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ABSTRACT: Sample preparation is often a critical and labor-
intensive step in molecular biology and analytical chemistry. It
bottlenecks biological assays, where liquid-handling speed and
technique influence the outcome. While automation improves
efficiency, traditional systems such as robotic platforms remain
costly, complex, and resource-intensive to manufacture. Centrifugal
microfluidic devices provide liquid-handling operations at the
microliter scale by using microfluidic channels and chambers
engraved on disks (Lab-On-A-Disk, LOAD). However, their
monolithic design limits flexibility and demands microfluidic
expertise, thereby increasing prototyping time and costs, while
discouraging broader adoption. To address these limitations, we
introduce modular microfluidic chips that are integrable and
functional on both LOAD platforms and commercial centrifuges, enabling broad laboratory use without additional equipment. These
interchangeable modules perform specific functions—dispensing, metering, mixing, pooling, and collection—without requiring extra
components for leak-proof interconnection. Their detachability from the rotating support allows fluid control through “flipping”
relative to the centrifugal force. Additionally, they are compatible with multiwell plates and stackable in swinging-bucket centrifuges,
enabling high-throughput sample preparation. As a proof of concept, an enzymatic assay was performed by using several assemblies
of modules in parallel. After the reagents were mixed and transferred into a well plate, absorbance was measured at three antibiotic
concentrations, confirming accurate volume control and reproducible measurements. This modular approach enhances
miniaturization, compatibility, and affordability while reducing the reliance on expensive and bulky robotic systems. By simplifying
workflows and improving flexibility, this provides an efficient alternative for rapid and scalable sample preparation.

B INTRODUCTION standard platforms may bring user-friendliness, cost-efficiency,
and high throughput. However, automation and the combina-
tion of multiple centrifuge-based operations remain challeng-
ing. Moreover, the selection of appropriate volumes of each
sample or reagent still requires intense pipetting, while volume
downscaling (miniaturization) is constrained by the pipetting
accuracy and quality.

Centrifugal microfluidics enhances miniaturization and
automation by seamlessly combining multiple unit operations
(e.g, dispensing, metering, mixing, and trapping). With
minimal instrumentation, samples can be moved radially
outward through microfluidic channels integrated into a
rotating platform. Traditionally, this platform is configured as
a monolithic microfluidic disk (so-called Lab-On-A-Disk,
LOAD)."> However, the throughput of such systems, namely,
the number of assays performed in parallel, is constrained by

Sample preparation is a critical step in molecular biology and
analytical chemistry. It often involves complex workflows, such
as those required for cell assays' and drug analysis.”’
Currently, liquid dispensing/handling is performed either
manually by an operator or through specialized robotic
equipment. Manual handling, while common, is labor-intensive
and prone to variability, introducing a bottleneck in high-
throughput applications.” ® In contrast, robotic platforms
automate sample preparation, reducing human intervention,
minimizing errors, and improving the speed and quality of
sample preparation.7 However, these systems are characterized
by high upfront costs, technical complexity, and the need for
expertise in instrumentation and maintenance. As a result, they
are less well-suited for resource-limited environments, such as
smaller laboratories, where researchers prioritize affordable and
easy-to-use solutions. Centrifugal-assisted techniques have
been used in sample preparation for decades.® They allow Received: January §, 2025
the separation of cells (or even macromolecules in ultra- Revised:  May 26, 2025
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filtration is also possible by centrifuging tubes containing a Published: June 6, 2025
low-adsorptive permeable membrane'® or filter micropipette

tips integrated with an appropriate collection tube.'"'* Such
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Introduction

Sample preparation is a critical step in molecular biology and analytical chemistry. It often
involves complex workflows, such as those required for cell assays! and drug analysis®3.
Currently, liquid dispensing/handling is performed either manually by an operator or through
specialized robotic equipment. Manual handling, while common, is labor-intensive and prone
to variability, introducing a bottleneck in high-throughput applications*®. In contrast, robotic
platforms automate sample preparation, reducing human intervention, minimizing errors, and
improving the speed and quality of sample preparation’. However, these systems are
characterized by high upfront costs, technical complexity, and the need for expertise in
instrumentation and maintenance. As a result, they are less well-suited for resource-limited
environments, such as smaller laboratories, where researchers prioritize affordable and easy-
to-use solutions. Centrifugal-assisted techniques have been used in sample preparation for
decades®. They allow the separation of cells (or even macromolecules in ultracentrifugation)
suspended in a biological sample®. Ultrafiltration is also possible by centrifuging tubes
containing a low-adsorptive permeable membrane!? or filter micropipette tips integrated with
an appropriate collection tube!¥12, Such standard platforms may bring user-friendliness, cost-
efficiency, and high throughput. However, automation and the combination of multiple
centrifuge-based operations remain challenging. Moreover, the selection of appropriate
volumes of each sample or reagent still requires intense pipetting, while volume downscaling
(miniaturization) is constrained by the pipetting accuracy and quality.

