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Abstract: Lab-on-a-Disc (LoaD) has great potential for applications in decentralised bioanalytical
testing where speed and robustness are critical. Here, a disc-shaped microfluidic chip is rotated to
pump liquid radially outwards; thus, all microfluidic structures must be fitted into the available
radial length. To overcome this limitation, several centripetal pumping technologies have been
developed. In this work, we combine buoyancy pumping, enabled by displacing aqueous samples
and reagents centripetally inwards by a dense liquid (fluorocarbon FC-40), with dissolvable film
(DF) to automate a multi-step assay. The DF dissolves in the presence of water but is not in contact
with the FC-40. Therefore, the FC-40 can be stored behind the DF membranes and is autonomously
released by contact with the arriving aqueous sample. Using this technology, tasks such as blood
centrifugation can be located on the disc periphery where ‘disc real estate’ is less valuable and
centrifugal forces are higher. To demonstrate this, we use the combination of the buoyancy-driven
centripetal pumping with DF barriers to implement a fully automated multi-parameter diagnostic
assay on the LoaD platform. The implemented steps include plasma extraction from a structure,
automatically triggered metering/aliquoting, and the management of five onboard stored liquid
reagents. Critically, we also demonstrate highly accurate aliquoting of reagents using centripetal
pumping. We also provide a mathematical model to describe the pumping mechanism and apply
lumped-element modelling and Monte Carlo simulation to estimate errors in the aliquoting volumes
caused by manufacturing deviations.

Keywords: lab-on-a-disc; centrifugal microfluidics; centripetal pumping; buoyancy; metering

1. Introduction

On centrifugal microfluidic systems [1–7], also called Lab-on-a-Disc (LoaD) platforms,
liquid handling protocols are integrated and automated on a cartridge that typically exhibits
dimensions similar to disc-shaped optical data storage media (e.g., CD or DVD). These
LoaD platforms offer conceptually simple liquid handling within a disposable cartridge
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with user-friendly ‘world-to-chip’ interfacing. Furthermore, the centrifugal field, and thus
the sedimentation force and (equivalent) pumping pressure, can be varied by orders of
magnitude by modifying the speed of the disc rotation. The resulting ruggedness, cost-
efficiency, autonomy, and portability make the LoaD platform a promising candidate for
bioanalytical assay automation in decentralised/low-resource settings, e.g., for point-of-
care testing [3], in-field environmental monitoring [8–10], at-line bioprocess monitoring [11],
and global diagnostics [12].

However, the unidirectional nature of the centrifugal field, combined with the disc’s
finite radial extension, severely restricts the space to perform discrete Laboratory Unit
Operations (LUOs) [4] such as mixing and metering. As a consequence, initial sample
preparation modules such as centrifugal plasma extraction [13,14] must be placed near
the centre where sedimentation forces, which scale linearly with the radial position, are
smallest. Similarly, reagent reservoirs must be located near the axis of rotation where disc
real estate is limited and precious.

To address this limitation, a repertoire of centripetal pumping methods has been
developed. In a common approach, external support instrumentation directly or indirectly
applies pressure to pump liquids radially inwards. These ancillary energy sources include
compressed air bottles [8], micro-pumps integrated into the spindle motor [15], heaters to
expand trapped gas [16], and electric power driving on-disc electrolysis [17]. Although
undoubtedly useful, these methods require additional and often specialised equipment
beyond a conventional spindle motor and so critically compromise the inherently simple
instrumentation of LoaD systems.

Non-instrumentation-based methods have also been implemented, for instance, the
capillary force has been used to reciprocally pump liquid inwards and outwards on a
centrifugal system [18]. Approaches that compress and then rapidly expand a trapped
gas have also demonstrated great potential. In this approach, the rapid acceleration of the
disc spin rate pressurises a gas pocket [19]; upon subsequent deceleration, this gas pocket
expands to propel centripetal pumping [20–22]. This has also been applied to sample
aliquoting/metering [23]. However, the efficiency of this technique usually relies on the
ratio of the flow resistances of the inlet and outlet channels and the use of a powerful motor
to vigorously change the rate of rotation. In a notable exception, using immiscible liquid
check valves with pumping structures has permitted efficient pumping at more sedate
acceleration/deceleration profiles [24]. Chemical pumping, where gas is released from a
chemical reaction and displaces a liquid inwards, has also been demonstrated to have a
good effect [24–26].

