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Over decades, decentralized diagnostics continues to move towards rapid and cost-effective testing at
the point-of-care (POC). Although microfluidics has become a key enabling technology for POC testing,
the need for robust peripheral equipment has been a key limiting factor in reaching an ideal device.
Manufacturing technologies are now reaching a level of maturity that allows the definition of 3D features
down to the sub-millimeter scale. Employing three-dimensional (3D) features and surface chemistry
allows the possibility to pre-program sophisticated control of the capillary flow avoiding bulky peripheral
equipment. By designing a sequence of steps, like elution of reagents, washing, mixing, and sensing,
capillary valves have become a powerful tool for POC applications. These valves use capillary force to
stop and then release flows within pre-programmed capillary circuits without any moving part. Without
their 3D structure, the feasibility of creating pre-programmed bioanalytical devices would be nearly
impossible. Besides, the advent of smart materials and their variety of surface properties permitted the un-
precedented ability to fabricate reliable flow control with a range of capillary driving forces. The classifi-
cation of such capillary elements is presented in two functional steps — stop and actuation. This review
includes the advances in 3D microfabrication, design, and surface chemistry for manufacturing bioanalyti-
cal devices. These developments are critically reviewed, focusing on the process and considering

rsc.li/analyst phenomena such as timing, reproducibility, unwanted diffusion, and cross-contaminations.
1. Introduction
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applications in sectors like biotechnology, healthcare, and
material science, producing essential tools to these fields."
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Microfluidics is both the science of fluid flows and transport
phenomena on the micro-scale, and the technology of fluidic
systems using microchannels, typically on 10-100 micrometers,
to manipulate small amounts of samples and reagents.
Microfluidic devices exploit the physical and chemical pro-
perties of liquids and gases. Miniaturization offers various
advantages over the conventional sized equipment, like the
benefit for fewer volumes, high resolution and rapid analysis,
cost-effectiveness, and small footprints for the analytical
devices.”> Microfluidics technology also sizes down the equip-
ment that is needed for point-of-care (POC) applications.
However, the requirement to use accurate peripheral equip-
ment, like pumps, flow resistors, and electrical valves, to
control fluids within microfluidic devices is a limiting factor.
Bulky peripheral equipment can be avoided using passive fluid
control based on capillary action to accelerate or reduce the
velocity of the flow, or even stops it.?

Capillary-driven microfluidics usually has different
elements, such as inlets, vents, reservoirs, reaction chambers,
detection sites, flow resistors, capillary pumps, and capillary
valves.? An inlet is indeed the fluid entrance into a microflui-
dic chip. A vent is used as a fluid outlet that ensures the air
displacement when the liquid moves along a channel or is
introduced at the inlet. A reservoir is usually a microchannel
with bigger dimensions than the rest of the circuit’s micro-
channels to store an accurate preset volume of liquid. Usually,
a chamber within microfluidics is used to deliver reagents or
washing solutions for a variety of analytical steps, like an
immunoassay or a chemical reaction. A capillary pump is a
passive pump that works based on the suction power offered
by the capillary action driven by the surface tension and
adhesion between the liquid molecules and the confining
walls.* So, they do not require any external power source or
moving component. Once the pump has been filled with
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liquid, the driving force is zero and the pumping process
stops. Capillary pumps can be categorized based on the uti-
lized medium (porous materials or solid features on tens of
micrometers”) and should not considerably increase the flow re-
sistance within the circuit.® The last, but not the least, are the
capillary valves, where the use of surface chemistry and struc-
ture allows the control of the capillary flow in microfluidic
devices. A capillary valve can stop and re-activate a flow within a
microfluidic circuit. These can be categorized by retention or
actuation. The retention of capillary flow can be achieved by
decreasing the magnitude of the capillary driving force in a
microchannel. The actuation normally requires a secondary
fluid or an external mechanism (active or passive) to restart the
fluid flow. Some external actuations are based on changing the
capillarity on the surface. Capillary valves are named differently
depending on the work.>”® To avoid discussion on the nomen-
clature, we decided to focus on the retention and actuation
functions of the capillary elements rather than the categoriz-
ation based on the names provided in the literature.

The advent of 3D printing permitted the unprecedented
ability to fabricate 3D capillary-driven microfluidic chips
capable of spontaneously stopping and re-activating multiple
fluids without the need for external parts. Also, the capillary
effect on multi-material chips with different surface properties
has transformed the development of new capillary elements
and pre-programmed capillary devices. This new paradigm is
driving this technology to new in vitro diagnostic tools where
the tests are carried outside of the laboratories, with the view of
decentralized diagnostics. Only three reviews in the field of
capillary-driven microfluidics have been published over the last
5 years. Two of them are focused mainly on 2D capillary
elements,”® and the third analyzes the history, fundamental
operating principles, limitations, applications, and emerging
ideas related to capillaric elements and capillary-based circuits.?
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Alternatively, this review is focused on the recent impacts of
3D microfabrication, particularly additive manufacturing on
the capillary elements’ functionality. We believe that under-
standing the functional steps and the physical processes
behind the 3D structures is crucial to design new pre-pro-
grammed microfluidics. Therefore, the inclusion criterion for
papers was the fact that they involved the current trends in 3D
elements. This review focuses on a depth study of their capil-
lary-based functions, providing for the first time a clear view of
the 3D structure at different working stages. This paves the way
for developing new types of bioanalytical tools, surpassing the
limitations and remaining crucial problems to today’s bioana-
lytical applications. In our view and based on the availability
of more elaborated and cost-effective 3D microfabrication, it is
now the time to identify the 3D capillary elements to step
up into novel designs. As a result, herein, after describing the
concept of capillary action within microfluidics, the retention
and the actuation elements of the capillary valves are studied.
The former element is divided into the sudden downstream
expansion, the sudden upstream constriction, and the
change in surface properties (hydrophobic patch). The latter is
categorized as the passive and the active actuations.
Moreover, fabrication strategies and materials are reviewed.
Finally, the impacts of the field on bioanalytical devices are
considered before addressing the future perspective of the
reviewed scope.
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2. Capillary action

