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Abstract

Here we present retrieval of Peripheral Blood Mononuclear Cells by density-gradient
medium based centrifugation for subsequent analysis of the leukocytes on an integrated
microfluidic “Lab-on-a-Disc” cartridge. Isolation of white blood cells constitutes a critical
sample preparation step for many bioassays. Centrifugo-pneumatic siphon valves are par-
ticularly suited for blood processing as they function without need of surface treatment and
are ‘low-pass’, i.e., holding at high centrifugation speeds and opening upon reduction of the
spin rate. Both ‘hydrostatically’ and ‘hydrodynamically’ triggered centrifugo-pneumatic
siphon valving schemes are presented. Firstly, the geometry of the pneumatic chamber of
hydrostatically primed centrifugo-pneumatic siphon valves is optimised to enable smooth
and uniform layering of blood on top of the density-gradient medium; this feature proves to
be key for efficient Peripheral Blood Mononuclear Cell extraction. A theoretical analysis of
hydrostatically primed valves is also presented which determines the optimum priming pres-
sure for the individual valves. Next, ‘dual siphon’ configurations for both hydrostatically and
hydrodynamically primed centrifugo-pneumatic siphon valves are introduced; here plasma
and Peripheral Blood Mononuclear Cells are extracted through a distinct siphon valve. This
work represents a first step towards enabling on disc multi-parameter analysis. Finally, the
efficiency of Peripheral Blood Mononuclear Cells extraction in these structures is character-
ised using a simplified design. A microfluidic mechanism, which we termed phase switching,
is identified which affects the efficiency of Peripheral Blood Mononuclear Cell extraction.

1. Introduction

Centrifugal microfluidic technologies [1-4] are particularly suitable for preconditioning and
analysis of blood [5-12]. More recently, the commonly used centrifugal extraction of periph-
eral blood mononuclear cells (PBMCs) which is assisted by a density-gradient medium (DGM)
[13-17] has been adapted for on-disc isolation [18-20]. In this method, the DGM is pre-loaded
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within a separation chamber. Blood is overlaid and, after vigorous centrifugation (typically
above 400 g), red blood cells (RBCs) and granulocytes sediment to the bottom of the chamber
while PBMCs and plasma are stratified on top of the DGM. While it is primarily applied for
blood processing, the DGM has also been employed for bead-based immunoassays [21].

In order to avoid loss of PBMCs and thus compromise the efficiency of the extraction, the
gentle and even layering of blood on top of the DGM is a crucial to the bench-top protocol.
Thus, on-bench, the method can be time consuming and finicky. The Lab-on-a-Disc (LoaD)
based approach can enhance reproducibility and efficiency of blood layering through the
increased impact of surface tension on the micro-scale as reflected by the Weber number[22].

As all liquid volumes residing on a rotor is subject to a centrifugal field, valving techniques
are pivotal for the establishment a defined, timed order of liquid handling steps. A wide variety
of valves has been developed for centrifugal microfluidic systems. Amongst them are active
valves [9, 23-25] which provide greater functionality; though the coordination of the various
instrument-based modules tends to significantly compromise the innate conceptual simplicity
of the LoaD platform. In the specific DGM case, the majority of active valves require stopping
the disc for actuation. In absence of the radial centrifugal field, the stratified PBMC layer is dis-
persed through gravity which is directed in parallel to the axis of rotation.

For the latter, rotationally actuated valving schemes, the high centrifugal field during phase
separation preclude common capillary valves [8, 26-28] as their maximum burst frequencies
are severely restricted by the practical minimum feature sizes on a disc. While other burst
valves[12, 29] may yield at significantly higher frequencies, flow control elements on the down-
stream side may not be able to tolerate the resulting high centrifugally induced pressure heads.
Another approach, the rotationally independent event-triggered scheme[30, 31], is limited by
the opening times of the underlying dissolvable films and thus may not be compatible with
some bioassays.

Rotationally actuated siphon valves[6], which have been used for conventional plasma
extraction on disc, are more suitable to the DGM method[18]. These low-pass flow-control ele-
ments remain closed at fast centrifugation and yield below a geometrically defined threshold of
the spin rate. At elevated speeds of rotations, the centrifugal field suppresses capillary action
which would otherwise prime the hydrophilic outlet past its crest point.

These siphon valves are particularly beneficial when placed in series with capillary burst
valves to permit sequential release of liquids [32-34]. However, priming is linked to hydrophi-
licity of the channel walls; as the polymers commonly used for LoaD cartridges are at least
slightly hydrophobic, surface coatings or surfactants need to be applied [32-34] which might
interfere with the assay chemistry. Similar to the active valves mentioned above, the low / zero
spin rates required for the priming of the hydrophilic channel interfere with the stratification
of the layers and will thus deteriorate the extraction efficiency of the PBMC layer.

Centrifugo-pneumatic siphon valves (CPSVs) have been engineered to mitigate the need for
hydrophilic surface treatments; these CPSVs transiently store energy (by centrifugally induced
compression of enclosed gas) which is released upon deceleration to pump liquid through even
mildly hydrophobic siphons [35-39]. As a low-pass siphon valve, CPSVs withstand the strong
centrifugal field during blood separation while their opening towards low spin rates allows inte-
gration with further downstream steps towards comprehensive liquid handling automation.