Alongside approaches using gas expansion, liquid displacement pumping has also
been demonstrated. In a positive displacement approach [27], an ancillary pumping liquid
is stored near the centre of the disc. In this paper, pumping is via direct displacement
by immiscible liquid (carbon tetrachloride, specific gravity (SG) of ~1.6) and indirect
displacement, where the pumping liquid is separated from the sample by a pocket of
trapped air. In a similar method based on negative displacement [28], an intermediary air
pocket is used as a ‘microfluidic pulley’ to drive liquid from the periphery to the centre of
rotation. A disadvantage of both concepts is the requirement for laborious and complex
sample loading procedures and sealing to create trapped gas pockets. Similarly, the use of
capillary burst valves limits the practical range of operational spin frequencies.

Based on water-dissolvable film (DF) technology [29–31], we recently introduced a
new ‘event-triggered’ flow control paradigm [32–34], whereby valving is actuated by the
arrival of liquid at strategic locations on the disc. In particular, we demonstrated the
use of a DF valve to initially restrain a heavier, non-aqueous, and low-viscosity ancillary
pumping liquid (FC-40 fluorocarbon, specific gravity ~1.85) [35], which is largely chemically
inert. The DF is then dissolved in contact with an aqueous sample to initiate pumping by
displacement. This centripetal pumping approach was used to aliquot/spatially multiplex
a sample to multiple reservoirs.



Processes 2023, 11, 128 3 of 15

In this paper, we build on the pumping methods previously described [35] by devel-
oping a detailed model of the functionality of the pumping mechanism. We also investigate
the impact that manufacturing tolerances/deviations have on the volumes of liquid trans-
ferred by fluidic pumping using Monte Carlo simulation. Next, we demonstrate the ability
of this DF-controlled pumping mechanism to move a liquid radially inwards and out-
wards multiple times at a fixed disc spin rate. Finally, we demonstrate how the control
of buoyancy-driven pumping via DFs leverages accurate metering towards automating a
multi-step liver assay panel [31,34].

2. Materials and Methods
2.1. Disc Manufacture and Assembly

The microfluidic cartridges used in this study were assembled with four layers
of Poly(methyl methacrylate) (PMMA) and four layers of Pressure Sensitive Adhesive
(PSA, Adhesives Research, Limerick, Ireland) by a previously described multi-lamination
method [32]. Microchannels and other small features were cut into 86 µm thick PSA [36]
using a knife cutter (Graphtec, Yokohama, Japan). Larger features such as reservoirs were
laser cut (Epilog Zing, Golden, CO, USA) in 1.5 mm PMMA. These disc-shaped layers were
manually aligned on a custom assembly jig and subsequently sealed using hot-roll lamina-
tion (Hot Roll Laminator, Chemsultant Int., Mentor, OH, USA). DF tabs were incorporated
into the disc as described previously [32].

2.2. Experimental Test Stand

As the discs must be tested under rotation, they were characterised using an experi-
mental test platform commonly referred to as a “spin stand” [37–39]. A computer-controlled
motor (Faulhaber Minimotor SA, Croglio, Switzerland) spun the discs at defined rates,
which were read out by an integrated encoder. The rotation was synchronised using custom
hardware with a stroboscopic light source (Drelloscop 3244, Drello, Moenchengladbach,
Germany) and a sensitive, short-exposure time camera (Pixelfly, PCO, Kelheim, Germany).
Due to the stroboscopic principle, a stationary image of the same disc section was obtained
for each rotation. Aside from where otherwise specified, all discs were tested at a 30 Hz
rate of rotation. The discs were accelerated and slowed down at 12.5 Hz s−1. Image frames
were acquired at a rate of ~6 Hz as individual files (PCO’s propriety format) and converted
to png format for later use.

