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Abstract: We report a new flow control method for centrifugal microfluidic systems; CO2 is released
from on-board stored baking powder upon contact with an ancillary liquid. The elevated pressure
generated drives the sample into a dead-end pneumatic chamber sealed by a dissolvable film
(DF). This liquid incursion wets and dissolves the DF, thus opening the valve. The activation
pressure of the DF valve can be tuned by the geometry of the channel upstream of the DF membrane.
Through pneumatic coupling with properly dimensioned disc architecture, we established serial
cascading of valves, even at a constant spin rate. Similarly, we demonstrate sequential actuation
of valves by dividing the disc into a number of distinct pneumatic chambers (separated by DF
membranes). Opening these DFs, typically through arrival of a liquid to that location on a disc,
permits pressurization of these chambers. This barrier-based scheme provides robust and strictly
ordered valve actuation, which is demonstrated by the automation of a multi-step/multi-reagent
DNA-based hybridization assay.
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1. Introduction

Increasingly over the past decade, centrifugal microfluidic systems [1–3] have been applied to
a variety of application fields such as biomedical diagnostics [4–6], bioprocess monitoring [7] and
environmental screening [8–10]. This “Lab-on-a-Disc” (LoaD) platform is particularly useful for near
patient/point-of-care/point-of-use applications, deriving its advantages from the ease with which
a sample can be processed without a need for pneumatic interfaces or external pumps. The cartridges
have dimensions similar to commonly available optical data storage media such as compact discsTM

(CDs). The comparatively simple instrumentation (often just a low-cost spindle motor) and the inherent
capability to centrifuge samples such as blood [11,12] are other major benefits of the LoaD platform.

However, as all liquids on-disc are subjected to the same centrifugal field, advanced valving
schemes are required to automate a sequences of laboratory unit operations (LUOs) such as mixing,
metering and reagent release [13]. On-disc valving can be broadly categorised into three sub-types:
externally actuated, rotationally controlled, and event-triggered.

Externally actuated valves can broadly be defined as those controlled by modules on the
peripheral instrument. Such interactions can include provision of external pressure [8], heat to
induce phase-changes [14–17] and physical manipulation [18,19]. While these approaches expand
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the functionality of the centrifugal platform and also the number of LUOs that can be automated on
a single cartridge, they tend to compromise the simplicity of the associated instrument.

The most common valves are opened by a change of the spin rate and are termed rotationally
actuated. Typically, they are based around the interplay between the centrifugally induced hydrostatic
pressure and the capillary force acting on liquid in microchannels. Counter pressure induced by
compression of entrapped gas might also be used as one of the competing forces. The high-pass
version of rotationally actuated valves, which actuate towards elevated spin rates, include capillary
burst valves [20–24], dissolvable-film (DF) valves [25], burstable foils [26], elastomeric membranes [27],
and dead-end pneumatic chambers [28]. Triggered by a reduction of the spin rate, the low-pass valves
include hydrophilic siphons [7,29,30] and pneumatically primed siphons [12,31–34].

The primary drawback of all rotationally-actuated valves is fidelity and reproducibility
of the rotationally induced burst pressures. The burst pressures are intimately linked to the
geometry, topography and surface chemistry governing the shape and contact line of the meniscus.
Hence, in order to reliably separate subsequent assay steps such as the release of on-disc stored
reagents, frequency bands have to be reserved to account for manufacturing tolerances and defects.
For rotationally actuated valves, this minimum spacing of burst frequencies tends to severely restrict
the number of LUOs that might be implemented in series.

Many efforts have been made to mitigate this drawback; for example, low-pass and high-pass
have been combined [7,29] in series to good effect. In another approach, the release of liquid from
a group of valves, triggered simultaneously by a decrease in spin rate, had been staggered through the
use of high-resistance microchannels [33].

In a new, recently introduced valving class [35,36], the arrival of liquid in a designated location
triggers the subsequent valving steps. In this so-called event-triggered flow control, the layout of
the disc-based channel network, rather than changes in disc spin rate, fully determines the order in
which valves actuate. Based on (water) dissolvable-film (DF) technology [35,36], these event-triggered
valves can function akin to an electrical relay and can enable Boolean-like AND- and OR-conditional
triggering [35,36].

As event-triggered valves operate essentially independent of the spin rate, the number of assay
steps that can be automated on a disc is not restricted by the finite spin rate envelope. However,
these valves can result in a relatively large reagent and sample loss due to the dead volume of these
valves. Additionally, the intervals between valving steps are prescribed by dissolution of the film,
which may notably deviate with reaction or incubation times of the bioassays.

In this paper, we present a new mechanism for serial actuation of valves, which is largely
independent of the spin rate. The CO2 gas issued by household baking powder [37,38] stored on-disc
is released by an ancillary liquid to pressurise a sealed microfluidic compartment. Two alternative
valve types are demonstrated. In a first approach, which we refer to as “volume governed”, the order
of serial actuation of on-disc DF-valves is established through tailoring the volume of their respective
pneumatic chambers (Figure 1).