Centrifugal microfluidics enhances miniaturization and automation by seamlessly combining
multiple unit operations (e.g., dispensing, metering, mixing, and trapping). With minimal
instrumentation, samples can be moved radially outward through microfluidic channels
integrated into a rotating platform. Traditionally, this platform is configured as a monolithic
microfluidic disk (so-called Lab-On-A-Disk, LOAD)*3. However, the throughput of such systems,
namely the number of assays performed in parallel, is constrained by the dimension of the
disk. Furthermore, the monolithic design of the disk introduces a unidirectional application of
centrifugal force. Decoupling microfluidic circuits from the disk unlocks some crucial degrees
of freedom. It enables flow control in multiple successive directions through the reorientation
of the microfluidic circuit with respect to the centrifugal force. On the one hand, systematic
reorientation has been achieved by incorporating additional servomotors positioned beneath
the chip and mounted on the disk or rotating platform4-2°, To date, such systems are not
widely available, and their development often requires expertise in programming and
instrumentation. This may discourage nonexpert users from employing such systems in their
applications. On the other hand, manual reorientation of the microfluidic chip-on-a-disk
systems has been proposed, enabling bidirectional flow control via “flipping” the chip back
and forth relative to the direction of centrifugal force?!. While these systems offered
compatibility with traditional LOAD platforms and even standard laboratory equipment such
as swinging-bucket centrifuges??, their functional scope remained limited—typically restricted
to isolated tasks like metering or precollection within a single chip—and lacked the flexibility
required for more complex or scalable workflows.

In the present study, we overcome these limitations by introducing a modular centrifugal
system, in which multiple chips—each corresponding to a distinct module, potentially made
from different materials and designed for a specific function—are assembled into a single



device for centrifugation. These modules can be swapped and interconnected, providing
flexible and reconfigurable workflows for sample preparation. Such modularity also allows
microfluidic units containing embedded elements (e.g., a stirrer blade for mixing?3) to be
separated, cleaned, and reused as standalone modules for several experiments, significantly
reducing fabrication time and costs—a key advantage in resource-limited R&D settings. Unlike
common modular microfluidic systems that rely on external components such as O-rings®* or
magnets® to establish leak-proof connections, our modular design ensures secure liquid
transfer solely through geometric interlocking. This offers major benefits, including ease of
assembly and integration with well plates, reduced reliance on additional components, and
the potential for rapid prototyping. To the best of our knowledge, this modular centrifugal
approach is the first to integrate microfluidic modules as a direct replacement for conventional
methods to process dozens of samples in parallel while enabling miniaturization.

We first demonstrated a panel of operations with different module assemblies. Then, as a
proof of concept, we conducted an enzymatic assay aimed at measuring the concentration of
an antibiotic in a sample?®. The assay involved mixing defined volumes of a sample, an
enzyme, and a chromogenic substrate. The antibiotic in the sample immobilized the enzyme
and subsequently slowed the substrate conversion to a colored compound. The reaction was
halted at a specific time, and the amount of converted substrate was quantified because of an
absorbance measurement of the mixture. Eighteen samples at three different (known)
concentrations were processed simultaneously through parallel microfluidic circuits.

Experimental Section

Experimental Setup

Each microfluidic system described here comprises an assembly of three main microfluidic
modules, designed to perform dispensing, metering/storage/mixing, and collection/pooling.
These assemblies were centrifuged in two configurations: chip-on-a-disk and chip-off-a-disk.

In the chip-on-a-disk configuration (Figure 1a), three such assemblies were fixed on a PMMA
disk with a vertical rotation axis. The assemblies could be inserted either horizontally,
perpendicular to the rotation axis (main schematic of Figure 1a), or vertically in radial planes
thanks to a screwed 3D-printed cartridge (inset picture of Figure 1a). The vertical alignment
ensured that identical circuits within a module were equidistant from the rotation axis and
experienced the same centrifugal force. Modules were positioned a maximum of 5 cm from
the rotation axis. A centrifugal bench with a computer-controlled stepper motor rotated the
disk at up to 3000 rpm, generating a maximum centrifugal acceleration of 504g in the
microfluidic chambers with the highest radial position. A high-speed camera Photron AX50
with a macrolens (Zeiss Milvus 2/100M) captured top-view images of the horizontally inserted
modules and fluids therein. The motor controller triggered the camera once per rotation, with
an exposure time set to 1 us, achieving an effective resolution of 15 um.