At the contact line of an immiscible two-phase fluid interface
with a solid surface, the surface free energy, which comes from
the molecules of the solid surface, provides an adhesive force
to attract the liquid molecules to wet the solid surface (Fig. 1).
If there is no force against this adhesive force, the liquid
spreads as thin as its molecular thickness on the surface (if
there is enough solid surface for all the liquid volume).
However, the cohesive intermolecular force of the liquid works
against the adhesive force and opposes the liquid from extend-
ing (Fig. 1a). It also forms a surface tension on the interface
that changes the interface curvature, trying to minimize the
two-phase interface area. The balance between these forces,
which comes from the molecular interactions, is obtained by
the changes in the shape of the two-phase interface (e.g. liquid
droplet shape) and creates the contact angle of the interface
with the solid surface (Fig. 1b). When the cohesive force
between the liquid molecules is stronger than the adhesive
force, the contact angle of the liquid interface with the solid
surface increases to more than 90 degrees. When the surface
energy is higher, the surface is more hydrophilic, and the
contact angle decreases more to balance the forces and stop
the spreading of the liquid on the surface. In excess of liquid,
a dynamic flow pushes the fluid till an external force, like
gravity, stops it before wetting all the surfaces. For instance, an
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Fig. 1 Capillary action driven by the hydrophilicity of the surrounding surfaces. (a) Adhesive and cohesive force against each other which leads to
drop movement and changing the curvature and contact angle up to the equilibrium by balancing the forces. (b) Change in the contact angle of the
aqueous drop by the hydrophilicity of the surface. (c) Capillary action within a narrow tube which drives liquid flow against gravity, and it stops when
the capillary force and the weight of the water column become equal. (d) Capillary flow through a microchannel. (e) Capillary flow into the narrow
cross-section of the channel empties the liquid from the bigger channel. It continues until the retention opposing pressure at the channel neck
stops the drain downstream.
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ascending capillary flow in a glass straw (capillary tube) stops
in a final state before wetting all the straw’s inner surface
where the weight of the water column reaches equal to the
capillary force (Fig. 1c). On micro-scales, forces like gravity are
negligible compared to those from molecular interactions like
surface tension. Also, when the confined area that defines/sur-
rounds the fluid pathway is miniaturized, this capillary force
scales up because it is applied at the contact perimeter of the
liquid and the surrounding walls, and this perimeter becomes
more significant relative to the cross-sectional area, where the
opposite cohesive force is applied. So, the pressure difference
across the interface, called the capillary pressure, increases as
the ratio of the applied forces on the surface area increases.
Consequently, it drives a higher dynamic flow, named the
capillary action, in the hydrophilic microchannels (Fig. 1d).
The capillarity-induced pressure, which is the capillary force
per unit channel area, is therefore inversely proportional to the
characteristics of the channel dimensions. Capillary pressure
can work on both directions: either opposing and/or driving
the fluid in the channel. It has inverse relation with the curva-
ture of the two-phase interface between immiscible fluids. As a
result, the capillary pressure is higher in the thinner tube,
leading to stronger capillary driving action or retention oppos-
ing pressure (Fig. 1e). Retention opposing pressure is the capil-
lary pressure at the two-phase interface upstream, which works
against the driving capillary pressure at the filling front to
slow down or stop the capillary drain at the downstream.
Capillary-driven microfluidics can be modeled in the conserva-
tion of momentum equation as a force just applied on the
liquid-gas interface (oxdsn) where o, k, 8, n are the surface
tension, curvature, Dirac delta, and the normal vector to the
interface, respectively.'®™

The capillary pressure can be calculated by employing the
Young-Laplace equation.™ The equation describes the relation
between the contact angle, the pressure, the channel size, and
the liquid surface tension. The capillary pressure across a
liquid-air meniscus in a closed rectangular microchannel can
be stated as follows:">™*”

cos Htop + €08 Opottom
Peapillary = —0 A

4 €OS Befe + COS gright)
w

(1)

where 7z and w are the channel height and width, respectively,
and @ is the contact angle on the different microchannel walls.

If the applied capillary pressures at the two sides of a con-
fined liquid in a capillary structure are balanced, there is no
flow. However, when one is bigger than the other, there is a
flow from the side with the lower capillary pressure (bigger
microchannels - upstream) to the side with the higher capil-
lary pressure (smaller microchannels - capillary pump or
downstream). Regarding the viscous force, it is presented
against the flow direction (in a dynamic system), and it is
defined as the fluid resistance to flow under shear stress. For
instance, the shear stress in the x-direction in the x-y plane is
Tyy = #(0u/dy). This force appears as the viscous term in the
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Navier-Stokes equation in 3D space (V-(2uD), where D is the
deformation tensor). So, considering the deformation tensor,
the resistive force against fluid flow is higher in a smaller
microchannel than a bigger one. It regulates the flows’ vel-
ocities and pressure within a capillary channel.

In pre-programmed capillary-driven microfluidics, each of
the microfluidic elements are designed based on the capillary
pressures and the channel resistances. One of the key elements
in capillary circuits is the capillary valves since these features
are required to manipulate capillary pressure to stop and re-
activate the flow. This principle is achieved by the change of
balance between the capillary driving force and the opposing
forces. This change can happen, for instance, due to a change
in the geometry of the microfluidics. Conventional 2D valves
does not offer many options. However, 3D features can employ
a broader range of capillary pressures at different sections of
an autonomous fluid circuit. When working on 3D, the assem-
bly of multiple valves with distinct geometries becomes a real
possibility. The 3D capillary-driven microfluidics can be
modeled using an electric circuit analogy, which the capillary
pressure at a meniscus works as a source to apply
potential."®*®'® So that, the electric resistance (representing
the fluid resistance) of a filled channel with rectangular cross-
sections can be calculated using eqn (2), where L is the length
of the microchannel."®

12uL

R= = 063(h/w)) - (7 -w) @)

By compiling a series of resistances coming from each
capillary elements, it is possible to pre-program sophisticated
control of the capillary flow in an autonomous way.

Table 1 summarizes the studies that employed capillary 3D
elements and their functions to control and pre-program capil-
lary flow within microfluidic channels.

