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Integrated membranes within centrifugal
microfluidic devices: a review

Killian C. O'Connell @*2 and James P. Landers®>°

Centrifugal microfluidics has evolved into a sophisticated technology capable of enabling the exploration
of fundamental questions in such fields as protein analysis, environmental monitoring, and live cell
handling. These microdevices also hold unique potential for translating promising academic research into
many real-world scenarios, with several products already available on the market. Yet, in order to fully
realize this potentially transformative technology, there remains an outstanding need to incorporate simple
to operate world-to-chip interfaces alongside the integration and automation of complex workflows. This
requires cost-effective and versatile materials that are, ideally, already commercially available. Membranes
not only meet these exigencies, they are also capable of enhancing the inherent advantages of
microdevices when thoughtfully combined. This review provides an overview of the importance of these
two technologies and the manifold benefits upon their unification. The fundamental principles governing
fluid flow with centrifugal actuation, as well as within porous membranes, are briefly covered in addition to
a comment on their relative advantages compared to classical microdevices and porous media. The major
subtypes in membrane composition, preparation, and microfluidic integration strategies are next discussed
in detail, along with their relativistic capabilities and drawbacks. This is followed by recent examples in the
literature displaying the enormous versatility membranes have already demonstrated within microfluidic
devices, highlighting recent centrifugal microdevices wherever possible. Finally, recommendations for areas
where the incorporation of these materials still face challenges, as well as possible new avenues for
exploration, are also provided.

in the field of genomics in pursuit of whole genome
sequencing. There, the requirements for higher sensitivity,

Microfluidics is the science and engineering of systems or
processes that manipulate fluids in devices, or other flow-
directing configurations, at submillimeter dimensions. This
field lies at the intersection of numerous scientific
disciplines, including analytical chemistry, molecular biology,
materials science, and mechanical engineering, to name a
few. This multidisciplinary approach is unsurprising given
the origins of the field, which first evolved from the
semiconductor industry (Fig. 1), as many of the same
burgeoning technologies aimed at improving the production
of silicon-based micromechanical systems (MEMS) in the
1960-70's were applied toward the creation of novel
microdevices.”” A major motivation for these innovative
systems arose during the 1980’s, with the rapid advancements
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throughput, and resolution were best accommodated using
microchip electrophoresis.” A second motivator stemmed
from the exit of the cold war, as the United States Defence
Advanced Research Projects Agency (DARPA) funded the
development of field-deployable microfluidic sensors to
counter the growing threat from chemical and biological
weapons. Amidst the convergence of these powerful
technologies came rapid growth in the nascent field. In less
than a decade, Terry et al. demonstrated the separation of
gaseous hydrocarbons wusing a novel microscale gas
chromatography system in what was later regarded as the first
micro total analysis system (uTAS).> Prior to this, Anderson
et al. developed the first rotating platform for clinical
chemistry analysis,® which later served as the basis for a suite
of new clinical analysis systems with applications in
toxicology, immunology, haematology and beyond.> Both
reported definitive performance enhancements due to the
reduction in scale. Since then, many microfluidic devices
capable of outperforming standard practices at the
macroscale have been described, in both biochemical and
chemical research.””® Microfluidic devices have also achieved
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Fig. 1 Timeline highlighting the main advances within the field of microfluidics and membranes, along with several highly influential enabling
technologies. Definitions for acronyms include: micro CD (uCD) otherwise known as centrifugal microfluidic devices, micro Gas Chromatography
(uGC), Polymerase Chain Reaction (PCR), Lateral Flow Assay (LFA), micro Total Analysis Systems (uTAS) otherwise known as lab-on-a-chip,
Molecularly Imprinted Polymers (MIPs), polydimethylsiloxane (PDMS), cellulose nanofibers (CNF), micro paper-based analytical devices (uPADs),

print-cut-laminate (PCL), and ultrafiltration (UF).

novel functionalities that are unattainable at the macroscale,
moving beyond straightforward performance
enhancements.'®"* Microscale fluid dynamics underlie the
reasons behind these various advancements, as forces not
normally relevant (e.g., interfacial surface tension or van der
Waals forces) begin to dominate' while heat and mass
transfer are also more efficient.™

Pre-dating the rapid advancements in microscale
engineering was the fascinating evolution of membrane
technology (Fig. 1),"'” beginning in the 18th and 19th
centuries. Initially, membranes were used exclusively for
laboratory applications, and often consisted of sausage
casings derived from animal intestines.'"® The invention of
the first paper filter in 1908 by Melitta Bentz, for improving
the taste and quality of brewed coffee, was among the first
demonstrated uses of a membrane outside of the
laboratory."® This was followed by the first microfiltration
membrane, invented by the Nobel-prize winning chemist
Richard Zsigmondy, which was produced commercially in
1927 by the pharmaceutical company Sartorius GmbH to test
drinking water in Europe following the Second World War."®
From that point on, membranes have been continually
improved with regard to their composition and design (e.g.,
pore size distribution, selectivity, lifetime, and production
method) and have been adapted for use in many
experimental as well as commercial applications.

Although there have been numerous comprehensive
reviews in the literature separately covering advancements in
membranes and microfluidic devices, there have been
relatively few discussing the combination of these two
technologies, and none focusing specifically on centrifugal
microfluidics with integrated membranes. Perhaps this is
unsurprising given centrifugal microfluidics still represents a
burgeoning subtype within the field of microfluidics as a
whole. Congruent to this may be the reliance on materials
and practices which, although useful at the macroscale, do
not readily lend themselves to microdevice assimilation
without simultaneously increasing the cost and complexity of
both the device and its associated hardware. Transitioning to
a new class of materials, such as membranes, may not only

This journal is © The Royal Society of Chemistry 2023

advance centrifugal microdevice applicability, but also enable
higher performance metrics. This is especially true for
adaptive reagent storage strategies and the field of micro-
chromatography. With nearly 1.5 million publications
relating to membranes alone, there is clear access to highly
customizable materials for advanced unit operations within
microdevices, be they fundamentally structural or bio-
chemical in nature. One possible roadblock in the
recognition of their availability may be the numerous labels
used to describe them throughout the literature. This review
aims to highlight the importance of combining these
technologies, with the hope of inspiring new research efforts.

Centrifugal microdevice fluid dynamics

The field of microfluidics research continues to pursue higher
performative microdevices that offer decreased reagent and
sample consumption, faster reaction kinetics, higher
throughput, lower cost, spatial economy, and in some
instances, portability. As a subset within the field of
microfluidic ~ “lab-on-a-chip” devices, centrifugal-reliant
devices, also referred to as “lab-on-a-disc” (LoaD), offer several
key advantages over more traditional microdevice designs.
Namely, actuation of fluid flow over several orders of
magnitude is achievable without the requirement for external
fluidic connectors, necessitating solely a compact motor in
place of syringe pumps. This enormously reduces the
complexity and time required for user-interaction, while also
limiting the cost and enabling portative -capabilities.
Moreover, as fluidic processing steps require only simple
changes in the applied spin frequency, a reduction in dead
volume as well as streamlining of complex assay protocols is
achievable. Interfacing control of the entire system with a
laptop or other handheld computer is also facile. A wide array
of fluidic operator functions for more precise manipulation of
fluids, including mixing,”**" metering,>*** separation (both
physical and chemical),**** and valving (both passive and
active)*®*” have been extensively enumerated. Finally, even
multi-step assays can be performed in a high-throughput
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manner, by copying the initial architecture across the device
surface and running all ‘domains’ simultaneously.

There are several distinct forcest responsible for
governing microscale fluidic manipulation, all of which have
been thoroughly covered by several excellent reviews.>>*3°
There are also several flow control mechanisms, unique to
centrifugal microfluidics, that have been mathematically
enumerated including ‘flow switching’®' and the actuation of
siphon valves independent of spontaneous capillary flow.**
Unlike other methods of fluid actuation, centrifugally
pumped liquids are relatively insensitive to the
physicochemical properties of the fluid (i.e., ionic strength,
flow rate, and pH).>*®?*3* Instead, centrifugal flow depends
upon the rotational frequency applied, the location of the
fluid plug, the properties of the fluid that factor into its
inertia, such as viscosity (4), and the physical characteristics
of the microchannel geometry. This is summarized in
Fig. 2,%® where the relationship between these variables to
the average fluid velocity (v) within a channel are defined in
eqn (1) below,

Dp2pa®TAr
v :$ (1)
32uL
Here, L represents the length of the liquid in the
microchannel. The magnitude of v reaches a local

maximum in the center of the channel as denoted by a
parabolic flow profile. Dy, represents the hydraulic diameter
of the channel and can be calculated from 4A4/P, where A is
the cross-sectional area of the channel and P the wetted
perimeter. From this, the volumetric flow rate (Q) can be
defined as Q = v x A, with v derived from the previous
formula. Prediction and control over Q can be a key aspect
in proper microdevice functioning as well as assay
performance.>**” Notably, variations on this equationi can
account for the specific cross-sectional geometry of
individual channel structures.®

Centrifugal flow within porous substrates

Unlike the initial attempts at microdevice fabrication in the
1980-90's, glass and silicon have been largely superseded by

+ Each of the ‘forces’ which are considered influential for governing fluidic
behavior in centrifugal microfluidic devices (e.g., the centrifugal force, Coriolis
force, and Euler force) are considered to be pseudo or inertial forces. Inertial
forces do not arise from the physical interaction between two objects and are
instead explanatory artefacts arising from a description of motion using a non-
inertial frame of reference. According to Newton's second law of motion, in the
form F = m x a, pseudo forces are always proportional to an object's mass. In
this instance, the mass refers to that of a liquid plug.**
+ Most common are rectangular cross-sectional channels, where the height (%)
< width (w). The volumetric flow rate in this instance can be calculated as (eqn
(L1,

w(Ap.+ Apy,)

= 1—0632
0= 63

1.1
129L (1)
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Fig. 2 Forces acting on a fluid plug propelled within a centrifugal disc.
The angular frequency (w) of the disc determines the magnitude of the
centrifugal (f,), Coriolis (fc), and Euler (fy) forces according to
opposing vectors. The liquid plug, with a diameter (d) and absolute
length (I = Ar), is shown at an average radial distance (7) from the
center of rotation (adapted from ref. 28).

plastics. There are numerous reasons for this transition, with
arguably the most important being the reduced cost and
complexity for rapid prototyping.>**°**" This transition also
improves the amenability of these devices for industrial
manufacturing processes. However, more recently, metal and
glass have returned for the construction of more specialized
device components, oftentimes due to their intrinsically
higher chemical and thermal stability.* One example of an
integrated component that is usually, though not always,
composed of a material distinct from the bulk of the
microdevice are microscale membranes. Membranes are
functional materials composed of interstitial voids capable of
partitioning selective constituents within a fluid. An
important distinction between porous membrane materials
and a generalized porous substrate is the interconnected
nature of the interstitial voids, permitting fluidic passage, as
opposed to a porous substrate that may contain internal voids
but no channel network permitting flow. For this unique class
of porous materials both the physical structure, or existing
chemical surface, can be exploited or further functionalized
to achieve new performance metrics. The integration and
value of these porous membranes for centrifugal
microfluidics will be the primary focus within the following
review. Finally, for the purposes of this discussion, a
distinction will be made between “packed bed columns” and
“porous membranes”. Although similar in many ways, the
materials, fabrication, microfluidic integration, and methods
for use between these two substrates differ substantially. The
definition of a membrane will therefore include the
interconnection of the physical substrate, such as in
monoliths, as opposed to discrete particles.