2.3. Absorbance Measurements

For the liver assay panel, samples were removed from the discs and measured using
a commercial plate reader (TECAN Infinite® 200 PRO) from transparent, flat-bottomed
microtitre plates (Greiner) loaded with a 120 µL sample volume. The calibrant reagent was
also processed on-bench using the reduced volume protocol reported previously [31].

3. Pumping Concepts
3.1. Fundamental Description of Pumping Mechanism

Within the interconnected channel network shown in Figures 1 and 2, hydrostatic
equilibrium was characterised by stacked segments of lighter water (aq) on top of the
immiscible FC-40. The liquid levels established once the hydrostatic pressure

∆pj = 0.5ω2 ∑
i

ρi(R2
i,j − r2

i,j) (1)

was induced by rotation at an angular frequency of ω = 2πν, were balanced between all
arms j (where ν is the disc spin rate in Hz). In (1), the inner and outer radial positions of the
plugs are denoted by ri,j and Ri,j, respectively, where i refers to the liquid (i ∈ 〈aq, FC〉 of
density ρi) and j refers to an arm (microchannel) of the pumping structure (j ∈ 〈A, B, C〉).
The immiscible liquids in this work are water (aq) and FC-40.
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Figure 1. Basic pumping concept. (a) Disc loaded at a lower spin rate. The FC-40 (red) is restrained
by a DF table. The aqueous sample (yellow) is stopped by a capillary valve. (b) Upon elevation of the
spin rate beyond its burst frequency, the sample is transferred into the pumping chamber through arm
A. The DF is wetted and opened. (c) The high-density FC-40 is centrifugally pumped (arm C) to flow
underneath and then lift the aqueous layer. The sample is then displaced radially inwards (arm B) into
the collection chamber. (d) Pumping is completed when the system reaches hydrostatic equilibrium.
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Figure 2. Effect of the location of the pumping reservoir and the density of the pumping liquid on the
radial distance to which the sample can be pumped. Here, it is assumed that the sample is pumped from
a chamber at or radially outward of 50 mm (Raq,B). (a) Basic pumping structure displaying reservoirs
for the high-density pumping liquid and sample. Arm A, arm B, and arm C correspond to the inlet
arm, outlet arm, and pumping liquid arm, as defined in Figure 1. (b) The location of the outlet of the
reservoir (rFC,C) is on the minimum radial location of the inlet to the receiving reservoir (raq,B), where a
sample must be pumped centripetally from a radius of 50 mm. Here, should the pumping reservoir
outlet be located at rFC,C = 40 mm, it might be expected that the sample can be pumped centripetally to
raq,B = 29 mm should the pumping liquid be FC-40, but only to 38 mm if the pumping liquid is typical
heavy oil (SG 1.1). Should the outlet of the pumping reservoir (rFC,C) be located radially inwards of
33 mm, FC-40 can displace the aqueous sample to the centre of the rotation.

At first (Figure 1a,b), the denser FC-40 in arm C is restrained by a DF barrier so
the aqueous sample seeks equal filling levels in arms A and B to balance the hydrostatic
pressures in each arm. Due to the large channel expansion, most of the water volume Vaq
will now reside in central channel B. Upon dissolution of the DF (Figure 1b,c) by the sample,
FC-40 is introduced (Figure 1c) into the network. Owing to the density difference ρFC > ρaq,
the immiscible FC-40 of volume VFC stays radially outwards, thus centripetally displacing
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the lighter water radially inwards. At the same time, the immiscible FC-40 isolates the
water plugs in the branches from each other and so accurately meters the sample.