In this work we present a generalised description of the CPSV scheme for blood processing
with particular emphasis on comparison of so-called ‘dynamically’ and ‘hydrostatically primed’
implementations. We show how both versions enhance PBMC isolation and analyse their
respective advantages and limitations. In the hydrostatic case we also improved extraction effi-
ciency by ‘splitting’ the pneumatic chamber of the valve to stabilise the DGM layer during
blood stratification.
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Finally, a microfluidic effect, which we refer to as ‘phase-switching’, is identified and charac-
terised. Here, as the DGM/plasma interface approaches the siphon outlet, the DGM is abruptly
exchanged by the plasma, thus preventing part of the PBMCs from transferring to the collec-
tion chamber.

Four discs are used in this study. These discs feature (A) a single siphon, continuous pneu-
matic chamber hydrostatic CPSV, (B) a single siphon, split-pneumatic chamber CPSV, (C) a
dual siphon, split-pneumatic CPSV and (D) a dual siphon dynamically primed / hybrid CPSV.

2. Generalised CPSV

In CPSVs, entrapped gas is compressed during the high-field filling process to pump liquid
through the siphon channel upon reduction of the spin rate. Unlike most rotationally con-
trolled valves, the performance of CPSVs is strongly coupled to their geometry as well as the
filling dynamics of their attached reservoir. During loading, liquid must compress the trapped
gas at a higher rate than the liquid can enter the reservoir such that the inner liquid meniscus
remains below the crest point of the siphon.

We present two CPSV variants which are distinguished by the radial position of their crest
points with respect to the liquid level in their central chamber prevalent at the spin rate during
priming (Fig 1). In in the first embodiment, the central chamber is open to atmosphere; as the
liquid level exceeds the crest point, the siphon is primed.

In the dynamically actuated CPSV, the central chamber is sealed and the equilibrium level
lies below the crest point. For priming, the meniscus is pushed past the crest point through the
expansion of the gas in the central chamber.

It should be noted that CPSVs reported in the literature represent a mixture of dynamically and
hydrostatically primed versions, typically with a more dominant dynamic priming mechanism. For
example, Zehnle et al. [39] modified an entirely dynamic CPSV to function as an on-disc centripe-
tal pump. At the other end of the spectrum, Aeinehvand et al.[37] introduced a CPSV configuration
which appears to be primarily hydrostatically primed; it employed a flexible latex membrane as a
capacitive pneumatic element, thus lowering the actuation frequency of the CPSV valves.

2.1 Theoretical Analysis of Hydrostatic CPSVs

The compression of gas and displacement of liquid into the pneumatic chamber follows Boyle’s
law *® considering the geometry of the structure. A liquid volume confined by the inner and
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(a) Samples loaded prior to disc spinning

Fig 1. Comparison of Hydrostatic, Dynamic and Hybrid centrifugo-pneumatic siphon valves (CPSVs). Gas pressure is

(b) Centrifugation at high spin rates

(c) Spin rate reduced

(d) Sample flows through valve

indicated in subfigures through the intensity of colour. (a) Liquid is loaded to the disc. (b) Upon spinning, the liquid advances into
the central chamber while seeking hydrostatic equilibrium. However, the centrifugal compression of the gas volumes in the
compartments enclosed by the liquid creates a counter pressure. (c, d) In the hydrostatic mechanism, the air in the closed side
chamber expands upon reduction of the spin rate, so the liquid level in the open central chamber rises above the crest point of the
siphon to forward the liquid into the open receiving chamber. In the hybrid CPSV, air is compressed in the closed central chamber
during fast spinning. After lowering the angular frequency, the resulting decompression of air and the reduction of the centrifugal
field jointly lift the liquid levels in the side arms above the crest point to empty the liquid into the open outer chamber. The operation
of the dynamic CPSV follows a similar mechanism. However, the crest point of the siphon is now located above the level of the
hydrostatic equilibrium; the siphon valve thus only opens upon rapid change of the spin rate so inertia propels the flow until the
meniscus in the outlet channel has protruded past the liquid level in the central chamber.

doi:10.1371/journal.pone.0155545.g001
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outer radii r; and r,, respectively, and rotated at an angular frequency w, experiences a centrifu-
gal pressure head p7 Ar * with the mean radial position 7 = 0.5 - (r, + r,) and liquid level dif-

ference Ar = r, — r;. This volume is also subject to the pressure (%) P,. exerted by the

compression of the enclosed gas which has an initial volume V; at atmospheric pressure Pr.
The (incompressible) liquid volume Vp, entering the pneumatic chamber is displaced from the
sedimentation chamber.

From equilibrating the gas and the centrifugal pressures, we obtain the angular frequency

at which the disc must rotate to displace the liquid volume Vp, into the pneumatic chamber.
The position of the (radially inward) meniscus in the sedimentation chamber 7; and the posi-
tion of the (radially outward) meniscus in the pneumatic chamber r, are coupled through the
cross sections of the chambers.

The volume of displaced liquid Vp, is directly related to the changes in meniscus positions r;
and r, through the known geometry of the structure. Furthermore, these values can then be
used, from Eq 1, to calculate the theoretical spin rate w for any given values of Vp, r; and r,,
required for system equilibrium.

The centrifugal force and thus hydrostatic pressure between the radially inward location of
the liquid and the siphon crest reduce with the square of the spin rate. However, at the same
time the liquid is displaced radially inwards above the siphon crest height. Therefore it holds
that, at some frequency w, the combination of liquid displacement (radially inwards of the
siphon crest) and centrifugal force result in a maximum / optimum priming pressure

A 2
APP - p}’wAT’wCO (2)

with both, 7, and Ar,, functions of w.