A distinguishing feature of porous media is the three-
dimensional interconnected network of capillary channels,
often with nonuniform sizes and shapes®* (Fig. 3).***
Despite the inherent complexities of these substrates, some
characteristics of fluidic movement can be approximated by
separate formulae. For example, the flow rate (Qp) within a
porous structure is characterized by Darcy's law, which
accounts for the hydraulic conductivity of the substrate. This

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 SEM micrograph of membranes composed of A. binder-free
quartz microfiber with 1 um pores (adapted from ref. 43). B. High
density (HD) Empore™ disk with 10-12 um functionalized silica beads
enmeshed within PTFE fibrils (adapted from ref. 44). C. Sol-gel PEG
coated cellulose fabric surface at 100x magnification (adapted from
ref. 45). D. 1.75 mm LAY-FELT 3D printing filament after dissolution of
water soluble PVA at 65x magnification (adapted from ref. 46). E. Edge
view of graphene oxide (GO) membrane showing lamellar texture
(adapted from ref. 47). F. Bacterial cellulose paper produced by
Gluconacetobacter xylinus at 15000x magnification (adapted ref. 48).
G. Advantec MFS nylon membrane filter with 0.1 um pores (adapted
from ref. 49). H. Sartorius cellulose acetate membrane filter with 0.1
um pores (adapted from ref. 50). . 0.9-1.2 pm diameter molecularly
imprinted polymer (MIP) beads bound to an ion-conductive membrane
(adapted from ref. 51). J. 100 nm Anopore™ AAO membrane (adapted
from ref. 52). K. Carbon monolith magnified 3700x (adapted from ref.
53) and L. cross section of a mullite tubular ceramic membrane
(adapted from ref. 54).

measured value for a particular media is called the specific
permeability (k),§ and is independent of fluid properties and
flow mechanisms, but wuniquely determined by pore
structure. According to eqn (2),>

_ kA % (B,-11)
Qp = w1 (2)

The flow rate through a porous substrate is therefore also
affected by the cross-sectional area of the microstructure as
well as the pressure drop (AP = p, - p;), where AP is the
difference in total pressure between two points in a channel.
These values can be specified and modulated for an
integrated membrane within a microfluidic channel. To
inform this modulation AP can be further defined as,®

§ The general term for permeability is affected both by the properties of the
permeating fluid as well as the mechanism of permeation. Specific permeability
refers to the measure of contribution of the porous media to fluidic conductivity
and is independent of both fluid properties and flow mechanisms. The phrase
permeability used throughout this text will refer to specific permeability.

This journal is © The Royal Society of Chemistry 2023
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(3)

According to eqn (3) the pressure drop is largely a function of
channel geometry.

As will be further discussed in subsequent sections, edge
sealing around integrated membranes can present unique
challenges for microdevice fabrication. An escalation in the
pressure drop, either through the inclusion of a resistance
channel®® or a larger channel cross-sectional area or
membrane pore size, or are all common strategies to help
avoid liquid bypass. However, depending upon microdevice
construction, it is important to note that effective cross-
sectional areas can be increased according to separate
mechanisms: concomitant channel and membrane widening
for instances of linear flow, or solely membrane enlargement
for orthogonal flow (e.g., a liquid must either drop down or
rise through a membrane to access channels located above
and below the porous substrate). In the latter scenario,
membrane efficiency may become negatively impacted
specifically during centrifugal flow actuation. One strategy to
avoid this phenomenon involves liquid priming.>” Pressure
gradients in the channel immediately above a porous
substrate will induce a nonuniform pressure drop across the
membrane surface (Fig. 4A).°® This is due to the increased
pressure experienced by the edge of the membrane closest to
the outer boundary of the disc, which is able to overcome the
capillary resistance of the membrane.>® This can result in
inefficient use of the membrane's total capacity, as flow is
solely induced across a small fraction of the total accessible
surface. However, with the inclusion of a priming liquid
(Fig. 4A), the pressure gradient above and below the
membrane may be balanced for uniform flow through the
entirety of the integrated membrane.*®*® Consideration and
appropriate accommodation of such centrifugal fluid
dynamics behaviour can significantly impact membrane, and
therefore microdevice, performance.

Conversely, by taking advantage of this phenomenon,
membranes may also act as configurable gates with the
inclusion of a capillary-stabilized liquid retained within the
interstitial voids (Fig. 4B).>® The gating threshold (ie., the
pressure needed to open the membrane pores and allow
fluidic bypass), wherein the retained liquid remains capable
of reversibly reconfiguring in place, may be tuned over a wide
range of applied pressures. This ultimately allows for
differential response profiles across a variety of liquids and
gasses, as well as sustained anti-fouling capabilities. This
gating threshold (AP,) is proportional to the flow rate and
viscosity of the incoming fluid as well as the membrane
permeability (eqn (4)),>°

D (7 X?
- WJ

(x-a)*

e dX (4)

2 021
APG
where @ is the membrane porosity, z is the membrane

tortuosity, d the mean pore size, and ¢ the standard deviation
around d (assuming a normal distribution). In this case, y
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A. Membrane Priming for Uniform Orthogonal Flow Profiles B. Configurable Gating Mechanism within Membrane Pores
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Fig. 4 Unique flow behavior through liquid-primed membranes. A. Numerical analysis illustrating pressure contours induced via centrifugal force
in a non-fluid assisted separation technology (FAST) (top) and FAST (bottom) mode. A nonuniform pressure drop across an embedded membrane
is observable in the non-FAST mode, with only a small percentage of the membrane in use. In contrast, after liquid priming of the membrane a
uniform pressure drop is achieved, significantly improving membrane efficiency (adapted from ref. 58). B. Difference between gas versus liquid
(red) penetration (left) through a nano- or micro-scale pore. Gas transport occurs freely in contrast to the minimum threshold required for liquid
penetration. A retained liquid (green) within a liquid-gated pore (right) prevents free gas exchange, instead requiring a unique pressure threshold
for both incoming liquids (red) and gasses. The gating liquid is capable of reconfiguring, and enables tunable control over multiphase transport

(adapted from ref. 59).

refers to the surface tension between the incoming fluid and
the liquid retained within the membrane. This system
enables fast and consistent control over multiphase flow
through a porous membrane, contained within a microfluidic
channel network, via simple adjustments in applied pressure.
As described earlier, centrifugal microfluidic devices are
highly amenable to automation of this fluidic control
mechanism.

Membrane materials &
functionalization strategies

A quick search with the keywords ‘membranes’ and
‘microfluidic devices’ returns over 7400 results, according to
Clarivate Analytics Web of Science (Fig. 5A). This number is
all the more striking given that many integrated membranes
are not coined as such within a given article, and are instead

described according to structure or function (e.g., filter,
monolith, sieve, porous support, array, or film).*" As
evidenced by the rise in publications highlighting their use
(Fig. 5B), as well as several historical and recent review
articles (e.g., Jong et al,*" Chen et al,** and Yuan et al.®?),
compelling reasons for incorporating these immensely
versatile materials within microdevices clearly exist. The
increasing selection of these functional materials may be
partially attributed to the vast possibilities in membrane
composition; an enormous number of both organic and
inorganic substrates are available for a variety of
applications. Despite this, a search for membranes in
centrifugal microfluidic devices returns a paltry 62 results,
revealing an underutilized pairing within the field.
Consequently, although the following review will discuss the
use of membranes in all types of microfluidic devices,
centrifugal microdevices will be highlighted wherever
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Fig. 5 Clarivate Analytics ‘Web of Science’ analysis of results. A. Total number of publications per year, from 1999-2023, for membranes in
microfluidic devices. B. Pie chart of relative frequency of publications according to research discipline.
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possible. Due to the enormous variety in material type
and application, this review is by no means exhaustive. In
an attempt to narrow the focus of the following overview,
only solid-state membranes will be discussed, although it
is worth noting that other specialized membrane phases
(e.g., liquid) have also been demonstrated within
microfluidic devices as highly selective partitioners.®*
Among  solid-state membranes, only those whose
constitution differs from the microdevice bulk material, or
whose fabrication procedure represents a novel extension
of the microdevice assembly process, will be included.
Likewise, microdevices that make use of the pre-existing
substrate, either as microfluidic paper or cloth-based
analytical devices (WPADs or pCADs) or composed solely of
poly(dimethyl sulfoxide) (PDMS),**®” for functioning as a
membrane will not be included.®™®® Finally, biological
membranes (derived in vivo) will also be excluded from
this discussion due to their markedly unique integration
strategies and usages.®”””" However, this exclusion does
not extend to synthetically processed membranes (derived
in vitro) that have been additionally functionalized with
biological material, or are classified as “biomimetic”, nor
to the biopolymer cellulose derivatives.

Silicon & metals

For applications requiring either extremely high thermal or
chemical resistance, high porosity, low tortuosity, electrical
conductivity, complex nano-scale features, or exceptionally
narrow pore size distributions, anodized membranes are the

View Article Online
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predominant choice. This class of membrane is made of
either inorganic silicon or aluminium, with the latter element
prevailing as the substrate of choice for several reasons,’> the
most important of which relates directly to the preparation of
the passivated surface.””> The process of electrochemical
passivation increases the natural surface oxide layer, lending
these membranes their highly resistance characteristics.
However, anodization of silicon requires hydrofluoric acid, in
comparison to the relatively benign oxalic acid for aluminum.
Additionally, the aspect ratio (pore diameter to membrane
thickness) is far more constrained for silicon; leading to
brittle, wafer-thin membranes that are difficult to handle. In
contrast, anodic aluminum oxide (AAO) membranes can
achieve high aspect ratios with tuneable pore sizes (4-200
nm) and array spacing.”® The final attributes which make
AAO membranes particularly attractive for microfluidic
applications are their optical transparency and non-
cytotoxicity.”* Furthermore, the ability to generate complex
nano-scale features, in combination with their lack of
cytotoxicity, offers particular potential in the field of cell
biology, where single-cell and exosome analysis continues to
increase in importance (Fig. 6A).”> AAO surfaces can also be
functionalized to tune their selectivity for multi analytes
simultaneously (Fig. 6B).”® Similarly, the optoelectronic
properties offer great potential in the realm of diagnostics
development,”” another rapidly growing sector within
microfluidics. Commercial preparation of AAO surfaces has
been a standard practice within industry for several decades,
rendering the equipment required for custom fabrication
readily available. Yet it should also be noted that both AAO
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Fig. 6 Membranes composed of inorganic metal, silicon, and silicates. A. Monolithic AAO membrane integrated within a closed microfluidic
device. Chip dimensions are 6.5 x 9 x 1.3 mm (adapted from ref. 75). B. Multi-modified AAO nanoporous membranes for heavy metal detection
(adapted from ref. 76). C. Silicon nitride as lipid membrane holder for protein crystallography (adapted from ref. 90). D. Self-supporting silica thin
(100-200 um) film membrane as a gateable interconnect for microfluidic devices (adapted from ref. 78). E. Superhydrophilic polycaprolactone
(PCL) filled glass microfiber membranes for total protein determination (adapted from ref. 85). F. Unmodified glass microfiber (GF) membranes for
wet acid microwave assisted extraction (MAE) of heavy metals (adapted from ref. 89).
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and silicon oxide membranes are available commercially
from vendors such as GE Whatman and Sterlitech.

Additional metal and silicon membrane materials include
noble metals (e.g., palladium, titanium, platinum, or silver)
and silicon nitride. As these materials are expensive to either
fabricate or purchase commercially, their use remains limited
for specialized applications. Silicon nitride, a non-oxide
ceramic, is non-transparent, prohibiting any desired imaging
procedures in the visible spectrum. However, the material
does possess the relatively unique characteristic of low
background scattering and high X-ray (Fig. 6D)’® and
microwave’® transmissibility. Noble metal membranes may
either be incorporated as thin films®® or as nanoparticles
sputtered onto ceramic nanofibers.** Noble metal membrane
compositions are primarily sought for their superior catalytic
behaviour and have thus been largely applied toward
reactions involving hydrogen, although their use for
augmenting surface enhanced vibrational spectroscopy has
filled a critical niche within microfluidics.*> One downside to
the fabrication and implementation of metallic membranes
in particular, beyond the up-front investment required, is
their poor ability to bind to polymers, which can limit or
otherwise complicate microdevice integration.®® Furthermore,
their reactive surfaces can compromise structural integrity or
interfere with assay performance.®*

Silicates

Silicates are an especially important class of inorganic,
microwave and ultraviolet (UV)-transparent, biocompatible
membrane substrate. The production, functionalization,
and use of these materials has been widely employed in
industry for decades. The abundance of precursor
substrates, in addition to specialized products, makes this
material highly accessible and in many cases affordable.
Modifications to achieve the requisite physicochemical
surface properties can be tailored to specific applications.
For example, although normally hydrophilic, silicates can
be permanently altered to become superhydrophilic (Fig. 6E
), hydrophobic or even superhydrophobic.*® Methods for
advanced surface functionalization are also readily
available, with a recent example harnessing a
chitooligosaccharide modified surface for aqueous nucleic
acid purification.®” Silicates can additionally be prepared in
a variety of form factors,®® including nano- or microfibers
(Fig. 6F),% thin films (Fig. 6C),°>°" nanotubes,”® or as
embedded colloids.**** Although membrane pore
distribution is typically low, this will vary depending upon
the microphysical structure and fabrication method used.
Compared with most polymeric networks, silicates offer
superior chemical and thermal resistance coupled with a
lower potential for contamination in analytical procedures.
For elemental analysis of solid samples, which can require
intensive extraction procedures,®® the low risk for
contamination is crucial. An exception to this attribute
includes minimal hydrothermal resistance to the presence

size
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of water vapor at very high (100-600 °C) temperatures.’®
Yet apart from micro Gas Chromatography (uGC),°° this
circumstance rarely limits the selection of silicate
substrates, as these temperatures are not often employed in
conjunction with microfluidic devices. Borosilicates in
particular are even capable of withstanding standard
autoclaving procedures. Finally, silica is also not resistant
to strong alkaline solutions, concentrated phosphoric acid,
or hydrofluoric acid.

