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This article provides a comprehensive overview of the physics of the gas solubility and
permeability of PDMS, a systematic review of different types of the vacuum-driven power-free
microfluidics, design guidelines, existing applications, and the outlook.
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Vacuum-driven power-free microfluidics utilizing the gas
solubility or permeability of polydimethylsiloxane (PDMS)
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DOI: 10.1039/X0xx00000x Suitable pumping methods for flow control remain a major technical hurdle in the path of biomedical microfluidic systems

for point-of-care (POC) diagnostics. Vacuum-driven power-free micropumping method provides a promising solution to
www.rsc.org/ such a challenge. In this review, we focus on vacuum-driven power-free microfluidics based on the gas solubility or
permeability of polydimethylsiloxane (PDMS); degassed PDMS can restore air inside it due to its high gas solubility or gas
permeable nature of PDMS can allow the transfer of air into a vacuum through it due to its high gas permeability.
Therefore, it is possible to store or transfer air into or through the gas soluble or permeable PDMS, in order to withdraw
liquids into the embedded dead-end microfluidic channels. This article critically overviews a comprehensive look at the
physics of the gas solubility and permeability of PDMS, a systematic review of different types of the vacuum-driven power-
free microfluidics, guidelines for designing solubility-based or permeability-based PDMS devices, alongside existing
applications. Advanced topics and the outlook in using the micropumping utilizing the gas solubility or permeability of
PDMS will be also discussed. We stronlgy recemmend that microfluidics and lab-on-chip (LOC) communities harness
vacuum energy to develop smart vacuum-driven microfluidic systems.

advances made in the microfluidic fields, flow control still

1. Introduction remains a major technical hurdle in the path of microfluidic

1,7-11

With the coming age of point-of-care (POC) diagnostics, systems particularly for POC diagnostics.

microfluidics seems have its most promising opportunities

because numerous of stringent requirements in POC diagnostics,
such as portability, low cost per test, small amount of sample
can be fulfilled by
despite all the

and short sample processing time,

1-6

microfluidic devices. However, recent
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Currently most of the flow control methods for POC
microfluidic systems either focus on the ease of usage and low
energy consumption or ‘wall free’ approaches, which include

droplet-based  passive
and finger squeeze-driven

evaporation,'?
14, 15

capillary  flow,"
pumping,'? gravity-driven flow
flow,'® thereby neglecting the abilities to generate constant and
well-controlled flow. In general, in order to achieve a better
control of the flow, active pumping methods with complicated
external macro parts, such as pressure and electrokinetic driven
pumping are needed, which are usually not very suitable for
POC diagnostics. '™ '> ' 7 This conflict between the
simplicity and the precision of flow control has driven
microfluidic researchers to come up with better solutions.

One simple and clever approach to the goal was made by
the combination of capillary flow with gravity.'"® Through
tilting a microfluidic platform, the capillary flow rate could be
controlled from 10 to 1000 nL min”'. While the challenges of
this method for POC diagnostics are that it is not easy to control
the tilting angle without the help of a machine and relatively
large volume of liquid is needed to exploit the application of
gravity in microfluidic devices.

An even simpler method
polydimethylsiloxane (PDMS) based microfluidic devices has
been proposed by Maeda et al.'’ Because of the gas solubility
of PDMS, air molecules can be evacuated from a PDMS
microfluidic device by keeping it in a vacuum environment for

of flow control in

a period of time. As a result, vacuum is stored in the PDMS
substrate. Once the device is brought into exposure with
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atmospheric pressure, flow will be generated in the dead-end
microfluidic channels as the trapped air is reabsorbed by the
pre-evacuated PDMS substrate. And flow control is possible by
adjusting the air evacuation time, although the control is not
accurate or linear.”

Another approach is to utilize the gas permeable nature of
PDMS.?' It is known that pressurized air can disappear through
the gas permeable PDMS membrane due to its high gas
permeability, so we can remove trapped air bubbles inside
microfluidic channels.??** Likewise, air can diffuse through the
PDMS membrane into a vacuum reservoir.”"* > Based on Fick’s
law of diffusion,” the penetrant gas will diffuse across the
PDMS layer due to the concentration gradient, allowing the
liquid filling of dead-end microfluidic channels.

The biggest advantages of these methods utilizing the gas
soluble or permeable nature of PDMS are that there is no need
of surface treatment when compared with capillary pumping
and as long as the microfluidic devices are made of PDMS, no
integration of micropumps is needed. These advantages are
extremely suitable for POC microfluidic systems, therefore lots
of developments and applications based on these pumping
methods have been developed since then.* ' 2"*° However,
there is no systematic review about the vacuum-driven power-
free pumping method utilizing the gas solubility or permeability
of PDMS yet. In this paper, we critically review the physics of
the gas solubility and permeability of PDMS, different types of
the vacuum-driven power-free pumping methods and examples
of applications. Limitations and an outlook of the vacuum-
driven power-free microfluidics are discussed. In this review,
we will not cover common methodologies, such as direct

3133 and vacuum

application of a vacuum at a reservoir outlet,
controlled Quake’s pneumatic valves.>*3* Rather, we will focus
on the approaches based on the gas soluble or permeable nature
of PDMS. This review article will provide simple and
straightforward design strategies for developing POC friendly
microfluidic systems and smart vacuum-driven microfluidic

applications.

2. Gas solubility and permeability of PDMS

Over the past two decades, soft lithography is used frequently
to make microfluidic devices and PDMS is the most commonly
used stamp resin in the procedure of soft lithography.***” The
major advantages of using PDMS in microfluidics are:

+ Easy to fabricate. Before curing, PDMS is in liquid phase
which could be easily poured into any mould. After curing at 65
°C for several hours it would turn into rubber-like elastics
which are easy to be peeled off from the mould while keeping
all the finest patterns of the mould.

* Relatively inexpensive. PDMS belongs to a group of
polymeric organic silicon compounds that are commonly
referred to as silicones which are not difficult to be made.

* Chemically inert/non-hazardous. As PDMS is one type
of silicones, it has the typical chemical characteristic of
silicones which are not active and relatively non-hazardous.

» Optically clear. This characteristic of PDMS makes it
possible so that we could observe the device structures made by

This journal is © The Royal Society of Chemistry 2015
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Table 1 Summary of solubility, diffusivity and permeability parameters in PDMS at 35 °C. From **; Copyright Institute of Physics.
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Penetrant Solubility (S) Diffusivity (Do) Permeability (Po) m

[em’ (STP)/(cm’ - atm)] [cm?/s] [Barrer = 10" cm’ (STP) - cm/(cm’ - s - cm Hg)] [1/atm]
0, 0.18 £0.01 (34+1)x 10° 800 + 20 (-3.4+2.7)x 10°
N; 0.09 +0.008 (34+1)x 10° 400+ 10 (-3.5+34)x10°
CO, n/a 2£1)x10° 3800 + 70 n/a

PDMS and the process that takes inside the devices directly
under microscopes.

* Flexible and fairly tough when cured. Because of this
characteristic of PDMS, it is easy to handle the microdevices
based on PDMS.

