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Nanomaterial Preparation by Extrusion through

Nanoporous Membranes

Peng Guo,* Jing Huang, Yaping Zhao, Charles R. Martin, Richard N. Zare,*

and Marsha A. Moses*

Template synthesis represents an important class of nanofabrication methods.
Herein, recent advances in nanomaterial preparation by extrusion through
nanoporous membranes that preserve the template membrane without
sacrificing it, which is termed as “non-sacrificing template synthesis,” are
reviewed. First, the types of nanoporous membranes used in nanoporous
membrane extrusion applications are introduced. Next, four common
nanoporous membrane extrusion strategies: vesicle extrusion, membrane
emulsification, precipitation extrusion, and biological membrane extrusion,
are examined. These methods have been utilized to prepare a wide range of
nanomaterials, including liposomes, emulsions, nanoparticles, nanofibers,
and nanotubes. The principle and historical context of each specific
technology are discussed, presenting prominent examples and evaluating
their positive and negative features. Finally, the current challenges and future
opportunities of nanoporous membrane extrusion methods are discussed.

1. Introduction

Nanoporous membranes are excellent templates for nano-
material fabrication. Over the past three decades, nano-
porous membrane-assisted synthesis, also called “template
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synthesis,” has become one of the most
important nanofabrication methods,
and has significantly contributed to the
development of functional nanomate-
rial research ranging from electrochem-
ical energy storage to drug delivery.1-2"]
This template synthesis method gen-
erally entails synthesizing the desired
materials within the nanoscale pores
of a membrane, and depending on the
physical parameters of nanopores, the
size, shape, and structure of synthe-
sized nanomaterials can be readily con-
trolled. To date, template synthesis on
the nanoscopic scale has been success-
fully utilized to process polymers,[2~°
metals,/14  semiconductors,!'”18] and
other materials.'31>1619.200  However,
conventional template synthesis methods
commonly require sacrificing the template membrane toward
the end of the nanofabrication process to free the synthesized
nanomaterials. This template removal step increases the
fabrication cost and technical difficulty, and limits the yield
of nanomaterials. Moreover, template removal approaches
frequently utilize harsh chemical or physical environments
(e.g., acids or organic solvents) that could potentially damage
the synthesized nanomaterials.'>1%21l For these reasons,
extensive efforts have been devoted to develop new template
synthesis methods that can preserve the nanoporous mem-
brane instead of sacrificing it, which significantly improves
this nanofabrication process in a greener and more econom-
ical manner.

Given that conventional template synthesis methods with
a template removal step have been extensively reviewed in
the literature,l?272%! the objective of this article is to provide an
overview of the recent advances in nanoporous membrane
extrusion strategies, including vesicle extrusion, membrane
emulsification, precipitation extrusion, and biological mem-
brane extrusion, which have not been systematically reviewed
to date. The types of nanoporous membranes used in these
applications are discussed, along with the mechanisms, crit-
ical parameters, historical context, and prominent examples
of each specific nanoporous membrane extrusion strategy. We
also discuss the potential that the continuation of innovation
in nanoporous membrane extrusion techniques and integra-
tion with interdisciplinary approaches can bring with respect
to the promotion of industrial and biomedical applications of
nanomaterials.
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2. Membranes Used

Three types of nanoporous membranes are most commonly
used in nanoporous membrane extrusion methods: track-etch
membranes, anodic aluminum oxide (AAO) membranes, and
Shirasu porous glass (SPG) membranes. All three membranes
are commercially available with associated extrusion devices to
meet the need for laboratory and industrial applications.

2.1. Track-Etch Membranes

Track-etch membranes are defined as micro- or nanoporous
membranes prepared by the track-etch method.l?”] This method
entails bombarding a nonporous sheet of the desired material
with nuclear fission fragments to create damage tracks in the
material, and then chemically etching these tracks into micro-
or nanoscale pores. Polymeric and inorganic materials have
been demonstrated to prepare track-etch membranes, such as
polycarbonate (PC), polyethylene terephthalate (PET), mica,
and silicon nitride.””-3! Track-etch membranes feature cylin-
drical shape nanopores with pore sizes ranging from 10 nm
to 12 um (Figure 1A,B).3? In additional to a cylindrical shape,
other shapes of nanopores (e.g., conical or diamond shape)
have also been prepared by varying the chemical etching con-
ditions.["533-3] Track-etch membranes have been commercial-
ized for filtration applications, and the most widely used ones
are prepared from polycarbonate and polyester.?*-38 The mem-
brane thickness of commercial track-etch polycarbonate (PCTE)
membrane is between 6 and 25 pm with nanopores randomly
distributed in the polymeric substrate. The pore density of
track-etch membranes can be readily tuned from 1 to 108 pores
per cm? by adjusting nuclear fission bombarding tracks.['*22
The advantages of track-etch membranes are their low-cost,
chemically inertness, and durability with a maximum tolerated
pressure of over 3000 psi.B% Track-etch membranes, especially
PCTE membrane, are widely used in extrusion methods under
high pressure (e.g., vesicle extrusion). The major limitation of
track-etch membranes is their low porosity (1-20%) that is rel-
atively lower than AAO and SPG membranes (up to 60%).14%
Moreover, the random distribution of nanopores makes it dif-
ficult to control the spacing distance between nanopores. This
frequently causes two nanopores to merge together (Figure 1A),
resulting in a pore diameter coefficient of variation (CV) as
high as 76%.!1 This may also cause nanomaterial aggregation
during the nanofabrication process.

