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ABSTRACT

Suitable micropumping methods for flow control represent a major technical hurdle in the development of microfluidic systems for point-
of-care testing (POCT). Passive micropumping for point-of-care microfluidic systems provides a promising solution to such challenges, in
particular, passive micropumping based on capillary force and air transfer based on the air solubility and air permeability of specific materi-
als. There have been numerous developments and applications of micropumping techniques that are relevant to the use in POCT.
Compared with active pumping methods such as syringe pumps or pressure pumps, where the flow rate can be well-tuned independent of
the design of the microfluidic devices or the property of the liquids, most passive micropumping methods still suffer flow-control problems.
For example, the flow rate may be set once the device has been made, and the properties of liquids may affect the flow rate. However, the
advantages of passive micropumping, which include simplicity, ease of use, and low cost, make it the best choice for POCT. Here, we
present a systematic review of different types of passive micropumping that are suitable for POCT, alongside existing applications based on
passive micropumping. Future trends in passive micropumping are also discussed.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0002169

I. INTRODUCTION countries, where there is the greatest need for POCT,’ the technol-
ogy should be ASSURED (affordable, sensitive, specific, user-
friendly, rapid and robust, equipment-free, and deliverable to end-
users), according to the World Health Organization.””'” Therefore,
the challenge for microfluidics in POCT will be how to maintain
the features of microfluidics, such as complex fluid handling and
integrated analysis, without cumbersome ancillary equipment.

This challenge has proven to be a major drawback of many
otherwise promising microfluidic devices for POCT.>''™"
Micropumping is one of the most fundamental components in

Point-of-care testing (POCT) is fast and easy to perform,
enabling diagnosis near the patient without the need for a clini-
cal laboratory.' ™ The rationale behind POCT is that it will sig-
nificantly simplify healthcare delivery and improve clinical
outcomes, with the potential to shift from curative medicine to
predictive or preventive medicine.

POCT usually requires a low volume of sample and reagents,
miniaturization of devices, and a fast turnaround time for analysis.
These features fit well with the nature of microfluidics, and so it is microfluidics, and active micropumping methods using cumber-
unsurprising that since the inception of microfluidics, one of its some external equipment (i.e., syringe pumps and pressure pumps)
major applications has been POCT." In recent years, POCT devices are still widely seen in microfluidic devices.'""*
combining both microfluidic cartridges and microelectronic inter- There are several general considerations in determining
faces have been introduced to the market."”" It is estimated that  whether a micropumping method used in microfluidics is suitable
the market for POCT will be several billion USD.””" However, for POCT: (1) it needs to be a standalone component and meet the

POCT has an additional requirement that limits the adoption of  requirements of liquid control; (2) it should require as few user
microfluidics: extreme simplicity of use. Especially in developing interventions and as low a volume of sample liquid as possible; (3)
Biomicrofluidics 14, 031503 (2020); doi: 10.1063/5.0002169 14, 031503-1
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it should be made as cheap as possible while retaining robust per-
formance under various conditions. In microfluidics, micropump-
ing methods can be classified into active or passive types,
depending on whether an external power source is needed.'
However, in practice, it is not always clear whether to define a
power supply as an external power source or not. The key to this
classification is whether the power source can be easily obtained in
a low-resource environment. For example, many micropumping
methods are based on magnetism. If the device needs to be
plugged into a socket to generate the magnetic force, the power
source is considered an external one and the method will be classi-
fied in the active micropumping category. If only a hand-held or
embedded magnet is required, the method does not need an exter-
nal power source and belongs to the passive micropumping cate-
gory. Thus, two methods may be classified differently even though
the mechanism behind them is same, that is, both are based on
magnetism. For active micropumping, the external power source is
controlled so that it forms a continuous flow with a controllable
flow rate.'*'” However, much progress has been made in making
external power sources portable to fit POCT. Examples include
sources based on mechanical displacement,'® centripetal force,'”
electrical® or magnetic fields,"”’ and acoustic force.”’ The
requirement for external power sources inevitably increases the
complexity and cost of microfluidic devices.” However, no external
power source is needed for passive micropumping; the source is
usually embedded in the device itself. Passive micropumping
usually lacks capacity for accurate flow control;’>** however, it is
used in most commercially available POCT products owing to its
simplicity.””” Much research has focused on improving flow
control in passive micropumping,”*~*’ and this is likely to play an
increasingly important part in POCT.” Therefore, we narrow the
scope of this review to passive micropumping and its development
for use in microfluidics, as this seems most relevant to POCT.
There are already many excellent reviews on microfluidics in
POCT and micropumps in microfluidics; "' *7'*?*°~** however, to
the best of our knowledge, none of them focus on passive micro-
pumping of microfluidics for POCT. Thus, in this paper, we sum-
marize the major categories of passive micropumps suitable for
POCT, as illustrated in Fig. 1. We also state our opinions about the
future directions of passive micropumps for POCT.