3. Retention elements in 3D
capillary-driven microfluidics

Capillary flow can be stopped by passive capillary effects such
as the sudden change in the channels’ geometry (Fig. 2) or in
the surface properties (Fig. 3). In geometry, either the sudden
downstream expansion or upstream constriction can stop the
capillary flow at the valve’s location. In the former, the liquid
stops by changing in the meniscus curvature of the filling
front. In the latter, the liquid holds in its downstream by pro-
viding a retention pressure in the upstream. On some
occasions capillary retention is difficult to control due to the
variability of the sample such as whole blood, since this reten-
tion rely on surface tension and fluid viscosity. However, the
geometry can be adapted to create higher retention pressures
and increase therefore its reliability. Obviously, a third dimen-
sion will increase the number of possibilities in that sense. So,
not only the widths of microchannels can be modified, but the
depth level can also be changed. Multilevel channels are not

This journal is © The Royal Society of Chemistry 2023
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conventional in microfluidics as the fabrication methods up to
date have been limited to the classic 2D soft lithography. So,
regardless of whether they are used for the microfluidic mold
or the final prototype, the impacts of 3D manufacturing have
been pioneering for capillary-driven applications. Besides geo-
metry, surface chemistry within microfluidics can be exploited
for the spontaneous manipulation of liquids. Different micro-
fluidic coatings lead to different liquid-solid contact angles.
Consequently, distinct capillary pressures or capillary resist-
ances are accessible at different stages. The contact angle,
which come from surface chemistry, can be manipulated on
the spot by phenomena like electrowetting and can be
employed to stop and actuate the capillary flow.*°

3.1. Sudden downstream expansion

In microfluidics, the abrupt expansion in the downstream geo-
metry eliminates the meniscus curvature or even change the
curvature from concave to convex. Consequently, this triggers a
significant reduction of the capillary driving force in a micro-
channel and therefore the retention of capillary flow. This
technique has been widely used and certainly it is the most
consistent approach to pause capillary flow.>'>*?3> Melin
et al.** proposed a planar junction based on a sudden expan-
sion to stop the flow within one of the connected branches
until another capillary flow breaks the meniscus at the junc-
tion (Fig. 2a). Later, M. Zimmermann et al.>* developed planar
configurations to increase the productivity and reliability of
the stop stage of the valves (Fig. 2b). Despite the number of
papers on planar valves, the arrival of sophisticated microfab-
rication techniques, like 3D printing, allowed the development
of multi-level and out-of-plane capillary valves, making them
more effective and reliable. Gliére and Delattre®* utilized a
two-level capillary stop valve which changes the geometry out
of the plane to stop the capillary flow. This design provides an
additional expansion in the third dimension, leading to a
more reliable stop stage. The study depicts the expansion of
the liquid meniscus with the increase of the upstream pressure
(Fig. 2c). The valve was created using two-level-deep reactive
ion etching micromachined in a silicon substrate and the sub-
strate was bonded with a PDMS cover. In this case, multiple
etching processes relies on reaching to multiple depth levels.*®
Furthermore, the authors compared the experimental results
with the numerical modeling of capillary valves, based on the
solution of the free surface equilibrium equation by the finite
element method. The computed values of the burst pressure
agrees well with the measurements with experimental data in
water samples. 3D downstream expansions were used in capil-
lary valves with different configurations for the stop stage. For
instance, the stair-step consists of stop-flow and trigger-flow
channels has been utilized (Fig. 2d and e). Zhang et al.>® used
a stair-step at a T-shaped junction, where a small section of
the channel is deeper than the rest (Fig. 2d). This capillary
valve has a more reliable stop stage due to the considerable
difference in the depth of the stop channel and the trigger
channel. The dimensions of the deep-etch in the trigger
channel were set at 500 um length, 100 pm width, and 212 pm
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Fig. 2 Microfluidic studies covering the capillary retention elements designed based on the sudden change in geometry. (a) A planar (2D) trigger
valve; the first capillary flow stopped due to the sudden downstream expansion, subsequently the second capillary flow triggered the liquid 1 by
making contact at the T-junction. This junction allowed a bubble-free combination of two liquids.? (b) Planar configurations of capillary valves that
increases burst pressure and therefore the reliability of the stop stage.?® (c) Two-level capillary stop valve based on the downstream expansion.
Expansion of the liquid meniscus.?? (d) Stair-step trigger valve, where a small portion at the T-junction is deeper. When the valve was triggered,
liquid flowed in both directions. Subsequently, backflow stopped, and the mixture flowed into downstream.?® (e) Two-level stop valve where the
flow stopped based on the sudden downstream expansion and was triggered by joining the second capillary flow.?” (f) Capillary-based system
which uses a retention valve to stop the drain of the flow based on the upstream constriction. Joining a capillary flow upstream of the covered
section actuates the flow release.’ (g) Using upstream constriction to retain the flow. The depth of the constricted part is half of the expanded
downstream. It is used in combination with complex 3D capillary elements to control the flow.>* (h) Sudden upstream constriction was utilized to
stop the flow and control the retention and release sequence.'® “Reprinted/adapted with permission from: (a) © 2004 American Chemical Society,
(b) © 2008 Springer Nature, (c) © 2006 Elsevier, (d) © 2018 Institute of Physics Publishing, (f) © 2002 American Chemical Society.”

depth. Authors demonstrated that this structure provides a
limited backflow into the trigger channel up to the step appli-
cable for stable mixing of liquids at the junction.>® Besides,
Chen et al.*” used a T-junction with a deeper trigger channel
(130 pm deep and 49 pm wide) with respect to the stop-flow
channel (25 pm deep and 20 pm wide). Moreover, Safavieh and
Juncker® utilized the sudden downstream expansion to stop

2664 | Analyst, 2023, 148, 2657-2675

the flow (50 x 100 pm stop-flow channel),'®?* but since it was
utilized in combination with the other components to pre-
program the flows in capillary circuits, we address the valve
function later in more detail. The studies stated above mainly
used etching and lithography to fabricate two-level features,
which are laborious, time-consuming, and costly. Alternatively,
additive manufacturing has open novel approaches for devel-