2.2. AAO Membranes

AAO membranes are prepared from aluminum thin film using
an anodization process.*l During anodization, an aluminum
metal sheet is electrochemically etched into a highly uniform
and self-organized nanoporous structure arranged in a hexag-
onal array (Figure 1C,D).¥] Similar to track-etch membranes,
the pore shape of the AAO membrane is also cylindrical. The
pore size of AAO membranes ranges from 5 to 500 nm with a
high pore uniformity (CV = 10-20%).1#~*¢ The porosity of AAO
membranes has a wide range from 3% to 60% and the pore
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density of AAO membranes can reach as high as 10! pores
per cm?.*#] This highly porous characteristic makes the AAO
membrane the most commonly used template in conventional
template synthesis methods since its higher pore density leads
to a higher yield of nanomaterials in comparison with other low
pore density membranes. The thickness of commercial AAO
membranes ranges from 5 to 200 um. The major advantage of
an AAO membrane is its highly uniform nanopore pattern and
extremely high pore density. AAO membranes with a high max-
imum rupture pressure of 100 000 psi has also been reported.!*®!
However, AAO membranes are not as chemically inert as
track-etch membranes.*] The commercial AAO membranes
only offer a narrow pore size range between 10 and 200 nm
and are more expansive than track-etch membranes due to the
anodization fabrication process.

2.3. SPG Membranes

SPG membranes are prepared from calcium aluminoboro-
silicate glass that is made from “Shirasu,” a Japanese volcanic
ash.b%33 To prepare SPG membrane, refined Shirasu is mixed
with calcium carbonate and boric acid and heated to achieve
glass fusion, then phase separation of calcium-borate-rich
glass and aluminosilicate-rich glass is formed via annealing.
Micro-/nanopores are eventually formed by leaching out cal-
cium borate with acid. Unlike track-etch and AAO membranes’
straight-through nanopores, the nanopores in SPG mem-
branes are interconnected with each other in a tortuous path
(Figure 1E,F)P* which provides a higher transmembrane flux.
SPG membranes have a wide spectrum of pore sizes ranging
from 50 nm to 30 um (CV = 20%) and a high porosity from
50% to 60%.50:33:55:5¢]

The shape of a SPG membrane is usually that of a tube
instead of a sheet, and the tube outer diameter is 10 mm with
a membrane thickness of =0.45-0.75 mm.P%33%5] The surface
wettability of SPG membranes can be modified by reaction with
organosilanes, such as octadecyltrichlorosilane.””>® The major
advantages of SPG membranes are that they are chemically and
thermally stable with extremely high pore density. SPG mem-
branes can be easily cleaned and recycled by incineration due
to their high thermal stability.’®) However, the nanopore chan-
nels in SPG membranes are not so uniform and well-defined
as track-etch and AAO membranes, which could limit their size
control capability in preparing nanoscale materials.

3. Nanoporous Membrane Extrusion Strategies

3.1. Vesicle Extrusion

Vesicle extrusion is one of the most widely used liposome prep-
aration techniques.[*-%2 Its mechanism is based on a nano-
porous membrane extrusion procedure whereby pre-formed
multilamellar vesicles (MLVs) are forced through nanopore
channels in a membrane to obtain monodisperse unilamellar
liposome vesicles (Figure 2A,B).% In a typical vesicle extru-
sion procedure, natural or synthetic lipids (e.g., 1,2-dioleoyl-
sn-glycero-3-phosphocholine, cholesterol, and others) are first
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Figure 1. Scanning electron microscopy (SEM) images of A,B) a track-etch membrane (PCTE), C,D) an AAO membrane, and E,F) a SPG membrane.
For each type of nanoporous membrane, both A,C,E) surface and B,D,F) cross-section images are presented. Reproduced with permission.[3243.54

Copyright 2005, Elsevier; Copyright 2010, IEEE; Copyright 2010, Elsevier.

dried into a thin lipid film using an evaporator or inert gas
blowing. This lipid film is then hydrated in aqueous solution
and phospholipid molecules in the lipid film spontaneously
self-assemble into MLVs with sizes ranging from 0.5 to 10 um
during their dispersion into the aqueous solutions. In order to
improve their lamellarity, obtained MLVs usually go through
10 freeze/thaw cycles that facilitate lipid molecule rearrange-
ment in the lipid bilayers. These pre-formed MLVs are extruded
through double-stacked nanoporous membranes with defined
pore sizes of 100 or 200 nm. During this extrusion procedure,
MLVs are forced to enter narrow nanopore channels that are
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significantly smaller than their diameters, leading to the rup-
ture of the MLV’s lipid membrane and continuous formation
of unilamellar liposomes with a single lipid bilayer inside the
nanopore channel. These formed unilamellar liposomes are
carried away by the continuous pressure flow and released at
the exit of nanopore channels in the reverse side of the mem-
brane. This extrusion process is usually repeated five to ten
times to achieve a desired size distribution with the mean
diameter of obtained liposomes usually reflecting the diameter
of the nanopore. A critical parameter in vesicle extrusion is to
make certain that MLVs are extruded at a temperature higher
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Figure 2. A) Schematic illustration of the vesicle extrusion process for liposome preparation. B) Transmission electron microscopy (TEM) image of
liposomes prepared by vesicle extrusion. Reproduced with permission.l®®l Copyright 2005, Elsevier. C) Schematic illustration and D,E) TEM images of
vesicle extrusion method for preparing 1D cylindrical micelles. Reproduced with permission.[' Copyright 2009, American Chemical Society.

than their lipids’ gel-liquid crystalline phase transition temper-
ature (Tc), which allows the lipids of MLVs to enter the liquid
phase and provides enough flexibility in the lipid membrane
to form unilamellar liposomes. Track-etched polycarbonate
(PCTE) membranes are the most commonly used nanoporous
membranes for vesicle extrusion applications. 647!

Vesicle extrusion method was originally developed by Olson
et al. when they demonstrated the preparation of nanoscale
unilaminar liposomes (=270 nm in diameter) through a
sequential extrusion under low pressures (<80 Ib in.™!) using a
series of nanoporous membranes with decreasing pore size.l®!l
Later, Olson et al. reported the preparation of the chemodrug,
doxorubicin, encapsulating liposomes using the vesicle extru-
sion method followed by evaluating their in vitro and in vivo
toxicity and therapeutic efficacy against leukemia cells.[%¥l Since
then, extensive studies have been carried out to investigate the
influential parameters (e.g., lipid composition, nanoporous
membrane properties, extrusion pressure, etc.) on the vesicle
extrusion procedure as well as its industrial and biomedical
applications.[*72] Uniform nanoscale liposomes are the major
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product of vesicle extrusion and they currently play a pivotal
role in drug delivery applications./’3-7¢l