In the second approach, called “barrier governed”, we demonstrate how the disc can be divided
into discrete chambers that are separated by dissolvable films. By sequential dissolution of these DFs,
each section of the disc is pressurised in a sequence encoded by the disc architecture, resulting in
ordered valve actuation.

We characterise both flow control schemes in terms of their timing. We then present an automated
disc, where a sample containing DNA is hybridised with an oligo-spotted substrate and then washed
by three buffers.
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Figure 1. Basic valve operation. Note that the intensity of brown intensity indicates the gas pressure. 
(a) Liquid and baking powder are loaded, and the disc is sealed from the atmosphere using adhesive 
tape (not shown). In this pneumatically isolated fluidic network, the bypass channels prevent the 
establishment of uniform pressure. Only the gas pocket at the dissolvable film (DF) membrane is 
exposed to the hydrostatic pressure head of the upstream sample; (b) upon spinning, a capillary 
burst valve opens and the ancillary liquid reaches the baking powder; the emerging CO2 gas 
pressurises the network and thus compresses the gas pocket; (c) with increasing production of CO2, 
the sample protrudes into the pneumatic chamber and eventually wets the DF; and (d) DF dissolves 
to open the valve and release the sample.  

2. Materials and Methods 

2.1. Disc Assembly, DF Tabs and Experimental Test Stand 

The microfluidic discs were assembled using polymer lamination methods. First, layers of 
1.5-mm thick Poly(methyl methacrylate) (PMMA) were defined by a laser cutter [39] (Epilog Zing, 
Golden, CO, USA). Voids in these layers defined loading reservoir features and loading holes/vents. 
Layers of 86 µm thick pressure sensitive adhesive (PSA, Adhesives Research, Limerick, Ireland) were 
patterned by a knife-cutter (Graphtec, Yokohama, Japan) to create smaller features, such as 
microchannels, from voids in PSA. 

The disc is manufactured using essentially the same eight-layer configurations described 
previously [35]. Note that for investigating DNA binding, a Zeonor slide, of identical geometry to a 
standard microscope slide, was adhered to the base of the disc. This slide was spotted with 
oligomers and, following completion of experiments, was removed from the disc and measured as 
described in Section 2.2. The disc is assembled by the following layers: 

• Layer 1—PMMA—Loading holes and vents 
• Layer 2—PSA—Microchannels 
• Layer 3—PMMA—Reservoirs 
• Layer 4—PSA—Sealing of DFs 
• Layer 5—PSA—Alignment and sealing of DFs 
• Layer 6—PMMA—Support for DFs 
• Layer 7—PSA—Lower level microchannels 
• Layer 8—PMMA—Base 
• Layer 9—PSA—For attaching Zeonor slide 
• Layer 10—Zeonor—Oligomer-spotted slide 

The DF (Barnyarns, Rippon, UK), here termed E-film, is a low-cost material based on polyvinyl 
alcohol that is commercially available; its primary use is for embroidery. This film has been 
characterised previously [35] and typically dissolves in the presence of deionized (DI) water in less 
than 10 s. E-film is non-adhesive, and thus the tabs were created by mounting the film onto 
double-sided PSA tabs as described previously [25,35]. 

Figure 1. Basic valve operation. Note that the intensity of brown intensity indicates the gas pressure.
(a) Liquid and baking powder are loaded, and the disc is sealed from the atmosphere using adhesive
tape (not shown). In this pneumatically isolated fluidic network, the bypass channels prevent the
establishment of uniform pressure. Only the gas pocket at the dissolvable film (DF) membrane is
exposed to the hydrostatic pressure head of the upstream sample; (b) upon spinning, a capillary burst
valve opens and the ancillary liquid reaches the baking powder; the emerging CO2 gas pressurises
the network and thus compresses the gas pocket; (c) with increasing production of CO2, the sample
protrudes into the pneumatic chamber and eventually wets the DF; and (d) DF dissolves to open the
valve and release the sample.

2. Materials and Methods

2.1. Disc Assembly, DF Tabs and Experimental Test Stand

The microfluidic discs were assembled using polymer lamination methods. First, layers of 1.5-mm
thick Poly(methyl methacrylate) (PMMA) were defined by a laser cutter [39] (Epilog Zing, Golden,
CO, USA). Voids in these layers defined loading reservoir features and loading holes/vents. Layers of
86 µm thick pressure sensitive adhesive (PSA, Adhesives Research, Limerick, Ireland) were patterned
by a knife-cutter (Graphtec, Yokohama, Japan) to create smaller features, such as microchannels,
from voids in PSA.