Once the DF dissolves, the system moves towards a new hydrostatic equilibrium. Here,
the hydrostatic pressure created in arm C by FC-40 must equal the hydrostatic pressure in
arm A (a combination of FC-40 and water) and arm B (also a combination of FC-40 and
water). Referring to Figure 1c, and disregarding arm A, at a given point in time during
the pumping, we can define RFC,BC as the radially outward boundary of FC-40 shared by
both arms B and C (i.e., where FC-40 from arm C flows into arm B). In arm C, rFC,C is the
radially inward location of the FC-40 liquid element. Furthermore, the liquid in arm B can
be divided into two elements: an inner element of an aqueous liquid (defined between
inner radial location raq,B and outer radial location Raq,B) and an outer element of FC-40
(defined between the interface of Raq,B and RFC,BC).

Thus, the hydrostatic pressure equilibrium (1) can then be rewritten as

ρaq

(
R2

aq,B − r2
aq,B

)
+ ρFC

(
R2

FC,BC − R2
aq,B

)
= ρFC

(
R2

FC,BC − r2
FC,C

)
(2)

but because both arms are filled with FC-40 radially outward of Raq,B, we can use this point
as a reference datum level and simplify (2) to

ρaq

(
R2

aq,B − r2
aq,B

)
= ρFC

(
R2

aq,B − r2
FC,C

)
(3)

where, under static flow conditions, the hydrostatic pressure at point Raq,B in both arms B
and C is equal. Rearranging the equation in terms of raq,B, which is the inner radial position
to which the sample can be pumped, this equation becomes

raq,B =

√√√√
R2

aq,B −
ρFC

(
R2

aq,B − r2
FC,C

)
ρaq

(4)

Analysing Equation (4), it must be noted that for optimal pumping, raq,B → 0 ; in
physical terms to indicate that the sample liquid can, if necessary, be displaced to the centre

of rotation of the disc. This condition can be met when
ρFC

(
R2

aq,B−r2
FC,C

)
ρaq

= R2
aq,B.

Should R2
aq,B >

ρFC

(
R2

aq,B−r2
FC,C

)
ρaq

, the system will reach an equilibrium condition such
that raq,B > 0; the sample cannot be displaced to the centre of rotation. However, should
ρFC

(
R2

aq,B−r2
FC,C

)
ρaq

> R2
aq,B , the system will be out of equilibrium and the sample will continue

to pump (which, due to liquid displacement, decreases Raq,B while increasing rFC,C) until it

reaches an equilibrium condition of
ρFC

(
R2

aq,B−r2
FC,C

)
ρaq

= R2
aq,B . Thus, it can be determined

that, in general, pumping efficiency can be maximised by ensuring
ρFC

(
R2

aq,B−r2
FC,C

)
ρaq

is as
large as possible. Physically, this means the density ratio of the pumping liquid to the
sample must be as large as possible (i.e., increase the relative buoyancy of the sample) and
the pumping liquid in arm C must be as radially inwards as possible (thus increasing the
potential energy of the pumping liquid). This distance is defined in Figure 2a as the transfer
zone. In Figure 2b, Equation (4) is used to calculate the relationship between the location
of the pumping reservoir (rFC,C) and the inlet to the receiving reservoir (raq,B) for a fixed
radially outward location (Raq,B = 50 mm). This demonstrates the impact of the location
of the pumping reservoir and the relative density of the pumping liquid on the ability to
displace liquid inwards.

If careful design is not considered, it is possible that the sample could be displaced
from the disc through venting structures and cause unintended leaks. It is, therefore,
important to consider the shape of pumping structures, the volume of sample used, and the
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radial location of both the pumping chamber and sample collection chambers. As described
in Section 3.2 and shown in Figure 3, manufacturing tolerances must be taken into account.
The shape and radial location of the sample reservoir must also be considered. To this end
and as illustrated in Figure 2, a list of design recommendations is provided:

• The sample volume Vaq should slightly exceed the volume of the pumping chamber.
The sample will be metered by a pumping chamber and overflow will be returned
to the sample reservoir. For example, in the reciprocal pumping design shown in
Figure 4, a 90 µL volume is loaded and pumping chamber #1 is designed to be filled
with 80 µL, and it is estimated that 80 µL is pumped to the next chamber (pumping
chamber #2). In the case of the design shown in Figure 4, pumping chamber #2 and
subsequent chambers, are sequentially smaller in size to ensure that they are filled by
the sample prior to pumping.