In the chip-off-a-disk configuration (Figure 1b), microfluidic modules were placed in a
conventional Eppendorf 5430 centrifuge using 3D-printed supports adapted to a swinging-
bucket rotor (A-2-MTP). This centrifuge could be operated at up to 4680 rpm (2204g within
the bucket). Since the centrifuge was opaque, fluid motion within the modules could not be



imaged in real time. Instead, after centrifugation, the module assemblies were transferred for
observation through bright-field microscopy (Zoom Advanced 2, with a camera Canon EOS 5D
mark Ill) with a resolution of 0.5 um per pixel.

Assembly
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Figure 1: Exploded CAD view of the modular centrifugal microfluidic platform: (a) Three assemblies, each with three modules
(e.g., dispensing, metering, and pooling), are horizontally inserted into a 12 cm PMMA disk. The inset shows a 3D-printed
cartridge (black) screwed to the disk to hold assemblies vertically in radial planes. (b) Module integration with a 384-well
plate via a 3D-printed stack and back plate. The inset demonstrates compatibility with a swinging-bucket rotor (A-2-MTP) of
the Eppendorf 5430 centrifuge.

Modules: Design, Fabrication, and Materials

The modular chips used in the experiments were designed with SolidWorks and fabricated by
the Sirris Research Center. They were either manufactured in PMMA through a combination
of milling and injection molding or 3D-printed in a resin material (Detax Medicalprint, clear-
04016). Adhesive tape (Labelor, 3635E5-38B297) was used to cover and seal the microfluidic
channels and chambers of each module individually. Five types of rectangular-shaped
modules were fabricated with the purpose of dispensing, metering—storing, mixing,
collecting, and pooling liquid samples and reagents (Figure 2).
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Figure 2: Overview of five types of modules designed for this work: A (dispensing), B; (metering—storage), C; (collection), D
(pooling), and E (mixing). In B; and C, i indicates the number of identical circuits. Solid colors represent different depths of
channels or chambers (values in the main text), while gradients represent tilted surfaces.

Dispensing

The dispensing module (A) was 3D-printed. It was 4 mm thick, 36 mm long, and 7.85 mm wide.
It could be assembled into other modules thanks to two female plugs. It comprised a single
inlet shaped as a pyramidal well, with a rectangular cross-section of area 60 mm? upstream,
tapering to 0.006 mm? downstream. The module also contained three outlets connected to
the well via microfluidic channels: the central channel was 0.1 mm deep, while the two off-
centered channels were 0.2 mm deep. The channel leading to the central outlet was designed
to be 0.2 mm in length and 0.062 mm in width, whereas the other two channels were 9 mm
long and 0.2 mm wide. Consequently, the three channels had approximately the same
hydraulic resistance.



Metering and Storage

Three different metering—storage modules were designed and denoted as (B;), where i =1,
3, or 7 isthe number of identical circuits on the module. Modules (Bs) and (B7) were 3D-printed
in resin, featuring two male and two female assembly plugs. They were 4.9 mm thick and 36
mm long. Module (Bs3) was 12 mm wide, and module (B7) was 9 mm wide. Module (B1) was
PMMA-injected as a block 4.5 mm thick, 20 mm long, and 10 mm wide. The inlet of each
circuit was a pyramidal well with a square cross-section of area 9 mm? upstream and 0.01
mm? downstream. The three wells of (Bs3) were spaced by 9 mm (center to center), thereby
mirroring the arrangement of the wells in a 96-well plate. The seven wells of (B7) were spaced
by 4.5 mm (center to center), thereby mirroring the arrangement of wells in a 384-well plate.
In (B3) and (B7), a microfluidic circuit including metering and storage chambers was positioned
downstream of each well, while such a circuit was only engraved below the central well of the
module (B1). The outlet of these chambers was designed with a square cross-section of 0.5 x
0.5 mm? to be printed either open or closed. If closed, an injection needle with an external
diameter of 600 um was used for on-demand piercing. In contrast, in (B1), the outlet was
directly machined as open, with a square cross-section of 0.1 x 0.1 mm?2.

Collection

Two collection modules Cs and C; were designed with six and seven collecting wells,
respectively. They were spaced by 4.5 mm, again mimicking the 384-well plates. Each well had
a square cross-section of area 9 mm? at the inlet. The modules included two male assembly
plugs.