Like polymers, silicates can be prepared as membranes
either prior to device integration or in situ. Surface activation,
through oxidation of surface silanol moieties, makes direct
bonding and grafting to a variety of synthetic or biopolymers
possible. Notably, silicate membrane fibers will not absorb
protic or nonprotic solvents, thereby reducing their effective
pore size over time due to swelling. The drawbacks for
employing this material include its opacity in the visible
region (when micro-structured) and a high propensity for
surface fouling with biomolecules without pre-treatment.
Although this last property has also been extensively
leveraged as an efficient capture mechanism for both nucleic
acids®”?® and proteins.”” Among the various silicates
available, borosilicate is used most frequently, although
fused silica and zeolites (i.e., aluminosilica) are also
reported.5+1%°

Carbon & graphene oxide

Activated carbon offers a unique suite of characteristics as
a membrane material. Analogous to silicon, carbon is
electrically conductive and generally hydrophobic, enabling
the performance of electrochemical reactions in
conjunction with molecular separation on the basis of size
or chemical functionality. These conductive membranes
offer a mechanism for microfluidic electrophoresis,
electroosmosis, or electrochemical redox, in addition to
harnessing electrostatic repulsion as a membrane fouling
mitigation strategy.’®® However, electrochemical capabilities
can be negatively impacted by the ionic strength of the
aqueous solution passing through the membrane. Akin to
polymers,'®> carbon can be prepared in the form of
nanofibers'**'%* or through in situ generation of sol-gel
monoliths®*'®® and hydrogel composites.’°**®”  This
renders the substrate highly structurally —diverse.'®
Furthermore, carbon membranes exhibit high chemical,
thermal, and mechanical stability (although important
exceptions do exist), coupled to widely available bio- or
enviro-sourced precursors (e.g., cellulose or graphite) which
maintains a much lower cost point compared to other
inorganic substrates.'” As yet, carbon-based membranes
remain underutilized within the field of centrifugal
microfluidics. This can likely be ascribed, in part, to the
limited availability of commercial membranes.

Among the many possible physicochemical forms of
carbon-based membranes, one material in particular provides
comprehensive insight into the possibilities and challenges

This journal is © The Royal Society of Chemistry 2023
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of the material as a whole. Graphene oxide (GO) is
composed of an ~1 nm thick plane of covalently linked,
oxygen-derivatized carbon. The highly disparate height
(nanometer) and width (nano- to micrometer) of these
layers bridges the conventional length scales of both
chemistry and materials science."’®'" Each layer exhibits
amphiphilic qualities, with the basal surface consisting of
partially oxidized aromatic rings, in contrast to the layer
edges which are composed of carboxylic acid groups.'?
This amphiphilic character allows for not only multi-layer
lamellar assembly, through interfacial manipulation,’*® but
also phase selective flow control'™® and liquid gating.'"®
Similar to cellulose polymers, this abundance of available
chemical moieties renders GO surfaces highly versatile.
Yet unlike graphene, which is composed of a
monomolecular layer of aromatic carbon rings, GO is
electrically insulating. Restoration of electrical conductivity
can be achieved through thermal, chemical, dielectric, or
photo-reduction, resulting in what is known as reduced
GO  (rGO).M®"™  However, although the electrical
conductivity of rGO is considered sufficient for many
applications, it does not achieve the same level of
efficiency as  pristine  graphene.'”>  Though not
commercially available, the straightforward synthesis of
GO membranes from inexpensive graphite powders has
been described extensively within the literature,"**™**! with
a vast array of different techniques available for tuning
interlayer spacing and membrane stability. Notably,
insufficient removal of potassium salt impurities has been
found to significantly reduce thermal stability,'*
necessitating extensive wash procedures during membrane
fabrication.

Both GO and rGO offer many desirable qualities as a
membrane material, including biocompatibility and
resistance to compression. Nevertheless, several potential
downsides to this membrane type exist. Both GO and rGO
are opaque, with disordered pore morphology, and a
propensity for protein adsorption due to the same
electrostatic interactions which enable self-assembly.'*
These materials have also historically been difficult to
integrate within microfluidic devices as the graphitic
surface does not bind readily to polymers,"* among other
potential microdevice materials. However, GO or rGO
composites may offer an alternative means for
microfluidic integration beyond a reliance on adhesives,*’
in addition to imparting novel characteristics such as
enhanced tensile strength.''® Finally, although lamellar GO
flakes remain heavily favored as a membrane substrate,
alternative porous structural formats offer novel avenues
for microdevice applications, including the use of GO
microfibers’” as a culturing scaffold for organ-on-a-
disc,”** asymmetric bilayers for integrated power
generation,'”>'*®  or  hydrogels for sensors'*’ and
catalysis."*® These new structural forms would also offer
new challenges and opportunities with regard to
microfluidic integration strategies.

This journal is © The Royal Society of Chemistry 2023
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Synthetic polymeric membranes represent a vast category of
possible materials, with subtypes wusually classified as
elastomers,  thermoplastics, or  thermosets.””®  The
physicochemical properties, functionalization strategies, and
fabrication methods are equally considerable. Due to the size
of this category, only two polymer membrane types will be
featured: poly(dimethylsiloxane) (PDMS) and molecularly
imprinted polymers (MIP), due to their historically extensive
or growing use within the field of microfluidics. However,
additional porous materials, that are infrequently employed
at present, will also be briefly highlighted. Importantly, these
ancillary materials are commercially available and represent
critical opportunities for use in microfluidic devices. A final
comment on an emerging class of hybrid polymeric
membranes, not yet commercially available nor employed
within microfluidic devices to the best of our knowledge, is
also included.

There are several properties of polymers that extend
across nearly all subtypes and can be cautiously
generalized. First, the price investment for these materials
is typically low. This is especially true when paired with
the cost of fabrication and compared on a per-membrane

basis with silicon, metallic, and even some silicate
membranes. Only cellulose membranes are able to
compete in this category. Second, relative to other

inorganic membranes, polymer networks do not offer high
thermal resistance thresholds (<300 °C) nor are they as
chemically resistant.®* However, some chemically inert
polymers (e.g., fluorinated polymers, polyether ether
ketone, etc.) are able to resist highly oxidizing or reducing
reagents (e.g., hydrofluoric or phosphoric acid) that are
incompatible with either metals or silicates, especially at
elevated temperatures. This resistance is unique among
the materials discussed and can be especially useful when
avoidance of nonspecific binding or corrosion is desired.
Third, the available form factors for polymers are
unsurprisingly extensive, although feature resolution is
highly dependent on the individual polymer (or polymer
composite) and  fabrication = method  employed.”?
Incidentally, there exist polymer resins from each of the
major subtypes that are amenable to 3D printing.
However, the total number of resins available for this
fabrication procedure still represents a small fraction of
the entire polymer division."*® Last, although polymers are
normally considered distinctly suited for translation to
commercial manufacturing, micro-scale membranes are a
relatively new structural capability for these materials.
Despite the rapid increase in commercial R&D to optimize
performance and durability, control over preparation
procedures remains problematic. Therefore, relatively few
commercial polymeric membranes are available. Notable
exceptions include fibrous polytetrafluoroethylene (PTFE)
mats, particle loaded membranes (PLMs), or polyethylene/
polycarbonate track-etched thin films (Fig. 7A)."*'7%3
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Fig. 7 Membranes composed of synthetic and naturally derived polymeric membranes. A. A track-etched polycarbonate centrifugal microfluidic
device for circulating tumour cell isolation (adapted from ref. 131). B. Elastomeric PDMS membranes for integrated valving (adapted from ref. 146).
C. Orthogonal flow centrifugal microdevice with cellulose nitrate membrane for detection of Ebola virus-like particles (adapted from ref. 37). D.
Water-soluble membranes for programmable valving on a centrifugal platform (adapted from ref. 184). E. Lipophilic dissolvable Parafilm membrane
for event-triggered valving during rapid antigenic protein in situ display (RAPID) ELISA (adapted from ref. 185). F. Hybrid polyester-cellulose
centrifugal microfluidic device for colorimetric indicator reagent storage (adapted from ref. 188).

Among the commercially available synthetic polymer
membranes, planar PLMs enable higher sample throughput,
while simultaneously minimizing channeling, in comparison
to their packed bed counterparts.'** PLMs may be based on
aliphatic ~ polyamides,  poly(vinylidene fluoride), or
poly(ethylene terephthalate) fibers loaded covalently (e.g., via
amino, carboxylic, or other functional group) or
noncovalently with metal (e.g., gold, silver, palladium, etc.) or
semiconductor (SiO,, Al,Os, etc.) nanoparticles.’*® Despite
the variety of PLMs already available, their surface
chemistries are primarily directed toward standard
applications in solid phase extraction. However, the
incorporation of novel nanomaterials into membranes is
becoming increasingly valuable, due to their exceedingly
tuneable properties and improved mass transfer kinetics.
Thankfully, customization of PLMs can be facilely achieved
through dip coating, drop casting, or electrospinning.'*> One
possible downside to these hybrid structures is their
randomized fiber network. For applications requiring more
predictable physical surface properties, track-etched (TE)
membranes offer uniform pore size distributions, tuneable
pore geometries, smooth surfaces, and low auto-fluorescence,
rendering them highly suitable for high-performance
filtration and microscopy imaging."*® Similar to their metal

9§ Organosilicon compounds, such as poly(dimethylsiloxane), are commonly
referred to as ‘silicones’. Despite the similar spelling, silicone and silicon are
entirely distinct materials. Silicon denotes the chemical element, while silicone
is a synthetic substance made using silicon. Silicon binds readily to oxygen,
forming silicon dioxide - better known as silica or quartz.

3138 | Lab Chip, 2023, 23, 3130-3159

and silicon membrane counterparts, noble metal
nanoparticles can also render TE surfaces suitable for surface
enhanced vibrational spectroscopy.’®” Gold-coated TEs are
even commercially available, although an associated increase
in cost should be noted with the inclusion of noble metals in
either thin film or nanoparticle form.

Typically acquired as its organosilicon| monomer and
separate cross-linking agent, PDMS remains among the most
influential commercially available synthetic polymers on the
market. First described by Whitesides' group in 1998, PDMS
cross-linking offered a revolutionary new process for
microdevice fabrication and cost efficient design iteration.*
Since its inception, PDMS as a membrane material is most
often applied for its high gas permeability, permitting the
rapid exchange of both the O, and CO, necessary for
sustaining biological studies.®"®® This is further supported
by its inherent biocompatibility and optical transparency.
Hydrophobic PDMS surfaces'® are readily altered to either
fine-tune surface wettability, augment chemical resistance, or
prevent adhesion of biological molecules via plasma
oxidation,"*® laser irradiation,"*® or chemical coating.'*"'**
Yet even without surface amendment, PDMS is intrinsically
capable of selective nanofiltration of organic solvents.'*?
However, this mechanism results in significant material
swelling, which may affect proper device functioning.'**
Nonetheless, it is this characteristic, as well as its high
elasticity, which renders the material particularly useful
either as a mechanism for mechanical actuation’*® or for
integrated valving (Fig. 7B)."*®'*” Beyond swelling, which
alters the rate of permeation, several other potential

This journal is © The Royal Society of Chemistry 2023
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downsides exist for the use of PDMS as a membrane. Surface
modifications are not necessarily permanent and can drive
up the cost and complexity of fabrication. Furthermore,
residual un-crosslinked oligomers can leach from the surface,
acting as a source of contamination."*® Finally, PDMS
degrades with age, eventually affecting its optical and
mechanical properties, nor is not particularly resistant to
elevated temperatures.

