The
University
rg Of

T

. b5 .'u*i_‘ Shefﬁe]d'

This is a repository copy of Considerations using additive manufacture of emulsion inks to
produce respiratory protective filters against viral respiratory tract infections such as the
COVID-19 virus.

White Rose Research Online URL for this paper:
http://eprints.whiterose.ac.uk/170336/

Version: Published Version

Article:

Sherborne, C. and Claeyssens, F. orcid.org/0000-0002-1030-939X (2021) Considerations
using additive manufacture of emulsion inks to produce respiratory protective filters
against viral respiratory tract infections such as the COVID-19 virus. International Journal
of Bioprinting, 7 (1). 316. ISSN 2424-7723

10.18063/ijb.v7i1.316

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial (CC BY-NC)
licence. This licence allows you to remix, tweak, and build upon this work non-commercially, and any new
works must also acknowledge the authors and be non-commercial. You don’t have to license any derivative
works on the same terms. More information and the full terms of the licence here:
https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose .
| university consortium eprints@whiterose.ac.uk
/‘ Universities of Leeds, Sheffield & York —p—%htt s://eprints.whiterose.ac.uk/




[(WHIOCE

PUBLISHING PTE. LTD.

RESEARCH ARTICLE

Considerations Using Additive Manufacture of
Emulsion Inks to Produce Respiratory Protective Filters
Against Viral Respiratory Tract Infections Such as the
COVID-19 Virus

Colin Sherborne, Frederik Claeyssens*
The Kroto Research Institute, North Campus, University of Sheffield, Broad Lane, Sheffield, S3 7HQ, UK

Abstract: This review paper explores the potential of combining emulsion-based inks with additive manufacturing (AM) to
produce filters for respiratory protective equipment (RPE) in the fight against viral and bacterial infections of the respiratory
tract. The value of these filters has been highlighted by the current severe acute respiratory syndrome coronavirus-2 crisis
where the importance of protective equipment for health care workers cannot be overstated. Three-dimensional (3D) printing
of emulsions is an emerging technology built on a well-established field of emulsion templating to produce porous materials
such as polymerized high internal phase emulsions (polyHIPEs). PolyHIPE-based porous polymers have tailorable porosity
from the submicron to 100 s of um. Advances in 3D printing technology enables the control of the bulk shape while a micron
porosity is controlled independently by the emulsion-based ink. Herein, we present an overview of the current polyHIPE-based
filter applications. Then, we discuss the current use of emulsion templating combined with stereolithography and extrusion-
based AM technologies. The benefits and limitation of various AM techniques are discussed, as well as considerations for a
scalable manufacture of a polyHIPE-based RPE.
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the integrity of the fibers and remove their electrostatic
charge. Additive manufacturing (AM) has been widely
utilized for various applications, such as in the fields
of aerospace!'l, automobiles??, and tissue engineering®,
and now, the AM community has developed three-

1. Introduction

Personal protective equipment (PPE) and respiratory
protective equipment (RPE) are vital for frontline health
workers that work with patients infected with contagious

respiratory tract infections, such as the coronavirus
disease 2019 (COVID-19). During the early pandemic,
there was an exceptionally high global demand for RPE
but supply chains were under severe strain and supply
continuality remained uncertain. There is a constant
demand for RPE masks as they are disposable items or
have a short lifetime as the filters need to be replaced or
decontaminated after prolonged use, which could damage

dimensional (3D) printing initiatives to support health
care and frontline workers™. This includes rapid
printable face shields for health care workers that can
reduce direct exposure from large airborne respiratory
dropletsPl. However, these initiatives are limited by the
material choice and technology that produces masks for
respiratory protection. A key component of RPE is the
filtering mechanism. The filter traps and retains airborne
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Additive manufacture of emulsion inks to produce respiratory protective filters

contaminants, such as virus-laden aerosol particles, while

letting air pass through.

This review presents the feasibility of a polymerized
high internal phase emulsion (polyHIPE)-based filter, and
whether current emulsion-based AM techniques can be
used to produce RPE against COVID-19. The motivation
behind AM to make a porous foam is that it can
produce complex geometries. The advantages include a
multimaterial filter, localized and functionalized surface,
or tunable porosity gradients to control the airflow within
the filter itself. This approach could facilitate new filter
designs that capitalize on new material processing and
manufacturing techniques that may overcome some
limitations of fibrous filters. Furthermore, the new
filter designs may potentially filter the most penetrating
particle size of 0.3 wm, which is the most difficult to
filter because this size is at the transition point between
particles that predominantly move by Brownian motion
and larger particles that move by straight trajectory.
This review provides an overview of the current filter-
based applications of emulsion templating, including the
current state of emulsion ink-based AM and the European
Standard (EN) guidelines regarding the requirements of
a RPE filter.

In this review, the following considerations are
covered:

e RPE requirements including ISO standards and
regulations that a new filter material will need to
comply with;

e An overview of the polyHIPE material, current filter,
and separation-based applications;

e AM of polyHIPE foams, their advantages,
limitations, and the current progress in the literature
to 3D printing using emulsions.

2. Respiratory filter requirements for
COVID-19 prevention

RPE is a broad term covering respirators or breathing
apparatus that filter or remove harmful substances from
the air we breathe. For health care workers, different RPE
types are recommended depending on the exposure risk
from the COVID-19 patients!®. Furthermore, government
guidelines are in place for infection prevention”. The
size of severe acute respiratory syndrome coronavirus-2
that causes COVID-19 is between 50 and 200 nm wide(®.
COVID-19 is thought to transmit through close contact
and contaminated droplets over short distances®. When
an infected patient coughs or sneezes, large airborne
respiratory droplets laden with the virus are produced,
contaminating surfaces and potentially transmitting the
virusto others nearby. Hence, wearing a face mask is able to
protect the surrounding people from respiratory droplets.
Two-meter social distancing, frequent hand washing,
and usage of mouth coverings/face mask are approaches

to prevent the transmission. It is widely accepted that
mask wearing could reduce COVID-19 transmission as
it provides continuous protection from the contamination
from the respiratory droplets and acts as a barrier to stop
direct contacts of hands to mouth, nose, or eyes!'”’. There
is high certainty that the inhalation of the virus-containing
aerosols is one of the infection modes, as determined by
computer modeling of speech and cough that generated
droplets from infected individuals'!!. Nevertheless, this is
largely dependent on the respiratory droplets that suspend
in the air for a certain period of time.