3 Materials and Methods
3.1 Disc Manufacture

The discs used in this study (Fig 2) were assembled by multi-lamination of three layers of Poly
(methyl methacrylate) (PMMA) and three layers of Pressure Sensitive Adhesive (PSA, 86 pm
thick). Smaller features such as microchannels were created from voids cut in the microchannel
layer 2 using a knife-cutter (Graphtec, Yokohama, Japan). Larger elements such as reservoirs
were created from voids in the interstitial, 1.5-mm thick PMMA layer 4 with a laser cutter (Epi-
log Zing, USA). The top PMMA layer 1 contained loading holes and air vents while the lower
PSA layer 5 and bottom PMMA layer 6 constitute the lower wall of the reservoirs. The micro-
channels were backed by an additional PSA layer 3 to increase hydrophilicity of the microchan-
nels and also to improve optical contrast of images acquired. Note that, to assist with siphon
priming at very low spin rates, Disc C was treated with surfactant between the capillary burst
valves on the lower siphon.

3.2 Experimental Test Platform

The hydrodynamics on the spinning discs were characterized on an experimental test stand as
previously detailed [30, 40]. In brief, a strobe light (Drelloscop 3244, Drello, Germany) and a
sensitive, short-exposure time camera (Pixelfly, PCO, Germany) are synchronised with a

PLOS ONE | DOI:10.1371/journal.pone.0155545 May 11,2016 4/13



@‘PLOS | ONE

Extraction of Leukocytes from Blood on Centrifugal Microfluidic Discs

motor (Faulhaber Minimotor SA, Switzerland) using custom electronics such that a stationary
frame sequence of is acquired during rotation.

3.3 System Characterisation

The performance of the dual / split pneumatic chamber design was monitored using food dye
in order to investigate how changing the geometry of the pneumatic chamber effected the posi-
tion of the liquid heights in the disc. To simulate DGM-based processing of blood, the vents on
the outlet chambers were blocked, thus preventing the siphons from priming. The chambers
were filled with sufficient DI water such that, when stationary, the radially inwards liquid inter-
face as 2 mm radially inwards of the siphon priming height (#; = 23 mm). The disc was then
accelerated to 60 Hz and then decelerated in steps of 5 Hz. At each frequency an image of the
disc was acquired. These images were later analysed (by the software Image]J [41]) to determine
the position of the fluid interface height r; in the sedimentation chamber.

1 — Vents / Loading
2 — Microchannels
3 — Backing PSA

4 — Reservoirs

5 - Lower PSA

6 — Base

Fig 2. Schematic of Multi-layer discs Multi-layer discs are assembled from of 1.5-mm PMMA layers interspersed by 86-um thin

PSA films.

doi:10.1371/journal.pone.0155545.9002
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3.4 Sample Preparation / Blood Processing / Cytometry

The study was approved by the research ethics committee of Dublin City University, with all
healthy volunteers recruited with signed consent. Finger prick whole blood was used for all
testing except investigation of ‘phase-switching’. The finger-prick blood extracted directly from
healthy donors using 1.5-mm sterile lancets (BD Biosciences, NJ, USA) and immediately
diluted at a ratio of 1:1 (100 mM PBS, pH 7.4 / 0.1 mM EDTA). The extraction efficiency
(‘phase-switching’) was investigated with a venous blood sample (with EDTA at anti-
coagulant).

The discs are first loaded with DGM (Ficoll Histopaque 1077, Sigma-Aldrich) so that, at the
selected processing spin rate (60 Hz), the DGM liquid interface is aligned with the loading
microchannel. This ensures that the liquid is layered directly onto the DGM which is a critical
step for optimising the WBC isolation in the DGM method. The blood volume is selected so
that the upper liquid interface of the combined blood and DGM is located below the siphon
crest (~0.5 mm to 1 mm in the hydrostatically primed designs).

As the disc is accelerated, the blood flows down the loading channel and is overlaid on the
Ficoll DGM. The 60-Hz spin rate is then maintained until the blood has been separated into its
constituent bands. Following complete stratification, in the case of the single siphon design, the
spin speed is decreased to 15 Hz in order to prime the siphons.

For investigating the extraction efficiency (‘phase-switching’), the samples were recovered
from the discs and then pelleted / re-suspended repeatedly (x 3). Cell-counts were then
obtained from a manual haemocytometer (Neubauer Improved Haemocytometer Slide) com-
bined with Image]. Results were compared to analysis using a Hemocue WBC Diff (Hemocue)
and measurement in a hospital laboratory.

4. Split Pneumatic Chamber

In order to test the efficacy of using a CPSV to extract WBCs from whole blood, initially a
hydrostatically primed CPSV was developed which used a continuous pneumatic chamber.
However, a number of issues with this configuration were identified. In the first case, during
blood loading, the increased hydrostatic pressure imposed by the additional blood displaced
the PBMC layer radially outwards and excessive DGM into the pneumatic chamber (Fig 3). In
some cases, RBCs were also pushed into the pneumatic chamber during this step (Fig 4).

For controlling the interface layer during loading, and thus to ensure gentle overlay of
whole blood, it was identified that changing the shape of the pneumatic chamber would pre-
vent, above a critical frequency, excessive displacement of the DGM in the system. This was
achieved by splitting the pneumatic chamber into two compartments; one section designed to
fill fully with DGM and the other serving to provide sufficient ballast to enable the valve to
function at the desired spin rates. These two chambers are connected via a microchannel
which, extending radially inwards of the sample and DGM provides a pneumatic communica-
tion while preventing a liquid transfer. Effectively, the reduced aspect ratio in the connecting
microchannel (versus a wider reservoir) results, with an increase in w, in a rapid change in r,,
for a small change in ;. This way the system approaches an equilibrium state once the DGM
enters the connecting microchannel.