The disc is manufactured using essentially the same eight-layer configurations described
previously [35]. Note that for investigating DNA binding, a Zeonor slide, of identical geometry
to a standard microscope slide, was adhered to the base of the disc. This slide was spotted with
oligomers and, following completion of experiments, was removed from the disc and measured as
described in Section 2.2. The disc is assembled by the following layers:

• Layer 1—PMMA—Loading holes and vents
• Layer 2—PSA—Microchannels
• Layer 3—PMMA—Reservoirs
• Layer 4—PSA—Sealing of DFs
• Layer 5—PSA—Alignment and sealing of DFs
• Layer 6—PMMA—Support for DFs
• Layer 7—PSA—Lower level microchannels
• Layer 8—PMMA—Base
• Layer 9—PSA—For attaching Zeonor slide
• Layer 10—Zeonor—Oligomer-spotted slide

The DF (Barnyarns, Rippon, UK), here termed E-film, is a low-cost material based on polyvinyl
alcohol that is commercially available; its primary use is for embroidery. This film has been
characterised previously [35] and typically dissolves in the presence of deionized (DI) water in less than
10 s. E-film is non-adhesive, and thus the tabs were created by mounting the film onto double-sided
PSA tabs as described previously [25,35].
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A specialised experimental test and development instrument known as a spin-stand [40,41],
described previously [35], acquires images of the rotating disc. All discs are tested at a spin rate of
30 Hz and accelerated/decelerated at 12.5 Hz·s−1.

2.2. Binding Assay

Polymer chips were ultrasonically cleaned in 2% surfactant (Micro 90, International Product
Corporation, Burlington, NJ, USA) and distilled water, and after drying with nitrogen, activated by
oxygen plasma (40 kHz, 100 W, 0.2–1 mbar) for 15 min. The silanization was carried out by immersion in
a 3% (v/v) solution of 3-amino-propyl-triethoxy-silane (APTES) in 95% ethanol for 2 h. The substrates
were rinsed with ethanol and water, dried under nitrogen flow, and cured for 1 h in an oven at
80 ◦C. For immobilization of biomolecules, the surface was mediated by an aldehyde-dextran linker,
which was prepared according the protocol in an earlier paper [42].

Amino-functionalized capture probe DNA (5′-NH2-TTCAAAATTGCGAAGTTGGG-3′) was
mixed with aldehyde dextran in 3X saline-sodium citrate buffer (SSC, pH 7.0, Sigma Aldrich, St. Louis,
MO, USA) and incubated for 30 min at 30 ◦C. This solution was spotted on the APTES coated slide
using a sciFLEXARRAYER S3 (Scienion, Berlin, Germany), a piezo-driven non-contact dispensing
system, forming a line of five spots. This was left overnight in a humidity chamber at room temperature.
Unbound capture probes were removed by washing them with 2X SSC and sodium dodecyl sulphate
(SDS, Sigma-Aldrich), and were then finally dried.

In addition, 10 µM complimentary DNA (Eurofins, MWG Operon, Ebersberg, Germany)
labelled with cy3 (5′-cy3-CCCAACTTCGCAATTTTGAA-3′) was used as the fluorescent target
probe. Solutions of varying concentrations of target probe were prepared in 3X SSC, 0.1% SDS
and were subsequently loaded into the sample chambers. On-disc, the array was washed by series by
three solutions; first, by 2X SSC, 0.2% SDS, secondly with 2X SSC, and finally with 0.2X SSC.

For fluorescence detection, we used the GMS 418 Array Scanner (Genetic MicroSystems Inc.,
Woburn, MA, USA), which enabled us to measure non-standard sized polymer slides with the
dimension of 37.5 cm × 25 cm. We excited the cy3-labelled DNA at a wavelength of 532 nm and
measured the fluorescence emission at 570 nm. The images were analysed using ScanArray Express
software (Perkin Elmer, Norwalk, CT, USA).

3. Valve Concept and Function

3.1. Volume-Governed Actuation

Previously, Gorkin et al. [25] introduced valves that were actuated by elevating the spin rate.
Similar to the work described here, the DFs were recessed in pneumatic chambers; by displacing the
liquid into the chambers, the DFs were dissolved to open a route for the restrained liquid. Oriented with
the DFs directly radially outwards of the restrained liquid volume, the burst frequencies of the valves
were largely determined by the volume of the pneumatic chamber, the radial location of the valves
and the liquid height above the valve. However, the fidelity of these valves is also affected by surface
tension that stabilised the dense liquid above the less dense trapped gas.

A further refinement was introduced by Dimov et al. [43], where a radially inward turn in the
valve microchannel resulted in the denser liquid being located radially outwards of the less dense gas.
This approach attenuated the influence of surface tension and thus improved the predictability of the
valves. This design change also engendered a new optimisation parameter—the location of the DF in
the pneumatic chamber. However, this improvement was at the expense of increased dead volume in
the valves.

In both approaches, the rotationally induced hydrostatic pressure displaces liquid into the
pneumatic chambers until hydrostatic equilibrium has established. In the approach presented here,
the additional pressure required to wet the valve is provided by the release of CO2 from the baking
powder. Note that the volume of baking powder loaded to the disc depends on the density of baking
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powder and the volume of the chamber; it roughly amounts to ~250 mg. Fordtran et al. [44] have
previously studied the gas generation rate of baking soda into finite volumes.

Assuming the liquid volumes and location of the DF within the valves remain unchanged,
the pressure required to actuate the valves, Pbp released from wetted baking powder, follows Boyle’s law

Pbp ∝
Vdisp

VT
(1)

where VT is the entire volume of the pneumatic chamber, and Vdisp represents the additional liquid
volume displaced into the valve needed to wet the DF.

