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Introduction

Interfacing centrifugal microfluidics with linear-
oriented 8-tube strips and multichannel pipettes
for increased throughput of digital assaysy

Yu-Kai Lai, @°2° Yu-Ting Kao, @°® Jacob Friedrich Hess, @2 Silvia Calabrese, @2
Felix von Stetten @2° and Nils Paust @ *3°

We present a centrifugal microfluidic cartridge for the eight-fold parallel generation of monodisperse
water-in-oil droplets using standard laboratory equipment. The key element is interfacing centrifugal
microfluidics with its design based on polar coordinates to the linear structures of standard high-
throughput laboratory automation. Centrifugal step emulsification is used to simultaneously generate
droplets from eight samples directly into standard 200 pl PCR 8-tube strips. To ensure minimal
manual liquid handling, the design of the inlets allows the user to load the samples and the oil via a
standard multichannel pipette. Simulation-based design of the cartridge ensures that the performance
is consistent in each droplet generation unit despite the varying radial positions that originate from
the interface to the linear oriented PCR 8-tube strip and from the integration of linear oriented inlet
holes for the multichannel pipettes. Within 10 minutes, sample volumes of 50 upl per droplet
generation unit are emulsified at a fixed rotation speed of 960 rpm into 1.47 x 10° monodisperse
droplets with a mean diameter of 86 um. The overall coefficient of variation (CV) of the droplet
diameter was below 47%. Feasibility is demonstrated by an exemplary digital droplet polymerase chain
reaction (ddPCR) assay which showed high linearity (R > 0.999) across all of the eight tubes of the
strip.

In recent years, emulsion-based approaches, which utilize
water-in-oil (W/O) droplets as partitions, have become

Digital assays allow for precise and absolute quantification of
target molecules in certain dynamic ranges without the need
for reference standards.' They are widely used for the
quantification of nucleic acids,” the detection of low levels of
proteins,®* measurements of enzymatic activities® and for
single cell phenotypic analysis.® In order to detect single
molecules, the target molecules are split into thousands or
even millions of small partitions.””® Each partition carries a
discrete number of target molecules and the distribution
follows Poisson statistics. Absolute quantification of the target
molecules is assessed by counting the ratio of partitions that
contain a target molecule. From this binary “yes” or “no”
answer, the term “digital” is derived.
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popular due to the possibility of high-throughput partitioning
and flexible handling of the droplets.” The droplets are
generated by microfluidic devices'® based on different
strategies, such as T-junction emulsification,'* flow-
focusing,'” or step-emulsification.”>’* In addition to this
classification by the droplet generation methods, microfluidic
devices can be categorized into on-chip®™® and off-chip'®>’
systems. On-chip systems automate the complete workflow
within a single microfluidic device; off-chip systems allow for
dispensing of generated droplets into reaction tubes.
Whereas integrated on-chip systems are typically limited in
the degree of parallelization and require complex and costly
instrumentation,®® off-chip systems allow for processing of
subsequent workflows such as droplet visualization or
thermal cycling® ! with high flexibility and theoretically in a
highly parallel manner. If the workflows can be performed on
standard laboratory equipment, a cost-efficient automation
strategy that does not require additional lab space is
provided.

To date, several off-chip systems for droplet generation in
reaction tubes have been developed."” Some require
syringe pumps for flow control,’®**> which makes it difficult

Lab Chip, 2023, 23, 2623-2632 | 2623


http://crossmark.crossref.org/dialog/?doi=10.1039/d3lc00339f&domain=pdf&date_stamp=2023-05-26
http://orcid.org/0000-0003-1037-9846
http://orcid.org/0000-0003-4671-7907
http://orcid.org/0000-0001-8144-6554
http://orcid.org/0000-0003-1101-9703
http://orcid.org/0000-0002-8547-0495
http://orcid.org/0000-0003-0890-3709
https://doi.org/10.1039/d3lc00339f
https://doi.org/10.1039/d3lc00339f
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lc00339f
https://pubs.rsc.org/en/journals/journal/LC
https://pubs.rsc.org/en/journals/journal/LC?issueid=LC023011

Open Access Article. Published on 03 May 2023. Downloaded on 10/26/2025 11:54:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Emulsification