The characterisation of this architecture with food dye (Fig 3) showed good agreement with
numerical modelling. Additionally it was identified that, as the ‘priming pressure’ between the
radially inward liquid interface and the siphon crest is dependent on both, the spin rate and the
distance between the liquid interface and the crest, an optimum priming frequency can be
found for each hydrostatic siphon. For the valves modelled in Fig 3, this optimum was found to
be approximately 15 Hz.
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Priming pressure (Pa)

Fluid height (mm)

Fig 3. Comparison and characterisation of Discs A and B (Continuous Pneumatic Chamber vs Split
Pneumatic Chamber). (a) Filling levels, relative to the datum radius (siphon crest at 25 mm), against the spin
rate. Numerical modelling using Eq 1 (using volume data from 3D CAD models) is compared to experimental
data (n = 4). Hydrostatic priming pressure curves are also shown (dashed lines). These curves indicate that
both designs are optimally primed at about18 Hz. (b) Disc A at high (60 Hz) and low (2.5 Hz) spin rates. (c)
Disc B at high (60 Hz) and low (2.5 Hz) spin rates. Note the dependence of the location of the liquid interfaces
on the geometry of the pneumatic chamber. Liquid interfaces in Disc B (split pneumatic chamber) approach a
stable configuration above 40 Hz. Note also that at 2.5 Hz the priming pressure is insufficient to overcome the
capillary pressure in the slightly hydrophobic siphon channel.

doi:10.1371/journal.pone.0155545.9g003

In general, the use of a split pneumatic chamber offers a significant advantage towards
blood processing. The stabilisation of the interface during the introduction of additional blood
permits a very controlled layering of blood, which is an important aspect for efficient DGM
centrifugation. Additionally, as the pneumatic chamber is pre-filled with DGM before sedi-
mentation of RBC:s initiates, minimal additional DGM liquid is displaced into the pneumatic
chamber during blood layering; thus RBCs will not be displaced into the pneumatic chamber
(Fig 4). In the configuration presented here, this, in turn, ensures that RBCs will not be ejected
from the pneumatic chamber into the sedimentation chamber during valve priming. Finally,
during blood processing, the PBMC layer is held in a defined location rather than being dis-
placed downwards (to the extent it can often be displaced below the outlet micro-channel).

The dual-chamber design offers further advantages. In the context of of microfluidic inte-
gration, increasing the volume of the secondary chamber without changing the first, smaller
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Single Chamber

Split Chamber

Fig 4. Comparison of blood centrifugation in configurations with continuous (Disc A) and split
pneumatic chambers (Disc B). Note that only in the single chamber design (top) RBCs enter the pneumatic
chamber due to the increased liquid displacement (c). (d) Note the different PBMC locations in the two
designs above and below the siphon outlet. See ESI S1 Movie showing blood processing in Disc B.

doi:10.1371/journal.pone.0155545.g004

chamber allows the total volume of the pneumatic chamber to be increased (thereby enabling
liquid loading and valve actuation at lower centrifugal force) without changing the geometry of
the sedimentation chamber or the displacement of liquid in the system. Moreover, the second-
ary chamber can be located at an arbitrary distance from the sedimentation chamber, thus
making best use of valuable disc space.

5. Dual Siphon Configuration
5.1 Hydrostatic Configuration

The basic split-pneumatic chamber CPSV concept was further developed to present a ‘dual
siphon’ design. In this case, an upper siphon removed excess plasma while a lower siphon,
located below the PBMC layer, extracts the WBCs (Fig 5). This configuration has been
designed with capillary burst valves which ensure that, while both siphons prime simulta-
neously when the spin rate is reduced, the opening of the upper siphon is followed by the sec-
ond, lower siphon. This allows greater accuracy in separation of plasma from PBMCs.
Additionally, the actuation of two siphons using a single pneumatic chamber permits more
efficient use of precious disc real-estate compared to sequential configurations[36].

(e) Upper Siphon Valve Opens (f) Lower siphon valve opens

(d) Siphon priming

(a) Blood loading (b) Centrifugation (c) Blood stratification

Fig 5. WBC Isolation using a dual siphon, split pneumatic chamber CPSV (Disc C). (a) The disc is loaded with DGM as
the whole blood is introduced during disc acceleration. (b) RBCs sediment. Note that the siphons have a number of capillary
burst valves. The upper capillary valve on the lower siphon prevents the DGM pre-priming siphon while the disc is stopped for
blood loading. (c) Stratified blood in the chamber. Note that the plasma remains below the siphon crest points. (d) The disc is
decelerated and the bulk liquid is displaced radially inwards and the siphon prime. The siphon priming is halted by the
capillary burst valves. The siphons must be primed at a lower frequency (~2.5 Hz) than the nominal frequency (~15 Hz) to
prevent the capillary valves from bursting early or out of sequence. However, due to the low hydrostatic priming pressure at
this spin rate, the crest of the lower siphon required treatment using a surfactant to achieve reliable priming. The upper siphon
was not treated. (e) The spin rate is increased and the burst valve of the upper siphon capillary is opened, thus removing the
plasma to the collection chamber. (f) The spin rate is increased further and the lower siphon valve opens for removing the
WBCs (with some plasma and DGM) to the WBC collection chamber. See ESI S1 Movie showing blood processing in Disc C.