The health care workers are at a great risk of
infection when using aerosol-generating procedures on
COVID-19 patients!® as these airway-based procedures
can create fine particles of <5 wm which can remain
suspended in the air. For example, procedures such as
tracheal intubation and non-invasive ventilation can
produce virus-laden particles of smaller than 10 pum,
which are very likely to bypass the respiratory mucosa
in the upper airways and penetrate deep into the lung,
thereby increasing the infection risk!'?. The World Health
Organization recommends having adequate supply of
PPE, such as N95 respirators, filtering facepieces (FFP3
or FFP2), or their equivalents, as part of the RPEP,

Several ways the airborne particles can deposit onto
the fibers include impaction, interception, and electrostatic
forces. To improve breathability, the respirators must be
permeable to air while maintaining their particle filtering
function. To achieve this, the fibers have electrostatic
charge to attract and trap airborne particles that attach
onto the fiber!'*!. Sterilizing these filters using ethanol!!4
or isopropanol" removes the electric charge from the
fibers which reduces their effectiveness.

According to the US National Institute for
Occupational Safety and Health, N95 masks that can
filter at least 95% of the airborne particles use an
electrostatically charged non-woven polypropylene (PP)
fiber to filter out airborne particles. The protective feature
of these masks is comparable to that of the European FFP2
filters. In future, the masks should be designed in a way
to include a seal around the face to prevent the bypass of
submicron particles through the filter mechanism, which
can occur during head movements!'®. 3D printing is a
potential solution as it can be combined with detailed face
scans to produce a customized face seal for improved
wearer comfort and fit'”. A customized 3D-printed
reusable facemask with a replaceable filter membrane has
been proposed!'¥l. FFP2/3 filter membranes can be used as
a replaceable part of the mask.

3. RPE regulations

There are three classes of respiratory filters: FFPI1,
FFP2, and FFP3. A higher grade indicates a better filter
efficiency; FFP3 can filter out at least 99% of airborne

2 International Journal of Bioprinting (xxxx)—Volume xx, Issue xx

Please cite this article as: Sherborne C, Claeyssens E 2021, Considerations using additive manufacture of emulsion inks to
produce respiratory protective filters against viral respiratory tract infections such as the COVID-19 virus. Int ] Bioprint.

DOI: 10.18063/ijb.v7i1.316




Sherborne and Claeyssens

particulates. During classification, the respirators are
tested to certify whether they conform to the British
or European standard (BS) EN 149:2001+A1:2009",
The “Conformité Européen” (CE) marking affixed to
the PPE is an evidence of compliance to this legislation
and an indication of the effectiveness of the respirator.
A selection of these requirements is summarized in
Table 1. In the United Kingdom, the HSG53 (2013) is
a guideline recommending the best industry practice for
the usage of RPE and its standard requirement. FFP3
is recommended in clinical use for protection against
biological agents, including pandemic flu. Comparison
tests between FFP3, FFP2, FFP1, and surgical masks
show that there is a gradual decrease in the protection
level with surgical masks offering the lowest level as
they do not seal around the face?”. Performance testing
showed that the FFP2 and FFP3 masks achieved <1%
and <0.03% for the penetration of polydisperse sodium
chloride (NaCl) aerosols with a MMD (mass median
diameter) of 238 nm, respectively!'). Surgical masks offer
some protection against the large droplets and contact
transmission so symptomatic patients should wear it to
minimize the spread of respiratory secretions that could
transmit the infection to the surrounding. Respirators
with a tight face seal are recommended over masks for
enhanced protection. In regard to 3D-printed PPE-related
devices from the 3D printing community, care should be
taken when using them, as the devices are not approved
by the relevant regulatory bodies for clinical use and their
effectiveness is not guaranteed. Therefore, these devices
should be used at the user’s discretion.

The assigned protection factor indicates the level
of protection that could be provided by the respirator
(Table 1). A protection factor of 10 means that the user
particle exposure level is reduced by a factor of 10, so
one-tenth of the air contaminants will be breathed in.
FFP3 is considered to be twice as effective as FFP2.
All respirators require a tight-fitting face seal otherwise
particles can bypass the filter through the open gaps. The
total permitted inward leakage accounts for all potential
leakage paths around the filter when the face seal leaks®!!.

Furthermore, any PPE or RPE for the European
market has to meet the required health and safety

requirements of the European Directive on PPE Regulation
(EU) 2016/425. This covers the legal obligations to ensure
that the manufacture of PPE meets the required standards
relating to the design, manufacture, and marketing of
PPE. Furthermore, commission recommendation (EU)
2020/403 was introduced recently during the COVID-19
crisis to speed up the delivery of PPE to the market,
specifically for the medical professionals.

4. Overview of the polyHIPE

PolyHIPE is a porous polymer that is created by
polymerizing the continuous phase of an emulsion where
the droplet phase exceeds over 74% of the total liquid
volume; this type of emulsion is called a high internal phase
emulsion (HIPE). The two liquids have to be immiscible
with each other; therefore, when they are mixed together
with either a surfactant or a small pickering particle, one
of the liquids is broken into droplets (droplet phase) that
disperse within the other (continuous phase). A polymeric
material known as a polyHIPE is created when the
emulsion’s continuous phase is set into a solid. This can
be done using either a light???!, heat®, or a redox-based
polymerization reaction®. During the crosslinking, the
3D architecture of the emulsion’s continuous phase is fixed
as a solid polymer, and subsequently, the draining of the
droplet phase leaves behind a porous polymer. A unique
property of the polyHIPE is that the porosity parameters
can be independently tuned through the initial emulsion
mixing conditions and ingredients. These include physical
parameters, such as temperature!®, speed of mixing®-2",
and the rate the droplet phase is added®®. The emulsion
constituents can be varied from different aspects, such as
water volume ratio™™’, monomer typel*®3!, solvent used
in the emulsion®>31 amount of surfactant’®¥, surfactant-
free pickering emulsion!, solubility of the initiator®,
and addition of electrolytes to the droplet phase*!. These
variables affect the stability of emulsion, the droplet
size, and the way the monomer polymerizes around the
droplets. A representative scanning electron microscope
image of the polyHIPE structure is shown in Figure 1.
During the polymerization, the monomers cross-
link to form a polymer chain. This process coincides
with a significant volume reduction or contraction.