• Channel/reservoir volumes in the transfer zone (see Figure 2) should be as small as
possible to minimise the volume of the pumping liquid required.

• Before DF opening, the volume of pumping liquid VFC located radially inwards of
rFC,C should slightly exceed the total dead volume of the reservoirs/channels located
in the transfer and pumping zones. When pumping completes, the inner location of
the pumping liquid should be at or radially inwards of rFC,C.

• No air vents should be located in the transfer zone in order to prevent leakage of the
sample or pumping liquid during operation.

• The receiving reservoir radius, raq,B, should be radially inwards of the pumping
reservoir rFC,C. This prevents the pumping liquid from being displaced into the sample
collection reservoir (which might cause issues with later downstream processing).

• The length and cross-section of the connecting microchannels should be minimised as
much as possible to reduce sample loss.

• Variations in the microchannel parameters due to manufacturing tolerances should be
taken into account in the designing phase.
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Figure 3. Monte Carlo simulation (99,999 runs) for the distribution of (aqueous) sample from a
chamber in an injection-moulded part. The chamber has a nominal volume of 80 µL (dimensions
12.5 mm long, 8 mm wide, and 1 mm deep) and the model assumes manufacturing of an 8 µm
systematic thermal shrinkage and a 2 µm tolerance in thickness.
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Figure 4. Multi-step reciprocating pumping is demonstrated using coloured water and FC-40. The
organic-based FC-40 is prevented from entering the pumping chamber from the underside by the
water-specific DFs. Hidden connecting channels are illustrated by dashed yellow lines. The sample
is loaded and the disc is rotated at 30 Hz. Pumping chamber #1 fills with dyed water and wets the
DF from the topside. Due to its higher density, the released FC-40 flows underneath the coloured
water, which is then displaced radially inwards. This sample is then pumped radially outwards to
the next pumping chamber. This buoyancy-driven reciprocation of flow is repeated four times. Note
that the volume of the pumping chambers decreases due to losses. However, this volume reduction
also accurately meters the samples pumped from each chamber (see Videos S1 and S2 in ESI).

3.2. Simulation of Manufacturing Tolerances

The mechanism of buoyancy-based centripetal pumping described in this paper can
provide a mechanism for splitting and metering volumes of liquid [35]. For a LoaD to
become a commercially viable prospect, the capability to mass-produce microfluidic discs
must be demonstrated. In particular, the capability to inject mould discs [40] in an accurate
and repeatable manner is key. Although the discs used in this study are manufactured
using multi-layer methods as previously described [32], we analysed the impact that
manufacturing tolerances have on a fluidic volume using Monte Carlo methods. As shown
in Figure 3, dimensional variations, which are typical of high-precision injection moulding,
resulted in a reduction in the volume of ~600 nL from an 80 µL chamber (~0.75%). Pumping
liquid from smaller chambers manufactured with the same tolerances is expected to result in
a larger percentage variation in the volume displaced. Furthermore, even larger variations
in the volume pumped can be expected if using lower precision manufacturing such as the
multi-layer method used in this paper.

3.3. Multi-Step Pumping

The basic principle described in Figure 1 can be applied to bidirectionally pump a sin-
gle sample without any change in the disc spin rate. This multi-step pumping demonstrates
the capability to reciprocate a liquid sample without impacting upstream or downstream
LUOs, which might depend on a specific spin profile of the disc.

Figure 4 shows a structure that can pump a sample radially outwards and inwards
four times. Here, the DF restraining the FC-40 is located at the top of the pumping chamber;
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pumping is only triggered when this chamber is filled. Additionally, this structure also
allows accurate metering. Before the dissolution of the DFs, the aqueous sample reaches
hydrostatic equilibrium (in a state similar to that in Figure 1a). Assuming the outlet, arm
B, extends radially inwards of the loading chamber on arm A, once the structure is filled
beyond its capacity, hydrostatic equilibrium is reached where the sample fully occupies
the pumping chamber and partially fills the loading chamber and arm B to the same radial
height. As the cross-sectional area of arm B is smaller than that of the reservoir (~0.05 mm2

vs. 15 mm2), any excess volume that is loaded will almost entirely be pumped back up arm
A rather than being pumped forwards through arm B.