doi:10.1371/journal.pone.0155545.9005
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(a) Blood loading (b) Centrifugation (c) Blood stratification (d) Both siphons prime (e) Both siphons empty

Fig 6. WBC isolation using a dynamically CPSV (Disc D). (a) The disc loaded with DGM while the whole
blood is introduced during disc acceleration. (b) RBCs sediment to the bottom. Note that the pneumatic
chamber is extended by channel (lower level) indicated in a blue dash. This large pneumatic chamber is
required to ensure that the valves function at the volumes processed. (c) Stratified blood in the chamber. (d)
The spin rate is decreased and both siphons are simultaneously primed. Note that the siphon crests are
located radially inwards of the bulk liquid and the liquid displaced radially inwards along the loading channel.
(e) The spin rate is increased and both siphons empty. See ESI S1 Movie showing blood processing in Disc
D.

doi:10.1371/journal.pone.0155545.g006

5.2 Dynamic / Hybrid Configuration

A hybrid / dynamically primed dual-siphon scheme is also demonstrated. In this case, the bulk
of the sample liquid is located in the pneumatic chamber. The base configuration was con-
nected via a microchannel to a larger pneumatic chamber, located away from the CPSV valve,
to permit processing of blood volumes at practical spin frequencies of the disc (Fig 6).

6. Extraction Efficiency and Phase Switching

In order demonstrate the efficacy of PBMC extraction, cells extracted from 18 ul whole blood
were recovered from Disc B, re-suspended in buffer and then enumerated using a haemocyt-
ometer (Fig 7C and 7D).

However, as can be seen in Fig 7A and 7B, it appears that a quantity of PBMCs remain
in the blood processing chamber after the siphon has discharged. This is particularly evident
in the movies provided in the ESI. Qualitatively, it appears that the siphon first draws on
the DGM phase and then abruptly changes to drawing on the plasma phase. Samples
recovered from Disc B and enumerated reveal a rather low PBMC extraction efficiency of
just 34% compared with cell counts using a hospital laboratory and a Hemocue WBC Diff
(Hemocue™).

One potential solution to this ‘phase switching’ is to locate the inlet of the extraction siphon
in a funnel-like constriction. However, this will most likely result in a ‘Reverse Boycott Effect’
where congestion and clogging in the channel increased the time for blood sedimentation from
the order of a few minutes to hours.

2500

P
(=X
L=

2000

1500
1000
0

Hospital Data Hacmocue (v=4)  Recovered PBMC (n=3)

Cell Count (cells per pl)

Fig 7. Phase Switching Data and Quantitative Results (a-b) highlight ‘phase-switching’. This trait occurs where the
system switches from drawing one phase, the DGM, to the other phase, plasma, while leaving a significant number of
PBMCs within the main sedimentation chamber (c) and image from the haemocytometer showing mononuclear
leukocytes enumeration (d) comparison of mononuclear leukocytes extracted from the single pneumatic chamber
(Disc A) to a whole blood count (hospital laboratory) and using a HemoCue™.

doi:10.1371/journal.pone.0155545.g007
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7. General Discussion

In this work we present PBMC extraction with hydrostatic and hydrodynamic CPSV valves.
In the hydrostatic case, the system uses a ‘gentler’ priming mechanism and, in general, could
function at moderate acceleration and deceleration ramps. As the priming is driven by
hydrostatic pressure, a dual-siphon system can have integrated capillary burst valves to con-
trol the order at which the siphons empty. However, it must also be noted that this approach
can have reliability issues; in some cases (~50%) where the structures were untreated only
one of the siphons will prime; thus for our work here we applied a surfactant to one of the
siphons.

For the hydrostatically primed valves, the use of a ‘split pneumatic chamber” also offers cer-
tain benefits. Alongside increased stability of liquid interfaces at high spin rates, the split-pneu-
matic chamber permits the tailoring of the burst frequencies by altering the volume of the
‘ballast’ chamber, without changing any (other) critical dimensions of the microfluidic struc-
ture. Similarly, this also allows more efficient use of disc real estate as the ‘ballast’ chamber can
be located anywhere on the disc.

A significant plus of the dynamically primed valving scheme is its enhanced reliability com-
pared to the hydrostatic case. Another advantage is that, as bulk of the liquid is not moved
between two chambers during sedimentation, the DGM / blood interface is stationary during
processing. Yet, this approach also entailed a number of challenges. Primarily, this approach
requires quite aggressive disc acceleration rates to prevent premature priming of the siphons.
Similarly, a relatively large pneumatic chamber is needed to process a relatively small blood
volume at the spin rates (60 Hz) used in this study. This requirement could be moderated by
making the blood processing chamber wider; however it is postulated that this would increase
the adverse impact of the ‘phase switching’ trait identified here.

8. Conclusions and Outlook

In this study we present a repertoire of CPSV configurations which are optimised for blood
processing. We demonstrate how the geometry of the pneumatic chamber in a hydrostatic
CPSV can significantly decrease the liquid displacement which occurs in the valve. We also
identify that, for each hydrostatic CPSV, an optimal siphon priming frequency can be found.

Additionally, we present a significant advancement where we show, for both hydrostatic
and dynamically primed siphons, the priming of two siphons using a single pneumatic cham-
ber. This configuration is particularly applicable to the DGM technique as it permits the sepa-
ration of whole blood into its constituents plasma, PBMCs and RBCs. Finally, we identify a
microfluidic trait, called “phase-switching” which reduces the extraction efficiency of these
structures.