This journal is © The Royal Society of Chemistry 2023
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Nature.”

oping multi-level features. Olanrewaju et al.'® employed addi-

tive manufacturing to integrate multi-level components in a
capillary circuit. A 3D-printed mold was used to cast a photo-
polymer and form elements like downstream expansions for
flow control. On the other hand, the ability to fabricate three-
dimensional structures in a single step from a computer
model has obvious attractions. This ability has been used for
capillary-driven microfluidics very recently.>** In these
studies, direct 3D printing was used to elaborate downstream
expansions with various levels as retention elements. Overall,
the downstream expansion based on the two-level junction pre-
sented as more reliable than the planar expansion, where the
height difference between the levels at the junction should be

This journal is © The Royal Society of Chemistry 2023

equal to or higher than 300 pm. Also, downstream expansions
with a smoother channel surface and less surface roughness
have better performances to keep liquids for a longer time as
having lower surface energy. A smooth surface avoids happen-
ing of corner flow through sub-micron tracks on the surface.
For instance, two directions of 3D-printed features have layer-
by-layer structures due to the stepwise additive characteristics
of the process; therefore, flow along these edges reduces the
valve function in case of low contact angles.’® Nevertheless, this
inconvenient can be avoided by utilizing either abrupt expan-
sion in design, polishing surface, thermal post-processing of
surface, or customized layer thickness in the 3D printing
process.
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3.2. Sudden upstream constriction

A constriction in the upstream increases the ratio of the
liquid-solid interface perimeter - the contact perimeter of the
two-phase fluid interface and the surrounding solid walls -
relative to the cross-sectional area where the capillary force is
applied on. Thus, it increases retention by opposing capillary
force acting against the flow. If this retention force is big
enough, it can stop the capillary flow downstream. Juncker
et al.” used this strategy for the first time in 2002 (Fig. 2f)
where they produced a 3D upstream constriction valve. In that
case, the capillary retention valve was integrated within the
microfluidics by covering a section of the open microfluidics,
creating a closed microchannel section. The liquid was intro-
duced by a pipette to the open microfluidics and flowed
through a closed channel by the capillary action. The liquid
drained from the upstream to the capillary pump downstream.
It continued till the channel was emptied up to the capillary
retention valve and stopped there by the capillary retention of
the upstream constriction. By introducing the second liquid, it
flowed to the closed section and activated the flow again,
draining the liquid downstream. This process can be contin-
ued multiple times to introduce different liquids in a
sequence. As the suction pressure of the capillary pump is
higher than the retention pressure upstream, the fluid flow
keeps going. However, as the retention pressure of the valve
(covered area) is higher than the suction pressure of the capil-
lary pump, the flow stops at this stage till another liquid joins
it to break the retention pressure. Also, other studies used the
upstream constriction to stop the flow (Fig. 2g and h),'®>>*
mostly in combination with the other components to achieve a
pre-programmed release of fluids. These pre-programming
functions using 3D capillary elements are detailed in Section 5
of this review.

3.3. Sudden change based on surface properties

When a capillary flow within a hydrophilic channel reaches a
spot with a significant change on surface properties, like a
hydrophobic area, the liquid undergoes an abrupt change in
the curvature at the interface. If this change is high enough, it
can stop the flow. Fig. 3 summarizes some of the relevant
approaches. Utilizing the hydrophobic patch to stop the fluid
flow was reported first time in 2004 when Teflon was used as a
highly insulating coating on Indium Tin Oxide (ITO) coated
conductive glass.’” Recent papers use deposition techniques
like inkjet printing that allows the deposition of the hydro-
phobic patches in a convenient and fast method.*® The electro-
des are patterned, for instance, by inkjet printing of conduc-
tive silver ink on the targeted surface of the microfluidics.
Afterward, the hydrophilic electrode can be reached by treating
the patterned silver by ultraviolet light, and the hydrophobic
patch can be fabricated by modifying the silver electrode with
a hydrophobic monolayer. The modified silver electrode with
this monolayer can dramatically change wettability from
hydrophobic to hydrophilic under applying a low potential
between two electrodes.®® In 2020, Pramanik and Suzuki*®

2666 | Analyst, 2023, 148, 2657-2675
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used a polymer film (DBS-doped polypyrrole) in which an
aqueous solution was stopped at the edge of the patch. But
after applying a potential to the valve electrode, changes in the
film surface state led to the liquid passing through the valve
region (Fig. 3a). Arango et al.’>® used electrowetting phenom-
enon to stop and re-activate capillary flow with different pat-
terns in rows and columns by a remote app (Fig. 3b). They
could stop, move, route, and synchronize multiple liquids
where and when desired electronically using scalable micro-
fabrication techniques. Naik et al.>® worked on a skin-compati-
ble microfluidic valving system for sweat capture, based on
electrowetting that changes the valve section from hydro-
phobic to hydrophilic (Fig. 3c). The flow can also be stopped
by heating up the microfluidic device. This is called a tempera-
ture-controlled hydrophilic patch stop. The flow releases when
the device is cooled down.*” Also, applying geometrical
changes on a surface patch can be used as a retention
element. For example, a study used a micro-hole array perpen-
dicular to the flow direction.** It forms a capillary valve where
an abrupt change in contact angle slows the fluid flow.
Although the stop stage in these works is passive and based on
a hydrophobic patch, an active method must actuate the flow.
This implies either a manual or electronic system which nor-
mally required fast responsive and compact electronic feed-
back, normally operated at low voltages (<5 V). Other methods
like 3D microfluidic valving systems were based on thermo-
responsive hydrogels.*?

4. Actuation elements in 3D
capillary-driven microfluidics

The appropriate activation methodology comes from the
requirements of the bioanalytical assay. Control, duration,
mixing, or flow velocity needs could be different based on the
type of assay. Therefore, careful consideration of the required
steps must be listed to choose the best capillary elements for
the process. Capillary forces can be actuated passively by a sec-
ondary liquid or actively using different actuators such as elec-
trocapillary, thermocapillary, or even manually. The passive
actuation is based on the design and geometry of the micro-
fluidic device, and it does not require peripheral devices.
However, it is a challenging approach for those processes that
requires precise incubation times or on-demand activation.
The external actuators, on the other hand, provide more
precise control on the capillary force, but could have limit-
ations like the undesired effects on charges molecules.