Il. PASSIVE MICROPUMPING UTILIZING CAPILLARY
FORCE

Micropumps utilizing capillary force are probably the most
successful and widely used micropumping method.'*'>** This
method is quite robust and easy to use, and it does not require any
moving components. This type of micropumping is usually only
concerned with the filling flow; once the device is filled with liquid,
the micropumping will stop. There are two types of micropumps
utilizing capillary force according to the type of substrate material:
(1) capillaries based on porous materials’” and (2) capillaries based
on solid materials*®>*” (Fig. 2).

A. Capillaries based on porous materials

. . . . 38-42 43
Various porous materials including paper, wool,”” polyes-

ter," and cotton yarn”>"® have been exploited for capillary-based
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FIG. 1. Categories of passive micropumping methods that are suitable for
POCT.

micropumping, as shown in Fig. 2(a). Based on the porosity and
other characteristics of the materials used, the initial filling flow
rate Q; can be calculated as follows according to Washburn’s equa-
tion,"” if evaporation, swelling of the materials, and external body
forces such as gravity are not considered:*’

ov . OL  Porosity - A [(y cos6) - D
{(t) = = = Porosity - A - — = N (1
® or oo ot 4 u-t W

Q) =kt ©)

where Porosity is the percentage of gaps that can be filled with
liquid to the total volume of the porous material, A is the cross-
sectional area of the flow path of the porous material, y is the
interfacial tension, 6 is the contact angle between the liquid and
the surface of the porous material used, D is the effective capil-
lary diameter, u is the viscosity of the liquid, and k is a mobility
parameter, which is related to the characteristic of the materials
and dimension of the flow path as illustrated by Eq. (1). The rela-
tionship Qi(t) = kt=> has been validated in microfluidics using
micro- and nanocapillaries, especially at short time-scales, which
fits the scenario of POCT.

As predicted by Eq. (2), the flow rate of this micropumping
method is not constant over time and is set during the design of
the device, which means the flow rate is built-in once the devices
are made. Also, depending on the porosity and dimensions of the
material, the dead volume may vary considerably.”
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FIG. 2. Examples of passive micropumping based on capillary force. (a) Passive micropumping utilizing capillaries based on porous materials. (a-1) and (a-2)
Paper-based 3D microfluidic device. (a-3) Multi-inlet/single-outlet design based on micropatterned superhydrophobic textile. (a-4) Cotton yarn knots used as microfluidic
splitters, mixers, and for controlling mixing ratios. (b) Passive micropumping utilizing capillaries based on solid materials. (b-1) Closed-channel microfluidic device made
from silicon for multiparametric immunoassays. (b-2) Suspended-microfluidic device made from plasma-treated PDMS. (b-3) Open-microfiuidic device made from poly
(methyl methacrylate) (PMMA). (a-1) and (a-2) Reproduced with permission from Martinez et al. Proc. Natl Acad. Sci. U.S.A. 105, 19606-19611 (2008). Copyright 2008
National Academy of Sciences; (a-3) Reproduced with permission from Xing et al., Lab Chip 13(10), 1937-1947 (2013). Copyright 2013 Royal Society of Chemistry. (a-4)
Reproduced with permission from Safavieh et al., Lab Chip, 11(15), 2618-2624 (2011). Copyright 2011 Royal Society of Chemistry. (b-1) Reproduced with permission from
Gervais et al., Biosens. Bioelectron. 27, 64—70 (2011). Copyright 2011 Elsevier B.V. (b-2) Reproduced with permission from Casavant et al., Proc. Natl. Acad. Sci. U.S.A.
110, 10111-10116 (2013). Copyright 2013 National Academy of Sciences; (b-3) Reproduced with permission from Berry et al., Anal. Methods 11, 45284536 (2019).

Copyright 2019 Royal Society of Chemistry.

B. Capillaries based on solid materials

Before the widespread availability of polymers such as polydi-
methylsiloxane (PDMS),"**’ microfluidics mainly relied on solid
materials, including glass’® and silicon,”"”” adopting the appropri-
ate fabrication technologies from microelectronics.”” By nature,
both glass and silicon are hydrophilic and thus can be employed
directly for capillary micropumping.”**” Moreover, through either
wet chemical®™® or gas phase™ surface treatment, other solid
materials such as polymers used for casting microfluidic devices
can also be rendered hydrophilic.”* Figure 2(b) shows examples of
capillaries based on solid materials.

Unlike capillaries based on porous materials, where the liquid
will always wick in as long as the porous material is philic for the
sample liquids, with capillaries based on solid materials this will
only occur when the flow path is a small tubing or a closed
channel.”” If the channel is open to the air or not fully closed, a cri-
terion derived from Young’s law needs to be met before the initial

flow can occur,”

b < cos b, (3)

w

where py is the perimeter of free or unbounded surfaces (where the
liquid is open to air), p, is the perimeter of wetted surfaces at the
cross-section plane of the channel (where the fluid front is), and 6 is
the contact angle between the liquid and the surface of the solid mate-
rial. For example, for a rectangular channel of width w and height h
but without a ceiling, the criterion of Eq. (3) can be written as

& _
Pw  2h+w

< cos 6. (4)

Therefore, if the channel width w is too large compared with
the height A, the flow may not occur even if the solid material is
hydrophilic for the sample liquid.
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The flow rate for capillaries based on solid materials can be
calculated using Eq. (2), as described earlier, although parameter k
needs to be calculated differently for an open channel; it is derived
by balancing the free energy of the system as the liquid advances
with the hydrodynamic viscous friction.”® Thus, the calculation is
usually more complicated compared with the case of closed chan-
nels or caPillaries based on porous materials, but the relationship
Q;() ~ 72 still holds.””