Although PDMS does offer a level of inherent chemical
separation due to its tuneable porosity and wetting
characteristics,"*® similar to many other membrane
materials, highly selective discrimination is not possible
without additional surface functionalization. However,
molecularly imprinted polymers represent a unique category
of discerning membranes, possessing molecular-level
recognition sites reminiscent of some biological compounds
(e.g., aptamers, antibodies, or affibodies). Highly versatile,
MOIs can be generated against a diverse array of targets with
different structures, sizes, and physicochemical properties.
As a membrane material, MIPs are considered relatively
inexpensive, physically and chemically stable (although
chemical compatibility can be an important limiting factor),
and reusable.'® Preparation of MIPs can be achieved via
several methods, including suspension, emulsion, and sol-
gel formation.'"**> Importantly, many of these procedures
are single-step reactions with high yields and will also
determine whether the resulting structure is self-supported
or must act as a supported membrane.’>>'** Although the
variety of available preparative techniques yields exceptional
customization capabilities in flux capacity and surface
functionality, the synthesis parameters are most commonly
obtained experimentally. The result is a time-consuming and
laborious optimization path, which has so far been the major
roadblock to greater MIP advocacy and application.">*'%®
Even so, given the explosion in microfluidic sensors, coupled
with the intensity of research within the field aimed at
improving preparation methods through computational
simulations,'>* MIPs are expected to fulfil an urgent need in
the development of low-cost, highly stable, and highly
selective microdevices.'” Centrifugal microdevices could
possibly offer a solution for automating high throughput
screening of optimum sol-gel synthesis parameters via
repeated architecture.'”® A key aspect for researchers to avoid
will be a recurrence of the difficulty in industrial scale-up
methods for microdevices which incorporate MIPs. The
difficulty of mass manufacture remains a roadblock for
PDMS-based microdevices to this day, and should serve as a
cautionary tale during conception of MIP-based microdevice
fabrication.

In contrast to MIPs, fabric membranes represent a
promising material for incorporation within microdevices.
Fabric membranes may be composed of a variety of hybrid
materials depending upon the desired application, including
polyester, cellulose, or silica based substrate fibers coated in
either commercially available or custom sol-gel inorganic/
organic polymers (e.g., PDMS, poly(ethylene glycol), or

This journal is © The Royal Society of Chemistry 2023
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poly(tetrahydrofuran). Detailed resources within the literature
are available for various sol-gel preparation procedures.'>®
Thus far, fabric membranes have been most extensively
employed for sorptive extraction,'””'*® coined fabric phase
sorptive extraction (FPSE), combining two well-known
techniques within the field: solid phase extraction and solid
phase microextraction.”” Notably, these materials are
capable of extracting analytes without sample modification,
minimizing pre-treatment steps and subsequent analyte
loss."® Sol-gel coated FPSE membranes are chemically and
thermally stable due to the covalent bond between the fabric
substrate and thin sol-gel coating. This includes exposure to
a pH range between 1-13 as well as compatibility to an
extensive variety of organic solvents, without affecting the
chemical functionality or structural integrity of the hybrid
substrate.'®® This stability renders these membranes suitable
for a range of downstream analytical processes, including
mass spectrometry (MS), gas chromatography (GC), high
performance liquid chromatography (HPLC), or capillary
electrophoresis (CE).*>'* Importantly, although fabric sol-
gel membranes are not yet commercially available, their
precursor substrates are. Furthermore, membrane fabrication
strategies (i.e., dip-coating) are eminently accessible and
affordable. Although pore size distribution and geometry are
not well controlled, two highly desirable characteristics is
superior batch-to-batch reproducibility and considerable
permeability.’®® This latter property increases the pressure
drop (AP) experienced by incoming fluid, augmenting their
compatibility with the typical angular frequencies (1-50 Hz)
employed in centrifugal microdevices. Finally, their minimal
solvent requirements, along with fiber or planar structural
forms, enhances their potential for automation and
portability. Fabric phase membranes offer serious potential
for addressing many of the obstacles surrounding macro-to-
micro interfaces for sample integration and processing.

Organic polymers

Cellulose is among the most abundant and renewable
organic biopolymer available. As a raw material for
membrane formation, it is highly prized for its biodegradable
characteristics and touted as a sustainable alternative to
petroleum-based synthetic polymers. Given the ubiquity of
the raw material, as well as the maturity of the paper-
processing industry, membranes composed of cellulose are
among the most economical options for membrane
fabrication and integration. Naturally occurring in the form
of fibrils, cellulose may also be prepared as a aerogel,
hydrogel, microfiber, or film.'®* Cellulose consists of a single
repeating unit, p-glucose, linked by B-1,4-glycosidic bonds.'®
Extensive hydrogen-bonding as well as van der Waals forces
between glucans leads to the formation of crystalline
microfibrils.'®® This process imparts lightweight, mechanical
rigidity while maintaining a flexibility similar to PDMS,
although cellulose-based membranes do remain susceptible
to compaction."” Due to the presence of exposed hydroxyl
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groups on the fibril surfaces, cellulose membranes are
naturally hydrophilic. Depending upon the intended
application, the optical properties for cellulose may be
considered non-ideal; inherent surface roughness renders the
material opaque while additives during manufacturing can
bestow strong autofluorescence.'®® Should only the
microdevice itself need to remain transparent, Ma, et al
recently demonstrated stable and controllable patterning of
cellulose microfibers onto either polymeric or silicate
substrates.*®® For applications where the cellulose membrane
itself would optimally exhibit some degree of transparency,
isorefractive matching has also been demonstrated as a
unique means of improving detectability of functionalized
gold nanoparticles.>® Alternatively, cellulose nanofiber (CNF)
papers offer superior optical, thermal, and mechanical
strength characteristics relative to standard microfiber
cellulose."”® As yet, commercially produced CNF paper
remains extremely limited."”" However, in-house production
methods are readily available within the literature, for either
chemical or mechanical nanofibrillation of nanofibers, or by
way of bacterial biofilm production.”*'”® 3D printing of CNF
hydrogels has also been described.'”* As yet, there are no
instances in the literature of a centrifugal microfluidic device
which makes use of this exciting new material. However,
cellulose nanofiber substrates offer an advanced matrix for
organ-on-a-disc cell scaffolds,'”® as ultra-thin film sensors, or
as a highly selective separations media."”®

In addition to the diversity in available structural
formats, cellulose may be extensively derivatized to impart
novel physicochemical properties. Among the possible
derivatives, cellulose acetate (CA), cellulose nitrate (CN),
mixed cellulose esters (MCE), and regenerated cellulose (RC)
are among the most popular. Conveniently, the commercial
availability of both cellulose and its ester derivatives is
extensive. CA is obtained by reaction of acetic acid with
cellulose fibers, leading to acetylation. The resulting
material is more heat resistant, less hygroscopic, and has
the lowest affinity toward proteins of all the derivatives
previously mentioned."”” However, the process of acetylation
renders CA more brittle and, depending upon the degree of
substitution, renders the material less biodegradable than
pure cellulose."”® Unlike cellulose, CA is also more soluble
in organic solvents. Cellulose nitrate (often misnamed
colloquially as nitrocellulose) is actually a thermoplastic
most commonly obtained through treatment of cellulose
with a mixture of HNO; and H,S0,."”° Although highly
flammable, as a membrane material it offers high flow
rates, low autofluorescence, and very low affinity toward
proteins (in contrast to both cellulose and cellulose acetate)
(Fig. 7C).>”'%° However, pure NC membranes are rarely
available commercially due to its long-term instability.
Instead, composites of CA and NC are prepared as CA is far
more stable and less flammable. These membranes are
more correctly defined as short-chain mixed cellulose esters
(MCE). Although these composite membranes exhibit
greater binding affinity toward proteins, they are less
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susceptible to biodegradation®® and offer a more uniform
pore structure. Mixed chain length MCEs are becoming a
focus of research as a potential alternative. Substitution
with additional long chain acyl moieties can improve MCE
mechanical durability, relative to solely short chain
moieties, reducing the need for added plasticizers during
manufacturing that can  become a  source of
contamination. " Finally, RC refers to any cellulose-derived
material within which the cellulose was dissolved then,
subsequently reformed. RC thin-films, aerogels, and
hydrogels are all prepared in this manner. Higher
mechanical strength and thermal resistance along with
optical transparency and anti-fouling characteristics, can all
be achieved by appropriate selection of the dissolution
solvent followed by the combination of a coagulant and
physical processing strategy.'®*'$>'%  This dissolution
characteristic may even be adeptly leveraged as an
automated valving mechanism (Fig. 7D)."®** Unlike their
synthetic polymer counterparts (Fig. 7E),"®® thin films that
are partially composed of cellulose fibers can be rendered
dissolvable in aqueous solutions, which constitute the vast
majority of on-disc assays. RC thin-films may also be
acquired from such commercial sources as Whatman'®® or
SpectraPor®,'®”  which  provide dialysis membranes
according to a wide range of molecular-scale pore sizes.

In general, cellulose and its derivatives are far less
thermally, bio-chemically, or mechanically stable relative to
the other membrane materials previously discussed as they
are subject to combustion, acid hydrolysis, and
biodegradation. Cellulose is also simultaneously hydrophilic
and hygroscopic, which leads to significant swelling and
subsequent reduction in permeability. Additionally,
integration within microfluidic devices is typically limited to
compressive or adhesive sealing (Fig. 7F),"®® as direct
bonding techniques to metal, glass, or other polymers
remains underdeveloped.'® However, the versatility in
surface functionality, biodegradability, hydrophilic character,
and cost efficiency imply that cellulose-based membranes
will remain, and potentially grow, in preference.

181

Membrane fabrication & microfluidic
integration strategies

A contributing factor in the versatility of integrated
membranes relates to their disparate morphologies. For
example, the integration methods and intended applications
of a hollow fiber membrane will differ greatly from a thin
film membrane."”® These morphologies principally dictate
the methodological approaches available for microdevice
incorporation, while optimal form, dimension, and even
orientation are all dictated by function."®" Yet beyond the
physical configuration, several additional characteristics
must also be taken into account during device design,
including structural and bio-chemical surface stability.
Structural stability depends fundamentally upon the
fabrication method, with electrospun fibers being especially

This journal is © The Royal Society of Chemistry 2023
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susceptible to compressive forces.'”>%* Surface stability is a
function of both the material as well as any additional
surface  modifications  performed, with enzymatic-
functionalized surfaces typically vulnerable to thermal
extremes'®> or PDMS hydrophilicity to age.'*® Therefore, each
method for membrane insertion within a microfluidic device
comes with a unique set of advantages and challenges. No
one method vastly outperforms the others. The diversity of
techniques merely serves the purpose of enabling the
successful assimilation of an extensive array of membrane
types into the rapidly expanding suite of microfluidic devices.
These various integration approaches can be parsed
according to 1) externally prepared and embedded during
fabrication, 2) internally prepared during device fabrication,
and 3) in situ preparation post device fabrication.®