A liposome is a spherical synthetic lipid vesicle composed
of a single lipid bilayer with a nanoscale diameter ranging
from 60 nm to a few micrometers. Due to their unique hollow
structure, liposomes have been widely used as a drug delivery
system to protect and deliver therapeutic agents including
chemodrugs,””78l small molecule inhibitors,”>#) siRNAs, 882
DNAs B384 proteins/peptides,®>#? and recently developed
CRISPR-Cas gene editing systems.?”® The surface of
liposomes is frequently modified with polyethylene glycol (PEG)
to reduce cell uptake by immune cells and extend the liposome
blood circulation time.*®®2 The surface of liposomes can be
further conjugated with targeting ligands (e.g., antibodies, pep-
tides, aptamers, etc.)?3>= to facilitate targeted drug delivery. To
date, liposomes are the most widely used nanomedicines in the
clinic with over 10 liposome-based drugs approved for treating a
variety of diseases from cancers to fungal infections to pain man-
agement. Over 20 liposome formulations are currently being
tested in clinical trials.”®%*% Among all clinically approved
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liposomes, PEGylated and non-PEGylated doxorubicin-encapsu-
lating liposomes (trade name: Doxil and Myocet) are the most
successful examples. Doxil was approved by the United States
Food and Drug Administration (US FDA) in 1995 as the first
clinically approved nanomedicine for treating ovarian cancer
and multiple myeloma.® The clinical studies have shown that
these liposome formulations successfully reduced the cardiotox-
icity of their chemotherapy payload, doxorubicin. For example,
Myocet has shown a substantially improved maximum tolerated
dose of doxorubicin compared to free doxorubicin from 480 to
2200 mg m~2, resulting in an 80% lower risk of cardiotoxicity.”’]
The most recently approved liposome-based drug is irinotecan
liposome (trade name: Onivyde), which increases the survival of
patients with metastatic pancreatic cancer, one of the most lethal
cancers, for up to four months.[190-102

Vesicle extrusion has also been extended to produce 1D
nanomaterials (Figure 2C). For example, Guo et al. reported the
creation of a two-step vesicle extrusion method to prepare lipid
nanotubes (LNTs).19 They first extruded glycolipid N-(11-cis-
octadecenoyl)-a-p-glucopyranosylamine at 90 °C through a
100 nm PCTE nanoporous membrane to form liposomes, and
the obtained liposomes were immediately extruded again using
a 200 nm AAO membrane to form LNTs. The obtained LNTs
featured controlled diameters from 148 to 392 nm with a wall
thickness between 48 and 145 nm, and the length of LNTs
ranges from few to tens of micrometers. This method has also
been used to prepare cylindrical micelle nanotubes. For example,
Chen et al. reported that they extruded polystyrene-b-polyiso-
prene diblock copolymer micelles through a 20 nm AAO nano-
porous membrane.l'® Due to the confinement of nanopore
channel, several spherical micelles fused into a cylindrical tube
and pushed out at the outlet of nanopore (Figure 2D,E).l1% The
obtained cylindrical micelle features a high aspect ratio of few
micrometers in length and 33 nm in diameter. Later, Chen et al.
continued to apply this vesicle extrusion method to prepare gold
nanoparticle-loaded cylindrical micelles.[%!

Unlike other established liposome preparation methods
(e.g., sonicating, stirring, and freeze drying), using vesicle
extrusion to prepare liposomes is not limited by lipid solubility
and composition, and its reproducibility is extremely high.
However, the vesicle extrusion method also has some draw-
backs. Vesicle extrusion can only effectively prepare liposomes
with a narrow size range of 40-150 nm but liposomes within
this size range are considered as the most useful ones for bio-
medical applications due to their ability to avoid immune cell
uptake.l'% The entire procedure for vesicle extrusion method is
relatively longer and more complicated than other established
liposome preparation methods. In addition, the vesicle extru-
sion method suffers from a higher product loss caused by the
nanopore filtration effect. The filtered lipids and drugs continu-
ously accumulate on the feeding side of the nanoporous mem-
brane during the nanofabrication process, which may clog the
nanopore channels in scale-up productions.

3.2. Membrane Emulsification
Membrane emulsification is a nanoporous membrane extru-

sion method for preparing monodisperse emulsions.?*3>107]
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There are two common types of membrane emulsification:
direct membrane emulsification and premix membrane emul-
sification (Figure 3A).53107-109 [n a typical direct membrane
emulsification process, a dispersed liquid phase (e.g., oil) is
forced to permeate through a nanoporous membrane into
another immiscible liquid phase (e.g., water) under a contin-
uous flow. The function of nanopore channels in membrane
emulsification is to break up large dispersed phase droplets
into small, uniform micro-/nanoscale droplets. Small drop-
lets of dispersed phase are formed at the exits of the nanopore
channels and are carried away by the shear stress across the
membrane surface from continuous phase. The resulting mix-
ture solution contains insoluble droplets of dispersed phase
is called emulsion (Figure 3B),1%M11 and the most common
emulsion is an oil (0)/water (w) mixture. This membrane emul-
sification method has been successfully demonstrated in the
preparation of various types of emulsion droplets including
o/w, w/o, w/o/w, and o/w/o, etc.!'?l The obtained emulsion
solution can be further processed into solid nanoparticles via
sequential treatments such as polymerization, solvent evapora-
tion, or crystallization.['!3]