Figure 2 shows a disc where a single CO2 source actuates a series of valves in a well-defined order.
In this case, each valve has a different volume VT. As shown in Figure 3f, the time of valve actuation
is governed by VT; valves with larger pneumatic chambers are triggered before those with smaller
pneumatic chambers. While not investigated in this paper, operating the disc at a higher spin rate will
reduce Vdisp, and so the valves will actuate in a faster sequence.
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3.2. Barrier-Governed Actuation 

In the alternative, barrier-governed actuation, the disc is compartmentalized into separate 
chambers divided by dissolvable barriers. The gas emerging from the baking powder triggers the 
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As shown in Figure 3, this cascading scheme is controlled by liquid movement about the disc, 
putting in place an event-triggered “hand-shaking” mechanism. However, as the time between 

Figure 2. Volume governed valve actuation. (a) The baking powder is activated by the ancillary liquid
(deionised (DI) water) to pressurize the interconnected cavities on the disc. Pneumatic chambers
of each valve are highlighted and red dashed lines indicate connecting lower level channels (b–e).
With increasing gas pressure, liquid is pumped into the dead-end pneumatic chambers (valves),
successively disintegrating the DF. The order of valve actuation is governed by the compression ratio
and thus the size of the pneumatic chambers; Valve 1, the largest chamber, is actuated first; (f) timing
data of valve actuation (n = 6); and (g) qualitative representation of the expected gas pressure changes
in the disc; the rise in the CO2 pressure has the same effect as an increase in spin rate. Note the disc
was initially designed so that, in the absence of CO2, all DF burst valves will not trigger at or below
30 Hz spin rate.

3.2. Barrier-Governed Actuation

In the alternative, barrier-governed actuation, the disc is compartmentalized into separate
chambers divided by dissolvable barriers. The gas emerging from the baking powder triggers the
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first valve. The so-released liquid then wets, and thus removes, the DF to pressurise the subsequent
chamber where the next valve is opened.

As shown in Figure 3, this cascading scheme is controlled by liquid movement about the disc,
putting in place an event-triggered “hand-shaking” mechanism. However, as the time between valving
steps increases with each barrier governed actuation, the volume to be pressurised grows, and thus
additional amounts of CO2 gas is released.
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pressurisation of the second chamber followed by the release of Wash 1. This sequence continues 
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4f) show the expected semi-log relation between DNA concentration and measured fluorescence. 

Figure 3. Barrier governed valve actuation. (a) Upon contacting the baking powder, the first section
of the disc is pressurized to open Valve 1. Red dashed lines show lower-level connecting channels;
(b) the liquid released from Valve 1 dissolves the DF separating the first chamber from the second;
this, in turn, exposes Valve 2 to increased gas pressure; (c–e) the subsequent valves open, and the
extent of the pneumatic chamber is shown by the dashed line; and (f) time between valve actuations
(n = 3). Timing begins when the disc starts to spin. In addition, (g) is a qualitative representation of the
expected gas pressure changes in the disc; the opening of DF barriers between chambers temporarily
reduces the average gas pressure across the chambers. Note that the disc was initially designed so that,
in the absence of CO2, all of DF burst valves will not trigger at or below 30 Hz spin rate.

4. Binding Assay

The barrier-governed valves are adapted to demonstrate on-disc DNA hybridization according
to the protocol described in Section 2.2. This disc is shown in Figure 4 with red dyed water for
visualisation purposes only.

Immediately prior to testing, the slide is affixed to the bottom side of the disc with the spotted
sections aligned with the measurement zone. The disc was then loaded with a 90 µL aliquot of sample,
Washes 1–3, baking powder, and deionised (DI) water as ancillary liquid. The disc was then sealed
with transparent adhesive tape.

On increasing the spin rate to 30 Hz, the baking powder is wetted and a compartment
encompassing the sample reservoir, washing channels and waste chamber is pressurised. A sample is
released through Valve 1, runs over the slide, and is then forwarded into the waste chamber.
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The arrival of the sample into the waste chamber removes a dissolvable barrier, resulting in the
pressurisation of the second chamber followed by the release of Wash 1. This sequence continues with
Washes 2 and 3 until a final dissolvable barrier is wetted to open a vent (to atmosphere).

This disc was tested at four different sample concentrations: 0, 0.2, 2, and 10 nM. Results (Figure 4f)
show the expected semi-log relation between DNA concentration and measured fluorescence.Micromachines 2016, 7, 175 7 of 10 
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Figure 4. A direct DNA hybridization assay. (a–e) Visualization of the chip, using food dyes, of the
sequential release of sample and washes. Note that the last DF vents the disc to atmosphere. The red
dashed lines in (a) show lower level connecting channels; (f) fluorescence versus loaded sample
concentration (n = 3 discs); and (g) is a representative image showing fluorescent DNA hybridization
on the slide. Note the disc was initially designed so that, before the liquid-induced release of CO2,
the all DF burst valves will not trigger at or below 30 Hz spin rate (see Supplementary Material
Video S1).