Externally prepared embedded membranes

Embedded membranes may be purchased from commercial
vendors, purchased and further functionalized, or prepared
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entirely in-house. Embedding carries several advantages,
including straightforward fabrication, low cost, good
reproducibility, and flexibility toward membrane morphology
and properties. This implies an adaptive design whereby
different applications may be accommodated through simple
switching of membrane material(s). An essential aspect for
successful membrane incorporation is edge sealing. Sealing
the boundary between the membrane and microdevice edges
can be achieved for embedded membranes via compression
(Fig. 8A),"” solvent bonding, or with adhesives. Although
simple, compressive sealing can result in liquid penetration
between the microdevice contact layers via capillary action,
depending upon the surface properties of the liquid and bulk
material. The application of heat during compression may
also result in unwanted warping, further disrupting any seal.
Alternative thermal assembly processes, which make use of
multiple materials selected for their differential glass
transition (7,) temperatures, may provide a solution in some
instances.’®® By comparison, solvent bonding of materials
can provide a more robust seal when compared to solely
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Fig. 8 Externally prepared membranes. A. Compressive sealing of a dialysis membrane used for protein precipitation and chromatography
(adapted from ref. 197). B. Print-pause-print method for membrane integration within a microfluidic dialysis device for binding affinity
measurements (adapted from ref. 205). C. Print-pause-print embedded cellular acetate membrane within an FDM-based 3D printed microdevice.
Membranes were held in place during the remaining print via a biocompatible silicone liquid adhesive (adapted from ref. 206). D. Graphene oxide
membrane implanted using a pressure sensitive adhesive tab for phase-selective flow control within a centrifugal device (adapted from ref. 114). E.
Red blood cell removal through highly asymmetric, commercially available membrane (Vivid™ Plasma Separation) via centrifugal actuation. Liquid
bypass along membrane edges is prevent with thermal compression during microdevice fabrication (adapted from ref. 207). F. Manually inserted
electrospun silicon dioxide membrane within a three-dimensional centrifugal microdevice for blood separation (adapted from ref. 194).
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compressive techniques. However, at least one material must
be dissolvable by a solvent, typically limiting its usance to
synthetic polymers. Application of these solvents also
requires an external setup for vapor deposition, or else rely
on direct manual application. Solvent entrapment can also
lead to local delamination™®® or eventual crazing.>’° Although
adhesive sealing offers a broadly applicable and seemingly
straightforward approach, membranes may suffer blockages
due to liquid adhesive penetration within the pores (via
lateral wicking) or simply be incompatible with assay
reagents. This is especially true for supported liquid
membranes (SLM), which may rely on organic solvents for
sample extraction. In these instances, inert adhesive tapes,
such as silicon, may be feasible.***

Several innovative embedding techniques have been
successfully demonstrated that attempt to circumvent these
particular difficulties. Surface activation, to introduce reactive
moieties for covalent linking, offers a high strength sealing
method that avoids the potential surface distortion or
blockages derived from compressive or liquid adhesive
penetration, respectively.>> Although pore morphology and
mass transport are less likely to be affected, surface
characteristics may be irreversibly altered. Alternatively, 3D
printed devices may incorporate a membrane during
fabrication via direct implantation.?°>>°* This approach can
include pausing mid-print during Fused Deposition
Modelling (FDM) (Fig. 8B)**> or through initial placement
within the precursor solution during stereolithography (SL)
(Fig. 8C),>°° followed by chemical rinsing to remove any non-
crosslinked monomer. Avoidance of liquid adhesives, relying
instead upon thermo- or pressure-responsive semi-solid
adhesives, is a commonplace strategy among laminate
structures (Fig. 8D and E)."'*?%72% However, depending
upon the microdevice design, these adhesives can introduce
contaminants or be otherwise incompatible with the
intended microdevice functionality.”®® In these instances,
researchers turn to various in-house preparation techniques.

Among the custom membrane fabrication methods
available, electrospinning warrants special attention. This
membrane fabrication method has become an particularly
popular choice due to its convenience, affordability,
physicochemical  versatilityy, and mass  production
compatibility.?*°"*'* Electrospinning may be employed for the
synthesis of nonwoven nanofibers from such disparate
materials as organic or synthetic polymers, silica, carbon,
and metal.”?’**"®* An abundance of published fabrication
protocols are available for the production of unique
nanofibers based primarily on modifications to the high-
voltage spinneret, collector, and/or polymer precursor
solution.*'*?'*21> These fibers may be produced in hollow,
core-shell,  multichannel, or intrinsically = porous
morphologies depending upon the material, evaporation rate,
feed rate, and solvent miscibility among other
parameters.*'"?'® Precisely designed functional materials can
be produced with this technique, including sol-gels,>” >
MIPS,?20:221 and nanofibers with embedded
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nanoparticles.””>?** Direct surface functionalization, through
the attachment of recognition biopolymers (e.g., antibodies,
enzyme, or aptamers), is also commonplace.”****> The
downsides to electrospun membranes include their limited
control over pore size and geometry,”****” unintended
shrinkage or deformation post production,>® and opacity.
However, in the latter case, optical transparency has been
demonstrated using  specialized  protocols.”*®  Their
biocompatibility, electrical conductivity, or chemical,
thermal, and mechanical durability are dependent upon the
specific synthesis parameters chosen and therefore vary
widely. However, across procedures, electrospun membranes
exhibit excellent permeability and high surface capacities.
These externally prepared membranes offer similar potential
to classic MIPs, with less complex and intensive synthesis
optimization required. Additionally, integration of these
membranes could employ many of the same methods used
for other embedded membrane types. Thus far, the use of
electrospun membranes within centrifugal microfluidic
devices has been extremely rare (Fig. 8F).'**

2

Simultaneously fabricated membranes

Membranes that are prepared within a device during the
process of fabrication are able to avoid the complication of
sealing disparate materials by virtue of seamless boundaries
between the membrane and microdevice channel walls.
Often, these membranes are composed of inorganic
materials, such as silica, silicon, and alumina. As such,
fabrications techniques trace their inspiration directly from
the semiconductor industry (e.g., etching or thin film
deposition). These techniques offer a high degree of control
over feature morphology and pore size, therefore providing
high reproducibility in performance. Additionally, feature
dimensions down to the tens of nanometers are possible.
Finally, as mentioned previously, these materials offer a high
degree of thermal stability and chemical resistance. However,
as also briefly mentioned, the use of these materials and
techniques is limited due to the high cost of materials and
relatively sophisticated equipment required. Extensive
training for successful fabrication, in addition to cleanroom
facilities, may further limit the accessibility of this approach.
Recent efforts aimed at addressing some of these drawbacks,
namely the elimination of the cleanroom by incorporating
additive manufacturing technologies, appear poised to
massively broaden the impact of this procedural approach.>*’
3D printing is capable of seamless incorporation of
membranes within complex microdevices,”° through
sequential co-printing with different UV-curable resins
(Fig. 9A),>*" as well as fabrication of membranes with novel
surface patterning (Fig. 9B),>*> thus expanding functionality.
Importantly, direct production is achievable in a single step,
while the technology itself is highly accessible, making it a
competitive option for the next generation of microfluidic
membranes. The current downsides included limited
resolution and material selection, as well as potential
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Fig. 9 Simultaneous and in situ fabricated membranes. A. Digital manufacturing of porous membranes within 3D printed microdevices through
sequential co-printing of multiple resins (adapted from ref. 231). B. 3D printed membranes with surface structures to increase surface area and
reduce fouling (adapted from ref. 232). C. Freestanding, in situ biopolymer membrane within a PDMS microfluidic device for the creation of small
molecule gradients in the absence of protein diffusion (adapted from ref. 191). D. In situ polymerized ion-permeable membrane for miniaturized
electric field gradient focusing (EFGF) enabling protein preconcentration prior to microchip electrophoresis (adapted from ref. 233). E. In situ
fabrication of ion-exchange monolithic stationary phases within centrifugal microdevices by microwave-initiated polymerization (adapted from ref.
234). F. Monolithic anion-exchange column within a lab-on-a-CD for chromatographic separation of europium(in) and uranium(vi) (adapted from
ref. 236). G. 3D printed porous solid phase extraction sorbent for detection of polycyclic aromatic hydrocarbons in crude oil in a centrifugal duplex
cartridge (adapted from ref. 46). H. Formation of a 2D polyurethane foam via centrifugal actuation for in situ formation of an aqueous-

impermeable channel occlusion (adapted from ref. 237).

monomer leaching. According to Clarivate Analytics ‘Web of
Science’, although the number of 3D printed centrifugal
microfluidic devices (or centrifugal microdevices which
incorporate a 3D printed component) to date remains small,
the trajectory for the number of publications per annum is
rising steadily.

In situ prepared membranes

Membranes prepared in situ represent an important
compromise between the more costly and complex
procedures prevalent with simultaneously fabricated
membranes and the minimal costs associated with

embedded membranes. Although the available options for
commercial membranes are considerable, they are not

comprehensive.  Novel applications or microdevice
configurations may necessitate imaginative membrane
properties or orientations, such as those describing

interfacial polymerization of vertical membranes (Fig. 9C)."*

Chemical synthesis of these membranes via polymerization is
a popular response to this need. However, although
customizable, reproducibility for membrane integration

This journal is © The Royal Society of Chemistry 2023

success or performance across devices may be low as a result
of the manual nature of the process. Depending upon the
choice in monomer, in addition to the requirements for
polymerization initiation, the microdevice may also need to
be UV (Fig. 9D)*** or microwave transparent.>** Optimization
of pore size is usually the result of extensive trial and error.”*
However, in situ preparation lacks some of the challenges
associated with edge sealing of embedded membranes.
Monolithic (Fig. 9E and F),****® 3D printed (Fig. 9G),*® or
foam (Fig. 9H)**” membranes especially offer an exciting
alternative to packed particle columns, which normally
require frits or other physical barriers to localize and retain
in-channel.

Membrane applications within
microfluidic devices

Membrane science and technology is a  highly
interdisciplinary field. Therefore, it should come as no
surprise that the same scientists in pursuit of developing
uUTAS, with a diverse set of backgrounds, would also

embrace such a cross-discipline material to solve
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outstanding challenges within their respective fields.®>®?
Membranes have thus far been used for an impressive
array of functions within microfluidic devices, as outlined
in Table 1. The following discussion will explore some of
the prevailing functions, including reagent storage, mixing,
aliquoting, purification, and sensing as applied primarily
within  centrifugal = microfluidic ~ devices.  Additional
discussion of some emerging uses for membranes, that
have notably not received significant attention within the
centrifugal microdevice community, will also be included.

View Article Online
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Structural applications

Retainment & displacement. Membranes offer an
adaptable method for precise control of multiple phases
within microfluidic devices. Both restriction and/or allowance
of fluidic movement, in the form of valves, has been
described many times within the literature. One intuitive
method is through mechanical ‘pinch valves’**® which
employ elastomeric materials that deflect in response to
pressure actuation, applied within or outside the plane of

Table 1 Examples of membranes integrated within centrifugal microfluidic devices. lllustrations provided above the table describe the various fluidic

interactions possible via centrifugal actuation

‘ Restriction Linear Passage Excursive Passage \
Endpoint Confined In-Line Orthogonal Cross-Flow U-Encounter
Dissoluion  Bypass — e e el

>

Membrane material Membrane function Flow path Integration strategy References
Track-etched PC e Filtration ¢ Orthogonal Internal adhesive bonding 75
AAO ¢ Enrichment e Orthogonal
Activated AAO e Filtration ¢ Orthogonal Internal adhesive bonding 76
Glass microfiber e Reaction chamber e U-encounter External adhesive attachment 89
e Reagent retainment e Endpoint
Track-etched PC e Filtration e Orthogonal Internal chemical bonding 131
PDMS e Valving e Bypass Internal chemical bonding 146
Cellulose nitrate ¢ Antigen capture e Orthogonal Internal adhesive bonding 37
Cellulose derivatives and plasticizers e Valving e Dissolution Internal adhesive bonding 184
Parafilm ¢ Valving e Dissolution Internal adhesive bonding 185
Cellulose ¢ Reagent storage ¢ Endpoint Adhesive lamination 188
Regenerated cellulose e Dialysis e Cross-flow Compressive sealing 197
e Chromatography
Graphene oxide e Valving e Orthogonal Internal adhesive bonding 114
Polysulfone e Filtration e In-line Internal adhesive bonding 207
Electrospun SiO, e Filtration e Orthogonal Direct insertion 194
Methacrylate monolith ¢ Extraction e In-line In situ polymerization 234
Methacrylate monolith ¢ Extraction e In-line In situ polymerization 236
Rubber monolith e Extraction e In line Sequential 3D co-printing 46
Polyurethane foam ¢ Valving e Confined In situ polymerization 237
Latex e Valving e Bypass Internal adhesive bonding 241
¢ Mixing e Confined
Latex or PDMS e Valving ¢ Bypass Direct insertion 242
PTFE e Valving e Confined Internal adhesive bonding 247
Latex ¢ Valving e Confined Internal adhesive bonding 249
Latex e Reagent storage e Bypass Compressive sheath 244
¢ Aliquoting
PVP-coated e Filtration e Cross-flow Internal adhesive bonding 252
Track-etched PC
Track-etched PET e Cell culture e Orthogonal Solvent bonding 199
e Perfusion e Cross-flow
Glass microfiber e Purification e Orthogonal Internal adhesive 285
PLM Cgg silica-PTFE fibrils e Extraction e Orthogonal Internal adhesive 293
Polyester cloth e Detection e U-encounter Thermal sealing 305
Cellulose nitrate e Detection e Confined Internal adhesive 306
e Orthogonal
Cellulose e Filtration e Cross-flow Internal adhesive 36
¢ Incubation e In-line
Polyurethane e Detection e In-line Direct insertion 307
Polypropylene e Supported liquid extraction e Cross-flow Internal adhesive 201