There are several differences between membrane emulsifi-
cation and the previously discussed vesicle extrusion method.
First, direct membrane emulsification utilizes a nanoporous
membrane to emulsify the bulky dispersed phase into uniform
nanoscale droplets instead of downsizing pre-formed lipid vesi-
cles. Nevertheless, a premix membrane emulsification method
was later developed by adopting a similar procedure to the ves-
icle extrusion method.'%114 [n the premix membrane emulsi-
fication procedure, coarse emulsion droplets are first prepared
by mixing two immiscible phases (oil and water phases) using
a conventional stirring method after which the coarse emul-
sion droplets are forced through a nanoporous membrane to be
downsized into uniform micro-/nanoscale emulsion droplets
(Figure 3A). The advantage of this premix membrane emulsifi-
cation method is that its emulsion droplets exhibit a better uni-
formity and dispersity in comparison to those prepared by direct
membrane emulsification. Second, in membrane emulsifica-
tion, nanopore size more closely controls the size of emulsion
droplets in comparison with vesicle extrusion. Schréder et al.
found a linear relationship between the average membrane
pore diameter and the average emulsion droplet diameter.''] Tt
indicated that the average emulsion droplet diameter formed by
membrane emulsification is usually 2 to 10 times larger than
its average membrane pore diameter. In addition, the porosity
of the membrane surface also has a critical role in preventing
coalescence because if two nanopores come too close to each
other, the newly formed emulsion droplets at the exits of nano-
pore will contact and fuse with other droplets, leading to coales-
cence. The maximum membrane porosity for preventing emul-
sion droplet coalescence has been calculated by Abrahamse
et al.% Third, surfactant molecules (e.g., sodium dodecyl sul-
fate (SDS)) are frequently added into continuous phases to pro-
tect the newly formed emulsion droplets from coalescence in a
membrane emulsification.['7-119]

SPG membranes are the most commonly used nano-
porous membranes in membrane emulsification applica-
tions 993555759 In addition to the SPG membrane, other
nanoporous membranes have also been used in membrane
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Figure 3. A) Schematic illustrations of direct membrane emulsification (Direct ME) and premix membrane emulsification (Premix ME). Reproduced
with permission.%”] Copyright 2005, Elsevier. B) Optical micrograph of w/o emulsions prepared by membrane emulsification. Reproduced with
permission.["% Copyright 2013, Wiley-VCH. C) SEM image of PLA nanoparticles prepared by premix membrane emulsification. Reproduced with

permission.['* Copyright 2008, Elsevier.

emulsification applications. For example, Yanagishita et al.
described the membrane emulsification preparation of SiO,
nanoparticles using an AAO membrane.'?% Park et al. pre-
pared o/w emulsions of kerosene and SDS solution using
PCTE membranes with different pore sizes.'?!] Kobayashi et al.
showed that straight-through silicon microchannels can also be
used for membrane emulsification applications.['??

The direct membrane emulsification method was originally
developed by Nakashimai et al., when they reported the prep-
aration of highly uniform microscale kerosene-in-water and
water-in-kerosene emulsions using a SPG membrane. Later,
Suzuki et al. improved this method by developing the premix
membrane emulsification method that significantly increased
the uniformity and reduced the droplet size of corn oil/water
emulsions.% Since then, and over the past two decades, the
membrane emulsification method has been rapidly developed
to prepare a variety of micro-/nanoscale materials.'%113] To
date, the major products of membrane emulsification are emul-
sions and micro-/nanoparticles. Several emulsion drugs have
been approved by US FDA and European Medicines Agency
for treating parenteral nutrition-associated diseases and can-
cers.12>7125] For example, Soy bean oil nanoemulsion (trade
name: Intralipid, droplet size: 300-400 nm in diameter) was
approved by US FDA in 1972 for treating parenteral nutrition-
associated diseases.26128] Chemotherapeutics (e.g., epirubicin
and cisplatin) have also been successfully encapsulated in
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poppy seed oil emulsions (trade name: Lipiodol) using mem-
brane emulsification methods, and have been used for treating
unresectable hepatocellular carcinoma via transcatheter arte-
rial chemoembolization.'?132 In addition to drug delivery,
emulsions have also been widely used in many other industrial
applications including foods['33-13% and cosmetics.['36-138]
Polymer micro-/nanoparticles can also be prepared by mem-
brane emulsification. Monomers are preliminarily dissolved in
the dispersed phase and extruded through a nanoporous mem-
brane into micro-/nanoscale emulsion droplets, which are fur-
ther solidified via polymerization into uniform particles with a
narrow size distribution. An important example is developed
by Wei et al. when they successfully prepared polylactide acid
(PLA) nanoparticles using the premix membrane emulsifica-
tion method.3* The synthesized PLA nanoparticles demon-
strated a highly uniform spherical morphology with a narrow
size distribution (Figure 3C).*% The size of these PLA nano-
particles was readily controlled by their transmembrane pres-
sure with a range from 250 to 450 nm. PLA nanoparticle is one
of the most studied nanocarriers with substantial potential for
clinical applications.0-142] Prostate-specific membrane antigen
(PSMA)-targeted, paclitaxel-encapsulating PLA nanoparticle
(trade name: BIND-014), was tested in several clinical trials
directed against a variety of cancers including metastatic pros-
tate cancer and non-small cell lung cancer.'*31%1 Membrane
emulsification has also been shown to prepare nanoparticles
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from many other materials. For example, Charcosset et al.
reported the preparation of solid lipid nanoparticles with a size
range between 70 and 215 nm using direct membrane emulsi-
fication with an AAO membrane.l'*! Inorganic nanoparticles,
such as SiO, and silver nanoparticles, have also been success-
fully prepared using membrane emulsification methods.[120:146]
In addition to emulsions and nanoparticles, membrane emul-
sification has also been demonstrated to prepare more compli-
cated nanostructures. For example, Blouza et al. reported the
preparation of spironolactone-loaded polycaprolactone (PCL)
nanocaspsules with mean diameters of 320 and 400 nm using a
Kerasep ceramic membrane with 100 nm nanopores.*’] Kuki-
zaki and Goto also reported the preparation of SDS-stabilized
nanobubbles (360-720 nm in diameter) using membrane
emulsification with a SPG membrane.[*8]

Conventional emulsion preparation methods include high-
pressure homogenization, ultrasonic homogenization, and
colloid milling,"*1>1 which share a common drawback that
requires a high-energy input to disrupt large dispersed phase
droplets in zones of high energy density. Additionally, the
derivatives of high-energy inputs may negatively impact on the
emulsion payloads. For example, ultrasound and heat gener-
ated from homogenization could denature bioactive payloads
(e.g., proteins or nucleic acids) in the emulsion. In comparison,
membrane emulsification provides better control of emul-
sion droplet size and distribution, mildness of procedure, low
energy consumption, and is easy to scale up. However, mem-
brane emulsification also has its own technical limitations.
Membrane emulsification has a relatively low dispersed phase
flux compared to other emulsification methods, which leads
to a lower emulsion production. It is also difficult to prepare
emulsion droplets with high viscosity and a uniform emul-
sion can only be prepared using highly uniform nanoporous
membranes.