5. Discussion

We presented a new mechanism for valve actuation through gas release from baking powder
that is initially dry-stored on the centrifugal microfluidic disc. The most important advantage of this
technology is the option for valving at rather random, e.g., constant spin rate, thus making flow control
independent from external instrumentation. Furthermore, for the barrier-governed valves, the order of
actuation is strictly defined by the disc architecture. This offers a similar performance to event-triggered
valves while allowing simpler disc architecture and reducing dead volume, thus saving precious real
estate. While there is some variation in the timing of burst valve actuations, we believe these are
a result of manufacturing defects where the valve geometries are not repeatably defined, or, in some
cases, where micro-leaks might affect the rate of pressurisation of the discs. Use of an alternative
manufacturing method will certainly improve repeatability of the system.

This chemically actuated valving mechanism will increase the exposure of the reagents to CO2;
this may, in turn, affect performance of certain bioassays. However, in most cases, the relatively
short period of point-of-care applications will attenuate this effect. A second challenge is the need to
hermetically seal the disc, which might lead to slightly more complex loading procedures. However,
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this drawback might be relieved through ergonomic design; furthermore, the operation of the disc
above atmospheric pressure might, like a positive displacement filter hood, even reduce the risk of
assay contamination from the surrounding environment.

Supplementary Materials: The following are available online at www.mdpi.com/2072-666X/7/10/175/s1,
Video S1: Binding Assay Disc (Dyed Water).

Acknowledgments: This work was supported by the Science Foundation Ireland under Grant No. 10/CE/B1821
and by the European Union under Grant No. FP7-KBBE-2013-7-613908-DECATHLON.

Author Contributions: D.J.K., D.K. and M.T.G. conceived and designed the experiments, D.J.K. and M.R. designed
the microfluidic disc, D.K. provided the biological assay, D.J.K., M.R., D.K., N.A.K., E.B. and M.T.G. manufactured
the discs, conducted the experiments and analyzed the data, C.M. and J.D. supervised the project, and all authors
wrote and edited the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ducrée, J.; Haeberle, S.; Lutz, S.; Pausch, S.; von Stetten, F.; Zengerle, R. The centrifugal microfluidic bio-disk
platform. J. Micromech. Microeng. 2007, 17, S103. [CrossRef]

2. Madou, M.; Zoval, J.; Jia, G.; Kido, H.; Kim, J.; Kim, N. Lab on a CD. Annu. Rev. Biomed. Eng. 2006, 8, 601–628.
[CrossRef] [PubMed]

3. Smith, S.; Mager, D.; Perebikovsky, A.; Shamloo, E.; Kinahan, D.; Mishra, R.; Torres Delgado, S.M.; Kido, H.;
Saha, S.; Ducrée, J. CD-based microfluidics for primary care in extreme point-of-care settings. Micromachines
2016, 7, 22. [CrossRef]

4. Gorkin, R.; Park, J.; Siegrist, J.; Amasia, M.; Lee, B.S.; Park, J.-M.; Kim, J.; Kim, H.; Madou, M.; Cho, Y.-K.
Centrifugal microfluidics for biomedical applications. Lab Chip 2010, 10, 1758–1773. [CrossRef] [PubMed]

5. Tang, M.; Wang, G.; Kong, S.-K.; Ho, H.-P. A review of biomedical centrifugal microfluidic platforms.
Micromachines 2016, 7, 26. [CrossRef]

6. Glynn, M.; Nwankire, C.; Lemass, K.; Kinahan, D.J.; Ducrée, J. Cluster size distribution of cancer cells in blood
using stopped-flow centrifugation along scale-matched gaps of a radially inclined rail. Microsyst. Nanoeng.
2015, 1, 15018. [CrossRef]

7. Nwankire, C.E.; Donohoe, G.G.; Zhang, X.; Siegrist, J.; Somers, M.; Kurzbuch, D.; Monaghan, R.; Kitsara, M.;
Burger, R.; Hearty, S. At-line bioprocess monitoring by immunoassay with rotationally controlled serial
siphoning and integrated supercritical angle fluorescence optics. Anal. Chim. Acta 2013, 781, 54–62.
[CrossRef] [PubMed]

8. Kong, M.C.; Salin, E.D. Spectrophotometric determination of aqueous sulfide on a pneumatically enhanced
centrifugal microfluidic platform. Anal. Chem. 2012, 84, 10038–10043. [CrossRef] [PubMed]

9. Hwang, H.; Kim, Y.; Cho, J.; Lee, J.-Y.; Choi, M.-S.; Cho, Y.-K. Lab-on-a-disc for simultaneous determination
of nutrients in water. Anal. Chem. 2013, 85, 2954–2960. [CrossRef] [PubMed]

10. Czugala, M.; Gorkin, R., III; Phelan, T.; Gaughran, J.; Curto, V.F.; Ducrée, J.; Diamond, D.; Benito-Lopez, F.
Optical sensing system based on wireless paired emitter detector diode device and ionogels for lab-on-a-disc
water quality analysis. Lab Chip 2012, 12, 5069–5078. [CrossRef] [PubMed]