The flow rate for micropumping using capillaries based on
solid materials is again not constant, as predicted by Eq. (2), and
cannot be changed once the devices are made. However, there are
advantages compared with capillaries based on porous materials:
(1) the dead volume or the minimum required sample volume can
be reduced substantially,61 (2) in a closed channel, contamination
from outside can be minimized, (3) flow rates are more reproduc-
ible among devices owing to the more uniform surface.”’

C. Challenges for passive micropumping utilizing
capillary force

As mentioned previously, the biggest challenge for passive
micropumping utilizing capillary is flow control and maintaining a
constant flow rate.”” The major approach currently for micro-
pumping based on capillary force is to vary the dimensions of flow
pathways to gain more control of the flow.””®’ Using partial
surface treatments to fine-tune the capillary force® and smart
designs,’”°>% sequential flows can be achieved automatically in
immunoassays”“’°"°® and molecular tests®”~’* (Fig. 3). Also,
combinations of capillaries based on both porous materials and
solid materials have been exploited:”*™** closed microfluidic chan-
nels are made with solid materials to take advantage of the more
controllable and repeatable flow, whereas porous materials are
used at the outlet to absorb more liquids, thereby extending the
total duration of the micropumping (Fig. 4).

However, in both cases, the flow rate is still not constant and
cannot be changed once the devices are made. It should also be
noted that evaporation may become increasingly important after
the initial filling with liquids; evaporation is related to the open
area of liquids, ambient temperature, and moisture level. Thus, it is
quite difficult to characterize flow rates based on evaporation,
although some attempts have been made to do so in micropump-

. 83,87 . 44,85
ing"*"" and continuous flow.""*

I1l. PASSIVE MICROPUMPING UTILIZING AIR
TRANSFER

The foundation of micropumping utilizing air transfer is an
appropriate material: such a material must have either good air sol-
ubility to store vacuum or high pressure, or good air permeability
to allow vacuum or high pressure to be transferred to microfluidic
channels in a controllable manner (Fig. 5). To be more specific, on
the one hand, if the material used has good air solubility, the air
dissolved inside this material can be degassed when it is placed in a
vacuum and, once the air pressure of the environment increases,
this degassed material can reabsorb the air around it. With proper
design, it is possible to generate a vacuum inside the microfluidic
channel, and vice versa for high pressure. Thus, vacuum or high
pressure can be stored in the air soluble material and used later for

REVIEW scitation.org/journal/bmf

micropumping. On the other hand, if the material has good air
permeability, air trapped inside the microfluidic channel can
diffuse into the adjacent pneumatic chamber where a vacuum is
stored; thus, negative pressure is generated inside the microfluidic
channel as well, and vice versa for high pressure. The rationale for
adding an air-permeable membrane between the microfluidic
channel and the stored pressure in the pneumatic chamber instead
of directly connecting them is that the flow rate can be tuned by
the geometry and air permeability of the membrane instead of
adjusting the pressure levels. Also, as there is a maximum flux rate
for air transferred through the membrane, further increase of the
pressure difference above a certain value will not increase the flow
rate. Thus, the membrane also functions as a flow regulator,
damping the flow variations due to the fluctuation of pressure.’’
There is already a review paper about vacuum based microfluidics
using PDMS;" here, we will focus more on recent progress and the
more general concept of using any suitable material for air transfer-
based passive micropumping.

A. Air transfer based on air solubility

For passive micropumping utilizing air solubility, if the whole
microfluidic device is made of a material with good air solubility,
such as PDMS, it can itself function as a self-powered vacuum or
high-pressure source. Normally, the device is degassed in a vacuum
chamber for the appropriate time (>15 min) before usage to ensure
dissolved air is driven out. Once the degassed device is exposed to
air again, it starts to reabsorb air from all surfaces, including
embedded microfluidic channels, resulting in a vacuum that will
draw sample liquids along the microfluidic channels. The flow rate
depends on the geometry of the device, including the channel
surface area and the volume of the device, as well as the waiting
time before liquids are added and the total time since the device
was exposed to the atmosphere,”” and the same effects are also
applied if high pressure is stored in the device.” Using Fick’s
second law of diffusion,” we can obtain an approximation of the
flow rate, assuming the sample liquid is added immediately after
the degassed or pressurized device is exposed to air and the flow is
on a microfluidic scale,

e

where S is the total surface area of the device over which the air
can diffuse, w is the distance between the surface of the device and
the embedded microfluidic channel, and 7 is a time constant
related to the geometry of the microfluidic channel and the air dif-
fusion coefficient of the specific material used.