Pooling

The pooling module (D) was 3D-printed 4.9 mm thick, 36 mm long, and 4 mm wide. It
comprised two male assembly plugs, as well as a single pooling well with a rectangular cross-
section of area 100 mm? at the inlet.

Mixing
The mixing module (E) was 3D-printed to be 4.5 mm thick, 20 mm long, and 10 mm wide. It
comprised two pyramidal wells with a square cross-section of area 9 mm? upstream and 0.01
mm? downstream. A metering chamber was printed downstream of each well to select a

certain volume of the two different samples. Upon simultaneous liquid transfer, these selected
volumes could mix in the common storage chamber.

Module Preparation and Testing

Individual modules were rinsed with isopropanol and DI water after fabrication and following
each experiment. They were then dried in compressed air and sealed with adhesive tape.
Liquid volumes of >10 uL were pipetted into each well of interest. The modules were
assembled via geometric interlocking, inspired by the puzzle pieces. Each assembly was then
inserted into the support to perform its expected functions upon centrifugation. Modules
could be reconfigured before another centrifugation; for example, the metering module could
be flipped to transfer the liquid while the other modules retained their orientation.



Application to Enzymatic Assay

As a proof of concept for our modular approach, modules (A), (B3) and (D) were assembled to
conduct an enzymatic assay, on 18 samples simultaneously, in the chip-off-a-disk configuration
(Figure 1b). Six identical module assemblies were equally positioned between two swinging
buckets. Each assembly comprised three identical circuits. Three samples containing different
concentrations of piperacillin (0, 25, and 50 ug mL™}, Viatris, India) in 50 mM PBS buffer
(KH2PO4 1.76 mM, Na;HPO4.2H,0 10 mM, NaCl, 137 mM, KCl 2.7 mM buffer pH 7.4, Sigma-
Aldrich, USA) were considered. The blank sample (with no piperacillin) contained only PBS
buffer (50 mM). Six circuits from two assemblies were dedicated to each concentration
(sixtuplicate). To initiate the assay, 30 pL of nitrocefin (10 mM, Calbiochem, Sigma-Aldrich)
was introduced into each module (A). The assemblies were then simultaneously centrifuged
at 1000 g. Upon centrifugation (step 1), the nitrocefin solution was distributed into each well
of the modules (Bs3), and metering of 2 uL per circuit was subsequently achieved in less than
30 seconds (the minimum centrifugation time of our Eppendorf centrifuge). Excess liquid was
effectively directed to the pooling module (D) via the dedicated waste channel. Then, each
pooling module was removed, and the remaining assemblies were repositioned upside-down
in the swinging buckets. Upon centrifugation at 1000g for 30 s (step 2), three metered
nitrocefin solutions in module (Bs) were transferred into their respective storage chambers.
This process (steps 1 and 2) was similarly repeated to transfer an additional and identical
volume of nitrocefin into the storage chamber, then 2 uL of piperacillin and finally 2 pL of
enzyme P99 (0.036 U/uL). After stopping the centrifugation, the enzymatic reaction was
allowed to proceed for precisely 2 min. During this interval, all storage chambers were
manually pierced to open their outlets, enabling the transfer of the mixed solutions into two
96-well plates, each aligned beneath the assemblies per swinging bucket. The accurate
alignment of the storage chamber outlets with the wells was achieved through carefully
designed 3D-printed supports. The wells were initially loaded with 92 uL of acetate buffer.
Finally, centrifugation was resumed at 2204g for 60 s, simultaneously transferring and
collecting the mixture from each circuit into the well plates. The preloaded buffer immediately
halted the enzymatic reaction. The resulting absorbance at 480 nm was measured in each well
by using a UV—uvis spectrophotometer (Tecan Infinite F50 Robotic, accuracy within 3%). Three
other experiments were conducted, each using one assembly of the same module type, to
verify the reproducibility of the results.