Table 1. Classification requirements of FFP1, FFP2, and FFP3 respirators

Classification Protection factor Max. penetration of test aerosol: Max. permitted Total permitted
95 I/min max % resistance (mbar) inward leakage

%

Sodium chloride  Paraffin oil Inhalation Exhalation (%)
30/1 min 160 I/min

FFP1 4 20 20 0.6 3 25

FFP2 10 6 6 0.7 3 11

FFP3 20 1 1 1 3 5

Information adapted from the British standard: BS EN 149:2001+A1:2009"°\. FFP, filtering facepieces.
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Figure 1. Scanning electron microscope pictures showing an example of the polymerized high internal phase emulsions structure made with
different water ratios. The monomer-to-water ratios are (A) 1:9, (B) 1:20, and (C) 1:40. All samples contain 10 wt% surfactant relative to

the monomer and were mixed at 350 rpm.

This is because the distance between the monomers
reduces from a typical van der Waals distance (~3
A) to a covalent bond distance (~1.54 A) during
polymerization. This contraction creates interconnecting
windows (holes) between adjacent water dropletst®”..
In the HIPE emulsion, tightly packed water droplets
deform into polyhedral shapesi®®l. A thin coating of
monomer and surfactant prevents them from merging
together. This barrier ruptures and breaks apart during
the polymerization reaction to create the connecting
windows. Monomers such as methyl acrylate have
a high contraction level during polymerization, and
varying its amount in the emulsion can modify the
interconnectivity®®. Furthermore, increasing the water
volume ratio in the initial emulsion increases porosity
and openness by creating a thinner monomer film
surrounding water dropletst®.,

The surfactant has a profound effect on
emulsion stability and directly affects the polyHIPE
interconnectivity, permeability, and size of the pores in
the polymer structure!®”, A surfactant with a concentration
below 5 wt% relative to the monomer in the initial
emulsion creates a polyHIPE with closed porosity, up
to 10 wt% creates small connecting windows which

increase until around 45 wt%; an amount higher than this
will cause a gradual decline in the physical properties and
structural collapseP. The surfactant is an amphiphilic
compound which stabilizes the emulsion by orientating
itself at the interface between the two emulsion phases
with the hydrophobic part pointed toward the oil phase
and the hydrophilic head group toward the aqueous
phase!*!l. Surfactants are classified by their hydrophilic-
lipophilic balance (HLB) number which relates to the
ratio between the hydrophilic and the lipophilic parts of
the surfactant; low HLB (3-6) is oil soluble and used for
water droplets in oil (W/O) emulsions, whereas high HLB
(8-18) is water soluble for O/W emulsions*!l. A stable
emulsion can accommodate a thin barrier film between
adjacent water droplets, which is more prone to rupture
during polymerization.

Filter-based applications may require small pore
sizes and high surface area. This can be achieved by
either an increase in the surfactant or addition of a salt to
the emulsions droplet phase, as shown comprehensively
by Williams et al.®" Typical polyHIPEs have a surface
area around 3-20 m’g!, but replacing some monomeric
continuous phase with a solvent can increase the area to
829 m?g! depending on the solvent used™. Solvents in
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the continuous phase can act as a cosurfactant that results
in smaller pores and an increased interconnectivity
between the porest*?!.

There is a range of research interest in emulsion
templating to create porous polyHIPE structures**#6l,
The research interest also extends to their potential for a
range of fluid separation applications, including filters,
membranes, and chromatography!*”). There are detailed
reviews on emulsion templating applications™-! as
well as the range of materials and uses of a porous foam
manufactured using both liquid- and bubble-based
templating®?!. Some specific reviews also detailed the
porous materials and uses of HIPE-based emulsions
and foam templating®®¥ as well as the potential of 3D
printing as a method to produce tissue engineering
scaffolds®*.

5. Considerations for a polyHIPE-based
RPE filter against viruses

The perspective polyHIPE filters need to be tested to
determine its effectiveness as a RPE filter in relation
to different porosities, thicknesses, and surface
functionalization. The average inhalation under
moderate and strenuous workload 30 L/min and 85 L/
min, respectively!l. To test the filter efficiency under
these flow rates, typically NaCl particles are aerosolized
using a particle generator and the particle concentration
is tested up- and downstream of the filter. This testing
can also represent aerosolized single viruses using small,
0.037-3.2 um, sized particles!'.

The porosity, chemical functionality, and mechanical
strength of the polyHIPE can be independently tuned
based on the emulsion constituents or conditions. This
adjustment has led to a variety of separation-based
applications, including filter, metal ion separation, and
chromatography®’l. PolyHIPEs have a huge separation
potential with a tunable permeability, an ability to
alter surface chemistry, different material choices, and
interconnected pores; their uses as a filter for small
molecule separation have been reviewed™.

The requirements of polyHIPE specifically for
the production of a respirator filter that can prevent
the transmission of aerosolized virus-laden particles
have yet to be defined. In the aspect of virus filtration,
there is a difference between mechanical filtration (pore
size/interconnectivity) and the use of an optimally
functionalized surface for immobilizing the virus
onto the polymer. Despite lacking the information
regarding the pore size, an example of virus filtration
elaborated in the withdrawn 2008 patent EP 1 889
811 Al highlights the importance of a functionalized
surface (aminated, sulfonated, or betainated) to
improve the filtration of poliovirus type 1 from water.
The presented data showed the removal of 99.99%

poliovirus through a functionalized surface against the
99% reduction in a non-functionalized one. The filter
could also be regenerated using either a concentrated
electrolyte/acidic or alkaline solution depending on the
surface functionalization. A heparin-coated polyHIPE-
based chromatographic column has also been used
to selectively bind Enterovirus 71 and purify it from
solutions, and the polyHIPE has a porosity of 0.2-0.5
um and interconnected pore sizes in the range of 0.5-2
um for the isolation of virus particles?”). The virus can
be eluted from the column afterward.