11. Kinahan, D.J.; Kearney, S.M.; Glynn, M.T.; Ducrée, J. Spira mirabilis enhanced whole blood processing in
a lab-on-a-disk. Sens. Actuators A Phys. 2014, 215, 71–76. [CrossRef]

12. Kinahan, D.J.; Kearney, S.M.; Kilcawley, N.A.; Early, P.L.; Glynn, M.T.; Ducrée, J. Density-gradient mediated
band extraction of leukocytes from whole blood using centrifugo-pneumatic siphon valving on centrifugal
microfluidic discs. PLoS ONE 2016, 11, e0155545. [CrossRef] [PubMed]

13. Strohmeier, O.; Keller, M.; Schwemmer, F.; Zehnle, S.; Mark, D.; von Stetten, F.; Zengerle, R.; Paust, N.
Centrifugal microfluidic platforms: Advanced unit operations and applications. Chem. Soc. Rev. 2015, 44,
6187–6229. [CrossRef] [PubMed]

14. Garcia-Cordero, J.L.; Kurzbuch, D.; Benito-Lopez, F.; Diamond, D.; Lee, L.P.; Ricco, A.J. Optically addressable
single-use microfluidic valves by laser printer lithography. Lab Chip 2010, 10, 2680–2687. [CrossRef] [PubMed]

15. Lee, B.S.; Lee, Y.U.; Kim, H.-S.; Kim, T.-H.; Park, J.; Lee, J.-G.; Kim, J.; Kim, H.; Lee, W.G.; Cho, Y.-K.
Fully integrated lab-on-a-disc for simultaneous analysis of biochemistry and immunoassay from whole
blood. Lab Chip 2011, 11, 70–78. [CrossRef] [PubMed]

www.mdpi.com/2072-666X/7/10/175/s1
http://dx.doi.org/10.1088/0960-1317/17/7/S07
http://dx.doi.org/10.1146/annurev.bioeng.8.061505.095758
http://www.ncbi.nlm.nih.gov/pubmed/16834568
http://dx.doi.org/10.3390/mi7020022
http://dx.doi.org/10.1039/b924109d
http://www.ncbi.nlm.nih.gov/pubmed/20512178
http://dx.doi.org/10.3390/mi7020026
http://dx.doi.org/10.1038/micronano.2015.18
http://dx.doi.org/10.1016/j.aca.2013.04.016
http://www.ncbi.nlm.nih.gov/pubmed/23684465
http://dx.doi.org/10.1021/ac302507t
http://www.ncbi.nlm.nih.gov/pubmed/23075273
http://dx.doi.org/10.1021/ac3036734
http://www.ncbi.nlm.nih.gov/pubmed/23320485
http://dx.doi.org/10.1039/c2lc40781g
http://www.ncbi.nlm.nih.gov/pubmed/23070147
http://dx.doi.org/10.1016/j.sna.2013.11.010
http://dx.doi.org/10.1371/journal.pone.0155545
http://www.ncbi.nlm.nih.gov/pubmed/27167376
http://dx.doi.org/10.1039/C4CS00371C
http://www.ncbi.nlm.nih.gov/pubmed/26035697
http://dx.doi.org/10.1039/c004980h
http://www.ncbi.nlm.nih.gov/pubmed/20740236
http://dx.doi.org/10.1039/C0LC00205D
http://www.ncbi.nlm.nih.gov/pubmed/21042620


Micromachines 2016, 7, 175 9 of 10

16. Abi-Samra, K.; Hanson, R.; Madou, M.; Gorkin, R.A., III. Infrared controlled waxes for liquid handling and
storage on a CD-microfluidic platform. Lab Chip 2011, 11, 723–726. [CrossRef] [PubMed]

17. Al-Faqheri, W.; Ibrahim, F.; Thio, T.H.G.; Moebius, J.; Joseph, K.; Arof, H.; Madou, M. Vacuum/compression
valving (VCV) using parrafin-wax on a centrifugal microfluidic CD platform. PLoS ONE 2013, 8, e58523.
[CrossRef] [PubMed]

18. Kawai, T.; Naruishi, N.; Nagai, H.; Tanaka, Y.; Hagihara, Y.; Yoshida, Y. Rotatable reagent cartridge for
high-performance microvalve system on a centrifugal microfluidic device. Anal. Chem. 2013, 85, 6587–6592.
[CrossRef] [PubMed]

19. Kinahan, D.J.; Early, P.L.; Vembadi, A.; MacNamara, E.; Kilcawley, N.A.; Glennon, T.; Diamond, D.;
Brabazon, D.; Ducrée, J. Xurography actuated valving for centrifugal flow control. Lab Chip 2016, 16,
3454–3459. [CrossRef] [PubMed]

20. Chen, J.M.; Huang, P.-C.; Lin, M.-G. Analysis and experiment of capillary valves for microfluidics on
a rotating disk. Microfluid. Nanofluid. 2008, 4, 427–437. [CrossRef]