As illustrated by Eq. (5), the flow rate decays immediately after
the device is exposed to the atmosphere, which makes it difficult to
achieve a stable and constant flow. Moreover, the waiting time
before liquids are added depends on the operator and will inevita-
bly vary, leading to a variable flow rate among tests. Thus, the
major applications of micropumping based on air solubility are in
cases where a constant or repeatable flow is not critical. Here, we
have summarized recent progress about this type of passive micro-
pumping. Tottori and Nisisako™ reported a degassing-driven

Biomicrofluidics 14, 031503 (2020); doi: 10.1063/5.0002169 14, 031503-4
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FIG. 3. Examples of sequential flows enabled by micropumping based on capillary force. (a) Shaped-paper microfluidic device for multi-step sequential flows. (b) PDMS
microfluidic device capable of pre-programmed sequential flows. (a) Reproduced with permission from Lutz et al., Lab Chip 11, 4274 (2011). Copyright 2011 Royal Society
of Chemistry. (b) Reproduced with permission from Safavieh and Juncker, Lab Chip 13, 4180-4189 (2013). Copyright 2013 Royal Society of Chemistry.
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microfluidic device with deterministic lateral displacement,
which had two different configurations. The first configuration
was a single-input device; the characteristics of the degassing-
driven flow through micro-pillars were investigated, and it was
used for selective enrichment of fluorescent polymer particles
based on sizes. The second configuration was a sheath-input
device, which was successfully used for separation of white blood
cells from red blood cells, demonstrating a high separation effi-
ciency of ~96% and purity of ~87% [Fig. 6(a-1)]. Shin et al”’
also used an air solubility-based PDMS micropump for plasma
separation [Fig. 6(a-2)]. The proposed device functioned as a
fully integrated microfluidic diagnostic device with an integrated
pneumatic microfluidic circuit. It could pump whole blood
autonomously, sort blood plasma simultaneously, and enable
blood plasma proteomic analysis on-site by quantifying thrombin in
blood samples using an aptamer beacon within 5min of sample
injection. Fu et al.”' reported a device utilizing micropumping based
on air solubility to fill an array of microcompartments for the

a Vacuum

b High pressure

REVIEW scitation.org/journal/bmf

digital Polymerase Chain Reaction (dPCR). The chip was con-
structed by sandwiching a PDMS layer containing 10000 micro-
compartments of 0.785nl each between two glass slides.
Chatzimichail et al.’* reported a new fabrication process by which
metal electrode patterning could be achieved by vacuum-filling
microfluidic channel geometries with liquid metals. Liu et al.” dem-
onstrated a microfluidic device that used high pressure stored in
PDMS for micropumping [Fig. 6(b)]. Compared with micropump-
ing based on vacuumed PDMS, it could generate a higher flow rate,
as the maximum pressure difference was no longer limited to one
atmosphere as is the case for vacuum-based micropumping. A vis-
cometer based on micropumping utilizing pressurized PDMS was
also demonstrated in that paper.

Gas solubility-based PDMS micropumps gradually lose their
pumping ability once the degassed PDMS is exposed to the air. For
instance, a micropump based on this method was reported to only
last for around 60 min after air exposure in a typical device made
of PDMS.” Thus, there is a need to increase the duration of
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bility. (a-1) Microfluidic device using degassing-driven deterministic lateral flow for particle separation. (a-2) Blood analysis device employing passive micropumping based
on the air solubility of PDMS. (b) Positive pressure-driven micropump based on the air solubility of PDMS. (a-1) Reproduced with permission from Tottori and Nisisako,
Anal. Chem. 91, 3093-3100 (2019). Copyright 2019 American Chemical Society. (a-2) Reproduced with permission from Shin et al., Biosens. Bioelectron. 133, 169-176
(2019). Copyright 2019 Elsevier B.V. (b) Reproduced with permission from Gervais et al., Biosens. Bioelectron. 27, 64-70 (2011). Copyright 2011 Springer-Verlag GmbH
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micropumping. Liu et al.” reported on using wax coatings on the
surface of PDMS to increase the duration of micropumping. In
their design, only the inlets of the device were exposed to the
atmosphere. The encapsulated devices retained their micropump-
ing ability for more than 3 weeks without any vacuum source or
additional packaging. Song et al.”* demonstrated another method
using Parylene C as the coating layer. Compared with wax,
Parylene C has much lower air permeability. Thus, the coated
device was able to maintain its micropumping ability for more
than 30 days. Moreover, the vacuum could be directly stored in a
sealed pouch containing the microfluidic device.”” In this case, the
sample liquid is added on top of sealed inlets and then a needle is
used to pierce holes at the inlets through the sample liquid. Thus,
the vacuum in the microfluidic channels will draw the flow toward
the outlets. As the whole pouch is used for vacuum storage, the
material of the microfluidic device is no longer required to have
good air solubility and, as no surface is exposed to air during the
flow process, the duration of the vacuum-based micropumping
will be theoretically infinite or last until the whole device is filled
with liquid. However, the flow rate will still not be constant and,
depending on the timing of hole piercing among different inlets,
variations may still exist between tests.