Sample loading

l
—

—— =49 Emulsion in tube

Amplification

View Article Online
Lab on a Chip

Readout Analysis

Fig. 1 Automated workflow for versatile digital droplet PCR assays based on the introduced multi-sample emulsification cartridge. After sample
preparation, high-throughput droplet generation is carried out on a standard benchtop centrifuge and the PCR is realized on a standard thermal

cycler.

to parallelize droplet generation of multiple samples.
Moreover, microfluidic setups (e.g., syringe pumps and
tubing) often require special knowledge for operation, thus,
adopting them to different laboratories is challenging.
Commercial instruments, which can be easily applied in
different laboratories, often come at high costs (e.g, QX
200™ ~80000-100 000 USD, Bio-Rad, USA). Off-chip systems
based on centrifugal microfluidics can generate droplets on
standard centrifuges without the need for specialized
equipment.>**” Current solutions typically consist of a
cartridge or a syringe needle®” that is placed into a reaction
tube for droplet generation, which allows the user to emulsify
one sample per tube. Schulz et al>® presented a cartridge
using centrifugal step-emulsification,®® which enables the
generation of monodisperse droplets in 2 ml reaction tubes
on standard centrifuges. However, similar to other off-chip
solutions, this solution is not intended for increased
throughput sample processing. Each cartridge must be
loaded manually in the tubes, which results in an increase of
manual pipetting steps with the rising number of samples.

This paper describes a novel “off-chip” cartridge design
strategy that seamlessly adapts linear-oriented laboratory
tools to centrifugal microfluidics, enabling increased
throughput of digital assays by employing centrifugal step
emulsification. The microfluidic cartridge, specifically
designed according to this strategy, supplies droplets to a
standard 200 pl PCR 8-tube strip, not only to enhance the
throughput of sample processing but also to fit to the format
of standard laboratory instrumentation. Up to 50 pl aqueous
sample in each droplet generation unit (DGU) can be
emulsified in fluorinated oil. A multichannel pipette supplies
the oil and the sample. We developed a simulation-supported
fluidic cartridge design strategy that connects the centrifugal
microfluidic system in polar coordinates to both the linear-
oriented 8-tube strip and the linear-oriented multichannel
pipette while maintaining similar flow conditions in each
DGU to ensure the supply of monodisperse droplets to each
of the eight tubes. The cartridge design strategy is validated
through experimental evaluation of droplet generation and
assay performance. The cartridge was manufactured by hot
embossing. It is amenable to injection molding and insertion
into the centrifuge is very simple. Thus, we introduce a cost-
efficient and convenient tool for laboratory automation of
digital assays.

2624 | Lab Chip, 2023, 23, 2623-2632

Results and discussion
Automated workflow

The laboratory workflow based on the new multi-sample
emulsification cartridge is depicted in Fig. 1. First, the
sample and oil are loaded into the droplet generation
cartridge by a standard multichannel pipette. The cartridge is
installed on the centrifuge for emulsification directly into the
standard PCR 8-tube strip. After PCR amplification in a
thermal cycler, the emulsion is ready for downstream
processing, such as image-based droplet analysis as
demonstrated in this work, or demulsification within a
sequencing workflow. PCR amplification in droplets has been
adopted for amplifying rare target in sequencing workflows,
e.g., single-cell whole-genome sequencing,’®?"** offering
advantages like reduced competition and bias. The cartridge
presented in this work is compatible with the
aforementioned sequencing workflow, making it potentially
suitable for sequencing applications as well. However,
investigating this aspect is beyond the scope of this work.

Working principle

For emulsification, the following steps must be carried out:
(Fig. 2a-d):

1. Install two sets of 8-tube strips and the cartridges on
the customized rotor.

2. Put on the adaptors and screw on tight.

3. Load oil and sample into the inlets by a multichannel
pipette.

4. Centrifuge 4 minutes for 25 pl or 7 minutes for 50 pl
sample at 960 rpm.

5. Remove adaptors and cartridges.

6. Collected emulsions at the bottom of 8-tube strips are
ready for further steps (e.g., thermal cycling).

The dimension of the customized rotor resembled the
centrifugal radius of the commercial rotor F45-48-PCR rotor
(Eppendorf AG, Hamburg, Germany).>* In our current design,
two cartridges (16 samples) are processed simultaneously,
which balances the mass. A slightly adjusted design of the
holder would allow processing of three cartridges (24
samples) in parallel. An asymmetric jigsaw-fit structure would
provide a quick and fail-safe way to attach the cartridge to
the rotor.