* Gas soluble and permeable. PDMS could be considered
like a liquid even though it is in solid state. It could absorb gas
and let gas go through with a liquid-like matrix.?® Based on this
property of PDMS, it is possible to store or transfer vacuum
from the degassed PDMS to the embedded dead-end
microfluidic liquids into the
microfluidic channels. The kinetics of gas transport through a

channels and withdraw
thin PDMS layer has been studied, and such measurements can
yield solubility S [em® (STP)/(cm® - atm)], diffusivity D [cm?/s]
and permeability P [Barrer = 10"'° cm® (STP) - cm/(cm? - s - cm
Hg)].2%*! Table 1 summarizes values associated with solubility,
diffusivity and permeability of PDMS to N, and O, gas at
35 °C.2%4L 42 If one assumes the diffusivity to be constant, the
relationship between the permeability, the solubility and the
diffusivity simplifies to: P = S x D. The physics of the gas
solubility and permeability of PDMS is described in detail as
following.

Gas solubility of PDMS

Pressure dependence of gas solubility in rubbery polymers is
typically described using Henry’s law. The concentration of
soluble gases in PDMS roughly exhibits a linear relationship
with the penetrant pressure at a fixed temperature.?® *"*** This
sorption isotherm of PDMS can be defined as:

s-£

p

M

where S [em® (STP)/(cm? - atm)] is the Henry’s law constant (or
the solubility coefficient), C [cm® (STP)/cm®], with the unit as
cm?® (standard conditions for temperature and pressure, STP) of
gas absorbed per cm® of PDMS, is the equilibrium gas
concentration in the PDMS at pressure p [atm]. It is well
studied that N, and O, sorption in PDMS obey Henry’s law
over a rather wide pressure range.*!

For example, the equilibrium concentration of gas dissolved
in the PDMS is proportional to the partial pressure of the gas
around the PDMS. If we place a PDMS piece in a vacuum
desiccator (i.e., po=~ 10 kPa = 0.1 atm) for a period of time, it
will be degassed. According to Eqn. (1), the equilibrium air
concentration in the degassed PDMS is Cy= Sppms*po = 0.011
cm® (STP)/cm®, where Sppms = 0.8xSno + 0.2xSg, = 0.11 cm’®
(STP)/(cm® - atm) and py= 0.1 atm. When the pre-vacuumed
PDMS piece is brought back to the atmosphere (i.e., p; = 100

This journal is © The Royal Society of Chemistry 2015

kPa = 1 atm), the surfaces of PDMS begin to absorb the air
(mostly N, and O,) toward the new equilibrium to C; =
Spoms*p; = 0.11 cm’ (STP)/cm3. Therefore, the PDMS can
restore the 0.1 cm’® (STP) of air per cm® of PDMS. The
degassed PDMS is to the air as the dry sponge is to the water
(Fig. 1A).

The air transfer is mainly controlled by diffusion in PDMS.
By assuming simple boundary conditions: C(x, 0) = Cy at t =0
sec and C(/, f) = C, at x = [, one can calculate the air
concentration profile C(x, ¢) in the degassed PDMS by Fick’s
second law of diffusion
o’C

ox?

oc _
Ot 2

Then the air flux F at the surface of the degassed PDMS with a
thickness of / will be

FopoC zMexp(_t/,) 3)
x|, I
and ,_ 40 @
7> D,

where D is the diffusion coefficient of gas in PDMS, Dy is the
average diffusion coefficient of the gas, and 7 is the
characteristic time constant. In the simplest scenario, the gas
diffusion coefficient D is constant over the concentration range
of interest: D = Dy = Dy, = Doy = 34x10° cm?/s (Table 1). This
assumption is usually valid for low-sorbing penetrants in
rubbery polymers.*

[utilizing gas solubility of PDMS] [utilizing gas permeability of PDMS |

® 2D Vacuum source
_}w I& v wz_*‘(_ Vacuumed | |Il
<m0 PDMS -)% rT
> ¥ v ¥ N 5T ;
e sttt Normal w
(A1) PDMS (B-1)
1, Liquid 3D
B 41 i sample Vacuum source
i !
S s M
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umped-in
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Fig. 1 Vacuum-driven power-free microfluidics utilizing the gas solubility (A) or
permeability (B) of PDMS. 2D stands for two-dimensional design and 3D stands for
three-dimensional design. [ is the thickness of PDMS slab and w is the thickness of the
PDMS wall or membrane. Qs is the solubility-based volumetric flow rate (see Eqn. (7))
and Qp is the permeability-based volumetric flow rate (see Eqn. (8)).

Lab Chip, 2015, 00, 1-3 | 3
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Vacuum source: isolated PDMS chambers
Duration of pumping power: long
Flow rate: NA
Flow control: by adjusting surface area

Vacuum source: self-stored
Duration of pumping power: short
Flow rate: up to 5nL s
Flow control: hard and inconstant

Vacuum source: external vacuum pump

Flow control: by adjusting the thickness and
surface area of membrane; pressure levels.
Bidirectional: withdraw or push out liquid.

Vacuum source: hand-held syringe
Duration of pumping power: long
Flow rate: 0.4 nLs'~4nLs"

Flow control: by adjusting the thickness
and surface area of PDMS wall.
Bidirectional: withdraw or push out liquid

Duration of pumping power: long
Flow rate: up to 3.34 nL s!

Fig. 2 Different types of vacuum-driven power-free micropumping methods utilizing the gas solubility or permeability of PDMS. [A] (A-1) A 2-D design of micropumping utilizing

the gas solubility of PDMS. A whole PDMS device is pre-vacuumed in a vacuum environment. See also Fig. 1A. (A-2) A 3-D design of micropumping utilizing the gas solubility of

PDMS. A PDMS slab is pre-vacuumed in a vacuum environment. See also Fig. 1A. [B] (B-1) A 3-D design of micropumping utilizing the gas permeability of PDMS. External vacuum

pumps are connected to the ports in the control channels. See also Fig. 1B. (B-2) A 2-D design of micropumping utilizing the gas permeability of PDMS. An hand-held syringe can

generate a vacuum environment. See also Fig. 1B. (A-1) from,H'43

copyright Institute of Physics; (B-2) from,” copyright Springer.

Gas permeability of PDMS

Under the assumption of steady state, the relation between the
steady state diffusive flux ' [mol/(m*s)] and the concentration
gradient across a very thin PDMS membrane (w << /) can be
described by Fick's law of diffusion

pAC.
w

pic
ox

x=w

F (&)

In a typical experiment, initially (i.e., at £ = 0) the PDMS
membrane is at a uniform air concentration, known to be C; =
0.11 cm® (STP)/em® = 4.89 mol/m> at STP.2* 44> At > 0, one
face of the membrane (at x = w) is exposed to a vacuum (Cyac
<< (), and the other side (at x 0) is exposed to the
atmosphere (~Catv= 1 cm® (STP)/cm® = 44 mol/m>). Therefore,
under the assumption of steady state, the steady state air flux of
diffusion across the thin PDMS membrane with a thickness of
w can be estimated from Eqn. (5). By assuming that amount of
air diffused from dead-end microfluidic channels into the
PDMS membrane equals to the amount of liquids pumped
inside the dead-end microfluidic channels, the volumetric flow
rate O can be calculated when the geometry of the channels is
known (Fig. 1B).