Results

Dispensing

The time sequence of the dispensing process is illustrated in Figure 3. It involved an assembly
of modules (A), (B3) and (Cs). The waste outlets of the module (Bs) were initially closed (i.e.,
not pierced yet). A volume of 52 uL of blue-dyed water was loaded in the single well of the
dispensing module (A). The latter was assembled to modules (Bs) and (C¢), then centrifuged
at an initial speed of 1700 rpm (~100g at r = 3 cm for the dispensing module) (t = 1.65 s). At
that speed, the liquid remained blocked at the outlets of the module (A) (annotated as
capillary valve in Figure 3), since the corresponding centrifugal acceleration was below the
threshold (~125g corresponding to a 3 mm liquid column from the well inlet to the outlet at t



= 1.65 s) to overcome the capillary pressure associated with the sudden increase of the
channel cross-section. As the rotational speed was increased to 2000 rpm (~134g atr =3 cm
for the dispensing module), the liquid started to drip from the three outlets, into the facing
inlet wells of the module (Bs). The liquid accumulated within the circuits of this module.
However, since the waste outlets of (Bs) were closed (t = 2.73 s), any liquid transfer to the
module (Cs) was prevented. Consequently, the liquid remained in a quasi-hydrostatic state,
with the liquid level gradually increasing in all three circuits (t = 5.73 s). Ultimately, the inlet
volume was split into three subvolumes (~17 plL), demonstrating that the 3D-printed
microchannels provided similar hydraulic resistance (t = 7.53 s). Any remaining liquid in (A)
could be flushed toward (Bs) by increasing the rotational speed.

MOdu Ie Capillary

Valve
O/'

t=1.65s t=2.73s

t=5.73s t=7.53s

Figure 3: Snapshots of dyed water dispensing from module (A) to module (Bs), assembled with module (Cs). At 1700 rpm (t =
1.65 s), the waste outlets of (Bs) remained closed, preventing capillary valve bursting. The rotational speed was then increased
to 2000 rpm for even distribution across microfluidic circuits. Snapshots (from t = 2.73 to t = 7.53 s) show dispensing and
distribution into (Bs) wells at 2000 rpm. During this process, liquid volumes remained in a quasi-hydrostatic state within (Bs)
(See Supporting Information Video S1).

Metering and Collection

Once liquid distribution was completed, the modules were disassembled to pierce the waste
outlets of the module (Bs). The modules were assembled again. They were then centrifuged
with an rotational speed ramping from 100 to 2000 rpm in 1.90 s. Figure 4a (top) represents
snapshots taken during the metering process. Upon centrifugation, the accumulated liquid
within each circuit was gated to the waste channel of (B3) and transferred to the module (Cs),
except for the liquid trapped in the metering chambers. Metering was completed in less than
5 s. The three chambers selected different liquid volumes: 76 nL (left), 101 nL (middle), and
139 nL (right), corresponding to a coefficient of variation (CV) across chambers of 28%. This
variation was caused by uneven alignment with centrifugal force. This effect was mitigated
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when the assemblies of modules were centrifuged in a vertical position (inset of Figure 1a).
Figure 4a (bottom) illustrates an even volume selection, with a CV across chambers of less
than 3%. To assess reproducibility, experiments were repeated twice for each orientation of
module (B3), and the corresponding volumes are presented in Figure 4b. In either
configuration, the volume selection was found to be systematic and reproducible with a CV of
less than 5% for each chamber across the three experiments.
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Figure 4: Metering step with an assembly of modules (A), (Bs), and (Cs) positioned on the disk in two orientations: (a, top)
horizontal and (a, bottom) vertical. In both cases, the waste outlets of (Bs) were pierced. (a, top) During centrifugation at
2000 rpm, excess liquid was gated and collected in (Cg) (t = 2.14 s). A given volume was selected in each metering chamber
with a nominal volume of 143 nL within one second (t = 3.04 s). Insets show a close-up of the three metering chambers, where
the trapped volume appears in blue. (a, bottom) Even selection of blue dye liquid was achieved within three metering
chambers after centrifugation at 2000 rpm. (b) Bar chart comparing the measured volume trapped within the metering
chambers at different positions (left, middle, and right). Dark and light gray bars represent volume variations when the module
Bs is oriented horizontally and vertically on the disk, respectively, highlighting improved volume uniformity in the vertical
configuration.

Scaling Up the Throughput by Stacking the Modules

The throughput of the system can be significantly increased by stacking multiple modules
(e.g., modules Bs and/or B;). In this arrangement, the waste outlets of one module are
precisely aligned with the inlets of the next. The temporal progression of such a combined
metering process is demonstrated in Figure 5 for three assembled modules. Modules 1 and 2
correspond to the (B7) design, and they were 3D-printed. Module 3 corresponds to the (B1)
design. The wells therein were made by injection molding, while the microfluidic circuits were
machined. First, 10 pL of blue-dyed water was pipetted into each of the three wells of module
1. The assembly was centrifugated, again with a ramp from 100 to 2000 rpm within 1.90 s.
The capillary valves at the well outlets of module 1 burst once the rotational speed reached
850 rpm (t=0.75 s), allowing the liquid to initially fill the metering chambers of module 1. The
liquid in excess was subsequently directed to the waste channels of module 1. It then dripped
into the wells of module 2 (t = 0.88 s). Again, after the metering chambers of module 2 were
filled, the water in excess was channeled to the wells of module 3 (t=1.10s). Volume selection
was achieved in all the metering chambers in less than 2.50 s. The liquid still in excess was
accumulated in the wells of module 3, where it could potentially be recycled, e.g., by being
transferred to other modules, or even to conventional well plates (Figure S1 in Supporting
Information).
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Successive Centrifugations