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 The workflow for droplet generation: (a) insert two 8-tube
strips on the rotor, followed by two cartridges and adaptor. Parts are
mounted by M5 screw on centrifuge (b). Then load sample and oil
phase via the two different rows of inlets (c and d). (e) Illustration of
the cartridge under rotation during droplet generation. Blue color
represents sample phase and yellow color represents oil phase. Red
box is the region of interest (ROI) for detail droplet generation. (f)
Zoom-in of ROI from (e), depicting droplet generation and emulsion
spun-out. (g) The side view of the droplet transfer into one of the eight
collection tubes.

The use of multichannel pipettes reduces the pipetting
steps from 16 to 2 per 8 samples. The pipetting order of
sample and oil does not make any difference in our
workflow. On the contrary, the previously reported
cartridges® >’ usually require the user to load the oil, insert
the cartridge, and load the sample one after the other. The
presented system can thus save time and reduce potential
manual errors. In addition, the pipetting steps can be fully
automated with a robotic pipetting station thanks to the
compatibility of the cartridge with standard laboratory
consumables.

The microfluidic cartridge consists of a single hot-
embossed plastic part and a sealing film. The dimensions of
the cartridge are 76 x 74 x 3.5 mm® (lw-h). As shown in
Fig. 2e, the eight DGUs are implemented with a constant
pitch of 9 mm, which is the pitch dimension of standard
multichannel pipettes and of 8-tube strips. The diameter of
the inlet holes is 3 mm, which allows proper insertion of the
pipette tips into the inlets for correct loading and reduces
the risk of leakage. During centrifugation at a fixed rotational
speed, each unit undergoes various centrifugal acceleration
(see Table 1). The detailed fluidic design of a single DGU is
described in the following chapter. Each DGU consists of an
array of 8 nozzles, which are oriented towards the center of

This journal is © The Royal Society of Chemistry 2023
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Table 1 The parameter, r,, selection and conversion between linear and

polar coordinate and relative centrifugal force. The r,, chosen for the
design was rounded to the nearest 0.5 multiples for simplicity

DGU case Axp, (mm) Ay (mm) Tz (Mm) RCF (xg)
1 70 31.5 77.0 79.5
2 70 22.5 73.5 75.9
3 70 13.5 71.5 73.8
4 70 4.5 70.0 72.8
5 70 4.5 70.0 72.8
6 70 13.5 71.5 73.8
7 70 22.5 73.5 75.9
8 70 31.5 77.0 79.5

rotation. After droplet generation, the droplets are spun out
of the cartridge via the outlet (Fig. 2f). Each DGU provides an
extended outlet feature for droplet transfer on the backside
of the cartridge that reaches into the tubes to ensure that
generated emulsions from each DGUs are completely
conveyed into the corresponding tube (Fig. 2g). The distance
between the outlet and the inner surface of the tube strip is
designed to be ~1.5 mm. The short distance allows for a
smooth transfer of the emulsions to the tube thus avoiding a
coalescence of droplets as they contact the inner surface of
the tube. After centrifugation, generated emulsions sit at the
bottom of the tube strip, ready for the next step.