3.3. Precipitation Extrusion

Precipitation extrusion is a recently developed nanoporous
membrane extrusion method for one-step synthesis of nano-
particles and nanofibers.>>>’] In a typical precipitation extru-
sion procedure (Figure 4A)['>* a feed solution containing
dissolved solutes is forced through a nanoporous membrane to
meet a receiver solution at the exits of the nanopores, in which
the solutes are insoluble. At the interface between nanopore
exit and receiver solution, droplets of feed solution confined
in the nanopore rapidly precipitate forming solid nanoparticles
when contacting the receiver solution, and the resulting precip-
itated nanoparticles are carried away from the nanopore exits
by the continuous flow and dispersed in the receiver solution
to achieve complete solidification. This nanopore-controlled
precipitation of feed solution can be achieved using a variety of
mechanisms, including antisolvent, pH-induced protonation/
deprotonation and self-assembly.

A signature difference between precipitation extrusion and
membrane emulsification is that in the precipitation extru-
sion, both feed and receiver solution are miscible and the
obtained nanomaterials are spontaneously solidified through
precipitation in the receiver solution. In contrast, membrane
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emulsification is performed in two immiscible liquid phases
and requires an additional step to convert the emulsion drop-
lets into solid nanoparticles. Precipitation extrusion is a very
dynamic process and the precipitation of nanomaterials is gov-
erned by both transmembrane flux speed of the feed solution
and the nature of precipitation mechanisms. If the precipitation
extrusion process is too fast, too many nanoparticles are solidi-
fied at the exits of the nanoporous membrane and could clog
the nanopore channels. In contrast, if the precipitation extru-
sion process is too slow, the droplets of feed solution are not
fully solidified when they leave the nanopore exit. These unsoli-
fied droplets will coalesce with other droplets when they contact
each other to form bulky aggregates. These two critical factors
must be finely tuned to achieve optimal outcomes. Track-etch
and AAO membranes are both widely used in precipitation
extrusion due to their uniform and straight-through nanopore
channels. Other membranes such as SPG membranes are dif-
ficult to apply to precipitation extrusion because their intercon-
nected nanopore structure easily causes large precipitation to
form inside the nanopore channels.

The precipitation extrusion method was first developed by
the authors to prepare ultrasmall chitosan nanoparticles using
PCTE and AAO membranes."? Low molecular weight chi-
tosan oligosaccharides (MW 20 000) were dissolved in an acidic
PBS solution as feed solution and extruded into a basic PBS
solution to induce deprotonation-mediated precipitation. The
obtained chitosan nanoparticles show a close correlation with
nanopore size. Later, these investigators continued to use this
method to prepare amorphous hydrophobic drug nanoparticles
based on antisolvent-mediated precipitation.'> Three water
insoluble drug compounds, silymarin, beta-carotene, and butyl-
ated hydroxytoluene, in bulky crystalline powders (Figure 4B),
were successfully converted into highly uniform nanoparticles
(Figure 4C) with a mean hydrodynamic diameter of =100 nm,
which can be readily dispersed in the aqueous solution without
aggregation.'> Tt is worth nothing that precipitation extru-
sion process not only reduced the drug particle size, but also
changed its crystalline structure. The X-ray diffraction analysis
revealed that this rapid nanopore-controlled precipitation pro-
cess converts the crystalline powders of hydrophobic drugs
into an amorphous phase that is more favorable for aqueous
dissolution and body absorbance (Figure 4D).">

Precipitation extrusion has also been explored to produce 1D
nanomaterials. We utilized the precipitation extrusion method
to cooperatively precipitate calcium phosphate nanoparti-
cles and collagen nanofibrils into biomineralized nanofibers
followed by exploring their applications in stem cell differentia-
tion and bone tissue engineering.'>3] Important and distinct
from other established biomineralization methods, we found
that this precipitation extrusion method can produce a unique
biomineralized pattern featuring a 67 nm band as calcium
phosphate nucleation sites (Figure 4E),'3 which more closely
resembles the naturally occurring biomineralized collagen
nanofibers found in bone tissues. This unique nanocomposite
structure is extremely difficult to prepare using other estab-
lished biomineralization methods (e.g., polymer-induced liquid-
precursor (PILP)) that take up to several days, with an additional
need of polyanionic polymers to achieve this.'>*-12 By using
the precipitation extrusion method, the nanopore-controlled
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Figure 4. A) Schematic illustration of precipitation extrusion for nanoparticle preparation. SEM micrographs of B) bulk beta-carotene powders and
C) beta-carotene nanoparticles prepared by precipitation extrusion. D) Powder X-ray diffraction patterns of beta-carotene power and nanoparticles.
Reproduced with permission.l">l Copyright 2013, Future Medicine. E) Schematic illustration and TEM images of calcium phosphate (CaP) mineralized
collagen nanofibers prepared by precipitation extrusion. Reproduced with permission.l>3l Copyright 2011, American Chemical Society.