Another way to understand gas permeability of PDMS is to
investigate the dependence of permeability on pressure, which

is often described using empirical equations. By assuming
diffusion and solubility coefficients to be independent of
concentration,”®*? from Eqn. (1) and Eqn. (5), the steady state
gas permeation flux F across a thin PDMS membrane (w) can
be described as:

4 | Lab Chip, 2015, 00, 1-3

copyright Royal Society of Chemistry; (A-2) from,* copyright American Institute of Physics; (B-1) from,

AC:DOMZP% (6)

F~D,—
w w w

where P = P,(1+mAp) is the permeability coefficient of that
gas, p, is the upstream pressure, p; is the downstream or
permeate pressure, Ap equals p, — p;, which is the pressure
difference between the upstream and downstream, P, is the
permeability coefficient at Ap = 0, and m is the characteristic
parameter of the pressure dependence of permeability. Table 1
gives the values of Py and m of PDMS for N, and O,.

From Eqn. (6), the gas penetrant flux F can be calculated if
the pressure difference Ap is known. Roughly, as one face of
the PDMS membrane is in contact with a vacuum and the other
face of the PDMS membrane is placed under atmosphere, the
pressure difference can be considered as ~1 atm.

3. Micropumping utilizing the gas solubility and
permeability of PDMS

As we discussed, the degassed PDMS can restore air in it or the
gas permeable PDMS allows the air transfer across the thin
membrane. Based on the transport mechanism through the
PDMS, there are two types of vacuum-driven power-free
microfluidics: (1) the micropumping utilizing the gas solubility
of PDMS (Fig. 1A) and (2) the micropumping utilizing the gas
permeability of PDMS (Fig. 1B). In the case of the gas
solubility based microfluidics, the PDMS piece itself is used as
a self-powered vacuum source. Therefore, the layer thickness
could be of the order of several mm (/) with a long
characteristic time constant. On the other hand, the permeability
based microfluidics requires a very thin membrane of the order

This journal is © The Royal Society of Chemistry 2015
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of sub mm (w) for better air transfer with a short characteristic
time constant. In each type, based on the structure designs, it
can be further divided as two-dimensional (2D) design and
three-dimensional (3D) design.

3.1. Micropumping utilizing the gas solubility of PDMS

2D design

Hosokawa et al. proposed an original idea of using a PDMS
piece as a power-free vacuum source (Fig. 2A-1)." Because the
whole PDMS device was stored in the vacuum desiccator and
degassed at 10 kPa for more than 1 hour," the air concentration
of PDMS decreased causing the air previously dissolved in the
PDMS device to be diffused out of the PDMS piece. Vacuum
was pre-stored inside the PDMS substrate. After the PDMS
device was taken out of the vacuum chamber and placed under
atmosphere, the air concentration in the PDMS piece increased.
Therefore, the air trapped in the dead-end microfluidic channels
could diffuse back into the pre-vacuumed PDMS piece. The
resulting pressure difference drove the sample liquids into the
dead-end microfluidic channels. Through different channel
designs and controlling the degassing or vacuuming time of the

PDMS substrate, flow rates up to 5 nL/s were reported.'®-2%%7-2%

30,45

As discussed in section 2 (Eqn. (3)), the volumetric flow
rate Qs can be calculated by'’

A(1)Dy(C, _Co)e 7

O, c FA(t) =k 1

xp(~1/7)
where £ is an empirical factor related to the viscous effect of the
pumped-in liquid, the flow hindrance effect of surface tension,
and the geometry of the channel, which is usually in inverse
proportion to the hydraulic resistance of the microfluidic
channel; therefore the volumetric flow rate Qg can be faster
with low-viscosity fluids, short channel lengths, large cross-
sectional areas of the channel, and less hydrophobic surfaces.
A(¥) is the area of the surface where the trapped gas in the dead-
end microfluidic channels can diffuse into the PDMS substrate.
It is also a function of time as the pumped-in liquid will screen
the surface area of the dead-end microfluidic channels. Once
the device is placed under atmosphere, its power-free pumping
ability will decrease with time exponentially as indicated by
Eqn. (7).

The advantages of this micropumping method are obvious.
Firstly, it is very easy to integrate the micropumping
mechanism into microfluidic devices as long as PDMS is used
to fabricate the devices. No additional structure or external
energy is needed to pump in the flow. Secondly, no surface
treatment is needed. Even though the surface is hydrophobic,
liquids can still be pumped inside. However, similar to other
passive pumping methods, the flow rate is not constant. Once
the device is exposed to atmosphere, the pumping rate will
decrease with time dramatically. Moreover, in order to employ
this type of micropumping method, the device has to be
degassed in vacuum environment for more than 1 hour and be
sealed in the air-tight package before usage. The users have to
finish the test as soon as possible (within ~10 min) once the

This journal is © The Royal Society of Chemistry 2015

devices are taken out from the vacuumed packages. This may
cause inconvenience and extra cost for POC diagnostics.

3D design

As shown in Fig. 2A-2, an isolated PDMS slab was pre-
vacuumed and then placed at the outlet of another microfluidic
chip to withdraw liquids from inlets.** Moreover, in order to
increase the pumping time and keep the flow rate constant, the
outer surface except the bottom of the isolated PDMS slab was
coated with epoxy glue. The volumetric flow rate can be
calculated in a similar way as described in Eqn. (7).

The advantages of this method are the concept of ‘place-n-
play’ and the more constant and durable flow rate. Only the
isolated PDMS slab needs to be vacuumed. After that, it can be
placed on any microfluidic device as an ad-hoc vacuum pump,
even though the microfluidic devices are not made of PDMS. In
addition, by coating the outer surface of the isolated PDMS
slab, more constant and durable flow rate is achieved compared
with the pumping by degassing the whole PDMS devices.
However, the disadvantage of this method is that the isolated
PDMS chamber still needs to be stored
environment for a sufficient time and be kept in an air-tight

in a vacuum

package. To ensure a leak-free seal, the user needs to sturdily
press the PDMS slab after placing on the outlet port of the
microfluidic device.

3.2. Micropumping utilizing the gas permeability of PDMS

3D design

Instead of pre-degassing the PDMS slab, an external vacuum
can be applied through a PDMS membrane (Fig. 2B-1)>! or a

Page 6 of 19

PDMS wall (Fig. 2B-2)* to the dead-end microfluidic channels.

This method is based on the gas permeability of PDMS.

As shown in Fig. 2B-1, a vacuum was applied to a control
channel, which was separated from the dead-end flow
chamber/channel by a thin PDMS membrane at the end.”!
Through controlling the overlap surfaces area between the
control channel and the flow chamber/channel, the PDMS
membrane thicknesses and vacuum pressure levels, volumetric
flow rates Qp ranging from 0.17 nL/s to 3.34 nL/s were
achieved. Moreover, by integrating multiple independent
control channels, complicated flow controls such as localized
fluid turning at intersections and fluid metering were
demonstrated.

Moreover, a much higher flow rate was achieved by
utilizing both the gas permeability of PDMS and the capillary
effect of glass.* As illustrated in Fig. 3, the microfluidic
channels were made of glass instead of PDMS, consistent flow
rates ranging from 1 to 14 pL/min (or 16.67 to 233.34 nL/s)
were demonstrated by adjusting control pressures, surface areas
and thicknesses of the PDMS membrane.