Fluidic design

Each DGU consists of the following geometric components:
an inlet for oil, an inlet for the sample, an oil channel, a
sample channel, an array of eight step nozzles, a chamber for
droplet generation, and an outlet (see Fig. 3a). The fluidic
concept of a single DGU was described previously.>* Since the
single DGU from the previous work had shown excellent
droplet monodispersity, we aimed to apply the same flow
conditions on our system. Here, the main challenge was to
provide the same flow conditions to each DGU. Since forces
on a rotating system are oriented radially outwards, the
design in centrifugal microfluidics is based on polar
coordinates. To fit the linear structures to the design,
different radial positions of the inlets and outlets and thus
varying forces acting on these features cannot be avoided. To
provide similar flow conditions to each DGU and thus
monodisperse droplets, a simulation-supported design
strategy has been applied that consists of the following steps.
First, the array of eight nozzles and chambers are positioned
towards the center of rotation to ensure that the direction of
the centrifugal force is the same in each DGU. As illustrated
in Fig. 2e, sample and oil inlets are placed at the same
distance of x-direction for fitting the dimension of the
multichannel pipette. The same applies for the outlets, to
provide the interface to the 8-tube strip. Sample channel and
oil channels are then derived by simulation to ensure that
the desired flowrates from previous work®® is realized in each
DGU.

Lab Chip, 2023, 23, 2623-2632 | 2625
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listed in Table 1. (b) Model block representation of the fluidic network

j ®Array of 8 nozzles V: Volume chamber IC: Isoradial channel
TJ: T-Junction

(a) Fluidic design using DGU1 as an example. The origin of polar coordinates is set at the center of rotation. The values of Ax, Ay and r,,, are

of single DGU in (a). The model consists of volume chamber, channel

junction, and isoradial and radial channels. Ground symbol represents a connection to the atmospheric pressure. Numbers indicate the equivalent

fluidic component shown in (a). The color boxes represent the filled fluid

in the channel. Blue: dispersed phase. Yellow: oil phase. Green: emulsion

phase. (c) Measured mean sample flowrate and validation of simulation model from individual DGUs. The dash line marks the mean flowrate in a
case of ideal design. Error bars denote standard deviation from three performed cartridges.

Network simulation model

A MATLAB based fluidic network simulation with lumped
elements was set up to predict flowrates and optimize channel
lengths (Fig. 3b). In a network simulation describing
centrifugal microfluidic structures, the fluidic components
(see Fig. 3a), can be translated to basic elements such as
radially or iso-radially oriented channels, volume chambers or
T-junctions as illustrated in Fig. 3b and detailed by Schwarz
et al.*® Each fluidic component is represented by a model
block with corresponding physical functions. The sample and
oil inlets are represented by volume chambers with fill level
function (Vi) and r(Ve;), which are radial position functions
in relation to the current fluid volumes inside the chambers.
Channels with arbitrary orientation can be simplified to radial
and isoradial channels.>® Each element consists of a physical
function that derives the total pressure difference across the
element and the flowrate Q through the element. At constant
rotational speed, the predominant pressure difference is the
sum of centrifugal force (Ap.) and viscous dissipation (Ap).
The equations are given as follows:

Ap. = g x @ % (ro” = ri%) (1)

(2)

where p is the liquid density, o the angular rotational speed,
r; and r, the inner and outer radial positions of the liquid
column in the corresponding element. R is the hydraulic
resistance. For the channel with rectangular cross section,
the R is given as:

2626 | Lab Chip, 2023, 23, 2623-2632

12nL
R= L (3)

s (. 192d w31
dw(l 5y tanh2d+325(5) 1

where 7 is the dynamic viscosity, L the length of the filled
liquid in the given element, and d and w are the depth
and width of the element (d < w), respectively, and {(5) a
constant. All abbreviations and subscripts are listed in the
ESLj Table S1. The radial position required in eqn (1) for
each  fluidic element is simply derived from

= y/Ax? + Ay?, where Ax and Ay are the x-distance and
y-distance between the point of the interest and the center
of rotation (see Fig. 3a for an example). The hydraulic
resistances of the sample and oil channels, Ry, and Ry,
are adjusted for each individual DGU to match the mean
flowrates of all DGUs. To simplify the optimization and
manufacturing of the cartridges, we fixed the cross-section
dimension of the sample channel, oil channel and outlet
channel among all DGUs, and only altered channel lengths
(dimensions are listed in ESLj Table S2). The fluidic
properties, density and viscosity of the three phases,
sample, oil and mixture phases (highlighted by color boxes
in Fig. 3b), must be known to run the simulation. While
the fluidic properties of the sample and the oil phase are
known, the density and viscosity of the generated emulsion
are not evident. Due to the conservation of mass and the
assumption of incompressible fluids, the density of the
simply be calculated using the volume

emulsion can
fraction:

Peml = PPspl + (1 - w)poil (4)

This journal is © The Royal Society of Chemistry 2023
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where ¢ is the mean sample volume fraction in the emulsion
flow, denoted by ¢ = Qspi/(Qspt + Qoit)- Qspr and Qo are the
mean sample and mean oil flowrates, respectively. The
effective viscosity for calculating the flow resistance of
emulsions in microchannels, however, cannot be calculated
analytically as, in addition to the volume fractions, the
viscosity depends on complex flow patterns influenced by
interfacial forces and by the size of the droplets. It has been
observed in previous studies that the presence of droplets in
a channel contributes to an additional pressure drop,*®
resulting in an effective viscosity higher than an average
viscosity derived from volume fractions. Effective viscosities
have extensively been studied®’° and implemented in
network simulations*®™** previously. However, the derived
values are not suitable for the scenario in our system in
which droplets are much more compact and squeezed in the
outlet channel (see ESLj Fig. S1). To account for the
additional pressure drop due to the emulsion's transport
through the outlet channel, we estimated the -effective
viscosity by fitting parameters using experimental data from
the previous study*” on which the current design is based
(see ESIf S2). The determination procedure of effective
viscosity is described in detail in ESL} S2. As a result, an
effective viscosity of #em = 10.5 mPa s was used in this work.
The mean flowrates of Qg = 0.13 pul s™" and Qo = 0.09 pl s™*
for sample and oil flow, respectively, were chosen as design
values for all DGUs with ¢ = 0.591 and pepy = 1251.1 kg m>3
(eqn (4)).

The result of the simulation study is a parameter set for
the sample and oil channel length for each DGU as depicted
in Table 2, while the cross-section areas of the sample and
the oil channel are 62 x 58 pm? and 49 x 37 pm?
respectively.

Validation of the simulation model and the manufactured
cartridge

The manufactured cartridge turned out to have some
deviations from the ideal design as listed in ESI;} S4. For the
comparison of the simulation results with the experiments,
the dimensions of the manufactured -cartridge were
measured and applied to the simulation.

Then, we experimentally evaluated the mean sample
flowrate Ospl and compared it with the results of the
proposed simulation model to validate our design strategy.

Table 2 The sample and oil channel length

DGU case Lgp (mm) Loj (mm)
1 15.28 16.14
2 15.87 15.75
3 16.11 14.75
4 16.28 14.91
5 16.40 14.39
6 16.72 13.96
7 16.84 13.34
8 17.03 13.19

This journal is © The Royal Society of Chemistry 2023
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50 ul of PCR buffer (1x) and 50 pl of oil were supplied to
each DGU in the -cartridge and then emulsified. The
emulsification time from each DGU was determined from
video sequences. We obtained Qg by dividing the sample
volume of 50 upl in each DGU by the measured
emulsification time. The depth and width of the sample,
oil, nozzles and outlet channels were measured by optical
profilometry (the values are listed in ESL} S4). The
measured dimension parameters are used in the simulation
model. In this case, the flowrate conditions are unknown
and thus pey is unknown (eqn (4)). To obtain the correct
results in which the solved mean flowrates Qgp and Qoi,
and pey fit eqn (4), one can use an iterative method: start
a simulation with an arbitrary ¢, e.g., 0.5, as an initial
guess and then utilize the solved Qsp and Qo as an input
for the next simulation run. After two runs, the
predetermined emulsion density matched the outcome of
eqn (4) with a difference less than 0.001 kg m™. After the
integration of all manufacturing variances to the
simulation, the model using manufactured dimensions (red
circle, Fig. 3c) showed a good agreement with the
experimental results (black square, Fig. 3c). The maximum
variance within the experimental Ospl and compensated Qspl
is ~2.2% in the case of DGU3. The accordance of the
simulated and experimental results suggests that the
variance of measured Ospl is mainly attributed to tolerances
of the manufacturing technology. In addition, the
experimental result also supports our simulation-based
design strategy, which integrates linearly arranged fluidic
elements on the centrifugal microfluidic platform.