precipitation process does not require any polyanionic poly-
mers to suppress bulk crystallization and only required us less
than 1 h to complete the experiment, which significantly sim-
plifies and shortens the nanofabrication process. This approach
offers promising potential for scale-up production of biominer-
alized nanomaterials. This precipitation extrusion method has
been further extended for preparing composite nanomaterials
from other biomaterials including fibronectin, elastin, hyalu-
ronan, and PLA.°>57] For example, Raoufi et al. reported the
use of precipitation extrusion to prepare a variety of biopolymer
blended nanofibers with an AAO membrane.'® Uehara et al.
reported the preparation of stereocomplex PLA nanoparticles
using the precipitation extrusion method based on antisolvent-
mediated precipitation. They blended poly(L-lactic acid) and
poly(p-lactic acid) in chloroform as feed solution and extruded
it through 100 nm PCTE or AAO membrane into a methanol
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receiver solution. Owing to the insolubility of PLA in methanol,
stereocomplex nanoparticles were precipitated.>”] Interest-
ingly, Powell et al. observed the phenomenon of transient pre-
cipitation and dissolution process of calcium hydrogen phos-
phate nanoparticles inside a conical-shaped nanopore of a PET
membrane.['3] This process can be monitored in real time by
observing ion current oscillations using patch clamp, which
connects nanopore-controlled precipitation with another impor-
tant application of nanoporous membranes: resistive-pulse
sensing. This nanoprecipitation-associated ion current oscil-
lation has been further investigated in the study of nonlinear
electrochemical processes and stochastic sensors.[164-168]
Compared with the conventional nanoprecipitation method,
the precipitation extrusion method exhibits the following
advantages: First, precipitation extrusion provides better control
of the nanoparticle uniformity and mondispersity. Precipitation
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extrusion is especially efficient in preparing nanoparticles with
a size equivalent or less than 100 nm, which represents the
most useful size range for biomedical applications. Second,
the nanopore confinement enables the precipitation extrusion
method to prepare more complicated nanocomposite structures
(e.g., biomineralized nanofibers or stereocomplex nanoparti-
cles) than the conventional nanoprecipitation method. Third,
precipitation extrusion exhibits an excellent reproducibility
compared with the conventional nanoprecipitation method,
which could significantly reduce the batch-to-batch difference
for scale-up of nanomaterial production. Notably, a recently
developed flash nanoprecipitation method has significantly
improved the nanoparticle size control and uniformity by
using a multi-inlet vortex mixer or a confined impingement jet
mixer,[19-171 however, this method frequently requires the addi-
tion of amphiphilic block copolymers to stabilize nanoparticles
from aggregating. In comparison, the precipitation extrusion
method can directly formulate hydrophobic small molecules
into stabilized nanoparticles without the help of amphiphilic
block copolymers. In addition, precipitation extrusion can be
used to prepare both nanoparticles and nanofibers whereas
flash nanoprecipitation can only be used to prepare nanopar-
ticles. However, precipitation extrusion has its own limitations:
precipitation extrusion is based on finely tuned experimental
conditions that require extensive time and labor to optimize
(e.g., flow rate, feed solution concentrations, etc.) and may
not be applicable to all precipitation mechanisms. Similar to
other nanoporous membrane extrusion methods (e.g., vesicle
extrusion and membrane emulsification), its production yields
are generally lower than the conventional nanoprecipitation
method due to the nanopore filtration effect.

3.4. Biological Membrane Extrusion

Cell-derived nanomaterials (e.g., cell membrane-cloaked nano-
particles and extracellular vesicles) have recently emerged as a
novel type of nanomaterials and exhibit promising potentials
in many biomedical applications from drug delivery to dis-
ease diagnosis.'’217%1 Cell membrane-cloaked nanoparticles
are a prominent example of cell-derived nanomaterials and are
defined as a “core—shell” nanocomposite that comprises a solid
nanoparticle “core” and a layer of cell membrane “shell”.'6-17]
These cell membrane-cloaked nanoparticles harness the biolog-
ical functions of naturally occurring cell membranes and their
membrane-bound proteins, which enable them to more effi-
ciently avoid the reticuloendothelial system uptake and to circu-
late longer in comparison to synthetic PEGylated nanoparticles.
This feature represents a novel biomimetic “stealth” strategy.
Cell membrane-cloaked nanoparticles are prepared via a nano-
porous membrane extrusion method that is highly similar to
vesicle extrusion but with modifications. We call it the “bio-
logical membrane extrusion” method, which generally involves
two steps (Figure 5A)."7% The first step is to harvest cell mem-
branes from target cells. This step is usually achieved through
whole cell rupture using hypotonic treatment, homogenization,
or cell lysis. The obtained cell membrane is separated from cell
debris and organelles using centrifugation. In the second step,
the obtained cell membrane fragments are extruded through
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a nanoporous membrane to form uniform cell membrane-
derived vesicles (“shell’) and these cell membrane-derived
vesicles are extruded again with solid nanoparticle (“core”) sev-
eral times. When a cell membrane-derived vesicle encounters
a solid nanoparticle within the nanopore channel, both “shell”
vesicle and “core” particle fuse together to form a “core—shell”
nanocomposite which is released at the exit of the nanopore.

There are several factors that regulate this biological mem-
brane extrusion process. First, the membrane-to-polymer ratio
has a direct impact on the membrane coverage of nanoparticles.
Luk et al. reported that the membrane-to-polymer ratio must
reach at least 100 pL mouse blood per mg polymer for the red
blood cell (RBC) membrane to completely coat the 100 nm in
diameter poly(lactic-co-glycolic acid) (PLGA) nanoparticles.[8%
Second, the surface charge of “core” particles also affects the
cell membrane coating. Luk et al. investigated the preparation
of cell membrane-cloaked nanoparticles using both positively
and negatively charged polymers as “core” nanoparticles via
the biological membrane extrusion method, and found that
only negatively charged nanoparticles readily formed “core—
shell” nanostructures.l'®] The positively charged nanoparticles
electrostatically interact with the negatively charged cell mem-
branes to form microscale aggregates, leading to blockade of
nanopore channels during the extrusion process. Importantly,
they also found that 84% of obtained RBC membrane-cloaked
nanoparticles had the extracellular side of the RBC membrane
coated outward, which is called “right-side-out”."® This direc-
tional membrane coating could also be attributed to the electro-
static repulsions between negatively charged cell membranes
and negatively charged polymeric nanoparticles. This same
group have also demonstrated that this biological membrane
extrusion method can be flexibly applied to coat polymeric
nanoparticles of different sizes ranging from 65 to 340 nm.[8!
To date, track-etch membranes (e.g., PCTE membranes) are the
most commonly used nanoporous membrane for biological
membrane extrusion applications.