B. Air transfer based on air permeability

As discussed in Sec. IIT A, passive micropumping based on air
solubility leads to various problems, including inconsistent and var-
iable flow rates among tests. One way to solve these problems is
micropumping utilizing air transfer based on air permeability. For
this type of micropumping, a thin membrane made of a material
with good air permeability, such as PDMS, is used to allow air
transfer across the membrane. Generally, the microfluidic channels
are on one side of the membrane, and on the other side is a pneu-
matic chamber with a vacuum or high pressure. If a vacuum is
stored in the pneumatic chamber, air will diffuse from the micro-
fluidic channel through the membrane into the vacuum chamber,
and micropumping based on vacuum occurs (and vice versa if high
pressure is stored in the pneumatic chamber). The flow rate of this
type of micropumping can be deduced from Fick’s law,”

Cc amber — Cmem rane S
Q(t) = kD=2 ane 2, ©
Catm w

where k is an empirical factor including the viscous effect of the
pumped liquid flow; F is the steady-state air flux diffusing into the
vacuum chamber; Cpemprane and Cehamber are the air concentrations
in the membrane and the pneumatic chamber, respectively; Carm is
the air concentration of the atmosphere; S is the total surface area
that allows air to diffuse out of the microfluidic channels, denoted
the diffusion area; and w is the thickness of the membrane between
the microfluidic channel and the pneumatic chamber. Note that
here the volume of the microfluidic channels is negligible compared
with that of the pneumatic chamber used for pressure storage, and
thus the amount of air transferred from the microfluidic channels to
the pneumatic chamber is also negligible. As a result, Ciembrane and
Cechambercan  be considered constant during the micropumping
process. Therefore, as predicted by Eq. (6), if the diffusion area S
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and membrane thickness w are fixed, the flow rate Q is constant
most of the time during liquid filling of the microfluidic channels.”

There are various ways to store pressure in the pneumatic
chamber at one side of the membrane; here, we summarized recent
progress in this area. Wang et al.’® reported an ad hoc type of
micropumping based on a vacuum, in which a separated pneumatic
chamber with embedded PDMS membrane could be added on top
of the microfluidic outlet [Fig. 7(a)]. The flow rate was constant
most of the time during sample liquid filling, and this micropump-
ing method could be easily adapted for use in almost any type of
microfluidic device. Wu et al.”” demonstrated a microfluidic PCR
device utilizing micropumping based on high pressure, with a gas-
permeable conduit as the membrane [Fig. 7(b)]. Note that here the
flow rate is not constant and decreases with the decreases of the
high pressure generated in the pneumatic chamber; in this case, the
syringe is designed to leak from the conduit as well. A spiral
channel with radius reducing from outer circles to inner circles is
used, so that the flow takes the same amount of time to fill each
circle. Therefore, PCR based on thermocycling can be realized.

Similar to the case of micropumping using air solubility, the
pneumatic chamber for pressure storage in this type of micro-
pumping needs to be sealed properly to prevent loss of pressure in
long-term storage. However, by employing a hand-held
syringe,” ™ the packaging step can be avoided. Moreover, this type
of micropumping does not suffer problems such as short pumping
duration and variable flow rates. Most important of all, as predicted
by Eq. (6), the flow rate for this type of passive micropumping is
constant most of the time during liquid filling of the microfluidic
channels, which is difficult to achieve in other types of passive
micropumping.

C. Challenges for passive micropumping utilizing air
transfer

As discussed previously, in micropumping based on air solu-
bility, the flow rate is not constant and is difficult to control. This
is similar to the problems encountered in micropumping based on
capillary force. The advantage of air transfer methods is that the
surface does not need to be hydrophilic, which is important when
PDMS is used as the building material. However, an additional
degassing step is required, as is suitable packaging to prevent pres-
sure leakage during long-term storage. These problems can be
solved by micropumping based on air permeability, especially
when a portable pressure source like a hand-held syringe is used.
As illustrated by Eq. (6), the flow rate is constant and can be easily
adjusted by varying the diffusion area or the thickness of the mem-
brane. One drawback, which is also quite common in passive
micropumping, is that the flow rate is set once the devices are
made. Moreover, as predicted by Eq. (6), the flow rate is not the
same for all types of liquids; it varies based on properties of the
liquids such as viscosity and surface tension.