Infection by airborne transmission occurs after
the inhalation of the contaminated droplets. Aerosol
transmission of virus-laden droplets is still not fully
understood in terms of the effects of the exhaled particle
size distribution and the number of infectious viruses
in each particle!'l. The virus itself is between 50 and
200 nm in radius. Typical speech and coughing can
produce aerosolized liquid droplets with an average size
of <20 wm which could linger in the air between 20 min
and 1 h depending on the environmental conditions;
50 and 100 pum sized particles can stay in the air for
approximately 20 s and 3 min while smaller particles can
potentially remain airborne for a longer period of time.
Nevertheless, all particles pose a potential risk of being
inhaled while they remain airborne. It is important to note
that the chances of inhalation increase as the particle size
reduces!''l.

The principal function of a majority of the
polyHIPE-based air filters is to remove particulates from
the air. Vehicle exhaust fumes represent a major source
of air pollution, for example, the hydrocarbon fragments
produced from the partial combustion of fuel®®. In
particular, there is a need to filter out airborne particulate
matter of <2.5 um (PM, ) as these particles in this size
range can damage the respiratory system™. According to
the ISO standardized vocabulary for ultrafine particulate
matter (PM), PMO.1 refers to the particulates with
aerodynamic diameters of 100 nm or less, PM2.5 with 2.5
pm, and PM10 with 10 pm!®®. Small pollutants of <2.5
um are small enough to penetrate deep into the lungs and
cause damage to the alveolar walls.

A polyHIPE-based aerosol filter for automobile
exhaust achieved an increase in the capture efficiency
of particles (<2.5 um) from 1.2% to 72.2% after surface
functionalisation of an amino (-NH,) end group!®". The
polyHIPE filter captured these particles both on the outer
surface and within the pores (pore sizes were between
3.0 and 7.4 pum, interconnects of 1.1 and 2.4 um), and
its effectiveness was attributed to the surface coating
as well as the coating thickness physically reducing the
interconnect and pore size. The filtering efficiency of
a sample with a thickness between 1 and 14 mm rose
from 65 to 80% in filtering particulates of <2.5 um.
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This highlights that in addition to sample thickness,
other factors, such as porosity and interconnectivity of
the polyHIPE, are also required for improving filtering
efficiency.

There is trade-off between the polyHIPE pore size/
interconnectivity and the air flow resistance through the
material. Smaller pores not only increase the strength
of filtration but also the air flow resistance, which
is recorded as an increased pressure dropl®. A more
permeable filter will have a lower pressure drop, but at
a cost of filtration efficiency. This is the same for fibrous
masks in which the air flow is typically perpendicular
to the packed fibres. Increasing the amount of fibrous
material improves particle capture, but causes more air
flow resistancel®. Ideally, the filter should have a low
pressure drop and high collection efficiency!"l. Typical
filters are porous materials that allow air transfer while
trapping airborne particles; there are several types of
trapping mechanisms!'¥. A typical filter example is
Nylon6 (N6)-based non-woven fibrous mesh made by
electrospinning!®!,

6. PolyHIPE filter applications

To create micron-sized pores within the polyHIPE,
the initial emulsion can be mixed using a high-speed
homogenizer (25,000 rpm), resulting in average pore
diameters between 0.6 and 4.5 um, an increase in
interconnectivity was observed when increasing the
surfactant from 5 to 15wt%, and the porosity from 75
to 90%7. A styrene/divinylbenzene (St-DVB)-based
fibrous polyHIPE with pore sizes ranging from 2 to 7 um
and interconnect windows down to 1 wm was produced
by tuning both the surfactant and mixing methods™.

The polyHIPE structure has been used for the
chromatographic separation of proteins because of its
tunable porosity and flexible polymer choice. Glycidyl
methacrylate (GMA) is a popular monomer for this
application because it can be chemically functionalized
through the epoxy groups®l. A list can be found in
Table 2. When used with the cross-linker ethylene
glycol dimethacrylate (EGDMA), polyHIPEs created
from these monomers are more hydrophilic compared
to their styrene/DVB counterparts. Poly(GMA-co-
EGDMA)-based polyHIPEs have been reported to have
1-10 wm pores with submicron interconnects for protein
separation’®. They can be blended with an elastomer
chemically modified with diethylamine to get weak anion
exchange supports in the flexible membrane for protein
purification by ion exchange chromatography with 3—10
wm porosity and 1-3 um interconnects®. A similar
polyHIPE polymer blend has been continuously reused
over 300 times[®?, and grafted GMA brushes have been
used for chromatographic separation of proteins in an
epoxy-based monoliths!®”!,

A redox-initiated polymerization of a poly(methyl
methacrylate)-based polyHIPE filter can be cured in situ
within a tubular mold and used within 20 min. This is
useful if the housing material is opaque to light or heat
sensitive as the reaction can occur at room temperaturef*4.
A similar polymerization method has been used for the
polyHIPE-based chromatography protein purification!®!,
Low porosity emulsion templated foams still retain
some permeability™*”, but it lacks the interconnectivity
level obtained using high volumes of water in the initial
emulsion.

PolyHIPEs created from a W/O emulsion are
hydrophobic because a water immiscible monomer
is used in the initial emulsion. This hydrophobicity
has led to applications such as oil or organic solvent
removal from water where recycled polystyrene is one
of the monomers/®®l. Hydrophobicity can be increased
by adding Fe,O, to the initial monomer to create
superhydrophobic foams (contact angle over 150°) to
remove oil or organic solvent pollutants from water®l. A
poly(dicyclopentadiene)-based polyHIPE oxidizes in air
to produce reactive peroxy species that can be used to
either decontaminate nerve agents’” or produce a self-
decontaminating air filter!”",

A poly(styrene-co-DVB) polyHIPE column with
mean interconnects 0.57-0.59 um can separate 52 nm
particles from 155 nmones through adifference inretention
time!”?. For other aqueous-based filter applications, the
surface of the polyHIPE can be sulfonated to create a more
hydrophilic surface and subsequently used to filter 1-11
um particles of calcium carbonate (aragonite) dispersed
in waterl?!. For microfiltration applications, the outer
surface of polyHIPEs can also be functionalized in situ by
adding a hydrophilic monomer, such as sodium acrylate,
to the emulsion droplet phase to filter out microalgae!™!.
PolyHIPE scaffolds coated with iron hydroxides can
remove arsenic from contaminated water!’’). The use of
pickering based polyHIPEs for the decontamination of
pollutants water has been reviewed in detail elsewhere!”!.