It should be also noted that this platform was characterised using a white-light, haemocyt-
ometer based WBC count. This method does not reflect potential RBC and neutrophil con-
tamination. Similarly, the extraction efficiency falls below that of current state-of-the-art
techniques. However, with optimisation, the platform offers potential to form the basis of the
initial blood processing step for a wide variety of applications such as CTC detection [42],
CD4+ enumeration for HIV diagnostics [43, 44] and white blood cell differential counting
[45, 46].

Supporting Information

$1 Movie. Supporting Movie. Blood processing in Discs B, C and D at 8x normal time
(MP4)

PLOS ONE | DOI:10.1371/journal.pone.0155545 May 11,2016 10/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0155545.s001

@’PLOS ‘ ONE

Extraction of Leukocytes from Blood on Centrifugal Microfluidic Discs

Acknowledgments

This work was supported by the Science Foundation Ireland under Grant No 10/CE/B1821
and Enterprise Ireland under Grant No CF/2011/1317.

Author Contributions

Conceived and designed the experiments: DJK SMK NAK PLE MTG JD. Performed the experi-
ments: DJK SMK NAK PLE. Analyzed the data: DJK MTG. Wrote the paper: DJK JD SMK

NAK PLE MTG.

References

1. Ducrée J, Haeberle S, Lutz S, Pausch S, Von Stetten F, Zengerle R. The centrifugal microfluidic Bio-
Disk platform. Journal of Micromechanics and Microengineering. 2007; 17(7):S103.

2. Gorkin R, Park J, Siegrist J, Amasia M, Lee BS, Park J-M, et al. Centrifugal microfluidics for biomedical
applications. Lab on a Chip. 2010; 10(14):1758-73. doi: 10.1039/b924109d PMID: 20512178

3. Madou M, Zoval J, Jia G, Kido H, Kim J, Kim N. Lab on a CD. Annu Rev Biomed Eng. 2006; 8:601-28.
PMID: 16834568

4. Strohmeier O, Keller M, Schwemmer F, Zehnle S, Mark D, von Stetten F, et al. Centrifugal microfluidic
platforms: advanced unit operations and applications. Chemical Society Reviews. 2015.

5. RieggerL, Grumann M, Steigert J, Lutz S, Steinert C, Mueller C, et al. Single-step centrifugal hematocrit
determination on a 10-$ processing device. Biomedical microdevices. 2007; 9(6):795-9. PMID:
17534715

6. SteigertJ, Brenner T, Grumann M, Riegger L, Lutz S, Zengerle R, et al. Integrated siphon-based meter-
ing and sedimentation of whole blood on a hydrophilic lab-on-a-disk. Biomedical microdevices. 2007; 9
(5):675-9. PMID: 17505885

7. SteigertJ, Grumann M, Dube M, Streule W, Riegger L, Brenner T, et al. Direct hemoglobin measure-
ment on a centrifugal microfluidic platform for point-of-care diagnostics. Sensors and Actuators A:
Physical. 2006; 130:228-33.

8. Haeberle S, Brenner T, Zengerle R, Ducrée J. Centrifugal extraction of plasma from whole blood on a
rotating disk. Lab on a Chip. 2006; 6(6):776—-81. PMID: 16738730

9. LeeBS, Lee YU, Kim H-S, Kim T-H, Park J, Lee J-G, et al. Fully integrated lab-on-a-disc for simulta-
neous analysis of biochemistry and immunoassay from whole blood. Lab on a Chip. 2011; 11(1):70-8.
doi: 10.1039/c0Ic00205d PMID: 21042620

10. ZhangJ, Guo Q, Liu M, Yang J. A lab-on-CD prototype for high-speed blood separation. Journal of
micromechanics and microengineering. 2008; 18(12):125025.

11.  Kim T-H, Hwang H, Gorkin R, Madou M, Cho Y-K. Geometry effects on blood separation rate on a rotat-
ing disc. Sensors and Actuators B: Chemical. 2013; 178:648-55.

12. Nwankire CE, Czugala M, Burger R, Fraser KJ, Glennon T, Onwuliri BE, et al. A portable centrifugal
analyser for liver function screening. Biosensors and Bioelectronics. 2014; 56:352—8. doi: 10.1016/.
bios.2014.01.031 PMID: 24534553

13. Bdyum A. Isolation of mononuclear cells and granulocytes from human blood. Isolation of monuclear
cells by one centrifugation, and of granulocytes by combining centrifugation and sedimentation at 1 g.
Scandinavian journal of clinical and laboratory investigation Supplementum. 1967; 97:77-89.

14. Noble P, Cutts J. Separation of blood leukocytes by Ficoll gradient. The Canadian Veterinary Journal.
1967; 8(5):110.

15. Tamul KR, Schmitz JL, Kane K, Folds JD. Comparison of the effects of Ficoll-Hypaque separation and
whole blood lysis on results of immunophenotypic analysis of blood and bone marrow samples from
patients with hematologic malignancies. Clinical and diagnostic laboratory immunology. 1995; 2
(3):337—42. PMID: 7545079

16. Fuss |lJ, Kanof ME, Smith PD, Zola H. Isolation of whole mononuclear cells from peripheral blood and
cord blood: Wiley Online Library; 2009.

17. Kanof M, Smith P, Zola H. Preparation of human mononuclear cell populations and subpopulations.
Current protocols in immunology. 1991; 1.