In sample preparation, successive steps may be necessary to add different reagents,
downscale their volumes, accumulate them in storage chambers, and finally retrieve them in
the collection module or in a conventional well plate. Figure 6 demonstrates a comprehensive
fluidic workflow achieved by combining different microfluidic functions. Blue-dyed water with
a volume of 10 pL was introduced into the metering-storage module (B3), for which both the
waste and the storage outlets were initially closed. Upon centrifugation at 2000 rpm (224g),
the liquid accumulated in the well and the circuit downstream (Figure 6a). If denser particles
or cells were present, this step would cause their sedimentation at the bottom of the metering
chamber (Figure S2 in the Supporting Information). Then the waste outlet was pierced (Figure
6b) and a second centrifugation led to the selection of approximately 100 nL in the metering
chamber (Figure 6c). This volume was then transferred to the storage chamber upon flipping
and centrifugation. This process was repeated 8 times, resulting in a total volume of
approximately 800 nL in the storage chamber (Figure 6d). Finally, the storage outlet was
pierced, the module (Bs3) was assembled to a collection module (C¢), and the liquid was
transferred from the storage chamber to the collection well upon centrifugation at 3000 rpm
(5049) (Figure 6e).
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Figure 5: Time sequence of centrifuging three microfluidic modules (two B; and one B;): At t = 0 s, 10 ulL of dyed water was
added to each well of the first (B;) module. The assembly was spun from 100 to 2000 rpm over 1.90 s. Liquid entered the
microfluidic circuits of the first (B;) module at 850 rom (t = 0.75 s) and began dripping into the wells of the second (B;) module
at t = 0.88 s. Similar metering occurred in the second (B;) module, with excess liquid transferring to the wells of module (Bj).
At 1200 rpm (t = 1.10 s), liquid in (B1)’s storage chamber moved to its bottom. Metering in all modules completed by t = 2.50
s (See Supporting Information Video 52).
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Figure 6: Sequence of microfluidic functions using modules (Bs) and (Cg). Initially, waste and storage outlets were printed
closed. (a) After adding 10 ulL of blue-dyed water to a (Bs) well, centrifugation at 2000 rpm (224g) filled the microfiuidic circuit.
(b) The waste outlet was pierced with a needle. (c) Centrifugation at 2000 rpom metered ~100 nL in less than 10 s. (d) This
volume was transferred to the storage chamber via flipping and centrifugation, repeated 8 times to store ~800 nL. (e) Finally,
the storage outlet was pierced, and the liquid transferred to module (Cs) via centrifugation at 3000 rpm (504g).

Mixing Blue and Red Dyes

The mixing functionality of the modular centrifugal microfluidic platform was demonstrated
using module (E). Initially, 10 pL of blue-dyed and red-dyed water were pipetted into the left
and right wells of module (E), respectively (Figure 7a). Upon centrifugation at 504g, 700 nL of
each solution was selected in the respective metering chambers within 10 s (Figure 7b), while
the excess liquid was directed to a pooling module (D) integrated beneath module (E).
Subsequently, module (E) was detached from module (D), flipped to reorient the liquid-filled
metering chambers, and centrifuged again at 504g. Upon centrifugation, the dyes were
dislodged from the metering chambers and mixed in the common storage chamber of module
(E) (Figure 7c). A marginal volume of each solution remained in the metering chambers.

(a) (b) (c)

Figure 7: Mixing blue- and red-dyed water samples using module (E): (a) 10 uL of each solution was added to the left and
right wells of module (E), respectively. (b) Centrifugation at 504 g for 10 s selected 700 nL of each sample into the associated
metering chambers, with excess liquid directed to pooling module (D) but not visible here. (c) Module (E) was detached from
(D), flipped, and centrifuged again at 504 g to transfer the solutions to the storage chamber for mixing.