To create a simple polyHIPE sheet, an open pored
surface is critical and care is needed to maintain the
surface porosity when curing the HIPE into a mold to
create a porous membrane. The use of either a hydrophilic
or hydrophobic mold material affects the surface porosity
of the polyHIPE at the HIPE/mold interface!*7>77-%01. An
open or closed pored surface is created by preferential
wetting of the mold surface with either the aqueous or
monomeric (oil) phase of the HIPE and is postulated to
relate to the surfactant orientation at the mold surface!”!.
When polymerizing a W/O emulsions such as St-DVB in
water, the emulsion can destabilize against a PVC mold,
have a closed pored surface skin against a PP mold and
an open porosity against a PTFE one!*. The amount of
open surface porosity can be fine-tuned by varying the
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Table 2. PolyHIPE filter-based applications

Material Application Pore size  Interconnect Surface Characteristics Ref
(pm) (um) functionalization
Poly(St-MMA-DVB) Air filter 3.0-7.4 1.1-2.4 Amino (-NH2) High thermal resistance [61]
functionalized
Poly(St-GMA-DVB) Column to purify virus for 0.5-2 0.2-0.5 Heparin Heparin functionalized to purify [57]
vaccine production Enterovirus 71 (EV71)
PEGMA-SA-PEGDA 3D-printed hemostatic and =3 ~0.75 - Kaolin-loaded, 3D-printed cure [87]
absorbent polyHIPE wound on dispense 3D printed
dressing
Poly(GMA -EGDMA) Protein separation through 1-10 0.1-0.5 Modified to bear weak ~ Surface epoxy groups can be [64]
chromatography anion exchange groups chemically modified
Poly(GMA -EGDMA-EHA) Protein purification by 3-10 1-3 Surface functionalized Flexible polyHIPE membranes [65]
chromatography to create weak anion  that can be rolled into a module
exchange supports
Epoxy resin-based monolith Ion exchange - - Anion exchange Proteins recovery with no [67]
with GMA brushes chromatography functionality using obvious sign of unfolding
iodomethane
Poly(GMA -co-EGDMA) Protein separation by 0.6-0.1 - Surface modified by ~ High column efficiency and [66]
chromatography diethylamine protein-binding capacity
Poly(MMA-co-EGDMA) and  n situ cured open pored 16-29 2.4-6.4 - Redox-initiated polymerization for [24]
poly(BeMa-co-EGDMA) filter in situ polymerization of a filter
Sulfonated polystyrene, EGDMA, Oil recovery 82.3-145.6 7.8-13.5 - Made using recycled polystyrene  [68]
TEOS, and butyl acrylate
Poly(St-DVB) Oil spill recovery - - - Fe,O, increased hydrophobicity [69]
Poly(DCPD) Decontamination of chemical 1-4 - Air oxidation produces Rapiély oxidizes at 85°C; [70,71]
warfare agent and self- hydroperoxide species decontaminates chemical
decontaminating air filter 23.9+16.4 warfare agents
Poly(St-DVB) with EHA or Microfiltration - - Sulfonated to produce Filtration of 1-11 um particles [73]
ethyl vinyl benzene hydrophilic surface of calcium carbonate in water
Poly(St-DVB) and Chromatographic separation 1.08—1.12 0.19-0.59 - Separation of engineered [72]
poly(EGDMA) of nanoparticles nanoparticles (52 nm, 155 nm)
Poly(butyl acrylate- EGDMA)  Ultrafiltration of microalgae 1-80 0.1-3 In situ functionalization Hydrophilic surface through [74]
using sodium acrylate  in sifu functionalization
Poly(St-b -P4VP) Bacteria filter and its 5-50 1-5 Stabilized with Coating with polypyrrole [82]
inactivation using NIR amphiphilic block nanoparticles and NIR-induced heat
sterilization copolymers for potential  to sterilize (20—180°C) within 10 s
surface functionalization
Poly(MMA-EGDMA) Improved mechanical 0.8-25 and 0.2-5.9 - High E-moduli up to 211 MPa [27]
properties of polyHIPE 0.6-4.5
Poly(St-DVB) Ultra-low-density 1.6-9.3 - - Ultra-low-density achieved [29]

polyHIPE

0.0126 g/cm’

The monomer abbreviations used are: MMA, methyl methacrylate; EGDMA, ethylene glycol dimethacrylate, DVB, divinylbenzene; GMA, glycidyl methacrylate; EHA, ethylhexyl acrylate; BeMA, benzyl
methacrylate, TEOS, tetracthyl orthosilicate; St, styrene; DCPD, dicyclopentadiene, P4VP, polyvinylpyridine; PEG, polyethylene glycol; SA, sodium acrylate; PEGDA, polyethylene glycol diacrylate;
PEGMA, polyethylene glycol methacrylate.
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surfactant amount and droplet volume ratio of the initial
emulsion””. A hydrophilic material is required to create
an open surface with W/O emulsions. This can include
hydrophilic glass surface”®%% or alginate®!!.

PolyHIPE-based bacteria filters can be surface-
coated with polypyrrole nanoparticles. These particles
act as nanoheater that can be heated to 180°C within 10
s using near-infrared irradiation to kill trapped bacteria®.
An approach like this could be beneficial for sterilizing
a polyHIPE-based filter as the inner surface of current
NO95 filters can have a warm, wet microclimate which
can contribute to bacterial growth (a strategy that could
also work for viral infections)®¥. Silver is an effective
antibacterial agent and can be coated on the surface
of a polystyrene sulfonate-based polyHIPEBY or a
polystyrene-based polyHIPE®!.  Alternatively, broad-
spectrum antimicrobial activity can be obtained by iodine-
releasing polyHIPEs made from kaolin-containing cross-
linked PEG-NaAA-PEG polyHIPEs®. These can be 3D
printed into a mesh for wound dressing®” as iodine is both
antimicrobial and virucidal®. Alternatively, antibacterial
properties of the polyHIPE surface can be acquired by
dipping the polymer in antibiotics, such as ciprofloxacin
or tetracycline HCL, although freezing and lyophilizing
are required afterward as reported in this case®. However,
antibiotics do not work against viral infections.