In the structure shown in Figure 4, when the sample enters the pumping chambers,
the first DF dissolves. The sample is then displaced radially inwards by the inflow of FC-40.
Informed by the analysis described in Section 3.2, the geometries of the pumping chambers
are successively smaller than the volume pumped into them. This ensures that the DFs are
wetted and the system accurately meters the liquid to the volumes defined by the chamber
dimension. The remaining volume (overflow) pumped into each chamber is returned up
the inlet arm, ensuring that the metered volume is dependent only on the volume of the
metering chamber.

3.4. Recirculating Multi-Step Pumping

Figure 5 shows a more advanced version of the basic pumping structure. Here, when
the DF is dissolved, the sample is displaced radially inwards on top of the FC-40 volume.
Effectively, controlled recirculation is used to invert the system, whereby the lighter liquid
is layered on top of the heavier liquid. As this happens, the FC-40 levels are reduced
until the water-dissolvable film is exposed to the aqueous sample. The dissolving of this
film allows the reagent to be directed into a peripheral sample collection chamber. This
approach has several advantages. In the first case, the hydraulic pumping efficiency is
enhanced as the aqueous sample layered on top of the FC-40 contributes to the buoyancy
effect. Importantly, this concept allows significant space saving at the radially inward
section of the disc, where real estate is at a premium. Thus, it might allow the automation
of assays of greater complexities in smaller spaces by permitting the pumping of samples
inwards multiple times from the edge of the disc.
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Figure 5. Recirculating pumping. (a) Disc cartridge in the initial configuration. At the start, non-
aqueous FC-40 is restrained by the lower DF from entering the pumping chamber and by the upper DF
from entering the collection chamber. The sample is restrained behind a DF burst valve. Connecting
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channels on the underside of the disc are shown with dashed yellow lines. (b) The spin rate is increased
and centrifugally drives the sample into the pumping chamber. (c) The lower DF is wetted to pneumati-
cally release the FC-40. (d,e) The recirculating flow is powered by the centripetal displacement of the
sample containing the higher-density FC-40. This process continues until hydrostatic equilibrium is
reached. (f) The upper DF is wetted by the (aqueous) sample and dissolves. (g,h) The sample is released
to the collection chamber representing further LUOs. Note that in the experiment above, the volumes of
FC-40 were tailored to minimise both the amount of FC-40 passed to the collection chamber and the
volume of sample lost during pumping. Proper reduction of this FC-40 volume permits metering of the
sample in the upper chamber (see also Videos S3 and S4 in the ESI).

3.5. Sample Aliquoting

As mentioned previously, DF-mediated buoyancy pumping can also allow a sam-
ple to be evenly and accurately split and metered and the excess sample will be re-
turned through the loading channel. To demonstrate this capability, a combined aliquot-
ing/metering/pumping structure is developed. This design is composed of four inverted
pockets where three identical, defined pockets effectuate aliquoting and the fourth structure
acts effectively as a waste or ‘overflow’ chamber.

In this approach (Figure 6), the sample is pumped into the metering structure and the
DF is dissolved to initiate pumping. In the ideal case, the sample should fully occupy the
metering structures before the DF dissolves (Figure 6c). As the FC-40 is released, the larger
waste chamber is filled with the sample until the sample is discretised (Figure 6d). Here,
the sample is pumped inwards and accurately aliquoted (Figure 6e,f).
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Figure 6. Schematic of metering function. Here, the sample is aliquoted into three identical volumes.
(a) Metering structure. (b) The sample (yellow) enters the system and wets the DF. (c) The sample fills
the structure. Within the 40 s dissolution time of the DF, the filling of the metering structure completes.
(d) FC-40 (red) is released and centripetally displaces the lighter sample. The sample aliquots are
isolated once their outer end has fully risen into the V-shaped metering structures. (e,f) The system
seeks hydrostatic equilibrium by centripetal pumping of the aliquoted and metered samples.