This biological membrane extrusion method was firstly
developed by Shingles and McCarty when they extruded plant
plasma membranes through a 100 nm PCTE nanoporous
membrane to form uniform and monodisperse plasma mem-
brane vesicles with a mean diameter of 103 nm.['3! They also
measured membrane sidedness of obtained plasma membrane
vesicles using an ATPase activity assay and found that =80%
of obtained plasma vesicles are in the “right-side-out” orien-
tation, which is significantly higher than the 30% of plasma
membrane vesicles prepared by the conventional freeze/thaw
method. Hu et al. adopted this biological membrane extru-
sion method to prepare mouse RBC membrane-coated PLGA
nanoparticles for chemotherapeutic delivery.'”® In this study,
mouse RBC membrane-cloaked PLGA nanoparticles were
prepared using the two-step biological membrane extrusion
method described previously: the obtained mouse RBC mem-
brane-cloaked PLGA nanoparticles exhibited a mean diameter
of =80 nm with a 70 nm “core” particle and a 7-8 nm “shell”
lipid layer (Figure 5B).'7%l They found that the glycans (e.g.,
CD47) presented on the RBC extracellular surface could help
RBC membrane-cloaked PLGA nanoparticles avoid being taken
up by macrophages in the blood circulation and the half-life of
RBC membrane-cloaked PLGA nanoparticles in the circulation
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Figure 5. A) Schematic illustration of biological membrane extrusion for preparing red blood cell (RBC) membrane-cloaked nanoparticles. TEM images
of B) mouse RBC membrane cloaked PLGA nanoparticles, C) human RBC membrane-cloaked PLGA nanosponges, and D) human platelet membrane
cloaked PLGA nanoparticles. Reproduced with permission.l76177.17%] Copyright 2011, National Academy of Science; Copyright 2013, Nature Publishing

Group; Copyright 2015, Nature Publishing Group.

is 39.7 h, more than twice as long as that of PEGylated PLGA
nanoparticles (=15.8 h), which can be attributed to the “stealth”
function of RBC membrane coating. Later, they continued to
develop a human RBC membrane-cloaked nanosponge to
absorb membrane-damaging toxins from blood circulation
(Figure 5C) and significantly improved the survival rate of
toxin-challenged mice.'”7178] Since then, the biological mem-
brane extrusion method has been extensively studied for use in
the preparation of cell membrane-cloaked nanomaterials using
all types of cell membranes. For example, Hu et al. reported
the preparation of human platelet membrane-cloaked nanopar-
ticles (Figure 5D) and found that these nanoparticles exhibited
platelet-like behaviors that selectively recognize and bind to
damaged human and rodent vasculatures, an interesting fea-
ture which can be translated into promising disease-targeting
therapeutics.'’””l Other cell membranes, such as cancer cell
membranes,['8? neutrophil membranes!'® and hybrid cell
membranes,'® have also been used to prepare cell membrane-
cloaked nanoparticles to facilitate tumor-targeted treatments.
Interestingly, a recent study reported the use of the biological
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membrane extrusion method to directly extrude chemodrug-
loaded live macrophages through a series of microporous mem-
branes.'®] Unlike conventional two-step biological membrane
extrusion, this macrophage extrusion process was performed at
the whole cell level without membrane isolation. The resulting
macrophage membrane-derived vesicles exhibited a nanoscale
diameter of =130 nm with high chemodrug encapsulation.
Biological membrane extrusion is a simple and straightfor-
ward method to prepare cell-derived nanomaterials. Compared
with conventional methods (e.g., free/thaw or sonication),'86-188]
cell-derived nanomaterials prepared by biological membrane
extrusion demonstrate a better uniformity and dispersity with
smaller sizes. Importantly, biological membrane extrusion sig-
nificantly improves the membrane sidedness compared to con-
ventional free/thaw method with a “right-side-out” orientation
ratio of over 80%. Furthermore, biological membrane extru-
sion is usually performed in a relatively mild environment that
helps to preserve the bioactivities of native proteins and nucleic
acids in cell-derived nanomaterials. In comparison, conven-
tional free/thaw and sonication methods frequently denature
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these biomolecules and cause bioactivity loss in the obtained
cell-derived nanomaterials. However, compared to conventional
methods, biological membrane extrusion suffers from a higher
protein loss caused by the nanopore filtration effect, leading to
a lower yield of cell-derived nanomaterials.

4. Summary and Future Perspective

In summary, the nanoporous membrane extrusion method
has proven to be a facile and powerful approach for preparing
nanomaterials with extraordinary size control and reproduc-
ibility. These nanomaterials can be prepared from broadly avail-
able materials including lipids, polymers, inorganic materials
and even live cells. This review has presented four major types
of nanoporous membrane extrusion methods that are now
available for use in preparing a wide variety of nanomaterials
including liposomes, emulsions, nanoparticles, nanofibers/
tubes and cell-derived nanomaterials. The applications of these
nanomaterials widely range from drug delivery to tissue engi-
neering to disease diagnosis.

To date, many fundamental scientific questions and technical
challenges still exist with respect to nanoporous membrane
extrusion methods. The potential merits of employing nano-
porous membrane extrusion are yet to be realized in industrial
nanomaterial production, and many newly developed nanopo-
rous membrane extrusion methods (e.g., biological membrane
extrusion) are still in their infancy. Extensive efforts should be
devoted to improve nanoporous membrane extrusion by sim-
plifying usage, reducing costs, and expanding its applications.
Furthermore, advanced biomechanistic studies are required to
improve our capability to use nanoporous membrane extrusion
to construct sophisticated cell-derived nanomaterials with excel-
lent biological functions. On the basis of this review, research
in the near future should been focused on, but not limited to,
meeting following key challenges.