3144 | Lab Chip, 2023, 23, 3130-3159

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lc00175j

Open Access Article. Published on 26 June 2023. Downloaded on 4/1/2026 7:40:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

fluid flow.>*>?*° Under these circumstances, membrane
deflection may either temporarily or permanently occlude the
affected channel(s). Although straightforward, mechanical
membrane valves may be creatively adapted to achieve several
different fluidic outcomes. In 2018, Aeinehvand et al
described a novel method that could be applied toward
valving and mixing on the same device (Fig. 10A).>*' In both
instances, a latex or nylon elastomeric membrane was
deflected via external pressure, forcing the membrane into a
subterranean channel. Valving was achieved by the inclusion
of a sacrificial layer of aluminum foil, which would puncture
in response to contact with the deflected membrane, allowing
liquid passage. Alternatively, active mixing could be realised
by incorporating a metallic microbead above the membrane.
By rotating the centrifugal microdevice over a stationary
magnet, the bead would automatically deflect the membrane,
displacing any fluid below in direct contradiction to the static
centrifugal pressure. The impact of this reciprocal fluid mixer
was neatly demonstrated by a reduction in total assay time,
alongside the enhancement in detection limits, for an
integrated ELISA. Active mixing overcomes the reliance on
diffusion for analyte mixing within the laminar flow regime.
Diffusion is particularly slow for large macromolecules, such
as 2° antibodies, with large hydrodynamic radii and
correspondingly small coefficients of diffusion. Later,
Aeinehvand et al. also presented a technique for reversible
flow switching within a centrifugal microdevice using
elastomeric pinch valves (Fig. 10B).>*> Two separate designs
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were employed, both requiring a compressible plug made of
either rubber or PDMS. In either version, the sealing pressure
needed to prevent fluid flow could be calculated based on the
rotational frequency of the microdevice and its
corresponding applied centrifugal pressure. In one iteration,
termed the fixed elastic reversible valve, the plug would resist
the pressure of the incoming fluid up to a critical threshold
rotational frequency. Once fluid bypassed the valve,
increasing angular velocities were required to maintain flow
as the length of the liquid column above the valve steadily
decreased, a consequence of centrifugal based fluid
actuation. Reversibility of the valve is simply achieved by a
reduction in rotational frequency, allowing for stepwise fluid
transfer. An alternative version, termed the tuneable elastic
reversible valve, avoided the need to modulate the angular
frequency of the microdevice itself, relying instead upon
altering the compression experienced by the elastomeric
material through the turning of a screw. By integrating
similar valve types onto a single device, automation of
complex multi-step bioanalytical assays could be facilitated
while still avoiding complex disc fabrication procedures.
However, one challenge to the use of programmable valving
is the requirement for optimizing the external software and
hardware needed to automate their use. In 2016, Aeinehvand
et al®® also demonstrated a manual mechanical valve
intended for reagent storage release within a centrifugal
microfluidic device. Aqueous liquids retained within bubble
wrap were inserted into a source chamber then overlaid with
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Fig. 10 Structural membrane applications in microfluidic devices. A. Active magneto-balloon mixer and valve based on deflection of a Saran™
wrap membrane for detection of septic shock (adapted from ref. 241). B. Reversible, tunable flow switching within a centrifugal microfluidic device
through latex membrane pinch valves (adapted from ref. 242). C. Membrane-modulated centrifugal device for sequestration of reagents used to
generate pneumatic pressure for inward fluid displacement (adapted from ref. 247). D. Latex microballoon for liquid pumping on a centrifugal
platform (adapted from ref. 249). E. Long term storage and nano- to micro-liter reagent aliquoting through centrifugal actuation of deformable
latex membranes (adapted from ref. 244). F. Cross flow filtration of blood samples on a PVP-coated track etched polycarbonate membrane
(adapted from ref. 252). G. Track-etched PET membrane for organ-on-a-disc cell culture (adapted from ref. 199).
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a latex membrane tab. Manual pressure applied directly to
the membrane caused the bubble wrap to burst, releasing the
desired reagent within the microchannel architecture. Using
this method, centrifugal pressure of <106 kPa could be
achieved without leaking along with high (92 + 4%) liquid
recovery.

Hydrophobic, air-permeable elastic membranes (e.g. latex
or PTFE) are also an effective method for retaining either
fluids or solids while still allowing gas exchange.***">*> This
can be particularly useful during heating steps which cause
fluidic expansion and risk liquid escape.”>**>**” They may
also act as physical barriers capable of avoiding analyst
exposure to potentially toxic compounds or contamination of
nucleic acid amplification tests (NAATs).>*® Intriguingly, they
may also be efficiently leveraged to help generate pneumatic
pressure on-disc to drive fluid displacement. Two separate
instances where this has been effectively demonstrated on a
centrifugal platform include Dignan et al (Fig. 10C)**” and
Aeinehvand et al. (Fig. 10D).>** A common limitation of
centrifugal platforms is the inevitable movement of fluid
from the center of the microdevice toward its outer edge.
This normally enforces a physical limit to the number of
processing steps that may be integrated within a single assay
according the microdevice radius. However, by integrating a
mechanism for fluid displacement back toward the center of
rotation, the number of processing steps may be effectively
doubled. In the first instance, Dignan et al. leveraged an
embedded PTFE membrane to retain a tablet of citric acid
mixed with sodium bicarbonate. Rehydration of the tablet
with deionized water initiated an acid-base neutralization
reaction capable of rapidly generating CO,. This gaseous
byproduct was allowed to pass unidirectionally through the
membrane and propel <10 pL of lysate toward the disc
center in ~2 s with 80% recovery, while also precluding any
contact between the lysate and the neutralization reaction.
Off-disc, this lysate was demonstrated to remain compatible
with several downstream NAATs while the reagents necessary
for fluid displacement were shown to maintain reactivity even
after 6 months of storage on-disc. In contrast, Aeinehvand
et al directly employed an elastomeric membrane for
potential energy storage in place of chemical reagents. In this
case, hydrostatic pressure induced by an incoming fluid
within a closed chamber would generate a predictable level
of membrane flexion that could be correlated to the changes
in fluid levels based on rotational frequency. Ultimately, a
relationship between the changing liquid levels, and the
reactive pressure exerted by the latex micro-balloon, could be
defined. Using this technique, the micro-balloon was found
capable of pumping <90 pL of deionized water using
relatively low (e.g., 1500 rpm) rotational frequencies. The
technique was demonstrated for priming of a siphon valve, a
commonly employed passive valving mechanism within
microfluidic devices. It is significant that the integration of a
membrane enabled both Dignan et al. and Aeinehvand et al.
to avoid the need for a ‘displacement fluid” which requires
either integrated storage near the microdevice center,
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precisely where available space is at a premium, or
immediate pre-addition, which prevents automation. Less
commonly, membrane deflection has also been
demonstrated for enabling microvolume aliquoting. In 2019,
Kazemzadeh et al. introduced a liquid-handling technique
which offered consistent and precise dispensing of
microvolumes on a centrifugal device (Fig. 10E).>** Latex
membranes, which covered the aperture of a sealed FEP
ampoule, were bypassed via a similar mechanism to
Aeinehvand et al., whereby hydrostatic static pressure was
generated via centrifugal actuation leading to reversible
membrane deformation. The critical actuation pressure
necessary to achieve liquid dispension were found to depend
on three tuneable parameters, which included the membrane
thickness and elasticity, as well as the difference between the
internal diameter of the membrane alongside the external
diameter of the ampoule (i.e., the tightness of seal). However,
in contrast to Aeinehvand et al., one additional parameter led
to an increase in the required @ beyond a decrease in the
liquid plug length. As fluid was dispensed from the ampoule,
a partial vacuum was created. This could be accounted for by
a liquid dead volume, assuming a known input liquid volume
and residual Finally, simultaneous blood
separation and fractioning into separate chambers was
demonstrated using a single ampoule outfitted with two
membranes while reagent storage stability of even volatile
organic compounds (e.g., ethanol) were examined.

Filtration. Filtration can refer either to multi-matter phase
separation (i.e., solids from liquids) or physicochemical
removal of interfering compounds in a mixture.”®° Mass
transport control is normally achieved with the membrane
acting as a physical barrier, separating components via
dimensional exclusion according to a defined pore size, with
flow actuated via a pressure differential. A major challenge
for this application is the flux decline resulting from particle
deposition and surface fouling. Although chemical
treatments can alter surface properties and thereby effectively
mitigate fouling tendency,”® environmental concerns
regarding surface degradation and waste disposal remain.
Innovative microstructural alternatives have been proposed
which achieve anti-fouling and anti-clogging functionality, in
addition to higher durability, through biomimicry."* Despite
these various challenges, filtration may be a necessary
sample processing step in many fields, most particularly
biomedical and environmental, where complex mixtures are
commonplace. Examples of this include the filtration of soil
slurries on a centrifugal microdevice using embedded
commercial filters, which outperformed sedimentation for
particulate removal.'®® The separation of amphiphilic serum
biomarkers from whole blood has also been demonstrated
within a centrifugal microfluidic device (Fig. 10F).>** In this
work, Lenz et al. were able to purify serum to commercial
standards, while simultaneously liberating and preserving
amphiphilic biomarkers from host lipoprotein carriers. In
many cases, previous efforts aimed at achieving whole blood
separation on a microfluidic platform have primarily focused

air volume.
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on the detection of nucleic acid targets. In contrast, lipidated
sugars (e.g., lipopolysaccharide, lipoteichoic acid, etc.) are
capable of non-specifically adhering to many types of
surfaces. Additionally, the integration of fluorescence-based
detection methods downstream of filtration may be
challenged by accidental lysis of red blood cells (RBCs),
causing the release of fluorescent hemoglobin, due to
membrane clogging. Lenz et al. neatly addressed both
challenges by relying on cross-flow filtration over a
commercially available, hydrophilic PVP-coated polycarbonate
track-etched (PCTE) membrane. By interleaving the PCTE
membrane between multiple over- and underlying channels,
RBCs were gently removed with extremely high efficiency
through a single-step, sequential filtration strategy.
Supplementary work describing a pragmatic technique for
reproducible integration of the delicate membranes within
the microfluidic device were also provided. In brief, water
droplets are used to reversibly hold the hydrophilic
membrane to the surface of one microdevice layer while a
second layer is aligned and secured through a pressure
sensitive adhesive. A similar strategy, using methanol to
reversibly attach hydrophobic PTFE membranes to
microdevice layers during laminate fabrication, has also been
used with great success within our own lab.

Finally, an application-agnostic requirement for proper
microdevice functioning is the removal of bubbles within
microchannels, which can adversely affect fluid dynamics
and microdevice performance. The likelihood of bubble
formation is particularly high for applications requiring heat,
sonication, gaseous reaction byproducts, or with the advent
of external fluidic connectors. Several groups have
successfully undertaken bubble elimination using either
hydrophilic>*® or hydrophobic*** nanoporous membranes,
which take advantage of the separate wetting behaviour of
the two-phase system. In these instances, membrane
integration was found to be cost efficient and
straightforward, with the added design flexibility of operating
in two distinct configuration modes (e.g, cross-flow or dead-
end). A novel class of photo-switchable ‘smart” membranes
now offers a non-contact means of altering membrane
behavior, including multi-phase permeability, with exciting
potential for configurable gating during chemical or
biological separations.>®® Thus far, examples of their use
within centrifugal microfluidic devices remain scarce to non-
existent.