IV. PASSIVE MICROPUMPING UTILIZING PRESSURE
DIRECTLY WITHOUT AIR TRANSFER

Besides the previously discussed methods that utilize air trans-
fer to provide a controllable flow rate, pressure can be used directly
for passive micropumping based on the gravity of liquids, surface
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FIG. 7. Passive micropumping utilizing air transfer based on the air permeability of the materials. (a) Vacuum-driven micropumping device based on the air permeability of
PDMS membrane. (b) High pressure-driven micropumping device based on the air permeability of a silicone tubing for PCR. (a) From Wang et al., Micromachines 10, 543
(2019) Copyright 2012 Author(s), licensed under a Creative Commons Attribution (CC BY) license; (b) Reproduced with permission from Wu et al., Analyst 137, 983-990

(2012). Copyright 2012 Royal Society of Chemistry.

tension of liquids, a pressure source stored in a sealed chamber
such as a balloon, and pressure applied by the user’s hands (Fig. 8).

Gravity exists everywhere and it is quite intuitive to employ
gravity of liquids or hydrostatic pressure directly for passive micro-
pumping. The challenge is that for microfluidics, the volume of
samples is usually quite small (nanoliter- to microliter-scale),
which usually makes the gravity of liquids negligible compared

with other forces such as surface tension. However, by smart design
or combination with other methods, gravity has been exploited for
passive micropumping: by fine-tuning the height and increasing
the volume of liquid at the inlet, various flow rates can be
achieved'”’™""* [Fig. 8(a)]. Similarly, by adjusting the tilting angle
of the microfluidic device, different flow rates can be generated;
researchers have tried to use this approach for immunoassays.'”’
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Moreover, gravity has been combined with capillary force in immu-
noassays such as ELISA, using a standard 96-well format.'”*

Surface tension, which depends on the size of the droplet, can
also be utilized for passive micropumping:'*>'*® if two droplets are
connected by a closed microfluidic channel filled with liquid, a
droplet with a smaller diameter will have a higher surface tension
compared with a larger droplet at the other end of the channel
This difference in surface tension between the droplets will drive
the flow from the smaller droplet to the larger one. Although the
pumping force generated in this way is relatively small, it has been
used for cell culturing,'’’

Last but not the least, smart designs enable the user to apply
pressure for passive micropumping using their hand [Fig. 8(b)].
SlipChip, where liquids are moved manually by sliding two glass
chips containing microchambers against each other, has been
demonstrated to be a powerful tool for immunoassays, molecular
tests, and various chemical tests.'”*™"'" Similarly, “squeeze-chip,”
where the flow is powered by using the fingers to push a soft
microfluidic chamber, has been used for complicated flow
control''" [Fig. 8(b-1)]. Even squeezing a balloon filled with air

a Gravity

b Hand-power

scitation.org/journal/bmf

as a high-pressure source can achieve controllable flow in micro-
fluidic channels.''” Besides high pressure, a vacuum can also be
generated to withdraw flow by manually compressing a rubber
chamber with a one-way passive valve.''’ Micropumping based
on either vacuum or high pressure has been demonstrated by
pulling or pushing a three-dimensional (3D)-printed lid of an
air-tight chamber'"* [Fig. 8(b-2)]. Micropipettes can also be used
to make droplets directly without the need for sophisticated
pumps'"’ [Fig. 8(b-3)].

V. PASSIVE MICROPUMPING UTILIZING OTHER
METHODS

Besides the previously discussed methods, there are many
other passive micropumping methods based on various mecha-
nisms. In general, these methods are not as good as those
described above, but they have their own niches, and they may
inspire readers to consider new ways of achieving passive micro-
pumping for POCT.

Push

1
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~ -
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Inlet medium
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FIG. 8. Passive micropumping utilizing pressure directly without air transfer. (a) Microfluidic device using hydrostatic pressure-driven micropumping. (b) Microfluidic devices
based on hand power for passive micropumping. (b-1) Finger-controlled microfluidic flow network device. (b-2) Pumping lid made with 3D printing to generate positive and
negative pressures for microfluidic applications. (b-3) Micropipette-powered droplet-based microfluidics. Scale bar is 200 um. (a) Reproduced with permission from Wang
et al., Lab Chip 18, 2167-2177 (2018). Copyright 2018 Royal Society of Chemistry. (b-1) Reproduced with permission from Li et al., Lab Chip 12, 1587-1590 (2012).
Copyright 2012 Royal Society of Chemistry. (b-2) Reproduced with permission from Begolo et al., Lab Chip 14, 4616-4628 (2014). Copyright 2014 Royal Society of
Chemistry. (b-3) Reproduced with the permission from Langer et al., Biomicrofluidics 12(4), 044106 (2018). Copyright 2018 AIP Publishing LLC.
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One example is micropumping utilizing chemicals, as described
in some good review papersz‘)’116 [Fig. 9(a)]. Here, we only summa-
rize the chemistry-based passive micropumping methods that are
suitable for POCT. Good examples include micropumping methods
based on diffusion and osmosis pressure, where chemicals are embed-
ded directly in the flow channels."'”'"® Catalysts and enzymes can
also be employed to further enhance the flow' 7% [Fig. 9(a-1)].
Alternatively, if the stored chemicals react and generate heat under
certain conditions, they can be used to form thermogradients to drive
a circulating flow between the heat source and the cold end.'**'*” If
the chemical reactions can generate gas, they can be used as a high-
pressure source to push the flow of sample liquids forward'**~'**
[Fig. 9(a-2)]. As well as the chemical-based methods mentioned here,
there is a good review of micropumping using gas bubbles.'” In
addition, if electricity can be generated at the same time as either
heat or gas, as in the case of fuel cells, then, electrical measurements
and analysis can be performed as well as micropumping, using the
electrical power generated13 %131 [Fig. 9(a-3)]. Similarly, electrophore-
sis, electroosmosis, and even electrowetting based on batteries can
also be considered to be micropumping methods utilizing chemicals,
but they are not passive methods. Some good existing review papers
cover these areas.'™”” The general requirements for this type of
micropumping to be suitable for POCT are: (1) the chemicals are safe