21. Moore, J.L.; McCuiston, A.; Mittendorf, I.; Ottway, R.; Johnson, R.D. Behavior of capillary valves in centrifugal
microfluidic devices prepared by three-dimensional printing. Microfluid. Nanofluid. 2011, 10, 877–888.
[CrossRef]

22. Thio, T.H.G.; Soroori, S.; Ibrahim, F.; Al-Faqheri, W.; Soin, N.; Kulinsky, L.; Madou, M. Theoretical
development and critical analysis of burst frequency equations for passive valves on centrifugal microfluidic
platforms. Med. Biol. Eng. Comput. 2013, 51, 525–535. [CrossRef] [PubMed]

23. Li, T.; Zhang, L.; Leung, K.M.; Yang, J. Out-of-plane microvalves for whole blood separation on lab-on-a-CD.
J. Micromech. Microeng. 2010, 20, 105024. [CrossRef]

24. Haeberle, S.; Brenner, T.; Zengerle, R.; Ducrée, J. Centrifugal extraction of plasma from whole blood on
a rotating disk. Lab Chip 2006, 6, 776–781. [CrossRef] [PubMed]

25. Gorkin, R., III; Nwankire, C.E.; Gaughran, J.; Zhang, X.; Donohoe, G.G.; Rook, M.; O’Kennedy, R.; Ducrée, J.
Centrifugo-pneumatic valving utilizing dissolvable films. Lab Chip 2012, 12, 2894–2902. [PubMed]

26. Van Oordt, T.; Barb, Y.; Smetana, J.; Zengerle, R.; von Stetten, F. Miniature stick-packaging—An industrial
technology for pre-storage and release of reagents in lab-on-a-chip systems. Lab Chip 2013, 13, 2888–2892.
[CrossRef] [PubMed]

27. Hwang, H.; Kim, H.-H.; Cho, Y.-K. Elastomeric membrane valves in a disc. Lab Chip 2011, 11, 1434–1436.
[CrossRef] [PubMed]

28. Mark, D.; Weber, P.; Lutz, S.; Focke, M.; Zengerle, R.; von Stetten, F. Aliquoting on the centrifugal microfluidic
platform based on centrifugo-pneumatic valves. Microfluid. Nanofluid. 2011, 10, 1279–1288. [CrossRef]

29. Siegrist, J.; Gorkin, R.; Clime, L.; Roy, E.; Peytavi, R.; Kido, H.; Bergeron, M.; Veres, T.; Madou, M. Serial siphon
valving for centrifugal microfluidic platforms. Microfluid. Nanofluid. 2010, 9, 55–63. [CrossRef]

30. Kitsara, M.; Nwankire, C.E.; Walsh, L.; Hughes, G.; Somers, M.; Kurzbuch, D.; Zhang, X.; Donohoe, G.G.;
O’Kennedy, R.; Ducrée, J. Spin coating of hydrophilic polymeric films for enhanced centrifugal flow control
by serial siphoning. Microfluid. Nanofluid. 2014, 16, 691–699. [CrossRef]

31. Gorkin, R., III; Clime, L.; Madou, M.; Kido, H. Pneumatic pumping in centrifugal microfluidic platforms.
Microfluid. Nanofluid. 2010, 9, 541–549. [CrossRef]

32. Aeinehvand, M.M.; Ibrahim, F.; Al-Faqheri, W.; Thio, T.H.G.; Kazemzadeh, A.; Madou, M. Latex micro-balloon
pumping in centrifugal microfluidic platforms. Lab Chip 2014, 14, 988–997. [CrossRef] [PubMed]

33. Schwemmer, F.; Zehnle, S.; Mark, D.; von Stetten, F.; Zengerle, R.; Paust, N. A microfluidic timer for timed
valving and pumping in centrifugal microfluidics. Lab Chip 2015, 15, 1545–1553. [CrossRef] [PubMed]

34. Godino, N.; Gorkin, R., III; Linares, A.V.; Burger, R.; Ducrée, J. Comprehensive integration of homogeneous
bioassays via centrifugo-pneumatic cascading. Lab Chip 2013, 13, 685–694. [CrossRef] [PubMed]

35. Kinahan, D.J.; Kearney, S.M.; Dimov, N.; Glynn, M.T.; Ducrée, J. Event-triggered logical flow control for
comprehensive process integration of multi-step assays on centrifugal microfluidic platforms. Lab Chip 2014,
14, 2249–2258. [CrossRef] [PubMed]

36. Kinahan, D.J.; Kearney, S.M.; Faneuil, O.P.; Glynn, M.T.; Dimov, N.; Ducrée, J. Paper imbibition for timing of
multi-step liquid handling protocols on event-triggered centrifugal microfluidic lab-on-a-disc platforms.
RSC Adv. 2015, 5, 1818–1826. [CrossRef]