18. Kinahan DJ, Kearney SM, Glynn MT, Ducrée J. Spira mirabilis enhanced whole blood processing in a

lab-on-a-disk. Sensors and Actuators A: Physical. 2014; 215:71-6.

PLOS ONE | DOI:10.1371/journal.pone.0155545 May 11,2016 11/13


http://dx.doi.org/10.1039/b924109d
http://www.ncbi.nlm.nih.gov/pubmed/20512178
http://www.ncbi.nlm.nih.gov/pubmed/16834568
http://www.ncbi.nlm.nih.gov/pubmed/17534715
http://www.ncbi.nlm.nih.gov/pubmed/17505885
http://www.ncbi.nlm.nih.gov/pubmed/16738730
http://dx.doi.org/10.1039/c0lc00205d
http://www.ncbi.nlm.nih.gov/pubmed/21042620
http://dx.doi.org/10.1016/j.bios.2014.01.031
http://dx.doi.org/10.1016/j.bios.2014.01.031
http://www.ncbi.nlm.nih.gov/pubmed/24534553
http://www.ncbi.nlm.nih.gov/pubmed/7545079

@’PLOS ‘ ONE

Extraction of Leukocytes from Blood on Centrifugal Microfluidic Discs

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Nwankire CE, Venkatanarayanan A, Glennon T, Keyes TE, Forster RJ, Ducrée J. Label-free imped-
ance detection of Cancer cells from whole blood on an integrated centrifugal microfluidic platform. Bio-
sensors and Bioelectronics. 2014.

Schaff U, Tentori A, Sommer G, editors. Differential white cell count by centrifugal microfluidics. 14th
International Conference on Miniaturized Systems for Chemistry and Life Sciences Groningen, The
Netherlands; 2010.

Schaff UY, Sommer GJ. Whole blood immunoassay based on centrifugal bead sedimentation. Clinical
chemistry. 2011; 57(5):753-61. doi: 10.1373/clinchem.2011.162206 PMID: 21415382

Gunther A, Jensen KF. Multiphase microfluidics: from flow characteristics to chemical and materials
synthesis. Lab on a Chip. 2006; 6(12):1487-503. PMID: 17203152

Abi-Samra K, Hanson R, Madou M, Gorkin RA llI. Infrared controlled waxes for liquid handling and stor-
age on a CD-microfluidic platform. Lab on a Chip. 2011; 11(4):723-6. doi: 10.1039/c0lc00160k PMID:
21103528

Al-Fagheri W, Ibrahim F, Thio THG, Moebius J, Joseph K, Arof H, et al. Vacuum/compression valving
(VCV) using parrafin-wax on a centrifugal microfluidic CD platform. PloS one. 2013; 8(3):58523. doi:
10.1371/journal.pone.0058523 PMID: 23505528

Garcia-Cordero JL, Kurzbuch D, Benito-Lopez F, Diamond D, Lee LP, Ricco AJ. Optically addressable
single-use microfluidic valves by laser printer lithography. Lab on a Chip. 2010; 10(20):2680—7. doi: 10.
1039/c004980h PMID: 20740236

Chen JM, Huang P-C, Lin M-G. Analysis and experiment of capillary valves for microfluidics on a rotat-
ing disk. Microfluidics and Nanofluidics. 2008; 4(5):427-37.

Moore JL, McCuiston A, Mittendorf I, Ottway R, Johnson RD. Behavior of capillary valves in centrifugal
microfluidic devices prepared by three-dimensional printing. Microfluidics and Nanofluidics. 2011; 10
(4):877-88.

Thio THG, Soroori S, Ibrahim F, Al-Fagheri W, Soin N, Kulinsky L, et al. Theoretical development and
critical analysis of burst frequency equations for passive valves on centrifugal microfluidic platforms.
Medical & biological engineering & computing. 2013; 51(5):525-35.

Gorkin R lll, Nwankire CE, Gaughran J, Zhang X, Donohoe GG, Rook M, et al. Centrifugo-pneumatic
valving utilizing dissolvable films. Lab on a Chip. 2012; 12(16):2894-902. doi: 10.1039/c2Ic20973]
PMID: 22692574

Kinahan DJ, Kearney SM, Dimov N, Glynn MT, Ducrée J. Event-triggered logical flow control for com-
prehensive process integration of multi-step assays on centrifugal microfluidic platforms. Lab on a
Chip. 2014; 14(13):2249-58. doi: 10.1039/c41c00380b PMID: 24811251

Kinahan DJ, Kearney SM, Faneuil OP, Glynn MT, 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 Advances. 2015; 5(3):1818-26.

Siegrist J, Gorkin R, Clime L, Roy E, Peytavi R, Kido H, et al. Serial siphon valving for centrifugal micro-
fluidic platforms. Microfluidics and nanofluidics. 2010; 9(1):55-63.

Kitsara M, Nwankire CE, Walsh L, Hughes G, Somers M, Kurzbuch D, et al. Spin coating of hydrophilic
polymeric films for enhanced centrifugal flow control by serial siphoning. Microfluidics and nanofluidics.
2014; 16(4):691-9.

Nwankire CE, Donohoe GG, Zhang X, Siegrist J, Somers M, Kurzbuch D, et al. At-line bioprocess moni-
toring by immunoassay with rotationally controlled serial siphoning and integrated supercritical angle
fluorescence optics. Analytica chimica acta. 2013; 781:54—62. doi: 10.1016/j.aca.2013.04.016 PMID:
23684465

Gorkin R lII, Clime L, Madou M, Kido H. Pneumatic pumping in centrifugal microfluidic platforms. Micro-
fluidics and nanofluidics. 2010; 9(2-3):541-9.