Culturing scaffold. Live cell or tissue studies performed
within microfluidic devices often make use of membranes
which act as physical supports, while simultaneously
enabling the perfusion of nutrients or probes and removal of
waste.'*?*072%  physically  isolated  but  chemically
communicating compartments are necessary to investigate
cell culturing conditions, perform toxicity tests, or better
understand drug permeability in living systems. Both
externally embedded, as well as in situ fabricated,
membranes have been demonstrated, with the most common
materials of choice being PDMS, polycarbonate, and

This journal is © The Royal Society of Chemistry 2023
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photoresist SU-8."°"*'> These integrated membranes also
underpin the physiologically accurate recreation and
functioning of entire organ or tissue systems. Such
microdevices, normally described as tissue/organ/body-on-a-
chip, represent the next generation in precision medicine as
well as the hopeful replacement for costly and time-
consuming animal models in drug discovery studies.>®® As
mentioned previously, the choice of membrane material (or
integration strategy) may negatively impact its intended
application, in addition to its potential commercial
scalability. Such a consequence can be illustrated with PDMS,
an extremely popular choice as a culturing scaffold, where
not only uncured oligomers may leach within the culture
media, but small hydrophobic molecules (including cell-
signalling steroids), may be absorbed within the
microchannel walls.**® Additionally, microfluidic 3D cell
and organ-on-a-chip platforms currently face
numerous obstacles for commercial viability, largely
stemming from their fabrication procedures.'*®**"*%* Given
the incredible range of available membrane substrates and
functionalization methods, even these potential issues may
be addressed through thoughtful device design. For example,
electrospun fibrous membranes offer scalable platforms for
3D cell culture scaffolds,”®® and may represent a superior
alternative to PDMS based substrates. One unique
demonstration of a centrifugal organ-on-a-disc (OrganDisc)
by Schneider et al. made use of a commercially available
track-etched PET membrane, integrated within a
thermoplastic microdevice (Fig. 10G)."*® This design was not
only intended to address the transition to mass
manufacturing practices, it also demonstrated higher
throughput, semi-automated cell culture in practice. Through
precise control of the applied angular velocity of the
OrganDisc, patient-derived fibroblasts and adipose stem cells
could be loaded and compacted into uniform 3D cell
constructs. Continuous media perfusion was achieved
through slow disc rotation, facilitating diffusion across the
PET membrane and mimicking tissue vasculature. A
theoretical assessment of the perfusion requirements was
performed to ensure conditions of hypergravity were not
induced while still balancing the necessary volumetric flow
rates (Q). Alterations in chamber geometry, as well as loading
of multiple cells types, enabled versatile tissue engineering
for multi-cell type structures. There authors were careful to
note several key limitations of their particular microdevice
design. This included the need to occasionally manually
refresh the liquid media and remove effluent. Although larger
reservoirs were posited as a potential solution for extending
the timeline of continuous media perfusion, an alternative
solution could be the centrifugal microdevice platform
developed by Ito et al. which allowed for the connection of
flow-through tubing directly to a spinning platform."®”
Reagent storage. Due to their high surface area to volume
ratio, membranes offer an incredible loading capacity. This
property, combined with their material versatility, renders
them particularly useful as agents for reagent sequestration

culture
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and implies that many reaction precursors can be stored for
use as desired within microfluidic devices. This functionality
is of critical importance in the development of portative
technologies, as stable chemical or biochemical reagent
integration is a necessary feature for commercial
implementation. Membranes offer a reagent integration
strategy that can be particularly amendable to standard
manufacturing procedures. Three main approaches exist for
this purpose: direct incorporation of the desired reagent by
way of membrane submersion, infusion, or
deposition,®>'%?% valved retainment,*** or functionalization
for in situ production with the supply of substrate.>*> In the
first scenario, reagents can either be desiccated or lyophilized
and pre-concentrated for later resuspension, physically
isolated as a liquid for later recovery, or allowed to perfuse
passively for slow, continuous release over time. In the
second scenario, provision of the required reaction substrate,
post membrane integration, may be used to provide a
secondary substrate for a downstream reaction. This can be
an innovative solution for reactions requiring short lived
species, such H,0,, in a highly localized manner. The
substrate production is also readily quenched through simple
flow cessation. This last example represents another key area
that is overdue for an innovation with membrane-based
centrifugal microdevices. Microfluidic immobilized enzyme
reactors (LIMERs) have demonstrated impressive capabilities
within the field of biocatalysis.>****” Immobilizing enzymes
on a solid substrate achieves several important benefits,
including higher storage stability, improved selectivity, faster
reaction kinetics, and reduced autolysis, among other
advantages.

Potential energy storage & harvesting. Beyond the storage
of bio-chemical reagents, membranes also represent an
important substrate for potential energy storage or even
power generation on-disc. Although several examples of

micropower  generators combined with  centrifugal
microelectromechanical  systems (MEMS) have been
268-271

demonstrated within the literature, none have yet made
use of integrated membranes as a means of avoiding
additional electronic components (e.g., slip rings, electronic
circuit boards, induction coils, or permanent magnets).
Nevertheless, several examples of membranes integrated
within microfluidic chips have been showcased as an
effective, low-cost strategy to provide on-board power, with or
without added electricity. In one example, a SiO,/Si
membrane was coupled to a piezoelectric film which
converted mechanical flexion of the membrane, in response
to thermal expansion of an underlying fluid, to electrical
energy.”’> One caveat to this design was the requirement for
external heating. In contrast to this, an emerging class of
membranes, which preclude the requirement for
supplementary external power supply beyond fluid actuation,
offers potential energy storage in the form of redox
potentials. These micro-batteries make wuse of bipolar
membranes which hold a charge differential across the
separate faces, thereby maintaining a pH gradient between
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the anode and cathode.’”?”*”> These membranes offer an
interesting new mechanism for increasing the power density
for energy storage within microbatteries. Similarly, charge
separation between aqueous solutions of concentrated
electrolytes (e.g., KOH, NaCl, or KCl) have made use of
commercially available membranes, including cellulose
filters,?’® silica-coated aluminum Anodiscs,?””*”® or Nafion™
(a sulfonated tetrafluoroethylene fluoro-copolymer).>”® These
micropower generators and fuel cells fundamentally rely on
the Gibb's free energy change from mixing,*®*" rendering
them both cost-effective as well as environmentally friendly.
However, a major challenge for this method of power
generation occurs in circumstances where the source of flux
across the membrane is not pressure, instead relying solely
upon concentration gradients. When the removal rate of
solvent through the membrane is faster than the inclusion
rate of new solvent to the membrane surface, a localized
concentration of solute ions results, lowering the driving
force across the membrane.®’ The similar phenomena of
surface fouling is often solved at the macro scale by invoking
active mixing at the surface of the membrane. In the case of
microdevices however, effective mixing within the laminar
flow regime remains challenging, particularly in a localized
region. For this, the use of self-cleaning surfaces, or
reorientation of the membrane, may offer a solution in a few

scenarios.>®17283

Bio-chemical processing applications

Extraction, separation, purification & concentration.
Outside of filtration, perhaps the most ubiquitous use of
membranes in bio-chemistry is for sample extraction.
Extraction is a broad term encompassing analyte collection,
separation or purification (also described as sample clean
up), preconcentration, or some combination thereof.***
Collection may be achieved either through adsorption within
a membrane or through physical collection on the
membrane's surface. In the first instance, adsorption may be
harnessed for purification and pre-concentration of nucleic
acids. An example of this by Choi et al employed a
commercially available silica microfiber membrane for the
capture of genomic DNA derived from lysed pathogenic
bacteria (Fig. 11A).”*® Sequential washing and elution of the
target DNA was controlled via optofluidic laser valving, with
the Coriolis effect leveraged in a bidirectional channel to
prevent effluent mixing. DNA yield and purity were measured
in reference to a silica spin-column, after removal off-disc,
using spectrophotometry and found to be comparable. The
primary difference between the microdevice and gold-
standard method was the reduction in both time and manual
labor using the LoaD. Furthermore, the introduction of a
silica membrane also avoided the more complex processes of
loading and retaining loose silica microparticles in similar
centrifugal platforms.>®*®

Although sample analyte collection via flow-through of a
liquid medium is arguably the most common method

This journal is © The Royal Society of Chemistry 2023
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Fig. 11 Bio-chemical membrane applications in microfluidic devices. A. Commercial silica microfiber membrane integrated within a lab on a disk
format for automated DNA purification (adapted from ref. 285). B. Enclosed C,g surface-functionalized particle loaded membrane for extraction of
cannabinoids (adapted from ref. 293). C. Functionalized polyester cloth membranes for colorimetric detection of enterohemorrhagic Escherichia
coli using an articulated centrifugal platform (adapted from ref. 305). D. Integrated ELISA membrane on a centrifugal microfluidic device for
detection of illicit or misused drugs (adapted from ref. 306). E. Supported liquid membrane extraction on a centrifugal microfluidic platform for in
situ electrochemical detection of bacterial secondary metabolite (adapted from ref. 36). F. Functionalized polyurethane ELISA membrane on an
automated LoaD demonstrated with detection of human albumin (adapted from ref. 307). G. Multi-functional surface-modified cellulose
membrane insert for simultaneous bacterial pre-concentration and filtration, incubation, and gold nanoparticle based detection with refractive

index matching (adapted from ref. 201).

employed within microfluidics, membranes also enable such
diverse sample collection procedures as aerosol capture®®” or
direct collection from solid surfaces;**® thus reiterating upon
membrane versatility. Notably, in each of the preceding
examples, membranes facilitated simpler strategies for world-
to-chip interfaces, an essential component in useability. After
sample collection, separation of a mixed matrix may be
achieved through highly specific capture moieties, such as
MIPs or other functionalized surfaces,'®>**® or with more
generalized capture techniques including liquid-liquid
extraction,?*® supported liquid membrane extraction,?** solid
phase extraction,>' or dialysis.’®” In these cases, sample
collection, separation, and even enrichment may be part of a
single-step process rather than a multi-step one. This is
particularly powerful for instances where the sample matrix
is complex, requiring pre-treatment prior to its introduction
in standard analytical chemistry instrumentation. To this
end, Andreasen et al. miniaturized and partially automated

This journal is © The Royal Society of Chemistry 2023

the standard sample pre-treatment technique of supported
liquid membrane (SLM) extraction of p-coumaric acid
produced by E. coli (Fig. 11G).>°" The specific detection of the
bacterial metabolite by in situ electrochemical detection was
compared to high-performance liquid chromatography
(HPLC) off-disc. In both instances, acidified cell culture
supernatant is allowed to interact with an organic phase
(dihexyl ether) supported by a commercially available
polypropylene membrane.””®> Compounds are separated
according to their relative pK, values as neutral molecules
diffuse through the membrane to a neutral aqueous phase
on the alternate face. Quantification of p-coumaric acid over
time by the microdevice system was found to be in good
agreement with the HPLC gold standard. Furthermore, the
enrichment factor was improved 5-fold when subjected to
centrifugal flow actuation as opposed to static conditions.

A separate mechanism for complex sample processing,
using solid phase extraction (SPE) via a commercially
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available particle loaded membrane (PLM),** was proposed
by O'Connell et al. (Fig. 11B).>>> Contrived samples of laced
marijuana were subjected to microwave-assisted extraction
(MAE), using an acidic solvent contained within a 3D printed
cartridge, prior to on-disc attachment. Centrifugal actuation
was used to condition the SPE microcolumn prior to the
introduction of the solubilized sample. C;g functional groups
on the membrane surface were found to capture interfering
cannabinoids with high efficiency, allowing for downstream
detection of illicit lacing agents via colorimetry. Importantly,
results also indicated that switching from a packed bed SPE
format to a PLM raised the microcolumn pressure drop (eqn
(3)), and therefore the required angular velocity, enabling
simpler integration of downstream assay procedures such as
sample metering. Traditionally, porous rigid materials (e.g.,
potassium silicate or steel) have been employed as physical
retainers for solid particles in either column chromatography
or enzymatic microreactors; preventing the loss of nano- or
microbeads while still allowing eluent passage.”***°® These
frits frequently represented a continuation of the bulk
material (e.g., monolithic devices) or had been otherwise
conformed or bound to the microchannel walls, creating a
tight seal that could withstand significant pressure
differentials.>®® However, the inclusion of these frits often
represented a significant fabrication challenge for more
complex, multi-step microfluidic devices. Therefore,
substantial efforts to avoid their obligatory insertion have led
to an increasing preference for in situ formation of
monolithic columns. This can be envisioned as the complete
elimination of discrete microparticles, instead expanding the
length and lowering the density of what was once
functionally a frit into a surface-tuneable “column”. In this
instance, a commercially available membrane, rather than an
in situ monolith, was also found to be an effective
replacement.