First, scale-up production of nanomaterials using nano-
porous membrane extrusion remains technically difficult. The
major issue is that the yield of nanoporous membrane extru-
sion is generally lower than other established nanofabrication
methods while having a better size control. This is mainly due
to the fact that almost every nanoporous membrane extrusion
strategy relies on utilizing nanopore channels to control the
size of products, leading to filtration residue of raw materials
to continuously accumulate on the feeding side of the nanopo-
rous membrane, eventually block these nanochannels. When
this occurs, the nanofabrication process must be stopped in
order to replace the membrane ultimately reducing the yield
and increasing the cost of nanomaterial production. One pos-
sible way to solve this problem is to perform nanoporous mem-
brane extrusion in supercritical fluids (SCFs) rather than liquid
phases. SCF is defined as a substance in its supercritical phase
that both its temperature and pressure are beyond respective
critical points.'8-1911 Unlike other liquid phases (e.g., water,
oil, or organic solvents) currently used in the nanoporous
membrane extrusion methods, SCF has a unique physico-
chemical property that it can dissolve solutes like a liquid, and
the extremely low viscosity and high diffusivity of SCF enable it
to effuse more easily through a nanoporous membrane like a

Small 2018, 1703493

1703493 (11 of 16)

www.small-journal.com

gas. Meanwhile, at supercritical state, the density and solvating
power of SCF can be easily and continuously tuned by adjusting
its temperature and pressure, allowing it to prepare nanoma-
terials using different mechanisms (e.g., antisolvent, emulsifi-
cation, self-assembly, etc.).'271%] To date, the SCF technique
itself has already been used to prepare many nanomaterials
including nanoparticles, nanoemulsions, and liposomes.[192-20°]
In these studies, SCF can be used either as a solvent for rapid
expansion of supercritical solution/?®! process or as an anti-
solvent for supercritical antisolvent?®”] process based on the
solubility of nanomaterials in SCFs. However, the drawback
of SCF-based nanofabrication is its poor control over the uni-
formity and dispersity of obtained nanomaterials, and it is also
technically challenging for SCF to prepare nanomaterials with
sizes smaller than 200 nm, which is considered to be the most
useful size for biomedical applications. This is mainly due to
the fact that most SCF-based nanofabrication approaches rely
on microscale nozzles to break up the droplets of solute solu-
tion (SCF or other solvents), and microscale nozzles usually
have a poor control over droplet sizes. Therefore, we can envi-
sion that if we could combine nanoporous membrane extrusion
with SCF techniques, we could significantly reduce the viscosity
of feed solutions by using SCFs to improve its hydrodynamic
permeability through nanoporous membrane. In addition, uni-
form and monodisperse nanopore channels could help to more
efficiently break up feed solution droplets and downsize them
into nanoscale, which, in turn, substantially improves the pro-
duction yield with better size control.

On the other hand, preparing nanomaterials from an
extremely small concentration (e.g., nanomolar) and/or volume
(e.g., nanoliter) of raw materials, also called “ultra scale-down
production”, is also challenging. In the rapidly developing field
of disease diagnosis research, many native disease biomarkers
(e.g., urine and blood proteins, circulating tumor DNAs and
others) exist at very low concentrations (e.g., nanomolar or
lower) with short half-life times (e.g., minutes or shorter).208-215]
One possible way to detect these biomolecules at ultralow
concentration is to capture these biomolecules using micro-/
nanoparticles at single molecular levels and then amplify the
detection signals based on the unit of micro-/nanoparticles.
One prominent example was reported by Rissin et al. who
utilized magnetic microparticles to capture and detect serum
proteins at a concentration as low as 14 fg mL~1121% Given the
important role of nanomaterials in biological detection, it will
be very beneficial if it is possible to formulate biomolecules at
ultralow concentration/volume into nanoparticles without fur-
ther dilution and then, use the versatile armory of nanoparticle-
based detection techniques to detect and analyze these bio-
molecules in a more efficient and precise manner. In order to
achieve this goal, an ultrasmall scale nanofabrication method
is required to prepare nanoparticles with high uniformity and
dispersity which remains a challenge to conventional nanofab-
rication methods. To the authors’ knowledge, one possible way
to solve this issue is to integrate nanoporous membrane extru-
sion with the Lab-on-a-Chip technique. The rapid advances
in Lab-on-a-Chip technique have allowed scientists to handle
chemical reactions at mciro-/nanoliter volumes,?"’-2"l and
have also been widely used for single molecule detection and
analysis.?20-223] For example, Landry et al. recently developed
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a single-wall carbon nanotube array on a microfluidic chip for
single-molecule detection of protein efflux from microorgan-
isms.?23] Though several techniques have been developed to
prepare nanomaterials on microfluidic chips, including micro-
mixing, 2422 flow focusing,!??’-*!l and pulse jetting,[?30:232233]
none of these techniques can achieve the scale-down produc-
tion of nanomaterials at the nanoliter level. For example, the
most commonly used flow focusing technique usually requires
a minimum volume of tens of microliters of raw material
solution to initiate nanofabrication.??’-231 A recently devel-
oped Lab-on-a-Chip nanofabrication method, called transient
membrane ejection, is of particular interest to us.?** In this
method, Ota et al. forced a lipid-containing oil phase to infuse
into a microchannel junction and deposit as a lipid film inside
the microchannel. They then ejected this lipid bilayer from the
microchannel using a water phase to form monodisperse uni-
form lipid vesicles. Kurakazu and Takeuchi further improved
this technique in a manner that enables it to tune vesicle size
by controlling the volume of the microchannel.?35! However,
the size of the lipid vesicle prepared by this transient mem-
brane ejection method is still at the microscale instead of the
nanoscale. Considering the fact that the size, shape, and pore
density of nanoporous membranes can be easily and precisely
controlled, we expect that the transient membrane ejection
method can be adopted to prepare nanoparticles from biomol-
ecules at ultralow concentrations and volumes by replacing
microchannels with a nanoporous membrane. We envision that
integrating nanoporous membrane extrusion with the Lab-on-
a-Chip technology will enable us to achieve the goal of ultra
scale-down nanomaterial production.

We are optimistic about the recent advances in nanoporous
membrane fabrication technologies.?32#3] For example, the
utilization of self-assembly block polymers has enabled us to
prepare highly uniform and ordered nanoporous membrane
with a pore size as small as 1 nm. These newly developed
block polymer-based nanoporous membranes provide a nar-
rower pore size distribution, higher porosity, tunable chemical
and physical properties, with many other advanced functions,
providing the field with new experimental tools and research
opportunities in nanoporous membrane extrusion methods. We
envision that with advances in nanoporous membrane fabrica-
tion techniques and integration of interdisciplinary approaches,
the nanoporous membrane extrusion method could ultimately
reach the industrial level for the scale-up of nanomaterial pro-
duction, which has the potential to be utilized in many impor-
tant biomedical applications, among other possible uses.
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