The advantages of this method are the controllability of
pumping rates with various parameters that can regulate the
steady-state diffusive air flux F through the PDMS membrane,
the longer pumping ability by keeping the constant vacuum
level, and the bidirectionality of pumping depending on the
polarity of pressure difference (i.e., relatively negative or

Lab Chip, 2015, 00, 1-3 | 5
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Hybrid: Utilizing gas permeability of PDMS and
capillary effect

Pressure Source Port

PDMS Membrane

Top Glass Layer

Tape Channel Layer

Bottom Glass Layer

Vacuum source: external vacuum pump
Duration of pumping power: long
Flow rate: 16.67 nL s ~233.34 nL s
Flow control: by adjusting the thickness and
surface area of membrane; pressure levels.

Fig. 3 A hybrid pumping method utilizes gas permeability of PDMS and capillary effect
of glass.46 Copyright Institute of Physics.

positive). However, the disadvantages of this method are that
the multiple layers, such as the main flow channels, the control
channels, the thin membrane, are required and the external
vacuum source should be connected to the control channels.

2D design

As shown in Fig. 2B-2, the 3D sandwich structure shown from
Fig. 2B-1 can be simplified to a 2D design. The control
channels (or pneumatic chambers) are on the same layer with
the dead-end microfluidic channels.”® Recently, Xu ef al. have
demonstrated a volumetric flow rate Qp ranging from 0.09 to 4
nL/s by controlling the overlap surface areas and the PDMS
wall thicknesses between the pneumatic chambers and the
dead-end flow channels. They used a manual hand-held syringe
to generate an instantaneous vacuum environment. The syringe-
assisted vacuum level was well kept for more than 1 hour.

Similar to Eqn. (7) for calculating the volumetric flow rate
QOs, here the volumetric flow rate Op can be calculated using
Eqn. (5) by

0, « F S(t) =k Dy(C,—C,)>) ®
w

where k is an empirical factor related to the viscous effect of the
pumped-in liquid, the flow hindrance effect of surface tension,
and the geometry of the channel, which is usually in inverse
proportion to the hydraulic resistance of the microfluidic
channel. S(?) is the total surface area that allows air to diffuse
into the PDMS wall (that equals the overlap area of the flow
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channel and pneumatic chamber), w is the PDMS wall
thickness, C; and Cj are the equilibrium air concentrations of
the PDMS wall under atmosphere and the vacuum that is
applied externally, respectively. In Eqn. (8), we assume that the
air concentrations inside the dead-end channel and the
pneumatic chamber are unchanged during the pumping process.

Unlike the case of the pre-vacuumed power-free pumping
(section 3.1), the air flux of diffusion is in the steady state due
to the well-maintained vacuum level for a long period of time
(i.e., ~1 hr) and the thin PDMS membrane or wall (i.e., w <</).
Therefore, the volumetric flow rate Op can be constant as long
as S(?)
completely vanishes inside the pneumatic chamber due to the

is kept constant. When the pressure difference
air diffusion from outside to the chamber, we can re-store the
low pressure or vacuum inside the pneumatic chamber by
simply reconnecting the syringe and pulling the plunger again.
Therefore, unlike the solubility based pumping method, the
syringe-assisted method enables instantaneous, recurring, and
point-of-care pumping. Another advantage of this method is
that the pumping is bidirectional between the dead-end channel
and pneumatic chamber. By applying a positive pressure, air
bubbles can be injected into the dead-end channel. Thereafter,
the drawn-in liquid can be retrieved from the dead-end channel.
However, the disadvantage of this approach is that the external
vacuum source is still required, although a simple module-type
vacuum source can be attached to the pneumatic chamber.

3.3. General guidelines of the vacuum-driven micropumping

The design of vacuum-driven microfluidic devices depends on
two parameters; (1) one is the volume ratio (a) between the
whole PDMS device (or the PDMS membrane/wall) and the
embedded microfluidic channels/chambers and (2) the other is
the diffusion distance (/ or w) from the embedded microfluidic
channels/chambers to the outer surface of the PDMS device
and/or the other side of the membrane.

In general, solubility-based devices require a relatively large
amount of the volume ratio (¢ >> 1), in order to imbibe the
whole trapped air into the pre-vacuumed PDMS slab. However,
permeability-based devices need to consist of about the same or
less amount of the volume ratio (a < 1), in order to allow fast
air penetration through the PDMS membrane/wall. The volume
of the embedded microfluidic channels/chambers should be
about the same as that of the sample, to avoid any dead-volume
for both types. Therefore, the solubility-based devices need to
be thick enough to hold the vacuum inside the PDMS slab for a
while, and the permeability-based devices require a thin PDMS
membrane in order to permit instant steady-state air flux
through the membrane.

To design proper vacuum-driven microfluidic devices
utilizing the gas solubility or permeability of PDMS, first we
need to calculate the time required for air diffusion over a given
distance, as defined in Eqn. (4). This value is critical to
estimate the degassing time and/or the working time of the
device. The diffusion time increases with the square of
diffusion distance. The diffusion time is inversely proportional
to the diffusion coefficient. Assuming the diffusion coefficient
is constant (D = Dy = Dy = Do, = 34x10° cm?s), the

This journal is © The Royal Society of Chemistry 2015
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characteristic diffusion time constant (7) is dependent on the
thickness of the PDMS slab (/) or membrane (w).

For instance, a solubility-based PDMS device, with / = 2
mm and D, = 34x10° cm?/s, has a characteristic time constant
of 7 = 7.9 min, indicating that the diffusion activity decays by a
factor of 0.5 for ~5.5 min (see Eqn. (4)). Therefore, the
working or operation time of the device is at most about 8 min.
If you double the thickness of the PDMS slab with / = 4 mm,
the characteristic time constant will be 7 = 30 min, which

means the power-free pumping ability will be kept much longer.

However, if the characteristic time constant is too short, its
power-free pumping ability will rapidly decay. In this case,
multiple degassing may be needed to completely remove the air
bubble and fill the dead-end microfluidic channels/chambers.
An effective way to increase the working time is to coat the
outer surface of the PDMS with a hermetic layer except the
bottom of the device where contains the microfluidic channels,
subsequently put the degassed PDMS slab on a glass slide to
cover the bottom.

Characteristic time constants of a permeability-based PDMS
device, with a thin PDMS wall thickness of w = 200 pm and a
thick PDMS slab layer of / = 10 mm, are 7, = 5 sec and 7 =
3.3 hours, respectively. Once an external vacuum source is
applied to a pneumatic pressure chamber, air diffusion from the
dead-end channel to the pneumatic chamber through the thin
PDMS wall or membrane will be stabilized within several
seconds. As the gas permeation flux through the thin PDMS
wall is more dominant than that through the thick PDMS slab
from the outer surface (i.e., w << /), the order of generated
vacuum level can be maintained in the pneumatic chamber for a
long period of time (> ~1 hour). Increasing the surface area
where the diffusion of the trapped air occurs and reducing the
thickness of the PDMS wall or membrane will increase the flow
rate (see Eqn. (8)).

As you can see from Eqn. (7) and Eqn. (8), the flow rate

depends on £, an empirical factor related to the viscous effect of
the pumped-in liquid, the flow hindrance effect of surface
tension, and the geometry of the channel. The factor is
inversely proportional to the hydraulic resistance of the
microfluidic channel; therefore the volumetric flow rate can be
faster with low-viscosity fluids, short channel lengths, large
cross-sectional areas of the channel, and less hydrophobic
surfaces. Note here that once the geometry of the PDMS
microfluidic channel and the type of liquid are fixed, its
hydraulic resistance (or the empirical factor k) can be
considered to be constant. Although its hydraulic resistance will
increase with time due to the traveling meniscus of the pumped-
in liquids, it can be assumed constant; the effect of the pressure
drop across the liquid and the meniscus will be negligible due
to (1) the more dominant exponential decay effect for the
solubility-based devices and (2) the much higher pressure
difference across the PDMS membrane or wall for the
permeability-based devices.