4.1. Passive actuation

There is at least one actuation step for all capillary-driven
microfluidic devices: introduction with another solution or to
triggering its release. Passive actuation normally starts with
the introducing aqueous solutions at the inlets by a manual
action such as pipetting. Then, the liquid flows within the
microchannels based on the capillary action regulated by the
channel resistances. Multiple automated actuations can be

This journal is © The Royal Society of Chemistry 2023
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pre-programmed once a capillary flow has been activated.
Therefore, the rest of the actuations can happen in a sequence
without peripheral instrumentation. Passive actuation is nor-
mally used in those designs that incorporate a downstream
expansion or upstream constriction. The fluid flow can be
planned beforehand based on the dimensions of the micro-
channels, the surface energy, and the capillary elements. For
example, the capillary retention valve based on upstream con-
striction can be activated when the second liquid joined the
first liquid from the upstream. This was demonstrated in the
study of an autonomous microfluidic capillary-based system
by Juncker et al'® (Fig. 2f). As soon as the second liquid
reaches the first one before the constriction, the curvature of
the meniscus breaks, and the two-phase interface is elimi-
nated, which releases the liquid downstream. Alternatively, a
triggering liquid can flow across a secondary channel and
break the meniscus of a stopped liquid in a sudden down-
stream expansion area. These valves are named trigger valves
as there is both a stop channel and a trigger channel in their
configurations. In 2D microfluidic devices, more complex con-
figurations at the junction are required to avoid bubble trap-
ping at the trigger valve while keeping reliable the stop stage
(Fig. 2a and b).>*** Y-shaped junctions with narrower necking

a)

View Article Online
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were utilized with different angles (from 20° to 90°) between
the stop channel and the trigger channel. Moreover, opening
gaps were used to prevent leakage from the stop channel to
empty microchannels before the trigger time. The passive
actuation of the multi-level and 3D configurations are similar
to the planar trigger valves, except that they activate the
stopped flow at the stair-step junctions (Fig. 2d and e).”**’
When the junction is out of the plane, the design is more
reliable and robust, which allows the use of a perpendicular
junction instead of more complex configurations. However,
the fabrication of multi-level junctions was only feasible in
multiple time-consuming and hard-to-reach fabrication
steps,”>*® or certain rapid prototyping fabrication methods
introduced lately.'8333*

In some capillary circuits, when passive actuators are used
to release liquids, accurate control must be taken for the 2
stages involved during the process: (i) breaking meniscus at
the trigger junction by a capillary flow in the main microchan-
nel; (ii) compelling to the retention pressure at the upstream
of the stop branch (Fig. 4)."®*® This idea was utilized to pre-
program the fluid release from multiple stop branches (supply
channels) in a sequence by allocating specific and different
retention pressures for the second stage, which is clarified

Reagents LILIILIV
empty respectively
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Fig. 4 Passive actuations based on combination of the upstream constriction (retention valves) and the downstream expansion (trigger valves). (a) A
passive circuit that encodes sequential activation of 4 solutions. When sample reached the capillary pump, four different reagents were released
based on a retention presseure.?® (b) An autonomous capillary circuit replicated from 3D-printed mold that pre-programmed the reagents’ releases
by a combination of the trigger valve and the retention burst valve. Releasing liquid from its reservoir happens by reaching the burst pressure at the

junction to compel the upstream retention.*®
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later in the pre-programming section. This method works
properly for the programming and the control of the actuation.
However, diffusion between the main and supply channels is
unavoidable before valve activation. To avoid unwanted
diffusion, it is possible to use a trigger channel as a mediator
between the main channel and the supply channel(s) (Fig. 5a).
In this case, when the trigger channel is empty, the valve is
closed due to the sudden expansion, but as soon as the liquid
is introduced in this mediator channel, the valve opens. A
capillary backflow from downstream of the main channel into
the narrower trigger channel can be used to passively activate
such a valve. However, the problem of this work is that the
liquid in the supply channel prefers to flow through the nar-
rower trigger channel and not into the targeted main channel,
due to the higher suction pressure of the downstream in a
capillary circuit. Menges et al.** introduced an off-valve that
closes the trigger flow (in the mediator-trigger channel) right
after the actuation to prevent unwanted flow into the trigger
channel (Fig. 5b-d). In their design, a flow into another
channel narrower than the trigger channel push the air into
the off-valve section, which cuts the connection of the liquid
phase in the trigger channel with the downstream of the main
channel.**** Although this design requires precise microfabri-
cation tools, it eliminates unwanted diffusion before the acti-
vation time. However, part of the mediator liquid is sacrificed
and mixings between solutions can be seen after the acti-
vations due to the continuation of the flow from the main
channel upstream. Another passive actuation strategy using a
mediator channel which avoids unwanted diffusion was pro-
posed by our group (Azizian et al>*). A void area was intro-
duced between fluids to acts as an air spacer. When the valve
is triggered, the air trapped within the void is displaced by a
pneumatic suction induced from the capillary flow of the main
channel (Fig. 5¢). The supply liquid (blue) was actuated when

2668 | Analyst, 2023, 148, 2657-2675

the liquid in the main channel (red) emptied up to the acti-
vation resistance. Since the activation resistance is strong, the
capillary pressure in the downstream cannot empty the liquid
from the main channel, providing the required suction power
to the deep branch (the first branch next to the resistance).
Subsequently, the air trapped in the void was displaced by the
pneumatic suction introducing the blue into the void and
open the valve.