The metering structure presented in Figure 6 (also Figures 7 and 8) was characterised
by the absorbance of dyed water using a method described previously [30]. Briefly, samples
of dyed water were aliquoted, metered, and pumped to chambers on a disc, which were
pre-loaded with a known volume of undyed water. At this point, the dyed water and
non-dyed water mixed. The dye concentration in this mixture, measured via absorbance,
was compared to a standard curve to estimate the initial volume of dyed water added
to the chamber. The structures used in this study were found by this method to meter
24.4 µL ± 280 nL (n = 9); only a slight deviation from the nominal design value of 25 µL.
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Figure 7. (a) Schematic of multi-parameter disc with the optimised spatial distribution of chambers.
Note that the crossing channels are enabled by the multilayer architecture. (b) The operational spin
protocols. The spin rates used are defined in the article text.
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4. Liver Assay Panel 

Figure 8. Disc designed for integrated bio-assays using integrated metering/mixing/pumping. (a) The
disc is pre-loaded with FC-40 as the pumping liquid, clear (DI) water and dyed water to represent the
bio-reagents, and working sample (blood/plasma), respectively. Connecting channels on the underside
of the disc are shown by dashed yellow lines. (b) Increasing the spin rate to 30 Hz (Figure 7b) releases
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dyed water into the metering structure. (c) The DF located in the metering structure opens to release
the FC-40. The sample is aliquoted, accurately metered, and pumped radially inwards. (d) The
sample is added to Reagents A, B, and C and mixed using the rotational ‘shake mode’-induced Euler
force. (e) After 3 min, the spin rate is increased to 45 Hz and plasma/Reagent B solution is released
into the read chamber where it mixes with the ‘stop reagent’ Reagent B’. (f) Similarly, after a further 12
min, the spin rate is increased to 55 Hz and the plasma/Reagent C solution is mixed with Reagent C’.
Note that the disc shown in this figure has an identical function but a slightly different architecture
(location of waste collection chamber; size of read chambers) compared to the disc shown in Video S5
(the disc in Video S5 was used to generate the results described in Section 4).

This structure can accurately aliquot and meter samples and then deliver them to dis-
tant locations on the disc. Rather than using a conventional metering structure, which often
uses valves with significant dead volumes, the outlet from this structure is a microchannel
of a minimal cross-section (0.5 × 0.086 mm2, as manufactured using the methods described
here). If extended across the entire 120 mm diameter of a typical disc, this microchannel
has a maximum dead volume of ~5 µL. Additionally, unlike conventional DF-valving
technologies, metering using open microchannels is compatible with all non-aqueous
liquids [41].

4. Liver Assay Panel

To exemplify how this pumping mechanism can be used for a multi-parameter bioas-
say, a liquid-handling protocol is developed to implement a three-parameter liver assay
panel (Figure 7a). This structure is then tested using a calibrant (provided in the test kit) in
lieu of a blood sample.

Three parameters are tested using the protocol and calibrant/reagents previously
described [28]. Direct Bilirubin (DB, Reagent A) is an endpoint assay where the sample
is added to the reagent and incubated. For Alkaline Phosphatase (ALP), the sample is
added to the ALP reagent (Reagent B) and mixed for 3 min. After this reaction interval,
the mixture is transferred to another chamber filled with ALP stop reagent (Reagent B’).
Similarly, for Total Bilirubin (TB), the sample is added to the TB reagent (Reagent C) and
incubated for 10 min before being transferred to another chamber to mix with the TB stop
reagent (Reagent C’). As shown in the experiment’s spin protocol (Figure 7b), the sample is
first centrifuged near the periphery of the disc, where the centrifugal field is strongest, to
support fast blood separation. The mechanism of operation of the DF valves used has been
previously described [29], whereas the particular architecture implemented in this paper is
based on the work by Mishra et al. [42].