Electrospinning has also been combined with
emulsion templating to prevent cell migration in a tissue
engineered scaffold®”. This hybrid manufacture approach
has the potential to combine the strengths of fibrous and
emulsion templated porous structures. Nanofibrous-based
emulsion templated foams are fragile and can be difficult
to scale. Nanofibrous porous syndiotactic polystyrene-
based polyHIPE (average fibrous diameter of about
24 nm) can be used to remove airborne volatile organic
compounds; however, the reported manufacture method
required extensive extraction through boiling in acetone
and freeze-drying to produce the structures according to
the choice of material®",

7. AM of emulsions

Emulsions, in particular, HIPEs that contain photocurable
monomer can be used as an ink for AM techniques.
Stereolithography and extrusion-based printing are 3D
printing techniques that can be used to print with these
emulsions. The conditions of the emulsion used in these
techniques can control the porosity, while the print design
determines the bulk shape. The HIPE viscosity can be
tailored for each technique: low speed mixing (350rpm)
creates a liquid suitable for stereolithography®”. While,
a highly viscous emulsion is advantageous for its shape
retention during extrusion-based 3D printing. This can
be achieved either through additives®, high-speed
mixing (2500 rpm) [94], or other methods to change the

viscosity®. Since the emulsion is a liquid, its benefits
and constraints are similar to those of the liquid-based
3D printing®®. A review of the current progress of AM
coupled with emulsion templating is discussed below.

8. Stereolithography of HIPE

Raster scanning UV laser light across the top surface of a
vat of HIPE can be used to polymerize both simple porous
polyHIPE shapes on top of a glass surface using an in-
house built microstereolithography (USL) rig®*. Later,
the group produced a woodpile structure of alternative
polyHIPE lines of 350 wm and used it as a porous scaffold
for tissue culture supportB**7%1 (Figure 2). The size of
the polymerized regions varied with write speed and UV
light power, and the droplet size determines the achievable
minimum feature size. The internal microporosity of the
3D-printed polyHIPE was preserved and comparable to a
bulk cured emulsion.

Light-based raster scanning of HIPEs requires
careful control over light scattering to reduce both
the overcuring and formation of a surface skin on the
polyHIPE®™. The refractive index mismatches between
the water and oil phase scatters light, and this results in
the characteristic whiteness of the emulsion. This effect
is problematic during stereolithography as the emulsion
also scatters the polymerizing light outward from the
point of exposure, creating a gradually reduced cross-
linked monomer gradient that decreases outward from
polymerized polymer to liquid monomer. On washing,
this partially polymerized polymer collapses on itself,
covering the polyHIPE with a surface skin. Overlapping
of two partially polymerized regions fully polymerizes
the polymer causing overcuring and connecting polymer
bridges®. To reduce the surface skin and increase
printable resolution, a light absorber can be used to
control the light scattering®. A surface skin is also
found when the HIPE is polymerized against certain
mold materials.[**7377%01 Although a closed, pored outer
surface can act as a barrier to slow down drug release
from a 3D-printed emulsion-based hydrogell!®l, it is
detrimental for filter-based applications.

A dynamic mask projection-based stereolithography
approach can be used to 3D print the HIPE ink using a
digital micromirror device (DMD) to produce complex
3D shapes in a layer-by-layer fashion!. A light absorber
is still required to improve resolution, and the authors did
not mention whether there was an outer surface skin. The
authors reported that this layer-by-layer-based printing
is sensitive to viscosity of the emulsion, which can be
lowered using a solvent such as toluene. Furthermore,
DMD projection can be used to 3D print porous
polyHIPE tubes in a continuous process®. A functional
polymer-based polyHIPE made of GMA was 3D printed
using a digital light processing (DLP) printer to create
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Figure 2. Schematic (A) and 3D rendering (B and C) showing a projection and raster scanning-based 3D printing. (A) reproduced from
Ref.”? with permission from John Wiley and Sons, Licensed under Creative Common License. (B) and (C) modified from Journal of the
Mechanical Behavior of Biomedical Materials, Volume 54, Owen R, Sherbone C, Paterson T, et al. Emulsion templated scaffolds with
tunable mechanical properties for bone tissue engineering, pp 159-172, Copyright (2016), with permission from Elsevier?®?).

a chromatography column!!®?. Other DLP-based 3D
printing techniques have used an oil-in-water emulsion-
based ink consisting of droplets of photocurable ink
within an aqueous suspension!'%3!,

The 3D print speeds vary depending on the method
used. The single line writing speeds of direct laser writing
for printing polyHIPE are 1 — 5 mm/s, which is dependent
on the laser power®. With these speeds the authors
created a circular 13mm, 4 layered woodpile structure
in 13 minutes’). Alternatively, the projection-based
stereolithography can print a 17.25 mm? surface area and
complex geometries simultaneously at a printing speed
of 2 vertical mm/h! for a layer thickness of 25 um('°Y,
Stereolithography-based 3D printing setups are becoming
quite cost effective, after the major patent protecting the
technique (US5762856A, Hull) expired in 2015 and start-
up companies started to produce low-cost setups.