Droplet characterization

We investigated the performance of the cartridge by
examining the diameter of the generated droplets. The PCR
buffer (1x) was used as sample phase for droplet
characterization. 50 pl of PCR buffer and oil per DGU were
pipetted into the cartridge and then emulsified. After 7
minutes, all reaction mixes were completely emulsified, and
no residual liquid was visible, neither in the sample inlets or
channels, nor on the inner surface of the tube strip. As
shown in Fig. 4a, the mean of the droplet diameter from each
DGU has a slight variance. The largest mean droplet diameter
(88.9 um) from DGUS is about 1.07-fold the smallest mean
droplet diameter (82.7 pm) from DGU1. This variance
originates from tolerances of the applied manufacturing
technology. The cartridge has a relatively large area (76 x 74
mm?*) compared, for example, to the previously presented
microfluidic cartridges from Schulz et al.*® (33.6 x 7.8 mm?).
Higher milling tolerance is usually expected as the work piece
is larger.

We investigated how manufacturing variance affected
droplet diameter variation. First, the mean nozzle depth
from each DGU was obtained by optical profilometry (the
values are listed in the ESL} S4). Dividing the mean droplet
diameter by the mean nozzle depth of the corresponding

Lab Chip, 2023, 23, 2623-2632 | 2627


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lc00339f

Open Access Article. Published on 03 May 2023. Downloaded on 10/26/2025 11:54:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
a 100 5.0
m  Droplet diameter
= Normalized diameter - o
c | d 4.5_9
E o T T r LD 9
3 I LI 3 La0 E
*qu 80 - o
3573
L B i A M M . = £
kot L30
5 £
5 801 L25 2
VTN D o o v o
b NSNS PN G NGNS
_ FFFFFEFFEF
S
= 25
>
(&}
S 20+
= 86.5 + 3.21 um
N C.V:3.7%
[T 10_
(]
2 5
«
& 0 T T T T ’_|I

T T 1
70 75 80 85 90 95 100 105 110
Diameter (um)

Fig. 4 (a) Measured droplet diameter from individual DGUs. Red data
show the normalized diameter derived by dividing the droplet
diameter by the mean nozzle depth of the eight nozzles in each DGU.
1000 droplets were evaluated from each DGU. (b) Overall droplet size
distribution, calculated from all eight DGUs (N = 8000). The red curve
represents normal Gaussian distribution.

DGU (red dots in Fig. 4a), the variance of the mean droplet
diameter decreased to 1.03-fold between the largest value
and the smallest value (DGU2 and DGUS). The overall
nozzle dimension has a mean depth of 25.6 + 0.81 um with
CV < 3.5% (64 nozzles among 8 DGUs). Despite the slight
differences of droplet diameters among DGUs, the overall
droplet diameter distribution (Fig. 4b) revealed good
droplet monodispersity (CV < 5%). Hence, we can consider
that the droplet diameters from different DGUs are
identical and can be used for digital droplet PCR (d = 86.5
um) with estimated 1.47 x 10> generated droplets in each
DGU.

ddPCR assay

To demonstrate compatibility of the cartridge to
biochemical assays, exemplary ddPCRs for the detection of
the human cystic fibrosis transmembrane conductance
regulator (CFTR) gene were performed in serial dilutions.
Triplicates were run in each DGU for each dilution step
and for every run, a fresh cartridge was used. Cartridges
were loaded and processed as explained in the workflow
description. The ddPCR was evaluated using an automated
fluorescence microscope and image data analysis software.
The concentration was calculated by applying Poisson
statistics.*’ Evaluation of the ddPCR showed homogeneous,
monodisperse droplet images with a clear differentiation
between positive and negative droplets (see Fig. 5a). By
plotting expected values against measured values, a very
good concordance of template concentrations could be
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Fig. 5 Analysis of the digital droplet polymerase chain reaction
(ddPCR). (a) Exemplary microscopic fluorescence images of droplet
monolayers after amplification. Serial dilution of target template
(C1-C3) and a non-template control (NTC) are shown (using the
presented cartridge). (b) Measured template concentrations per
DGU. The dashed line represents the expected concentration. Error
bars represent standard deviations of three repetitions. (c)
Comparison of presented cartridge and commercial instrument is
performed by plotting overall concentration against the expected
concentration. Each data point represents the mean of
concentration of three repetitions of the eight DGUs for the
presented cartridge and four repetitions for the Stilla Naica system.
The linear fit curve is represented by the solid line. RAW data are
presented in the ESIj S6.

observed for each serial dilution per DGU with R* values
between R> > 0.998 and R*> > 0.999 (Fig. 5b, ESL} S6) as
well as for the overall experimental performance (red line,
Fig. 5¢) with R* > 0.999.