4.2. Assisted actuation

Capillary flow can be activated by external forces like mechani-
cal, electrical, optical, or thermal forces. The greenest
approach would be pressing manually and holding up to the
filling of the designed chamber, and finally releasing the
actuation. This method was used by Hitzbleck et al.>* in which
a deformable layer was utilized to fabricate the top covering of
the microfluidics (Fig. 6a). Although this method is straight-
forward and eligible for POC applications, its performance
depends on the users so the process could be misused, and its
reproducibility questioned. However, due to its simplicity, the
idea of using mechanical push has even been utilized lately. In
2021, Jang et al®® used a multilayer (3D) capillary-driven
microfluidics where a manual push introduced a liquid from
the top and the bottom layers to the junction of a stop valve
based on the sudden expansion in the middle layer (Fig. 6b).
This actuation broke the surface tension of the liquid in the
middle layer and formed a single meniscus. Then, the fluid
was pushed downstream. Up to 7 layers were assembled in this
work, taking into account the double-sided adhesives. Gliere
et al.*® activated the capillary flow by increasing the pressure
upstream which finally compels the pressure barrier formed
by the convex two-phase interface and release the flow
(Fig. 2c). Other activation methods relied on the centrifugal
forces, where rotating disks - also known as lab-on-a-disc —

This journal is © The Royal Society of Chemistry 2023
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ated by breaching the capillary barrier and capillary flow commences in the microchannel. “Reprinted/adapted with permission from: (c) © 2021

Springer Nature.”

were utilized to overcome the capillary stops.*** These kinds
of microfluidics require peripheral setups to run with inte-
grated motors, which makes them less attractive for home-
testing applications, so we kept them out of the context of this
review.

Electrowetting mechanisms offers reliable automation and
small instrumentation to control. The hydrophilicity of the

This journal is © The Royal Society of Chemistry 2023

surface can be changed at will by applying an electrical poten-
tial. When a capillary flow reaches a hydrophobic patch, it
stops there. The contact angle on the hydrophobic path can be
changed by applying electrical field and actuate the capillary
flow again. This method provides the ability to design complex
circuits in which capillary flow can be controlled by a compu-
ter or just a mobile application (Fig. 3b).>° Unknown effects of
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charged on biomolecules could affect the movement of certain
molecules. Despite the low voltage and current employed, pro-
longed times may induce undesired electrophoretic mobility
or the stacking or depletion of molecules with the opposite
charge of the electric field. Besides, the requirements for
embedding a supply source (e.g., battery, circuitry) as well as
the laborious fabrication protocol might limit their feasibility
to be used for single use POC devices. Electrowetting-based
valves were firstly used in 2004,%” and applied for the control
of capillary flow three years later.*® A flexible capillary valve
was introduced in 2012.>° Recently, the redox activity of a DBS-
doped polypyrrole (PPy) polymer film was utilized to activate
the aqueous flow using —0.9 V.*® Firstly, capillary flow was
stopped at the hydrophobic polymer layer. The applied electric
potential doped the polymer film, changing its wettability
from hydrophobic to hydrophilic by reorienting the dopant
molecules (Fig. 3a). These electrodes could be printed (e.g
inkjet printing of conductive silver ink) and annealed on flex-
ible substrates like polyethylene terephthalate (PET) and in
combination with pressure-sensitive adhesives (PSA) to form
controllable valves for the wearable sensors (Fig. 3c).>°

Activation with ultraviolet (UV) light has also been demon-
strated,”” where 12 W UV lamp at a vertical distance about
10 c¢m under irradiation at a wavelength of 254 nm was used.
This system can also be miniaturized and controlled automati-
cally. However, this approach might not be useful when
genetic material or sequences of nucleic acids are considered.
Microheaters have also been used to activate fluid flow.
Barman et al.>" proposed a capillary valve that was actuated by
heating up the trapped air to breach the capillary pressure
barrier (Fig. 6c).

5. Pre-programed microfluidic flow

Pre-programming the release of liquids in a capillary circuit is
possible when combining multiple capillary 3D elements in
strategic positions.”® This programmed liquid release
sequence could be done based on the balance of capillary
forces at different sections. Moreover, the flow resistances
within microchannels can regulate the flow rates and timings.
The resistance and pressure of each capillary element can be
determined by eqn (1) and (2). For instance, the actuation of a
trigger valve can be pre-programmed by using a combination
of a trigger valve with a downstream sudden expansion (to stop
the liquid) and a subsequent retention valve with an upstream
constriction (to retain the liquid). With the activation of a sec-
ondary (supply) liquid stopped at a sudden expansion by a
trigger flow, the meniscus in the downstream is removed and
so the trigger valve is activated. However, the retention
pressure of the upstream constriction (burst valve) retains the
release of the liquid till there is enough suction pressure in
the downstream to overcome it. A sequence of liquids release
from this combination of capillary valves is programmable by
the channels dimensions to provide the required retention
and suction pressures in a capillary circuit. Thus, by embed-
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ding retention valves with different resistances in the
upstream, multiple liquids could be released at different
intended timing from the less retention power to the highest.
The first authors to demonstrate such potential have been
R. Safavieh and D. Juncker in 2013 *° as shown in Fig. 4a. First,
the capillary flow within the main channel actuated the trigger
valves and broke the surface tensions. Then, once the sample
reached to the capillary pump, four different reagents were
released based on the required sequence for optical detection
of the C-reactive protein (CRP). The reagents flow into the
main channel only when enough suction pressure is provided
to compel the upstream retention pressures of the branch. As
these retention pressures were allocated in purpose, they pre-
programmed the sequential release of CRP antigen, biotin con-
jugated detection CRP, washing buffer, streptavidin conjugated
Alexa Fluor 488 and finally another washing buffer. The detec-
tion of CRP was completed in passive method. Similar concept
was followed by Olanrewaju et al.'® with the difference that
they used 3D printed molds. The manufacturing of such
devices allowed a more practical combination of robust trigger
valves and retention burst valves based on the 3D features that
could be manufactured (Fig. 4b).