REVIEW scitation.org/journal/bmf

and remain stable before use and (2) the chemicals can be packed
small enough to fit in the devices.

Another example is passive micropumping using a magnetic
field [Fig. 9(b)]. If the sample liquids are premixed with magnetic par-
ticles, a magnet can be placed along the flow pathway to attract mag-
netic particles, which in turn will drag the liquid flow forward'*>'**
[Fig. 9(b-1)]. If the carrier phase is made with ferrofluid oil and is
immiscible with sample liquids, the movement of the ferrofluid oil can
be used for sample liquid control'*® [Fig. 9(b-2)]. Alternatively, a
magnet can be moved manually or automatically to control the move-
ment of liquids, as described in two good review papers.'**'*”

VI. DISCUSSION AND OUTLOOK

Table I gives a brief comparison of the major passive micro-
pumping methods. Numerous other methods have been designed
and tested for POCT, as discussed in Sec. IV. Compared with active
pumping methods such as syringe pumps or pressure pumps,
where the flow rate can be well-tuned independent of the design of
the microfluidic devices or the property of the liquids, most passive
micropumping methods still suffer flow-control problems. For
example, the flow rate may be set once the device has been made,
and the properties of liquids may affect the flow rate. However, the
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FIG. 9. Passive micropumping utilizing other methods. (a) Microfluidic devices based on chemistry for passive micropumping. (a-1) Self-organization of fluids in a multi-
enzymatic pump system. (a-2) Chemical reaction-based micropump that uses gas for portable microfluidics. (a-3) Fuel cell-powered microfluidic platform that uses chemical
reaction for micropumping based on gas and measurements based on electricity. (b) Microfluidic devices using a magnet for passive micropumping. (b-1) 3D-printed micro-
fluidic preconcentrator using magnetic force. (b-2) Microfluidic device based on magnetophoretic control of water droplets in bulk ferrofluid. (a-1) Reproduced with permis-
sion from Maiti et al., Langmuir 35, 3724-3732 (2019). Copyright 2019 American Chemical Society. (a-2) Reproduced with permission from Good et al. Lab Chip 6, 659-
666 (2006). Copyright 2006 Royal Society of Chemistry. (a-3) Reproduced with permission from Esquivel et al., Lab Chip 12, 74-79 (2012). Copyright 2012 Royal Society
of Chemistry. (b-1) Reproduced with permission from Park et al., J. Microbiol. Methods 132, 128-133 (2017). Copyright 2017 Elsevier B.V. (b-2) Reproduced with permis-
sion from Katsikis et al., Soft Matter 14, 681-692 (2018). Copyright 2018 Royal Society of Chemistry.
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TABLE I. Comparison of passive micropumping methods utilizing capillary force, air transfer based on air solubility and air permeability, and direct pressure without air transfer,

respectively.

Passive micropumping method Integration Operation Flow rate control Constant flow
Capillary force Easy Easy Hard No

Air solubility Easy Easy Medium No

Air permeability Medium Easy to medium Easy Yes
Direct pressure Medium Medium Medium No

advantages of passive micropumping, which include simplicity,
ease of use, and low cost, make it the best choice for POCT. In this
section, we summarize important aspects of the applications of
passive micropumping for POCT and provide a brief overview of
the outlook.

A. Backflow prevention at inlets

Backflow is a unique problem that occurs when small volumes
of different types of liquids are loaded directly at more than two
inlets of a microfluidic device. Besides backflow, flow crosstalk and
asynchronous pumping may also occur. All of these problems are
caused by the pressure difference at each inlet, which depends on
the properties of liquids, including volume loaded, surface tension,
viscosity, and density.'”*'*” Based on the equations for surface
tension and gravity, the built-in pressure P; of a liquid at a specific
inlet can be written as' ™’

4ch

R @
where o is the surface tension of the liquid loaded at the inlet, & is
the height of the convex meniscus of the liquid at the inlet, and r is
the radius of the spherical cap of the liquid, which can be assumed
to be equal to the radius of the inlet reservoir. As predicted by
Eq. (7), in order to prevent backflow, a pressure balancing design is
needed to achieve reliable sample loadings in passive micropump-
ing. Kim et al'*’ reported pressure-balancing structures that
directly connected two sample inlets with a tiny bridge structure.
Zhai et al."*" utilized capillary-driven flow for pressure balance and
introduced a robust micromixing approach for micropumping with
a stored vacuum. The robust sample loading and portable micro-
pumping of the device were verified by its ability to deal with both
similar liquids such as water samples and dissimilar liquids such as
simulated blood and antibody serum for blood type testing. Wu
et al.'** reported a pressure balance scheme in which oils were
directly applied to every sample inlet to offset pressure differences
without affecting samples. Their work used a silicone oil-based
pressure balancing strategy to ensure identical and stable gradient
formation in each of eight chemotaxis units.