Subsequent reagent mixing is implemented using ‘shake mode’ [43], i.e., rapid cycles
of disc acceleration and slowdown. The timed transfer of the stop reagents about the disc
is governed by centrifugo-pneumatic DF valves, which are tuned to burst at 45 Hz (transfer
Reagent B to Reagent B’) and 55 Hz (transfer Reagent C to Reagent C’). The operation of
this disc is shown in Figure 8.

The results obtained using the calibrant sample are shown in Figure 9. The results
acquired for ALP and TB show good agreement with the benchtop controls, whereas the
results from the DB assay do not show good agreement. However, as the results from
all three assays show good precision (i.e., minimal experiment-to-experiment variations),
it can be surmised that this inaccuracy is a result of a systemic problem with the disc
design, for example, unaccounted sample loss between the pumping structure and the
Reagent A chamber. However, as the innovation focus of this work is on describing
fully this buoyancy pumping and metering mechanism and from the good precision of
this assay, it can be surmised that with a greater focus on assay optimisation and more
reproducible manufacturing methods, the metering/pumping method could be used to
reach a performance comparable to current ‘gold standard’ methods.
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Figure 9. Comparison of benchtop results (n = 5) vs. sample processed on disc (n = 3). The 0%
calibrant (i.e., for baseline subtraction) was DI water. The 100% calibrants are 21.2 µmol L−1 DB,
127 U L−1 ALP, and 29.2 µmol L−1, respectively.

5. Conclusions and Outlook

In this work, we have presented a buoyancy-driven pumping technique controlled
using dissolvable film valves driven by an (ancillary) immiscible liquid that centripetally
displaces a lower-density aqueous liquid (sample). This new technology offers a number
of advantages related to both the higher centrifugal field present in this area of the disc
and the large available area at the edge of the disc. For example, blood processing, which
takes place at the edge of the disc with plasma centripetally pumped inwards, will be much
faster than if the blood is centrifuged near the centre of the disc. Furthermore, reagent
reservoirs can be placed at the outer rim of the disc where a lot of space is available. For
example, on a conventional CD-format disc with an outer diameter of 12 cm and an inner
hole measuring 1.5 cm, more than 30% of its surface area is located within 10 mm of the
outer edge. Conversely, less than 8.5% is contained within 10 mm of the inner edge around
the central hole. Importantly, as shown in Figure 2, with a sufficient density difference
between the pumping liquid and the sample, a reservoir of pumping liquid can be located
in the ‘middle’ of the disc and generate sufficient buoyancy to displace a liquid to the more
valuable inner locations of the disc.

The DFs dissolve upon contact with the (aqueous) sample so the initiation of centripetal
pumping is ‘event triggered’; it is actuated by the movement of liquid into a reservoir.
As the DFs can take up to 40 s to dissolve, the sample can enter the chamber fully before
pumping is initiated. Any centrifugally pumped liquid flow on the Lab-on-a-Disc will only
occur at a minimum disc spin rate, which is largely defined by parameters such as the
geometry of the disc structures (e.g., microchannel cross-sections) and the contact angle
between the liquid and the disc material [44], as well as the density of the liquids and the
radial length and location of the fluid plugs. However, provided these interfacial effects
are overcome by a minimum disc spin rate (found in this work to be approximately 15 Hz),
the pumping method is largely independent of the spin rate so the method has a minimal
impact on upstream and downstream LUOs, which might be dependent on a specific spin
profile. As demonstrated, the method also has an inherent capability to accurately meter
and aliquot samples during pumping from the disc periphery.

The combination of aqueous samples, water DFs, and non-aqueous dense pumping
liquids can increase the number and nature of LUOs that can be integrated on the centrifugal
platform, and thus offers an important step towards the development of highly automated
and parallelised multi-parameter bioassay protocols.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/pr11010128/s1, Video S1: Single Pumping, Video S2: Multistep Pumping,
Video S3: Recirculating Pumping, Video S4: Multistep Recirculating Pumping, Video S5: Liver Assay
Panel Disc.
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