Alternatively, Menges et al®® introduced in the passive
actuation of a sequence of off-valves that switches the flow
supply to achieve an automatic and sequential loading of
reagents in a capillary circuit. At the pre-programmed time to
release each reagent, a capillary flow within a narrower
channel from the downstream of the current activated the
valve by connecting the supply channel and the main channel.
Then the off-valve cut the backflow into the narrower channel.
Thus, the new reagent was introduced into the main channel.
Using the same approach by integrating more off-valves, flow
within a narrow channel from a spot more downward in the
capillary circuit, affiliated with an off-valve, activated the
release of the next reagent into the circuit (Fig. 7a). Although
this valve was utilized within a microfluidic device to measure
a relative viscosity,* it has the potential to be applied for bioa-
nalytical assays. Moreover, in a recent study, we introduced a
pre-programmed capillary-driven microfluidic device, in which
a m-valve array was integrated in a capillary circuit for the
sequence release of 3 different liquids.*® The pneumatic
suction from a deeper branch triggered sequentially each
reagents at the expanded junctions connected to a void area.
The supply fluids were released based on their allocated reten-
tion pressures (Fig. 7b).

With the compilation of the series of resistances coming
from each capillary elements, it is possible to pre-program a
cascade of flow events for chain reaction assays. Yafia et al.**
performed such elaborated analytical tasks by proposing a
novel microfluidic chain reaction containing a combination of
retention and trigger valves with a remarkable difference in
the activation function. Until the release of the first reagent is
not complete the next one doesn’t start because the opening
relies on a upstream air vent from the previous chamber.
When the first chamber is emptied, there is a way for air to dis-
place into the second chamber, letting the second reagent to

This journal is © The Royal Society of Chemistry 2023
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reservoirs’ upstream air vent relied on emptying the previous chamber.

flow downstream. The activation function works like a domino
effect (Fig. 7¢).

6. Fabrication strategies and
materials

Various microfabrication methods have been applied for capil-
lary microfluidic studies. Over the years, these methods have
been changed from highly time-consuming and challenging
(e.g. reactive ion etching) to more straightforward and rapid-
prototyping techniques (e.g. 3D printing). For instance, one of
the first microfabrication strategies for pre-programmed capil-
lary flows had numerous fabrication steps: the microfluidic
chip was made up on a double-side-polished silicon wafer
using photolithography on both sides with a deep reactive ion
etcher and connected with a PDMS layer."”” Recent techno-
logies such as stereolithography (SLA) 3D printing allow rapid
fabrication of microfluidic molds containing capillary valves.
Furthermore, soft-lithography is easily accessible on top of
these molds making is compatible with conventional strate-

This journal is © The Royal Society of Chemistry 2023

"Reprinted/adapted with permission from: (c) © 2022 Springer Nature.”

gires."® Even, direct 3D printing of microfluidic devices is a
well-established method. However, to secure a future in micro-
fluidics, printer specifications will need to be improved to
enable the fabrication of enclosed microchannels down to
10 pm with minimum roughness, in a range of materials with
varying surface properties, and allow for the printing of inte-
grated multifunctional and multi-material  devices.”®
Meanwhile, the defects of the 3D printing were minimized in
some works using soluble surfactants,”" adhesive layers,>* or
customized 3D printers by applying different UV exposure
times.*® All in all, additive manufacturing has paved the way to
fabricate inexpensive but elaborate parts, as there is no need
for expensive facilities like the cleanroom, and the fabrication
can be done by transferring the computer-aided design (CAD)
file to 3D printers in a distant location. So, in our view, 3D
printing will go into the route that the capillary-based devices
will be printed directly by 3D printers and not only printing
the molds.****

Another critical issue is the selection of the materials and
their surface properties. Generally, capillary circuits require
hydrophilic surfaces which drive liquids within the channels
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independent from the external forces. The most widely used
hydrophilic material in microfluidics is glass because it offers
advantages such as transparency, chemical resistance, high
pressure, and high thermal conductivity. However, it is costly
and extremely challenging to manufacture 3D microfluidic
devices.”"* For this reason, glass is barely used in point-of-
care applications. Cost-effective polymers such as polydi-
methylsiloxane (PDMS) and poly(methyl methacrylate)
(PMMA), are the other prevalent fabrication materials for
microfluidics. It is due to some advantages like transparency
and biocompatibility. However, PDMS is hydrophobic and,
therefore, a surface treatment should be considered in the
case of using it. Methods like oxygen or air plasma treatment
are applied to generate a bombard of oxygen radicals that
oxidize the surface, making it hydrophilic.'®*> The plasma-
treated surfaces are temporarily activated and change back to a
hydrophobic surface in some hours. Plasma activation forms
reactive silanol functional groups on the surface. So, to solve
the lack of the persistency of the hydrophilicity, rinsing the
surface into solutions like polyethylene glycol (PEG)*>*® and
polyvinyl alcohol (PVA)*” can form a hydrophilic coating on the
surface. It keeps the treated surfaces hydrophilic for at least
weeks.'>?%2¢27 printing the coating can provide more possibi-
lities to precisely control the flow. For example, aerosol-jet
printing was utilized to add a functional coating of PVA to
make some targeted microchannels hydrophilic.® Besides,
fabrication of capillary-driven devices in relatively hydrophilic
PMMA needs more expensive thermal process or microma-
chining as it was done by Menges et al. recently.** Polymers
used in 3D printing, generally called resins, offer a variety of
surface properties, but normally suppliers do not provide
information about the chemistry of the resins and their acti-
vation using plasma or chemical techniques varies from one
brand to the other. A good option was published recently
where the resin from the SLA from Form3 (Form-labs, USA,
clear and black V4 resin) can be activated by vacuum air
plasma to make the surface hydrophilic and coated using the
acrylic acid fume just after plasma process to increase coating
durability (practiced successfully for at least a month).**
Fabrication of lamination-based hollow microchannels using a
laser cutter or xerography is another medium to make capillary
valves.?’