4. Applications of the vacuum-driven power-free
microfluidics

Vacuum-driven power-free microfluidics is widely used for the
air bubble removal and sample loading. Non-conventional
blood
separation and cell culture. This section focuses on real-life
the

applications cover mixing, viscosity measurement,

applications of using vacuum-driven  power-free

microfluidics.

4.1. Air bubble removal and sample loading

The sample loading or priming without air traps is the most
the PDMS-based
microfluidic experiments, because the surface of PDMS is

immediate problem encountered in

naturally hydrophobic.** Several methods have been used to

Air bubble removal and sample loading utilizing gas solubility of PDMS
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Fig. 4 Air bubble removal and sample loading utilizing gas solubility of PDMS. [A] (A-a) 35-125 pm x10 pm PDMS terminated channels filled using a reduced-pressure chamber;

(A-b) demonstration that only continuous fluidic networks are filled (the center 120 pum x 120 um chamber is left unfilled); channel depth, 9 um; scale bars indicates 120 um. The

fluorescence ring outlining the unfilled center squares is scattered light originating from the filled sections. [B] Schematic illustration of the method of dispensing liquid into an

array of microwells through the degassed PDMS microchannel: (B-a) the degassing of the PDMS patch in a vacuum chamber, (B-b) the redissolving of air into PDMS from

atmosphere, (B-c) the aspiration of the liquid into the microchannel and the microwells after a segment of tubing preloaded with the liquid was inserted into the inlet, and (B-d)

the completion of the dispensing process when the liquid filled up the whole vacancy. [C] Upper: schematic drawing shows the design of the microfluidic chip for digital PCR.

Bottom: All the microchambers were compartmentalized by oil. [D] Operating procedure of the PDMS spotter: (D-a) degassing of the PDMS spotter in a vacuum chamber, (D-b)

reversible bonding of the spotter and glass slide under atmospheric conditions, (D-c) sample loading and dispensing after assembly, and (D-d) the removal of the spotter after

biomolecules immobilization on the slide and the patterning of biomolecules remaining on the substrate. [A] from, “ copyright American Chemical Society; [B] from, *® copyright

American Chemical Society; [C] from, ° copyright Royal Society of Chemistry; [D] from, 50 copyright American Institute of Physics.
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prime microfluidic devices without trapping of air bubbles.
Flushing channels with isopropyl alcohol made trapped air
bubbles to flow through more easily than water.’' Another way
to facilitate priming was to make the PDMS surface hydrophilic
by exposing it to oxygen plasma.’*>* However, the plasma-

induced hydrophilicity is temporary and lost within a few hours.

Therefore, in general, a capillary force or a pressure gradient by
direct application of a vacuum at a reservoir outlet is not
sufficient to completely fill complicated structures of the
PDMS channels.**

Alternatively, vacuum-driven microfluidics utilizing the
gas solubility or permeability of PDMS has been widely
accepted in order to fill or prime liquid samples without any air
bubble trapping in microfluidic channels.*”-3*-*¢ This approach
can easily solve such a problem, as shown in the following
selected examples.

Utilizing gas solubility of PDMS

Fig. 4A shows complex microfluidic structures and arrays filled
using a reduced-pressure chamber.*’ For the elimination of air
bubbles, the sealed PDMS device bonded on a glass substrate
The
submerged device was then placed in a vacuum chamber to

was submerged into a filling solution of interest.

decrease the pressure which can allow air in the PDMS device
to escape through inlets and outlets. Once the pressure was
returned to atmospheric pressure, the filling process occurred in
the PDMS device without any air bubbles trapped. This method
was applicable to a variety of fluids, including phosphate
buffered saline (PBS), Dulbecco’s modified Eagle’s medium
(DMEM) and protein-supplemented (e.g., bovine serum)
DMEM. The use of such fluids for priming is important when
accurate concentrations are vital, such as in mammalian cell
culture. It is proved that the proposed method is > 90%
effective in removing the formation of bubbles in microfluidic
channel networks.

Similarly, Zhou et al. developed a simple method to
dispense a nanoliter volume of sample into microwell arrays by
using degassed PDMS microchnnels as shown in Fig. 4B.*® The
degassed PDMS patch could act as an internal vacuum
pumping source. The degassed PDMS patch could reversibly be
bound onto a microwell patch. After a sample solution was

8 | Lab Chip, 2015, 00, 1-3
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aspirated into the microwell arrays through the PDMS channel,
the PDMS microchannels were removed, resulting in arrays of
droplets trapped in the microwells. Based on the proposed
method, multiplex reactions were conducted for protein
crystallization. In order to allow a long-term incubation, the
microwells were fabricated on a glass, which enabled over two
incubation.

months of This method didn’t require any

sophisticated  controlling  systems, manufacturing and
maintenance. In addition, different viscosity, surface tension, or
clogs which may occur in dispensing technology cannot affect
the filling procedure in the microwell arrays. The PDMS-based
pumping technique provides a low-cost and simple platform for
dispensing a nanoliter volume of liquid without air bubble
formation inside. Based on the same principle, Zhu et al.
proposed an integrated on-chip valve-free and power-free
microfluidic digital polymerase-chain-reaction (PCR) device
for single DNA molecule detection (Fig. 4C).**%7

For patterning of microarrays, a spotter system was
developed by Tang et al. who reported microchannels
combined with a PDMS membrane containing thru-holes to
spot biomolecules of interest on the glass microarray.”® The
spotter system consisted of reservoirs, microchannels, and
arrays of thru-holes as shown in Fig. 4D. In order to deliver the
protein sample on desired spots, the spotter system made by
PDMS was degassed at 10 kPa for 2 hours in a vacuum
chamber. The degassed PDMS spotter was assembled on a
glass slide. Once the protein sample was filled and immobilized
on the slide, the spotter system was removed, resulting in the
patterning of biomolecules remaining on the substrate. The
system provided a coefficient of variation of 2.63% in 48 spots.
The conventional methods such as contact printing, in situ
synthesis, and non-contact inkjet printing have limitations in
optimization of critical parameters, including the viscosity and
surface tension of sample, surface energy of nozzles. However,
the proposed spotter system overcomes the limitations in that it
offers low-cost in production, no external power source for
pumping, and easy operation. In addition, the system is not
sensitive to the specific fluid properties, which can enable

reliable and uniform microarray patterns.