Enzymatic Assay
An enzymatic assay was conducted to demonstrate the applicability of our modular centrifugal

system. A single experiment yielded 18 simultaneous absorbance measurements,
corresponding to six replicates each at piperacillin concentrations of 0 (blank), 25, and 50 ug
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mL~ (Figure 8). The CV for the absorbance values was calculated to be less than 10% for all
concentrations. It proves that reagents were accurately and reproducibly metered and
transferred through this multiple-step workflow.
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Figure 8: Piperacillin concentrations (0, 25, and 50 ug mL™) measured via reporter substrate absorbance at 480 nm. The error
bars correspond to mean + standard deviation. The corresponding CV was less than 10%.

Discussion

The microfluidic modules and centrifugation systems proposed in this work mirror LOAD
platforms?’ while offering enhanced flexibility and portability. Modules with different
materials and microfluidic designs can be assembled on the same disk.

When liquids are manually pipetted, microbubbles may form within the inlet well of the
associated module. Thanks to centrifugation, these bubbles rise to the liquid—gas interface,
eventually pop, and disappear. Bubbles with sizes comparable to those of the microfluidic
features may become trapped at low centrifugation speeds. Nevertheless, the maximum size
of such bubbles is bounded by the effective capillary length?. This length can be made smaller
than the microfluidic features by increasing the centrifugal acceleration, thereby preventing
bubble trapping.

Following centrifugation, liquids are efficiently transferred between interconnected modules
without any visible leak. If there were any leakage, it would happen during centrifugation—
within the enclosed centrifuge—thus minimizing any risk to users or the laboratory
environment. The inlet of downstream modules is deliberately designed ten times larger than
the outlet of upstream modules to effectively capture any liquid drop or jet that would be
deviated by Coriolis?® and/or Euler?® forces (e.g., Figure 3 illustrates the accumulation of the
dispensed volume in the well of the module downstream of the dispensing module). This
feature eliminates the need for external sealing components®® such as O-rings, reducing
manufacturing costs and simplifying assembly while maintaining reliable liquid transfer during
operation. This is well-suited for applications where dead volume within tubing connections
needs to be minimized3..

Dispensing modules (A) would have to be fabricated with exceptional precision if they were
expected to ensure an even distribution of the inlet volumes into downstream wells. The
strategy implemented in this work consisted of adjoining a metering module downstream of
the dispensing module. This metering module could largely compensate any uneven
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distribution by the dispensing module and select reproducible volumes in each chamber
(Figure 3 and 4). The use of dispensing modules in combination with metering modules, as
introduced in this work, may provide a potential alternative to manual pipetting for sample
preparation, significantly reducing the number of pipetting steps while enabling
miniaturization at the submicroliter scale.

Unlike most LOAD systems, where microfluidic features are designed in cylindrical
coordinates®?, the microfluidic modules in this work were designed in Cartesian coordinates,
which is faster and simpler. However, in the in-plane chip-on-a-disk configuration, identical
chambers in different circuits are positioned at varying effective distances from the rotation
axis and orientations, leading to uneven centrifugal forces and potential variations in the
metered volume (Figure 4a, top). While the middle chamber is perfectly aligned with the
centrifugal acceleration, the additional force components affected the left and right chambers
differently. Specifically, the centrifugal force pushed the selected volume toward the waste
outlet in the left chamber and against the vertical wall in the right chamber, resulting in the
smallest (76 nL) and largest (139 nL) metered volumes, respectively. Although significant, this
variation was systematic and reproducible, with CVs below 5% across repeated experiments
for each chamber (Figure 4b). This issue was resolved in the “vertical alignment” configuration
of Figure 1a, where all circuits within each module were placed in radial planes and equidistant
from the rotation axis. Therefore, consistent metered volumes were obtained (Figure 4a-
bottom), with an average CV below 5%, across chambers and experimental replicas (Figure
4b). In the swinging buckets (Figure 1b), the assemblies are positioned such that the
centrifugal force has its main component in the downstream direction, and a secondary
component in the direction normal to the microfluidic plane. The contribution of the primary
component decreases as the assemblies are placed farther from the radial plane passing
through the bucket center. This results in slower flows, but it does not prevent proper
metering and liquid transfer in any of the modules. The secondary component, being normal
to the plane of the microfluidic features, does not generate any significant flow. Therefore,
the module positioning in the swinging bucket ensures consistent unit operation across all the
circuits, with a distribution of centrifugal force that is similar to that of the vertical alignment
on the disk.