The combination of materials with different surface pro-
perties affects the capillary pressure (eqn (1)). Sealing the
microfluidic chip with a film with different contact angle can
provide robustness for the retention and activation processes
in capillary-driven devices. Also, it can be used to avoid the
uncontrolled release and failure of the capillary valves using a
combination of hydrophobic and hydrophilic surfaces. For
instance, Olanrewaju et al. sealed the treated PDMS hydro-
philic microfluidics with untreated PDMS hydrophobic covers
to increase the reliability of the trigger valves in their 3D capil-
lary-driven microfluidics.'® The combination of materials was
also demonstrated by applying lamination for sealing 3DP
chips using pressure sensitive adhesives*>** This approach
allows the printing lower channels size compared to enclosed
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microfluidics chips since we avoid the trapped resins and over-
polymerization during printing.>®

/. Impacts on bioanalytical devices

Conventional two-dimensional microfluidics has offered
packing lab tasks in single chips requiring fewer samples and
reagents, and reducing time, costs and cross-contaminations.
However, the requirement for peripheral power and control
equipment restricted POC use. For that, 3D capillary-based
microfluidics is a pivotal technology toward instrument-less
bioanalysis. With a wider library of passive and active com-
ponents, capillary-driven microfluidic systems can replace
monolithically integrated devices and create new opportunities
for POC of many bioanalytical applications. In addition, capil-
lary-driven microfluidics systems will benefit significantly
from additive manufacturing technologies and smart surfaces,
allowing for the further miniaturization of elements and the
development of a larger selection of elements and materials.
Capillary elements were used to create a number of modular,
reconfigurable capillary units containing fluidic and sensor
elements, adaptable to many different microfluidic circuits.
Sequential release of reagents in 3D capillary-driven microflui-
dics was used for the sandwich-type immunoassay of human
C-reactive protein detection.'®>* More recently, Yafia et al**
utilized a pre-programmed 3D capillary microfluidic device to
perform chain reaction assay for severe acute respiratory syn-
drome-coronavirus-2 (SARS-CoV-2) antibodies detection in
saliva (Fig. 8a). They also did a thrombin generation assay
using a pre-programmed chain reaction by continuous sub-
sampling and analysis of coagulation-activated plasma with
parallel operations including timers, iterative cycles of syn-
chronous flow, and stop-flow operations. Such complicated
but robust capillary-based circuit demonstrates a clear impact
of 3D manufacturing on the POC bioanalytical scope. Another
study showed the quantification of urinary protein via a colori-
metric analysis (Fig. 8b).°® This study employed a portable
smartphone-based detection platform to increase usability and
provide a user-friendly alternative. Qu et al.®" presented a POC
adalimumab sensor for therapeutic drug monitoring. This bio-
sensor used 3D self-powered microfluidics combined with a
fiber optic surface plasmon resonance for the bioanalytical
assay. Moreover, 3D-printed microfluidic devices were applied
for enzyme-linked immunosorbent assay in which a multistep
assay timeline is completed by precisely engineering capillary
wetting within printed porous bodies (Fig. 8c).>" Alternatively,
3D capillary-driven microfluidics were used for other appli-
cations like the measurement of dynamic interfacial tension, a
difficult parameter to determine due to the instability of two-
phase interfaces.®

The number of research works that performed bioanalysis
through 3DP capillary-driven microfluidics is limited due to
the restrictions for controlling surface energy and the difficulty
of programming flow without peripheral equipment like
pumps and valves. As capillary-driven microfluidics needs

This journal is © The Royal Society of Chemistry 2023
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sophisticated controlled hydrophilicity on the surfaces of
micron-size features, utilizing 3D printing technology for POC
bioanalytical applications has been constrained by 3DP
materials. However, recently, the studies mentioned earlier
used 3DP technologies for bioanalytics by applying novel solu-
tions. In our view, the main reliable utilized strategy is the 3D
printing of microfluidics with one open side. Then, it is poss-
ible to modify the channels’ surface properties from the open
side using surface chemistry such as plasma activation or
coating mentioned in the previous section. Afterward, closing
and sealing microfluidic channels is possible by attaching
another layer like a pressure-sensitive adhesive with the
required surface energy. On the other hand, sealing a 3DP
chip with a clear layer provides better possibilities for optical
biosensing. For instance, calorimetry and fluorescent detec-
tion of immunoassays are approachable from the side of the
clear layer better than the 3DP side, considering that even the
3DP part with a clear resin can still scatter light and reduce
the sensitivity of immunosensors.

8. Future perspective

3D features have mostly been provided advantages to control
capillary flows for autonomous retentions and actuations of
microfluidic devices structurally programmed. Capillary action
can be used as a source of power to control the flow, in which
the capillary retention and actuation elements play a crucial
role in applying precise control by stopping and then releasing
the reagents on the required time. However, there are some
limitations in the microfabrication process and the materials,

This journal is © The Royal Society of Chemistry 2023

as the capillary microfluidics requires specific surface energy
to stop and release the fluid flow. Regarding the new fabrica-
tion strategies, additive manufacturing has attracted the most
attention. Despite the enthusiasm of the early uptakers, its
applicability is partially limited by the technical inability to
print reliable microfluidic channels with dimensions smaller
than hundred micrometers. Despite there is no perfect printer,
SLA has been widely used for prototyping such devise.
Nevertheless, techniques such as microSLA and Two-Photon
Polymerization (2PP) are becoming popular due to their ability
to produce devices in the meso-scale. 2PP also offer the possi-
bility to incorporate materials such as glass. Having unique
capabilities and features when it comes to printing microflui-
dic devices, the possibilities in the future will result to an
increased miniaturization and reliability of the capillary flow.
In the matter of perspective materials and surface engineering,
we believe that technologies such as the initiator integrated 3D
printing (i3DP) has great potential for capillary-based micro-
fluidic devices. The UV-curable resin incorporates a vinyl-ter-
minated initiator, enabling genetic post-printing surface-
initiated modification at will.®* However, commercializing 3DP
capillary-driven bioanalytical devices remains a tough chal-
lenge because the post-processing step is still time-consuming
and costly. So, the technology is mostly used for prototyping.
New printing technologies and automated post-processing
steps pave the way for new commercial opportunities in the
near future. Considering advances in the microfabrication of
3D features and surface chemistry, new capillary elements will
be available in a near future. These developments will increase
the flow control in terms of speed, retention/activation timing
and avoid failure caused by changes in ambient conditions
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(humidity and temperature) or contact angle of the surface.
Despite this technology is still far from the market, there is
room for new advances to exploit their full potential in bioana-
lytical applications of today’s life.
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