Additional experiments were performed separately to
verify quantitative accuracy against commercial ddPCR
platform (Naica system, Stilla Technologies, Villejuif, France).
These experiments showed comparable results in terms of
linearity, with an R” value of >0.997 (Fig. 5c).

The good concordance between template concentration in
the single DGU as well as for the overall set-up demonstrates
that the cartridge performance did not interfere with
introduced biomolecules nor impair assay performance.
Therefore, it is suitable for increased throughput biochemical
assays.

The presented cartridge is an open system without any lid
during sample emulsification. Usually low DNA-
concentrations are applied before amplification, and the risk
of cross contamination can be considered low, similar to
other common methods of DNA extraction such as the use of
spin-columns. The accordance of the ddPCR result also
supports our assumption.

This journal is © The Royal Society of Chemistry 2023
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Materials and methods

Microfluidic cartridge design and manufacturing

The microfluidic structure was designed in a computer-aided-
design software (Dassault Systemes SE, SolidWorks, Vélizy-
Villacoublay, France) and MATLAB based fluidic networking
simulation (MathWorks Corp., Matlab, Natick, MA, USA) and
manufactured by the Hahn-Schickard Lab-on-a-Chip
Foundry.** The PMMA (Evonik AG, Essen, Germany) master
was milled by a CNC milling machine (KERN Evo mill, KERN
Microtechnik GmbH, Eschenlohe, Germany). The milled
surface was measured by confocal microscopy (DUO Vario,
Confovis GmbH, Jena, Germany). Then, the positive stamp
was produced. Polydimethylsiloxane (PDMS) (mixture of
elastosil 607 and elastosil 675, 1:1, with monomer/
crosslinker ratios of 9:1 and 1:1 respectively) was poured
onto the milled master, and centrifuged (Zentrifuge Rotanta
460 R, Hettich GmbH, Kirchlengern, Germany). The positive
PDMS stamp was used to create replicates by hot embossing,
transferring structures onto cyclic olefin copolymer substrate
(COC) (TOPAS COC 5013, TOPAS Advanced Polymers GmbH,
Raunheim, Germany). Finally, the cartridge was sealed
manually using a pressure sensitive adhesive film (9795R
diagnostic tape, 3M Corp., Saint Paul, MN, USA).

Centrifuge and customized rotor

The rotor was designed in Solidworks and printed by a
commercially available 3D printer (Original Prusa i3, Prusa
Research sro, Czech Republic) wusing polyethylene
terephthalate glycol filament (PETG, Prusa Research sro,
Czech Republic).

To perform and observe droplet generation, a customized
centrifuge was used (Euler player 2nd generation, BioFluidix
GmbH, Freiburg im Breisgau, Germany).

Droplet generation and readout

For all experiments, fluorinated oil with surfactant dSurf (4%
(w/w) in Novec™ 7500, Fluigent, France) was used as a
continuous phase. The PCR buffer (1x) was used as a
dispersed phase in this paper with a measured viscosity of
1.65 mPa s (see ESLj S1) and was prepared by mixing 2x
ddPCR Supermix for probes (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) with distilled water (UltraPure DNase/
RNase free, Invitrogen Corp., Carlsbad, CA, USA). Pipetting
was performed using an Eppendorf Research Plus 8-channel
pipette (Eppendorf AG, Hamburg, Germany) and epT.L.P.S.
Standard 2-200 pL pipette tips (Eppendorf AG, Hamburg,
Germany). No leakage was observed through all experiments.
Droplet diameters were evaluated by the following procedure:
bright field images were recorded by microscope Observer Z1
(zeiss GmbH, Jena, Germany) and then further analyzed
using MATLAB based build-in circle detection algorithm (see
ESL; S5).
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ddPCR