B. Flow control

The flow rate usually varies with the type of liquid, depending
on the property for passive micropumping. Smart designs can be
exploited to reduce this variation. Il et al.'*’ reported a good
example, in which the microfluidic channel had a variable fluidic

resistance depending on the pressure of the micropumping through
a passive microfluidic structure. If the flow rate is too high, the
fluidic resistance of the channel will increase, which in turn will
reduce the flow rate, and vice versa. Based on similar ideas, various
flow regulators for microfluidic devices have been designed.'**™'*°
Interestingly, adding passive pillar structures in microfluidic chan-
nels was sufficient to control flow rates of two streams following

Braess’s paradox, independent of pumping pressure.'*”

C. Durability

To fulfill the ASSURED criteria for POCT, the durability of
devices must be considered. Especially for devices that rely on
complex chemical assays, proper fabrication and storage are essen-
tial to maintain functional assays and pumping mechanisms for
field applications. Reagent degradation is one of the main causes of
unreliable test results, and it is largely dependent on factors such as
light exposure, storage temperature, moisture, and chemical addi-
tives. Previous successful applications such as glucose meters and
pregnancy test strips have demonstrated techniques that the passive
pumping microfluidic community could adopt. These techniques
include printing and laminating to prevent light or moisture expo-
sure, surface chemistry and substrates for accurate signal genera-
tion, chemical stabilizers for maintaining reagent function, and
selection of proper signal readout methods.'* Of course, innova-
tions have already been introduced to increase the durability of
chemical reagents in microfluidics. For example, SHERLOCK
(Specific High-Sensitivity Enzymatic Reporter UnLOCKing), a
CRISPR (clustered regularly interspaced short palindromic repeats)
lateral flow microfluidic platform for nucleic acid detection, used
freeze-drying in liquid nitrogen to immobilize reaction reagents on
the device instead of using conventional spray-drying to ensure the
stability of the reagents.'””"*" This freeze-drying technology also
enabled cold-chain independence and long-term storage. This plat-
form has been successfully used for detection of the Zika virus and
dengue virus in patient samples in resource-limited areas.”'

Different passive micropump-based devices also require spe-
cific storage conditions to maintain their pumping functions.
Especially for self-powered devices based on the air solubility prop-
erty of PDMS, the degassed or pressurized PDMS must be sealed to
retain its function until use. For example, the SIMPLE (self-
powered integrated microfluidic point-of-care low-cost enabling)
chip, developed by Luke Lee’s group, must be sealed in aluminum
vacuum packs immediately after fabrication and vacuum
charged.'” The SIMPLE chips could pump liquid normally after
being packed in vacuum seals for at least 3 years.
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D. Multiphase microfluidics

Unlike continuous flow systems, multiphase microfluidics or
droplet microfluidics focus on creating tiny discrete volumes with
the use of immiscible phases. Droplet microfluidics enables a large
number of reactions to be carried out in parallel within nanoliter-
to femtoliter-scale droplets. Its application in single-cell analy-
sis'”»'** and digital detection'*” has revolutionized chemical and
biological studies. However, the majority of multiphase microflui-
dics devices are operated using active external controls, such as a
syringe pump,lS(’ centrifugation,157 pressure,l‘38 dielectric electro-
wetting,”” or pneumatic valves.'” Some progress has been made
in the use of passive micropumping for droplet generation. For
example, Kim et al.'*" reported the generation of droplets using the
gas permeability of PDMS. They successfully generated droplets in
approximately 180 min, with a maximum volumetric rate of 14 nl/s
and a droplet generation rate of 6 Hz at 45 min when the microflui-
dic device was degassed for 1 h. Figure 8(b) shows another example
of passive micropumps in multiphase microfluidics, where micropi-
pettes are used to utilize pressure directly without air transfer. The
throughput and uniformity of the generated droplet are similar to
those obtained with traditional pressure pumping methods.
However, the challenge here is not only how to generate droplets
passively but also how to use the passively generated droplets for
applications without an external power source. In digital PCR'>
and single-cell RNA sequencing,””'** where droplet microfluidics
is the foundation, the analysis of droplets requires an external
power source to generate heat precisely or to read out the signal
with complicated setups. To the best of our knowledge, there are
few reports on how to use droplets passively for POCT applica-
tions. Researchers focusing on passive micropump-based microflui-
dics are encouraged to devote more efforts to bring multiphase
microfluidics into the area of POCT.
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