9. Extrusion-based 3D printing

Through a manufacturing process known as material
extrusion (also called fused deposition modeling or
robocasting), a HIPE ink can be extruded through a
syringe and polymerized using UV light to create a porous
polyHIPE-based structure (Figure 3). High emulsion
viscosity is suitable for this 3D printing method as the
emulsion ink can maintain its structure post-extrusion
without unwanted spreading before polymerization,
and the emulsion viscosity is tunable by altering the
respective component amounts in the emulsion®]. No
surface skin is observed on the outer surface of extrusion-
based 3D-printed polyHIPEs®. This is expected as

the emulsion is curing against air; therefore, there is
no surface contact with a material that can adversely
affect the surface porosity by surface destabilization.
This technique has also been used to create a composite
polyHIPE for use as a biocatalytic flow reactor using an
enzyme-laden hydrogel as the emulsion droplet phase!!**.
Alternatively, an emulsion can simply be injected directly
into a void before bulk polymerization®]. Extrusion-
based printing of emulsion has been demonstrated to print
at a speed of 10 mm s™! with extrusion width of 0.6 mm
using a modified RepRap style 3D printer®. Modified
extrusion-based 3D printers have been used to print
emulsions that are cured on demand, with print speeds
tested up to 9 mm/s and layer heights of 100-300 wm('%1,

To create hydrophilic porous foams through material
extrusion, an oil-in-water emulsion can be used with a
UV cure during extrusion. Some of the materials include
poly(ethylene glycol) diacrylate (PEGDA), alginate, and
hyaluronic acid with mineral oil as the dispersed phase
to increase emulsion viscosity!'®l. However, the droplet
size was reported to increase overtime and the samples
are required to wash in DCM to remove the oil and
subsequently lyophilized at —80°C for 24 h to solidify
and dry.

Extrusion-based 3D printing combined with
emulsion templating can be used to create a porous ceramic
that will be sintered at 1600°C for 2 h to form a solid!%.
Nanoscale porosity of 100-900 nm can be achieved using
a nanodroplet-stabilized pickering emulsions which are
3D printed through direct ink writing. It shows that 3D
extrusion-based printing using nanoporosity emulsions
is achievable!'. Furthermore, large 100 um pores
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Figure 3. (A) 3D schematic showing an extruded silica-chitosan-based emulsion and the theoretical pore distribution within the extruded
part and subsequent polymerized structure. Adapted from ref.' with permission from The Royal Society of Chemistry. (B) 3D model
showing a cure-on-dispense 3D printing of a photocurable monomeric-based emulsion, (C and D) two pictures of polymerized high
internal phase emulsions based structures created using this device. (B-D) Images adapted from ref.l'* licensed under Creative Commons

Attribution License.

were also created using sacrificial polymer beads in the
emulsion, highlighting the versatility of this method to
use porogens other than water for additional level of
porosity control. Emulsions stabilized with submicron
pickering particles can be used with a range of liquids and
applied to create both micro- and nano-sized emulsion
droplets!'®l. SiO, nanoparticles can stabilize a styrene-
based W/O emulsion which holds its shape before being
thermally polymerized in an oil bath!'™. Pickering
emulsions using hydrophobized silica particle can create
a 140450 nm droplet size distribution!'”. However,
when particle-stabilized emulsions are used for foam
templating, they typically have low interconnectivity as
the particles hinder interconnecting window formation.
Nevertheless, adding a small amount of surfactant fixes
this by orientating itself at the contact point between
adjacent droplets, creating interconnectivity windows
during polymerization'",

Extrusion-based emulsion templating, including
a variety of AM techniques, has numerous applications
in tissue engineering as the inherent interconnectivity
facilitates cell ingrowth®*. These include a 3D-printed
cure-on-dispense  kaolin clay-loaded poly(ethylene
glycol) diacrylate and methacrylate-based O/W HIPE (3
wm average porosity with 0.75 um interconnects) with an
ability to swell up to 11 times its size in buffer solution®”!.
A chitosan-modified silica nanoparticle for potential
drug release of 3D-printed materials has been reported,
although the post-cross-linking with glutaraldehyde took
up to 48 hi''?!, Extrusion-based printing also lends itself
useful for printing multiple materials together, such as
a degradable UV curable HIPE combined with an outer
thermoplastic extruded (poly(e-caprolactone) (PCL) or
poly(lactic acid) (PLA) polymer?®.

Extrusion-based 3D printing can be applied with
non-polymerizable polymers dissolved in a solvent.
Here, the solvent acts as a porogen through polymer
precipitation-based 3D printing. This technique uses the
difference in polymer solubility between two mutually
miscible solvents to inject a solvent dissolved polymer
into a vat of a non-solvent to evoke rapid polymer
solidification in situl'’l. By varying the solvent/polymer
ratio within this immersion precipitation 3D printing
(ip3DP), tunable porous structures can be created from a
range of dissolvable polymers!"'¥. Air-based drying using
a similar solvent for dissolving has been reported using
a pickering polyHIPE made from degradable polymers,
such as poly(l-lactic acid) (PLLA) and PCL with
hydrophobically modified silica nanoparticles (h-SiO,) to
both stabilize the initial emulsion and increase its viscosity.
The polymers were dissolved in dichloromethane,
and after printing, the solvent was evaporated to leave
behind solid scaffolds, although the samples were
deformed during solvent evaporation!'). The authors
reported in a follow-up study that this deformation can be
avoided using hydrophobically modified hydroxyapatite
(HAp) nanoparticles in the initial PCL-based pickering
emulsion!'®],

There are alternative routes, other than emulsion
templating, for producing porous structures. Air bubbles
can be used as a porogen, either by directly printing a
UV curable foamed monomer!!!'”! or using a foam that
sets by thermogelation after it has been printed!'!®].
Alternatively, a blowing agent can be used within the
3D-printed part, which is decomposed post-processing
to expand it into a porous material'®!, Furthermore,
particles such as sieved salt can be used as a sacrificial
template for a monomer to cross-link around, 75 wm extra
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fine salt crystals can be combined with a DLP printer
and photocurable ink, although the samples had limited
interconnectivity!"’l. Similarly, monodisperse particles of
wax or polycaprolactone can be used within a 3D-printed
silk to create porosity!?!,

10. Emulsion reproducibility and scalability

Commercial virus filtration membranes that use size
exclusion as the primary filtering mechanism require a
high degree of control over the pore size distribution;
where a larger pore sizes reduces the filters ability to
retain the virus!??, To create a reproducible filter using
emulsion templating, every mixing aspect of the initial
emulsion has to be controlled. The same mixing speed
can be used; however, using mechanical mixing to break
up the droplet phase creates a broad distribution of pore
sizes. These include overhead stirrers (320—1260 rpm)©®!
and high-speed homogenizers (25,000 rpm)®”.. A syringe
pump can be used to add the droplet phase during mixing
to create a more uniform droplet breakup to increase
reproducibility between emulsions®®®. However, this will
still produce a polydisperse droplet size distribution.
Depending on the difference between the smallest and
largest pores, this may be sufficient for an antiviral filter.
Many large-scale emulsification techniques that are used
in industries, such as the pharmaceuticals and cosmetics,
could potentially be adapted!?*.

