setting of the large-
scale GMP process. The monoclonal antibody and PEGlated
liposomal doxorubicin (PLD) were modified in a 5-day production
process (Fig. 16)."*® The antigen-binding fragment (Fab’) of the
antibody was covalently conjugated to the maleimide group at the
terminus of the PEGylated distearoylphosphatidylethanolamine
chain (DSPE-PEG-MAL3400). Through co-incubation of PLD
and conjugated Fab’ fragment of the anti-EGFR-antibody at the
specific phase-transition temperature of PLD (59 °C), conjugated
Fab’ was integrated into the phospholipid bilayer membrane of
PLD via its DSPE group. In another example, van der Put et al.
reported the scale-up feasibility under GMP conditions of a high
yielding bioconjugation process for SF2a-TT15, a glycoconjugate
vaccine candidate targeting Shigella flexneri 2a (SF2a)."*® SF2a-
TT15 is made of a synthetic 15 mer oligosaccharide, corres-
ponding to three non-O-acetylated repeats, linked at its reducing
end to tetanus toxoid by means of a thiol-maleimide spacer.
Developers of bioconjugation for microscopic particles could
learn from a related, and more established field in industry,
i.e., antibody-drug conjugates (ADC)."”>">" For example, in the
evolution history of the ADC field, linker optimization has

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15

proven to be key. Linkers must be stable while the ADC is
circulating in the blood to limit off-target toxicity, but allow for
release of the drug once it is inside the target cells. It has been
shown that the blood stability of the older generation ADCs is
limited."®> Most second-generation ADCs in clinical develop-
ment have maleimide-type linkers and undergo a so-called
deconjugation phenomenon in the serum, which results in off-
target cytotoxicity. Efforts have been made to address it in the

newer generation ADCs. In order to form a stable linker, it has
been reported that drugs can be conjugated either through intra-
strand sulfhydryl linkages, genetically engineered unnatural
amino acids, or the epsilon amino groups of lysine."** Different
linkers can be selected based on the target physiological environ-
ment in which the drug needs to perform its bioactivity. If the
target environment is acidic (e.g:, tumor microenvironment),
acid-labile hydrazones can be selected as the linker, while for a
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Fig. 16 Production cycle of a GMP batch of anti-EGFR ILs-dox: Anti-EGFR ILs-dox was manufactured in a 5 day production process. The key
achievements of each production day are indicated in the gray, arrow-shaped time flow textboxes. Conducted process steps and in process controls
(IPC) are linked to the corresponding day in the above IPC line and underneath process step line, respectively. This figure is adopted from ref. 148 with
permission.
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reductive environment (e.g., cytoplasm), disulfide linkers are
preferred.”> Another major trend in the ADC field is the
engineering of IgG molecules to allow for linkage with cytotoxic
molecules at defined positions that are suitable for drug conjuga-
tion and thus to obtain more homogeneous drug conjugates.
The instability of ADCs in the circulation may also be overcome
by alternative bioconjugation chemistries in combination with
optimal antibody engineering.">® As a result, more than 40 site-
specific drug conjugate technologies, which are often combined
with alternative conjugation chemistries, have been developed,
and at least 10 ADCs that are based on these technologies have
reached clinical development. The main objectives of these
technologies are to enhance homogeneity and to reduce the drug
deconjugation rate in the circulation to limit off-target toxicity,
thereby increasing the delivery of highly cytotoxic drugs to tumors
while also improving tolerability. An example of developing a
Good Manufacturing Practice (GMP) process for site-specific
linkage of ADC can be found in Matsuda et al.’s report.’*®

5.3 Sterilization

Finding an appropriate sterilization method is a crucial step for
microscopic particles to be used within human bodies. The
sterilization method for each nano/miro-formulation needs to
be developed and validated on a case-by-case basis, as micro-
scopic particles can be affected differently by the sterilization
method depending on the components and preparation
method." Sterilization procedures such as gamma irradiation,
ultraviolet light, or autoclaving could be detrimental to sensitive
active pharmaceutical ingredients (APIs), cause chain alteration of
polymers (e.g., PLGA), and affect the overall characteristics of the
nanoformulation itself.****** However, there have also been
publications reporting that gamma irradiation caused no signifi-
cant changes to PLGA particle-based drug formulations.'®>'%* If
gamma irradiation, ultraviolet light, and autoclaving are found to
be problematic, an alternative method can be sterile filtration of
the final product. Nevertheless, this process only works for nano-
formulations with a size distribution smaller than 0.22 pm.
Finally, aseptic manufacturing can be implemented. However,
aseptic processes can be costly and difficult to perform particu-
larly for multi-step processes.”>”'®

5.4 Storage

Colloidal particles are often stored in liquid form at 2-8 °C. In
addition to the degree of purity, the physicochemical integrity
of a microscopic particle-based drug formulation needs to be
preserved over time throughout its shelf-life. During storage,
these microscopic particles can be subjected to aggregation and
degradation pathways mediated by light, oxygen, heat and water.
Lyophilization (freeze-drying) is a commonly used method to
improve long-term storage stability of colloidal particles. Lyophili-
zation can prevent drug leakage, avoid the weakening of drug
activity, and minimize the degradation of the carrier material. In
the process of lyophilization, lyophilization protective agents can be
added. These agents include alcohols (glycerin, mannitol, sorbitol,
inositol, xylitol, vitamin D, vitamin E), sugars (glucose, sucrose,
trehalose, starch, lactose, maltose), amino acids (glutamic acid,
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arginine, histidine, serine, alanine, gelatin), and salts (phosphate
salt, citric acid, acetic acid salt).164 Recently, continuous freeze-
drying and continuous aseptic spray-drying have been proposed for
future continuous manufacturing of nanomedicines.***¢>7¢”
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