Utilizing gas permeability of PDMS

This journal is © The Royal Society of Chemistry 2015
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Air bubble removal and sample loading utilizing gas permeability of PDMS
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Fig. 5 Air bubble removal and sample loading utilizing gas permeability of PDMS. [A] (A-a) Debubbling principle, showing bubbles disappearing from a liquid-filled reaction
chamber into a vacuum chamber. (A-b) Deposition of Teflon leads to three possible variants of Teflon distribution in PDMS. (A-c) Schematic top view and (A-d) cross-sectional side
view showing dimensions of the microfluidic structure manufactured for permeability experiments. (A-e) Setup used for measurements of water loss through the semipermeable
membrane. [B] Device design and vacuum loading of cells. (B-a) Each of the 33cuboid culture chambers is connected via a narrow opening to a main perfusion channel that runs
between ports 1 and 2. A separate air channel between ports 3 and 4 allows the application of a temporary vacuum at the PDMS interface to draw fluid from the main perfusion
channel into the culture chambers. Ports 5-7 comprise the DAW dynamic stimulation generator. (B-b) Upon application of a vacuum in the air channel at time zero, fluid
containing cells is rapidly drawn into the culture chambers and fills the traps within 2 min, at which point the vacuum is turned off. Hela cells attach and begin to spread out
within 1-2 h after loading during continuous perfusion culture. [C] Masks for PDMS microfluidic device fabrication. (C-a) Three micro-triangle-cavities at one side of the main
channel. (C-b) One single channel for cell culture (100 microcavities). (C-c) Seven parallel channels for different cell culture environments. (C-d) The microphotographs of air
absorption in triangle cavities after water injection into the main channel. [D] The multi-chamber PCR chip platform. (D-a) On the left side, the structure of PCR chip with three
layers: the air layer on the top, the thin Parylene-C — PDMS hybrid membrane for valve in the middle, and the flow layer at the bottom formed the PCR chip as shown on the right
side. (D-b) The complete PDMS chip after fabrication. (D-c) The magnified reaction chamber with air jacket on the flow layer in chip. [E] (E-a) Schematics of the droplet-on-
template procedure. The PDMS microwells are dead-end loaded with water by evacuating the trapped air in the wells through the PDMS template using the vacuum manifold
assembly. Excess water is then removed by suction while the vacuum is maintained. Mineral oil is added through an inlet port of the acrylic cover bonded to the template, leading
to the generation of a high density 2D DOT array. (E-b) A photograph of the vacuum manifold assembly (85 x 54 x 3 mm) is constructed by laminating three layers, including a
white double-sided tape sandwiched between two acrylic sheets. The suction area (25 x 25 mm) is defined by patterning the double-sided tape. (E-c) A double-layered PDMS
template with a square region (highlighted in red, 21 x 21 mm) in the upper layer and a honeycomb microwell array in the lower layer. The length and spacing of the microwells
are denoted by L and S, respectively. Scale bar: 500 um. [A] from, *® copyright Royal Society of Chemistry; [B] from, *° copyright Royal Society of Chemistry; [C] from, ° copyright

1

John Wiley and Sons; [D] from, ®* copyright Elsevier; [E] from, ® copyright Institute of Physics.

Karlsson et al. developed an approach to remove air bubbles for bubble extraction and the other was barrier property of Teflon
microfluidic applications as shown in Fig. 5A.°% The air to avoid water loss. With the coating of Teflon, the reduction
bubbles trapped in a microfluidic PCR device were extracted in water or vapour loss was achieved whereas the air
from a reaction chamber to a vacuum chamber via a Teflon- permeability was not significantly reduced. Based on this
coated PDMS membrane. The semipermeable membrane approach, they successfully demonstrated multiplex DNA
provided two functions; one was permeability of PDMS for air amplification using PCR avoiding air bubbles. The water loss

This journal is © The Royal Society of Chemistry 2015 Lab Chip, 2015, 00, 1-3 | 9
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Mixing utilizing gas solubility of PDMS Mixing utilizing gas permeability of PDMS
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Fig. 6 Mixing utilizing gas solubility and permeability of PDMS. [A] Channel layouts of the PDMS microfluidic devices. (A-a) Two-inlet layout; (A-b) three-inlet layout. The
following dimensions are common to both of these layouts. Channel cross-section: 100 mm (width) x 25 mm (height); channel lengths: 9.5 mm (L1) and 9.0 mm (L2); reservoir

diameters: 2.0 mm (inlets) and 1.0 mm (outlet). (A-c) Image at the confluence. (A-d) Image at a downstream position. [B] Schematic representation of the first two steps in the
power-free sequential injection. (B-a) Dispensing of the first aliquot. (B-b) Power-free pumping. (B-c) Retention of the solution by capillary force at the inlet. (B-d) Restart of the
pumping by the second dispensing. [C] Bubble enhanced mixing apparatus schematic. (C-a) Fluid injection ports. A dyed water solution is pumped into one side of the channel
and clear water into the other. (C-b) Bubble injection device. Applied pressure forces air through a membrane and into the fluid channel. (C-c) Mixing section. Bubbles enter the
branched channels and force the fluid to fold over and cross streamlines to enhance mixing. (C-d) Bubble trap. Bubbles are trapped and removed in this section. (C-e)
Photograph of fluid channel after the bubble trap with no bubble injection. The clear and dyed fluids are clearly discernible. (C-f) Photograph of fluid channel after the bubble

trap with bubble injection. The clear and dyed fluids are markedly better mixed indicating the increased mixing efficiency from bubble inclusion. [A] from,

27 46

Society of Chemistry; [B] from, ©* copyright Royal Society of Chemistry; [C] from,

6365 which can lead to

can be worsened at high temperature,
failure in on-chip PCR. Permeability for water vapour is even
1-2 orders in magnitude higher than that for oxygen.®

Similarly, through a 2-dimensional design with all the
channels in the same layer, Hasty er al. presented a trapping
design to load a high density of cells into culture chambers that
were isolated from flow sheering effect (Fig. 5B).”° Qi et al.
loaded cells into triangle-shape cavities within 1 min (Fig. 5C)
 and Takamura ef al. demonstrated air bubble free filling of a
multi-chamber PCR chip based on the same principle (Fig.
5D).°" In addition, through the help of a customized holder,
Song et al. presented a method for generating a high-density
droplet array within honeycomb micro-wells through utilizing
the gas permeability of PDMS (Fig. 5E).%

4.2. Mixing

Another unique feature of utilizing the gas solubility or
permeability of PDMS is that the sample loading will start only
after all the inlets are covered by sample liquids. Therefore, as
demonstrated by Fig. 6A,' two or more different types of
liquids can flow at the same or different flow rates depending
on the fluidic resistance ratios between the channels.’® These
liquids could be mixed in the dead-end main channel for a

10 | Lab Chip, 2015, 00, 1-3
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variety of reactions, such as immunoassay testing,* DNA'® 2
7 or RNA®® analysis, or mercury detection.?’

Moreover, even for a single inlet dead-end microfluidic
channel, sequential
demonstrated for heterogeneous immunoassay, as shown in
Fig. 6B.2” Combined with a capillary valve effect, the meniscus
of the first liquid will be held at the inlet even though the dead-
end microfluidic channel is not fully filled. Then the second
liquid can be added at the inlet and follow the previously filled
liquid towards the end of the channel. The power-free
sequential injection with the sample consumption of 1 pL
enabled sandwich immunoassay for rabbit immunoglobulin G
(rIgG) and human C-reactive protein (CRP) with a detection
limit of 0.21 nM and 0.42 nM, respectively.