Figure 6 demonstrates the system functionality, particularly for centrifuge-based sample
preparation. The process involves sequential liquid addition, volume reduction, accumulation
in storage chambers, and final retrieval in the collection module. For biological samples,
including cells, the metering—storage module outlet (B3) can be temporarily closed to enable
cell isolation and trapping within the metering chamber. In this quasi-hydrostatic state, denser
cells sediment at their terminal velocity, where centrifugal force and Stokes drag3? are
balanced (Figure S2). Herein, we demonstrated that the modules performed reliably when
fabricated either in PMMA, in COC, or with a commercial 3D-printing resin—all of which are
biocompatible materials. They are likely to perform well when made from other
biocompatible polymers such as PC, PS or PP. By combining biocompatibility and
miniaturization, this modular approach is well-suited for low-cell assays. Cells can be manually
pipetted in the inlet wells of the modules or automatically deposited via Fluorescence-
Activated Cell Sorting (FACS) for high-throughput analysis®.
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The mixing functionality of the modular centrifugal microfluidic platform was demonstrated
using module (E), which combined metering and mixing to blend defined submicroliter
volumes of dyed water. Mixing was achieved by flipping the module back and forth relative to
the centrifugal force, a step that can be repeated for applications seeking a higher
homogeneity. This novel centrifuge-based mixer relies on a passive mechanism3436,
leveraging chaotic advection flows without external components (e.g., stirrer blade?3). It is
particularly advantageous for applications involving delicate species or molecules, such as
cells or proteins, where low shear mixing minimizes the risk of damage, preserving the
integrity of the samples. Optimization could enhance the interpenetration between the two
fluids.

A proof of concept was demonstrated via absorbance measurements, validating system
functionality with an enzymatic assay. Multiple reactions were performed, quantifying
nitrocefin hydrolysis in the presence of piperacillin. To assess reproducibility, three
experiments were conducted, each using a single assembly. However, variations in reaction
stopping time could introduce errors. In contrast, centrifuging six assemblies simultaneously
increased throughput while maintaining reasonable accuracy (CV < 10%, Figure 8), with
metering accuracy as the primary error source (CV < 7%). Further optimization of the metering
module design and improving 3D printing quality could enhance precision. This proof of
concept highlights the advantages of our modular approach, demonstrating its flexibility and
compatibility with commercial centrifuges and well plates. It also confirmed that repeated
assembly and disassembly of the modules did not adversely affect the reproducibility or
precision of the results. Throughput can be significantly increased by expanding the well plate
capacity and stacking modules, thereby enabling scalable parallel assays and multiplexed
applications, as well as reducing waste (Figure 5). This approach also shows the potential for
high-throughput biomolecule detection. With adaptations, it may support a wide range of the
biological applications previously explored using centrifugal microfluidics. This includes solid-
phase extraction?® for sample preparation, e.g., for Therapeutic Drug Monitoring (TDM)?’ as
long as full automation is not strictly required.

Conclusions

This study presented a novel modular centrifugal microfluidic platform designed for sample
preparation that addresses key limitations of traditional LOAD systems, such as their
monolithic design and reliance on dedicated centrifugation setups. It features interchangeable
modules, each performing a distinct function—dispensing, metering, mixing, pooling, and
collection—that can be combined to streamline and accelerate sample preparation processes.
As these modules are temporarily assembled through geometric interlocking, they can be
individually reoriented at any time to gain full control of liquid transfer in the microfluidic
circuits. They can be flexibly positioned and removed from a variety of rotating supports,
including commercial swinging-bucket centrifuges. The platform also supports scalability by
enabling the stacking of similar modules in the radial direction for high-throughput parallel
processing. A proof-of-concept enzymatic assay was demonstrated with simultaneous
operation in multiple modules, where absorbance was measured at different antibiotic
concentrations. Measurements were obtained at once by performing a sequence of
elementary operations (dispensing, metering, mixing, etc.) on many samples in parallel.
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In conclusion, our approach enables a semiautomated workflow: it significantly reduces
human intervention compared to conventional pipetting-based protocols, but it does not
achieve full automation offered by robotic systems. This modular centrifugal microfluidic
system provides a robust and cost-effective solution for sample preparation workflows,
combining miniaturization to reduce reagent use, scalability for high-throughput applications,
and partial automation to enhance efficiency and reproducibility. Additionally, its ease of use
and compatibility with standard multiwell plates and swinging bucket centrifuges make it
suitable for a wide range of applications, including experimental design and development
tests, sample preparation for next-generation sequencing, PCR, ELISA, TDM, one-pot
proteomic workflows, and even single-cell proteomics. Future developments will focus on
improving precision and expanding application areas, paving the way for broader adoption in
research and clinical laboratories worldwide.
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