Emulsification  techniques using membrane,
microchannel or microfluidic-based devices can create an
unprecedented level of control over emulsion droplets as
well as particle synthesis!'*!. A microfluidic device can
create droplets one by one to produce a highly ordered
monodisperse polyHIPE with precise control over pore
size and interconnectivity throughout the structure!!2!2¢!
(Figure 4), especially when combined with the control
of the locus of initiation"?”. Microfluidic-based devices
can be adapted to produce bubbles of air as the dispersed
phase template that produces a foamed styrene-in-water
emulsion for creating a porous material'?), In addition,
when using a valve-based flow-focusing junction (VFF)
within a microfluidic device, the air bubble size can be
adjusted in real time to produce a porous gradient ranging
from 80 to 800 um pores, and this method has been used
to produce nanohydroxyapatite particle-loaded gelatin-
based foams that were 3D printed and then sintered to
produce a porous ceramic!'?!, This valve-based approach
can also be used for W/O emulsions!"*?,

The logistics, potential benefits, and limitations
regarding the upscaling of both emulsion- and foam-
based templating methods to produce porous polymers
have been reviewed in detail by Stubenrauch et al.l'*!.
The limitation of microfluidic setups is that droplets are
made one by one. Scaled-up production of monodisperse
droplets is achievable using a circularly arranged

microfluidic channels with 128 cross-junctions!'** which
can be adapted to a parallelized network of channels
within a coaxial annular world-to-chip interfacet'*.

Membrane-based emulsification is one such way
to create a scalable emulsion templating process. A
monodisperse foam can potentially be continuously made
using a dispersion cell, and this has recently been used
for emulsion templating where the air is the dispersed
phase!'*¥l, Furthermore, other studies about membrane-
based emulsions demonstrated the creation of a range of
micro- and nanoemulsions with tunable droplet sizes!!'*!
and these techniques were used to produce porous
particles and materials!'3¢],

11. Challenges and future perspectives

In this review, the current research on the AM of emulsion-
based inks that produce porous foams of various materials
and sizes is discussed. The versatility of emulsion
templating in the manufacture of porous materials and its
use in 3D printing indicate that there are many potential
crossovers that could adapt this technology to new
applications, such as a respirator filter against bacterial
and viral infections of the respiratory tract. Nevertheless,
the AM aspects of this technique are still in its infancy.
Therefore, precautions should be taken when choosing a
specific emulsion-based AM technique. Specifically, an
aerosol filter is part of the RPE that is used prevent the
transmission of COVID-19.

Emulsion templating is a versatile manufacturing
technique. The porosity, interconnectivity, surface
chemistry, and material choice are all independent
variables that can be varied depending on the desired
filter requirements. A 3D-printed polyHIPE-based
respirator needs to adhere to the strict strict classification
requirements before being categorized as FFP1, FFP2,
or FFP3. These requirements include being permeable
to air while adhering to the required standards of air
flow resistance and retaining high filter efficiency. The
European standards EN 149:2001 + A1:2009 set specific
criteria for this, including particle penetration determined
using a NaCl aerosol generator.

PolyHIPE-based filters can be used to remove
airborne particulates, such as 2.5 wm hydrocarbon
fragments from the exhaust fumes, and as a water filter
which can remove 1-11 wm suspended particulates.
PolyHIPE publications relating to specific virus binding
and antibacterial feature are limited but they highlight
the importance of surface functionalization that leads to
efficient trapping of virus-laden particles by the polymer
surface. We foresee the inherent hydrophobicity of the
polyHIPE created from water-in-oil emulsions being
advantageous in preventing virus-containing airborne
water droplets from penetrating the material. Furthermore,
the tunable mechanical properties, manufacture flexibility,
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Figure 4. (A). A computer-generated schematic representation of the microfluidic monodisperse droplet formation. (B) Optical microscope
picture of the closely packed droplets in the emulsion (scale bar 200 wm). (C and D) Scanning electron microscope image of the polymerized
high internal phase emulsions created using this microfluidic system showing the surface and a fractured section (scale bar 100 um). Images
were adapted from Costantini e al.'*), respectively, under the Creative Commons License.

increased temperature resistance, and potential reusability
are some of its strengths.

A scalable emulsification process is required to produce
reproducible emulsions with high control over porosity and
interconnectivity between batches. There are many industrial
emulsification tools that can meet this need. Emulsion
stability needs to be considered if the printable emulsion is
to be stored for an extended period. Emulsion destabilization
can cause larger droplets to form at the expense of smaller
ones. 3D printing of the emulsion will need to preserve the
initial droplet size, not cause destabilization, and minimize
the time between the creation of emulsion and its subsequent
polymerization into the filter material.

From an AM perspective, an extrusion-based 3D
printing is recommended as a viable printing technique
for filter applications because it maintains an open outer
porosity. A micro- or nanoemulsion with tightly packed
water droplets has high viscosity so this type of emulsion
is not suitable for stereolithography-based 3D printing as
the emulsion cannot spread over the surface for layering.
Furthermore, this technique has the capability to extrude
multiple emulsions on the same print, giving user control
over multiple materials, surface functionalities, and a

porosity gradient within the filter. All of which could be
used to create a complex internal geometry that controls the
air movement through the filter. Nevertheless, this is only
viable for niche applications currently because 3D printing
emulsion inks are a time-consuming process. Its strength lies
in its customizability or complex bespoke applications that
cannot be made by the traditional manufacturing techniques.

For an aerosol-based filter application that
only requires a porous membrane or column, bulk
polymerization is preferable over AM. Pouring the
emulsion into a membrane or mold should suffice, and
specific mold materials can be chosen to prevent the
formation of a surface skin on the polyHIPE surface. This
would also be the simplest method for producing a filter
that can be brought to the market and can be incorporated
into the current RPE production using 3D printing. UV or
redox based cured emulsions could be the most suitable
for the industrial sector because of their fast curing times.
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