The concentration of analytes within a liquid sample is
not limited to solid phase capture and subsequent elution.
Evaporative concentration, or simple of an
interfering solvent, has been performed numerous times by
various groups.*’”2°° In these examples, the inherent
advantages of centrifugal microfluidics for reducing external
hardware requirements are emphasized. By applying longer
spin cycles, to promote ambient air circulation, the use of an
external nitrogen tank for convection-assisted evaporation
could be avoided. However, there are many instances where
accidental drying of a membrane, through the complete
removal of solute via centrifugal force, would negative impact
membrane functioning for ultrafiltration, preconcentration,
or extraction.’® This hazard is not often discussed within
the literature as microdevice design and operation are
extensively optimized to avoid its occurrence. Yet, it should
be recognized that this particular risk can be eliminated
through the incorporation of a physical block, depending
upon membrane orientation within the microdevice.>®

Finally, beyond sample clean up, high resolution analyte
separation through chromatography may also be performed

removal
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on microfluidic devices.>* By integrating these various
sample preparation procedures (i.e., minimizing the number
of steps performed and employing limited materials) even
complex micro-volume samples may be processed in an
automated or near-automated fashion. Additionally, on-line
pre-concentration of ultra-low volume samples may also
enable detection of trace analytes for downstream mass
spectrometry, Surface Enhanced Raman Spectroscopy (SERS),
or other gold standard analytical techniques. This is perhaps
best exemplified in the field of electrophoresis, where sample
preconcentration is accomplished under the influence of an
applied voltage. In one example, an ion permeable
membrane was interfaced with a separation membrane, for
miniaturized electric field gradient focusing (EFGF),
demonstrating a capacity to concentrate protein samples up
to 10000-fold in a PMMA microfluidic device.>** In another
example, DNA was preconcentrated via retention on a porous
silicate membrane for subsequent electrophoretic analysis.®”
For optical detection strategies, where pathlength plays a
major role in assay sensitivity, preconcentration within thin
(e.g., laminate) microfluidic devices is a necessity for
detectability. Analyte localization on a membrane is one such
strategy for enhancing detectability. Wiederoder et al
presented a hybrid paper-polyester microdevice for a
centrifugally  controlled  colorimetric  lateral  flow
immunoassay (LFA) (Fig. 11E).*® Relative to a standard LFA,
where sample preconcentration is not typically performed, a
100-fold improvement in detecting pathogenic E. coli 0157:
H7 was demonstrated on-disc. An integrated cellulose
membrane was initially used to passively remove supernatant
derived from centrifugally sedimented bacteria, enriching the
target  live-cell  antigen.  Immuno-conjugated  gold
nanoparticles (AuNPs), combined with the bacterial cell
suspension prior to microdevice loading, were further
incubated with the sample under constant rotation before
deceleration of the microdevice allowed for capillary flow of
any AuNP complexes along the functionalized membrane.
Silver enhancement and refractive index matching were then
performed sequentially on the membrane prior to
colorimetric analysis of the LFA test line. In this work,
centrifugal force was used to both prevent capillary wicking,
thereby extending the incubation period, as well as to reduce
the flow rate through the membrane (Qp), thereby increasing
sample residence time.

Detection. Variations of LFAs are among the most
common format for membrane-assisted detection, wherein a
probe is first immobilized on a detection pad, then later
reacted with a target analyte. Unlike standard LFAs, which
rely solely on capillary wicking, centrifugal-modulated LFAs
may introduce the target analyte using submersive-, dead-
end-, or cross-flow behavior to enhance assay performance,
prevent membrane clogging, or even facilitate surface
regeneration. Although detection strategies are also diverse,
they depend principally upon the capture agent and
microdevice format, with optical and electrochemical
methods predominating. In the first demonstration of a

This journal is © The Royal Society of Chemistry 2023
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membrane used to connect orthogonal channels, Ismagilov
et al. described a polymeric slip chip featuring an array of
crossed channels above and below functionalized
membranes.’*> Each channel crossing represented one
element of interaction within the array, allowing for
combinatorial analysis. The membrane between the channels
allowed localization of reaction products between the two
continuously flowing reactants, by preventing convective
mixing and, therefore, cross-contamination. A downside of
the system was the required pressure balancing to control
flow across the membrane. More commonly, highly specific
capture probes, such as aptamers or antibodies, are used to
co-immobilize an agent on the membrane, followed by
sandwiching with another specific detection molecule that
binds to the target and elicits an optical signal. This signal
can be supplied by way of AuNPs*” or the production of a
colored substrate.?®?°*3%*  Three separate centrifugal
microfluidic ELISA devices highlight the suitability of not
only the centrifugal platform for this assay type, but also the
improved performance metrics through leveraging of
membrane technologies. Geissler et al implemented a
hybridized, polyester cloth membrane in a singular
demonstration of a multi-axis centrifugal platform for the
multiplexed detection of eight marker genes in pathogenic E.
coli (Fig. 11C).**® All incubation and wash steps were carried
out through a fully automated series of spinning and chip
reorientation steps, with siphon valve actuation dependent
on the chip angle relative to the direction of the centrifugal
force. Nucleic acid hybridization on the polyester substrate
was determined to be highly specific, cost-effective, rapid
(<20 min), and simple to integrate within the thermoformed
plastic microdevice. Later, Dignan et al. reported the use of
an immuno-functionalized cellulose nitrate membrane
which directly regulated flow control in a centrifugal
microdevice (Fig. 11D).>°® Incubation and wash steps were
truncated via active mixing on the membrane using low
frequency, oscillating spin steps; avoiding any reliance on
slow diffusive mixing. Critically, the centrifugal force
generated during mixing was insufficient to overcome the
liquid entry pressure through the embedded CN membrane.
Upon increasing the angular velocity, enough force could be
quickly generated to overcome the surface tension within
the membrane pores, allowing fluid passage (eqn (4)). Using
this strategy, illicit opiates and their metabolites could be
reliably differentiated and detected in the ng uL™" range in
approximately 1 h. Finally, Okamoto et al. provided a
unique demonstration of a fully autonomous centrifugal
platform that operated at a single rotational frequency
(Fig. 11F)*”” using CLOCK (control of liquid operation on
centrifugal hydrokinetics) for the detection of human serum
albumin. In this concept, the complex multistep assay was
automatically controlled through a fluidic circuit, consisting
of a water clock network and siphons, which independently
executed all required wash and incubation steps.
Furthermore, three separate antibody immobilization
formats were compared, including direct immobilization to

This journal is © The Royal Society of Chemistry 2023
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the reaction chamber walls, injection of polystyrene beads,
and a polyurethane (PU) foam membrane. The PU
membrane was ultimately selected for its superior reaction
efficiency, as quantified by the optical density of converted
TMB  substrate, and handling, as all
immobilization procedures could be performed off-disc.
Similar to Wiederoder et al.,*® the benefit of precise flow
control within embedded membranes (eqn (2)) using a
centrifugal platform may be discerned.*® Flow rates play a
major role in optimal detection sensitivity, allowing a
balance between sufficient probe-analyte interaction, while
disallowing a high degree of nonspecific binding. Control
over flow rates can be challenging in passive capillary-based
systems, while pneumatic systems may experience pulsing
due to syringe pump mechanisms. In contrast, a
relationship between the applied spin frequency and
resulting flow rate can be calibrated and wused for
subsequent assay optimization.®”

Less sensitive to flow rate than ELISA assays, colorimetric
chemosensors have made use of both end-point'®%3°%3%? ag
well as encounter flow.*” Johnson et al. employed novel
optode membranes containing chromoionophores to detect
potassium ions in a centrifugal microfluidic device which
further implemented calibration steps to eliminate
measurement variability between devices. End-point
detection in particular avoids the need for flow rate
optimization by allowing ample time for reactants to interact.
Although this method is less ideal if nonspecific binding and
a reduction in the signal to noise ratio may be of concern.
The integration of multiple chemosensors within
microfluidic devices capable of parallel sample processing
can be a particularly powerful tool for the development of
sensor arrays which offer greater detection specificity while
precluding the need for more expensive affinity-based probes.
Other clever methods for membrane assisted optical
detection include light-emitting nanofibers as a polarised
excitation source,’'® integrated particle counting for the
detection of pathogenic bacteria and spores,*""
refractive index matching to detect molecular pollutants in
river water.”'> Refractive index matching has been used
several times within the literature to enhance the sensitivity
of colorimetric based detection on membranes.***"® In
contrast to planar capture surfaces, porous capture zones
allow for reaction site density to be greatly enhanced, with
tuning of the membrane pore size altering diffusive
interaction characteristics between target and probe
compounds. However, light scattering from the membrane
structure leads to a severe limitation in assay sensitivity.
Index matching fluids have been found to consistently
enhance optical performance, both for colorimetric as well as
fluorescent assays.*’* Conversely, electrochemical detection
methods offer an alternative for highly sensitive detection of
multiple analytes simultaneously. The use of a
photopatterned biosensor membrane by Moser, et al. allowed
for the continuous monitoring of glucose, lactate, glutamate,
and glutamine without cross-talk, using a microfluidic device

convenient

as well as
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that could be tailored to separate applications through
switching of the photopatterned enzymes.*"”

Finally, each of the preceding detection strategies relied
upon functionalized membrane surfaces to provide either an
electrochemical or optical readout. However, one
underutilized technology for sensitive signal transduction
includes the use of microcantilevers.*'® Microcantilevers have
been attracting growing interest due to their low-cost batch
fabrication methods, simple electronic integration, and
versatile detection capabilities. Several examples of
membrane-augmented cantilevers have been presented
within the literature, whereby deformation of a silicon®"” or
polyimide®'® membrane was used to deflect a cantilever
either as a generalized pressure sensor or, in the latter case,
to monitor pulse waves in healthcare settings. These
micromechanical systems are not unlike those of the well-
established elastomeric membrane valves'*® and could be
used for such applications as in-line monitoring of the flow
conditions for cell culture, fluid mixing, droplet
manipulation®" or even direct measurement of live cell layer
elasticity.**°

Conclusions & outlook

From this overview, the versatility and enormous potential of
membranes, particularly as integrated functional materials
within centrifugal microfluidic devices, should be readily
apparent. Additional applications, not discussed in this
overview, abound and include everything from membrane-
assisted NAAT,**! micro-fuel cells with membrane-based
electrodes®®* or catalysts,**® as well as protein crystallization
and derivitization.*** However, despite serving as powerful
and valuable tools across a wide range of scientific
disciplines, membranes also face challenges with regard to
their successful integration and wuse within centrifugal
microfluidic  devices. This includes difficulties with
fabrication = procedures related to  sealing, their
microstructural conformation or surface properties that lead
to clogging or fouling, potential susceptibility to compaction,
and finally performance declination due to concentration
polarization.

As evidenced by the relatively limited number of examples
of centrifugal microfluidic devices employing integrated
membranes within their construction, ample opportunity
remains for exploration using this design framework. The
combination of such a versatile material with such an elegant
fluidic actuation method may help address the outstanding
challenges that remain for addressing some of the most
exciting research challenges of this decade as well as for
translating these microdevices into the commercial realm,
particularly with regard to automating or simplifying sample
preparation. Hopefully, this review will serve as a primer for
facilitating the expansion of membrane applications within
centrifugal ~microdevices, far beyond their routine
employment as filters and valves, to include such areas as
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cell culture or micropower generators, to mention just a few
possibilities.
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