37. Ahn, C.H.; Choi, J.-W.; Beaucage, G.; Nevin, J.H.; Lee, J.-B.; Puntambekar, A.; Lee, J.Y. Disposable smart lab
on a chip for point-of-care clinical diagnostics. Proc. IEEE 2004, 92, 154–173. [CrossRef]

http://dx.doi.org/10.1039/C0LC00160K
http://www.ncbi.nlm.nih.gov/pubmed/21103528
http://dx.doi.org/10.1371/journal.pone.0058523
http://www.ncbi.nlm.nih.gov/pubmed/23505528
http://dx.doi.org/10.1021/ac400667e
http://www.ncbi.nlm.nih.gov/pubmed/23802811
http://dx.doi.org/10.1039/C6LC00568C
http://www.ncbi.nlm.nih.gov/pubmed/27523628
http://dx.doi.org/10.1007/s10404-007-0196-x
http://dx.doi.org/10.1007/s10404-010-0721-1
http://dx.doi.org/10.1007/s11517-012-1020-7
http://www.ncbi.nlm.nih.gov/pubmed/23292292
http://dx.doi.org/10.1088/0960-1317/20/10/105024
http://dx.doi.org/10.1039/B604145K
http://www.ncbi.nlm.nih.gov/pubmed/16738730
http://www.ncbi.nlm.nih.gov/pubmed/22692574
http://dx.doi.org/10.1039/c3lc50404b
http://www.ncbi.nlm.nih.gov/pubmed/23674222
http://dx.doi.org/10.1039/c0lc00658k
http://www.ncbi.nlm.nih.gov/pubmed/21373711
http://dx.doi.org/10.1007/s10404-010-0759-0
http://dx.doi.org/10.1007/s10404-009-0523-5
http://dx.doi.org/10.1007/s10404-013-1266-x
http://dx.doi.org/10.1007/s10404-010-0571-x
http://dx.doi.org/10.1039/c3lc51116b
http://www.ncbi.nlm.nih.gov/pubmed/24441792
http://dx.doi.org/10.1039/C4LC01269K
http://www.ncbi.nlm.nih.gov/pubmed/25648105
http://dx.doi.org/10.1039/C2LC40722A
http://www.ncbi.nlm.nih.gov/pubmed/23250328
http://dx.doi.org/10.1039/C4LC00380B
http://www.ncbi.nlm.nih.gov/pubmed/24811251
http://dx.doi.org/10.1039/C4RA14887H
http://dx.doi.org/10.1109/JPROC.2003.820548


Micromachines 2016, 7, 175 10 of 10

38. Weigl, B.; Domingo, G.; LaBarre, P.; Gerlach, J. Towards non-and minimally instrumented, microfluidics-
based diagnostic devices. Lab Chip 2008, 8, 1999–2014. [CrossRef] [PubMed]

39. Bartholomeusz, D.A.; Boutté, R.W.; Andrade, J.D. Xurography: Rapid prototyping of microstructures using
a cutting plotter. J. Microelectromech. Syst. 2005, 14, 1364–1374. [CrossRef]

40. Grumann, M.; Brenner, T.; Beer, C.; Zengerle, R.; Ducrée, J. Visualization of flow patterning in high-speed
centrifugal microfluidics. Rev. Sci. Instrum. 2005, 76, 025101. [CrossRef]

41. Brennan, D.; Coughlan, H.; Clancy, E.; Dimov, N.; Barry, T.; Kinahan, D.; Ducrée, J.; Smith, T.J.; Galvin, P.
Development of an on-disc isothermal in vitro amplification and detection of bacterial RNA. Sens. Actuators
B Chem. 2017, 239, 235–242. [CrossRef]

42. Jönsson, C.; Aronsson, M.; Rundström, G.; Pettersson, C.; Mendel-Hartvig, I.; Bakker, J.; Martinsson, E.;
Liedberg, B.; MacCraith, B.; Öhman, O. Silane-dextran chemistry on lateral flow polymer chips for
immunoassays. Lab Chip 2008, 8, 1191–1197. [CrossRef] [PubMed]

43. Dimov, N.; Gaughran, J.; Auley, D.M.; Boyle, D.; Kinahan, D.J.; Ducree, J. Centrifugally automated solid-phase
purification of RNA. In Proceedings of the 2014 IEEE 27th International Conference on Micro Electro
Mechanical Systems (MEMS), San Francisco, CA, USA, 26–30 January 2014; pp. 260–263.

44. Fordtran, J.S.; Morawski, S.G.; Santa Ana, C.A.; Rector, F., Jr. Gas production after reaction of sodium
bicarbonate and hydrochloric acid. Gastroenterology 1984, 87, 1014–1021. [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1039/b811314a
http://www.ncbi.nlm.nih.gov/pubmed/19023463
http://dx.doi.org/10.1109/JMEMS.2005.859087
http://dx.doi.org/10.1063/1.1834703
http://dx.doi.org/10.1016/j.snb.2016.08.018
http://dx.doi.org/10.1039/b800297e
http://www.ncbi.nlm.nih.gov/pubmed/18584097
http://www.ncbi.nlm.nih.gov/pubmed/6090255
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Disc Assembly, DF Tabs and Experimental Test Stand 
	Binding Assay 

	Valve Concept and Function 
	Volume-Governed Actuation 
	Barrier-Governed Actuation 

	Binding Assay 
	Discussion 