The mixing can be even more effective by employing the
micropumping utilizing the gas permeability of PDMS.
Because this method could control the trapped air inside the
microfluidic channels in a bidirectional fashion, air bubbles
could be ejected into the flow channels by high pressure firstly
to enhance the mixing of liquids. Then the air bubbles could be
removed by applying low pressure at the air bubble trapping
site (Fig. 6C).*

injection of two different liquids is

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Viscosity measurement utilizing gas solubility of PDMS. [A] A schematic illustration of the measurement process. (A-a) The PDMS pump was degassed in a vacuum
desiccator for 15 min and the air in PDMS was depleted. (A-b) The degassed PDMS pump was brought back into the atmosphere, and air went through the inlet to the internal
chamber and then diffused into PDMS. (A-c) The PDMS pump was connected with PDMS viscometer by Teflon tubing. Sample and reference started to flow in the channel. [B]
Schematic illustration of the method of dispensing liquid into an array of microwells through the degassed PDMS microchannel: (B-a) the degassing of the PDMS patch in a
vacuum chamber, (B-b) the redissolving of air into PDMS from atmosphere, (B-c) the aspiration of the liquid into the microchannel and the microwells after a segment of tubing
preloaded with the liquid was inserted into the inlet, and (B-d) the completion of the dispensing process when the liquid filled up the whole vacancy. [A] from, ® copyright Royal

Society of Chemistry; [B] from, * copyright Institute of Physics.

4.3. Viscosity measurement

Through employing a degassed PDMS chamber as a vacuum
pump, a microfluidic device for measuring the viscosity of
Newtonian fluids was proposed by Zheng et al (Fig. 7A).*® By
monitoring the flow rates of both sample and reference fluids in
the dead-end microfluidic channels, the viscosity of the sample

This journal is © The Royal Society of Chemistry 2015

liquid (i.e., the activity of endo-f-1,4-glucanases on
hydrolyzing sodium carboxymethylcellulose) was measured at
different reaction times. In a similar way, a degassed PDMS
viscometer was proposed for microliter Newtonian fluids,
including  aqueous solutions, non-PDMS-swelling organic
solvents, fluorinated oil and blood plasma (Fig. 7B).%

Lab Chip, 2015, 00, 1-3 | 11
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4.4. Blood separation

Sample preparation, particularly for blood plasma separation
from whole blood, is a key function for POC microfluidic
devices.”! A lot of blood separation methods have been
developed through employing microfluidic devices.”””’® Among
them, sedimentation seems to be a very favourable way to
separate haemolysis-free plasma from whole blood.””®
Because of the density difference between blood cells and
plasma, blood cells tend to be deposited toward the gravity
direction at stable or quasi-stable states. Because the flow rates
are relatively low in the vacuum-driven power-free
micropumping, it is very suitable for the sedimentation based
blood separation.

Fig. 8A gives an example of blood separation based on the
micropumping utilizing the gas solubility of PDMS.* By
adding trenches in the microfluidic channels, Lee er al
proposed a device to extract blood plasma from a 5 pL droplet
of whole blood. The device was also integrated with an ELISA
assay for biotin detection. In this study, the image analysis
showed 100% plasma purity and the biotin spiked blood
samples were detected by fluorescent measurement in
concentrations as low as 1.5 pM. However, due to the relatively
large size of the trench (i.e., 2 mm in depth, | mm in diameter)
and inconsistent flow, the yield of plasma from whole blood

was not high (~1%).

Lab on a Chip

To get a higher plasma separation yield, another blood
separation method employing sedimentation based blood
separation and permeation based micropumping was proposed
by Xu et al (Fig. 8B).”° In this study, manually operating
syringes were employed as mobile vacuum sources, which were
connected to pneumatic chambers. The separation chamber and
pneumatic chambers were isolated by a thin PDMS wall. By
pulling out the plunger of the syringes to 2 mL, a low vacuum
was immediately formed in the small pneumatic chambers (~2
pL). Based on a rough estimation using an ideal gas equation:
V1 = nRT = p,V,, the vacuum level inside the pneumatic
chamber becomes 100 Pa from 100 kPa.

In the design, to facilitate the blood filling and separation
process, a triangular separation chamber was embedded with
phaseguide structures. By controlling the overlap surface area
and the thickness of the PDMS wall between the separation
chamber and the vacuumed pneumatic chamber, a constant and
controllable flow rate was achieved. Combined with the
modified phaseguide structures, around 0.38 puL of plasma was
separated from 2 pL of whole blood. Furthermore, air bubbles
diffused into a ring channel by a positive pressure gradient
enabled the retrieval of the separated plasma from the dead-end
chamber on demand.

Blood separation utilizing gas solubility of PDMS

Blood separation utilizing gas permeability of PDMS
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Fig. 8 Blood separation utilizing gas solubility and permeability of PDMS. [A] Self-priming, self-contained, tether-free SIMBAS (A-a) integrates (i) volume-metering (ii) plasma
separation from whole-blood (iii) multiple biomarker detection and (iv) suction chambers for fluid propulsion. (A-b) Cross section of device operation. [B] Schematics of the

proposed device. (B-a) Overview of the experimental setup with the proposed device. The top layer is a PDMS cover with an inlet, a tape-sealed outlet and is bonded irreversibly

with a bottom fluidic layer. (B-b) Top view and cross-section view. The separation chamber is divided into ten segments with equal volume by nine phaseguides at the bottom.

Cylindrical posts are used to prevent the collapsing of the pneumatic chamber when it is vacuumed by the manual syringes. w and S stand for the PDMS wall thickness and the

overlap area between the pneumatic chamber A and the separation chamber, respectively. The overlap area (S), where the flux of air diffuses, is calculated by the overlap length
() multiplied by the chamber height (h). Drawings are not to scale. (B-c) Experimental steps. [A] from, s copyright Royal Society of Chemistry; [B] from,70 copyright American
Institute of Physics.
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Fig. 9 Cell culture utilizing gas permeability of PDMS. (a) The schematic of the device
with three sets of microfluidic channel patterns. (b) Photo of the fabricated device
filled with food dyes. (c) The cross-sectional view showing the working principle of the
device. ¥ Copyright Royal Society of Chemistry.

4.5. Cell culture

The high gas permeability of PDMS is mostly beneficial to
supply of oxygen, especially in microfluidic cell culture
devices.®* ® The most straightforward approach for oxygen
control in the devices is by diffusion from a pre-equilibrated
liquid flowing through the device’s control channels across a
gas permeable PDMS membrane and into the cell culture
region.** Another way is to flow gas directly though the control
channels, eliminating the need for the pre-equilibration of
liquid off-chip.*** A variety of oxygen control methods, such
as discrete control, spatial control,”-® and temporal control,¥’
has been demonstrated.

This journal is © The Royal Society of Chemistry 2015

However, dehydration of culture media is a common
disadvantage of flowing dry gas over the diffusion membrane
in microfluidic cell culture systems. To solve this problem,
Wood et al. added a hydration layer, which is an additional
liquid (e.g., PBS buffer) filled channel between the gas layer
and culture or sample layer.* This configuration could prevent
dehydration of blood sample while allowing the transport of
oxygen in a microfluidic device.

Oxygen can also be modulated by on-chip chemical
reactions that either generate or scavenge oxygen. Chen et al.
reported a microfluidic cell culture device generating oxygen
gradients, caused by using a pair of chemical reactions, as
shown in Fig. 9.3 The device consisted of three single-layer
channels; a middle cell culture channel was bordered on either
side with a chemical reaction channel. An oxygen gradient was
formed across the middle channel by an oxygen generating
reaction (e.g., H,O, + NaOCI) in one reaction channel and an
oxygen scavenging reaction (e.g., pyrogallol + NaOH) in the
other reaction channel. Based on the two chemical reactions,
various oxygen gradients could be achieved in the middle
channel for cell culture. For a proof of concept, carcinomic
human alveolar basal epithelial (A549) cells were cultured in
the proposed microfluidic device with a culture medium and an
anti-cancer drug (Tirapazamine, TPZ) under different oxygen
gradients.