Godino N, Gorkin R llI, Linares AV, Burger R, Ducrée J. Comprehensive integration of homogeneous
bioassays via centrifugo-pneumatic cascading. Lab on a Chip. 2013; 13(4):685—94. doi: 10.1039/
c2Ic40722a PMID: 23250328

Aeinehvand MM, Ibrahim F, Al-Fagheri W, Thio THG, Kazemzadeh A, Madou M. Latex micro-balloon
pumping in centrifugal microfluidic platforms. Lab on a Chip. 2014; 14(5):988-97. doi: 10.1039/
c3lc51116b PMID: 24441792

Schwemmer F, Zehnle S, Mark D, von Stetten F, Zengerle R, Paust N. A microfluidic timer for timed val-
ving and pumping in centrifugal microfluidics. Lab on a Chip. 2015; 15(6):1545-53. doi: 10.1039/
c4lc01269k PMID: 25648105

Zehnle S, Roth G, Stetten FV, Zengerle R, Paust N. Centrifugo-dynamic inward pumping of liquids on a
centrifugal microfluidic platform. Lab on a Chip. 2012; 12(24):5142-5. doi: 10.1039/c2Ic40942a PMID:
23108455

PLOS ONE | DOI:10.1371/journal.pone.0155545 May 11,2016 12/13


http://dx.doi.org/10.1373/clinchem.2011.162206
http://www.ncbi.nlm.nih.gov/pubmed/21415382
http://www.ncbi.nlm.nih.gov/pubmed/17203152
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/10.1039/c004980h
http://dx.doi.org/10.1039/c004980h
http://www.ncbi.nlm.nih.gov/pubmed/20740236
http://dx.doi.org/10.1039/c2lc20973j
http://www.ncbi.nlm.nih.gov/pubmed/22692574
http://dx.doi.org/10.1039/c4lc00380b
http://www.ncbi.nlm.nih.gov/pubmed/24811251
http://dx.doi.org/10.1016/j.aca.2013.04.016
http://www.ncbi.nlm.nih.gov/pubmed/23684465
http://dx.doi.org/10.1039/c2lc40722a
http://dx.doi.org/10.1039/c2lc40722a
http://www.ncbi.nlm.nih.gov/pubmed/23250328
http://dx.doi.org/10.1039/c3lc51116b
http://dx.doi.org/10.1039/c3lc51116b
http://www.ncbi.nlm.nih.gov/pubmed/24441792
http://dx.doi.org/10.1039/c4lc01269k
http://dx.doi.org/10.1039/c4lc01269k
http://www.ncbi.nlm.nih.gov/pubmed/25648105
http://dx.doi.org/10.1039/c2lc40942a
http://www.ncbi.nlm.nih.gov/pubmed/23108455

@’PLOS ‘ ONE

Extraction of Leukocytes from Blood on Centrifugal Microfluidic Discs

40.

41.

42.

43.

44,

45.

46.

Grumann M, Brenner T, Beer C, Zengerle R, Ducrée J. Visualization of flow patterning in high-speed
centrifugal microfluidics. Review of scientific instruments. 2005; 76(2):025101.

Schneider CA, Rasband WS, Eliceiri KW. NIH Image to ImagedJ: 25 years of image analysis. Nature
methods. 2012; 9(7):671-5. PMID: 22930834

Aguirre GR, Efremov V, Kitsara M, Ducrée J. Integrated micromixer for incubation and separation of
cancer cells on a centrifugal platform using inertial and dean forces. Microfluidics and Nanofluidics.1—
14.

Glynn M, Kirby D, Chung D, Kinahan DJ, Kijanka G, Ducree J. Centrifugo-Magnetophoretic Purification
of CD4+ Cells from Whole Blood Toward Future HIV/AIDS Point-of-Care Applications. J Lab Autom.
2013; 19(3):285-96. doi: 10.1177/2211068213504759 PMID: 24056858.

Glynn MT, Kinahan DJ, Ducrée J. Rapid, low-cost and instrument-free CD4+ cell counting for HIV diag-
nostics in resource-poor settings. Lab on a Chip. 2014; 14(15):2844-51. doi: 10.1039/c41c00264d
PMID: 24911165

Burger R, Kirby D, Glynn M, Nwankire C, O'Sullivan M, Siegrist J, et al. Centrifugal microfluidics for cell
analysis. Current opinion in chemical biology. 2012; 16(3):409-14.

Burger R, Reith P, Kijanka G, Akujobi V, Abgrall P, Ducrée J. Array-based capture, distribution, count-
ing and multiplexed assaying of beads on a centrifugal microfluidic platform. Lab on a Chip. 2012; 12
(7):1289-95. doi: 10.1039/c2Ic21170j PMID: 22334354

PLOS ONE | DOI:10.1371/journal.pone.0155545 May 11,2016 13/13


http://www.ncbi.nlm.nih.gov/pubmed/22930834
http://dx.doi.org/10.1177/2211068213504759
http://www.ncbi.nlm.nih.gov/pubmed/24056858
http://dx.doi.org/10.1039/c4lc00264d
http://www.ncbi.nlm.nih.gov/pubmed/24911165
http://dx.doi.org/10.1039/c2lc21170j
http://www.ncbi.nlm.nih.gov/pubmed/22334354