5. Conclusions and outlook

5.1 Summary

The use of the micropumping based on the gas solubility or
permeability of PDMS is a very powerful and straightforward
tool for point-of-care microfluidic systems. The method usually
requires very low energy consumption, or pre-stored energy,
without external power or a moving part to generate a sufficient
flow rate. Meanwhile, air bubble-free filling can be achieved no
matter that how complicated of the channel design and the
surface property of the channel is. Numerous applications for
air bubble removal, sample loading, mixing, viscosity
measurement, blood separation and cell cultures have been
developed to investigate various chemical and biological
questions in POC diagnostics.

5.2 Advanced aspects and outlook

In this section, we briefly overview selected advanced topics
and the outlook in using the micropumping utilizing the gas
solubility or permeability of PDMS: limitations, pumping rates,
flow control, other materials, vacuum generation, and water
vapour or solvent permeation effects.

Limitations. PDMS needs to be the material of the device
to employ this pumping method. Moreover, the
micropumping utilizing the gas solubility of PDMS, its
pumping power decreases fast after the pre-vacuumed PDMS
devices are placed under atmosphere. Also the PDMS devices
need to be pre-vacuumed for a sufficient time and be stored in
an air-tight package before use. And once the device is filled
with liquid, the micropumping will no longer work.

for
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For the micropumping utilizing the gas permeability of
PDMS, even though better flow control can be achieved by
both surface area and thickness of the PDMS membrane or
PDMS wall, the range of the flow rates is still limited to one
order. In addition, if a PDMS membrane is employed,
fabrication cost and time will increase (bonding and alignment
are needed). And if a PDMS wall is employed, the density of
microfluidic channels will decrease a lot as the surrounding
pneumatic microchambers will take some space.

Pumping rates. Intrinsically, the flow rates by this
pumping method are limited to ~nL/s due to the limited air
diffusion and the hydrophobicity of the PDMS. As indicated in
Eqn. (7) and Eqn. (8), by increasing the total surface area
allowing air to diffuse, the vacuum-driven power-free pumping
will be greatly enhanced, such as using a comb-like pneumatic
chamber.’”  Whereas, if the channel surface is hydrophilic
like glass, the flow rates can be increased 10 to 100 times as
shown in Fig. 3.*¢ Therefore, surface coating of the channel
making the surface more hydrophilic may help increasing the
pumping rates.

Flow control. Like the capillary driven microfluidics,
the
vacuum-driven power-free microfluidics might be a good

structure-dependent passive valving combined with
solution to control the flow (i.e., stop or delay). For example, a
recent work showed that geometry-assisted meniscus priming
by placing phaseguiding structures on the surface of channels
could control priming and emptying in a step-wise manner
between phaseguides.”® Xu et al. demonstrated phaseguide-
assisted vacuum-driven microfluidics, in order to enhance
efficient priming of whole blood and its sedimentation-based
plasma separation.”® Also, they suggested a step-wise channel
height, width or length variation could provide the ability of
stopping, delaying, guiding or synchronized merging of flows
in the vacuum-driven microfluidics. Because air bubbles can
easily block the fluidic path in microfluidic channels,”'™ a
combination of the injection and removal of small air bubbles
through the gas permeable PDMS?" ™ may allow to design a
smart in-line flow control system.

Materials. Theoretically, as long as the material has similar
gas solubility and permeability to PDMS, the micropumping
method should be able to work. Recently, Lee et al. reported a
similar pumping method by utilizing the gas permeability of
silicone tube and a hand-held syringe to control the sample flow
for on-chip continuous-flow PCR.”> Yuen et al. suggested
controllable porosities of PDMS by a mixture of PDMS pre-
polymer and sugar particles for cell culture applications where
gas perfusion can improve cell survival and functions.”®°” Cha
and Kim proposed a portable pressure pump using such a
porous PDMS sponge.”®

In general, polymers with high gas permeability are
generally less selective to gas species,” and similarly PDMS is
also a non-selective polymer, allowing most of the gases to
effectively permeate through the material (Table 1). In order to

have been
100

improve selectivity within polymers, researchers
considering the use of fillers for creating unique composites.
For example, adding carbon-based fillers, such as carbon
nanotube (CNTs), carbon black (CB) and graphene, can offer

14 | Lab Chip, 2015, 00, 1-3
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PDMS composites the capability of tuning properties, such as
conductivity, strength and gas selectivity.'”’ By incorporating
the carbon-based fillers within PDMS in the vacuum-driven
power-free microfluidics, one may come up with a new class of
gas sensing applications.

Vacuum generation. In this vacuum-driven power-free
microfluidics, low vacuum is enough to operate with the
of magnitude lower than
atmospheric pressure (i.e., 0.1 to 0.01 atm). Such a vacuum
level can be easily achievable by using normal vacuum

pressure one to two orders

desiccators' or even hand-held syringes.”> 7% 12 For the on-
site application, the testing PDMS chip can be pre-packaged in
a vacuum sealer that is commonly used for medical devices,
requiring an immediate use after unpacking.* ' For the
permeation based micropumping application, adequate vacuum
level can be on-demand generated by a hand-held syringe®® or a
3D printed suction cup.’’ An interesting concept of using
vacuum capillary pneumatic actuation was suggested by Weng
et al.'"™ They encapsulated a vacuum glass capillary within a
laminated pouch and broke the capillary by finger pressure in
order to generate the vacuum energy in the POC fluidic system.
Hong and Cheng employed pre-programmable polymer
transformers (i.e., thermally actuated shape memory polymer
(SMP) materials) as on-chip microfluidic vacuum generators.'®’
Permeation of water vapour or solvent. Until now, water
permeability into PDMS has been considered negligible for
most microfluidic applications due to Dw,eer = 8.5x10% cm?/s
<< Dyp = Doy = 34x10% cm?/5.%®> Worse yet, it is well known
that high permeation to organic solvents is one of the main
drawbacks of using PDMS.'” Randall and Doyle showed that
small but finite permeability could generate a significant
passive flow in thin channels, as device size decreases because
the surface area to volume ratio increases.” In droplet-based
microfluidics, the droplet size and its volume are so small that
the evaporation of water could form a serious issue for long-
term assay or incubation.'” To prevent the shrinkage of
droplets, resulting from such water or solvent permeation
effects, PDMS devices were placed in humidified chamber
108,109 0 e
surface of PDMS devices were coated with non-permeable
(i.e., Teflon
). Rather than avoiding the evaporation effects,

(saturated with H,O) or under water environment,

materials Fluoropolymer,®

110

Amorphous
Parylene
harnessing such effects could lead to new applications, such as
protein crystallization in aqueous droplets,'” bead stacking,”
chemical concentration, and passive pumping.®*

We expect that microfluidics and LOC communities will be
able to harness vacuum energy to develop unique microfluidic
applications to advance many biological, chemical,
pharmaceutical, and other scientific and technical challenges.
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