The ddPCR experiment on the presented cartridge was set-up
according to Schulz et al.*® 25 pl reaction mixes were pipetted
into each DGU of the cartridge with a multichannel pipette
(Eppendorf AG, Hamburg, Germany). After droplet
generation, the emulsion in the 8-tube strip (Biozym
Scientific GmbH, Hessisch Oldendorf, Germany) was covered
with 15 pl mineral oil (Sigma Aldrich, St. Louis, MO, USA)
and transferred to a thermal cycler (T 100 Thermal Cycler,
Bio-Rad Laboratories Inc., Hercules, CA, USA). The cycling
protocol was as follows: 5 min at 94 °C, 45 cycles (15 s at 94
°C and 60 s at 58 °C), and holding at 23 °C until readout.
After cycling, droplets were transferred into cell counting
chamber slides (Countess™, Invitrogen Corp., Carlsbad, CA,
USA), where the droplets aligned in a monolayer. Positive and
negative droplets (N = 2000 per sample) were counted using
a fluorescence microscope (Lionheart LX, BioTek Instruments
GmbH, Bad Friedrichshall, Germany) and the corresponding
image analysis software package (Gen5).

A comparative experiment on a commercial ddPCR
platform was performed using the Stilla Naica system (Stilla
Technologies, Villejuif, France). The same assay was used
with a minor adjustment: 5x PerfeCTa qPCR ToughMix
(QuantaBio, Beverly, MA, USA) was used in the reaction mix
instead of 2x ddPCR Supermix for probes. 25 pl reaction
mixes were pipetted into sample inlets on Sapphire Chips
(Stilla Technologies, Villejuif, France). The same thermal
cycling protocol was applied after an additional step of
partitioning droplets (40 °C for 12 min). 23000 to 27000
droplets were evaluated after thermal cycling using the
corresponding readout instrument and software (Prism 6,
Crystal Miner).

Conclusions

We present a microfluidic cartridge comprising eight “droplet
generation units”, DGUs, for increased throughput sample
emulsification as a part of a parallelized and automated
laboratory workflow. The automated workflow is suitable for
digital droplet assay and can be adapted in any laboratory as
it requires no specialized instruments. The user-friendly
installation simplifies cartridge set up with minimal manual
steps within a short period of time. Compared to existing
solutions,”**” the use of eight channel pipettes reduces
pipetting steps for loading sample and oil from 16 to 2. Using
our simulation-based strategy, we derived an in silico design
that provides consistent flow conditions for each DGU
despite the challenges of interfacing the linearly oriented
eight channel pipette and the eight tube strips to the
centrifugal microfluidic chip designed in polar coordinates.
We demonstrated that the cartridge enables the user to
emulsify eight samples for ddPCR with good reproducibility,
regardless of the DGU position. The presented cartridge
design is tailored to the Eppendorf rotor for 6x PCR 8-tube
strips. By applying the introduced design strategy, however,
adaptation of the cartridge design to rotors with different
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dimensions is straightforward. One critical parameter is the
distance between the rotor's center and the installed PCR
8-tube strip, as this affects the orientation and radial position
of each DGU on the cartridge (parameters shown in Fig. 3(a)).
The second parameter is the rotor radius required to hold
the cartridge. In the presented -cartridge, the length
(x-direction) of the DGU is 40 mm, and additional length is
necessary to achieve sufficiently large hydrostatic pressures at
the start of centrifugation. Consequently, the minimum rotor
radius should be no less than 50 mm. This also determines
the centrifuge models compatible with the presented
cartridge.

The current 3D printed rotor allows for the operation of
16 samples per run by processing two cartridges
simultaneously. By adapting the rotor design, one can easily
integrate at least three cartridges. It is possible that higher
throughput can be achieved by using a customized rotor for
4 x 8 DGUs or by using a 96-spin plate rotor with stacked
DGU units on top of a 96-well PCR plate (12 x 8 DGUs, not
shown in this study). Furthermore, the current design
required adaptors to fix the cartridges to the rotor and
therefore, a customized centrifuge was used. Once the
cartridge is transferred to injection molding, a cartridge can
be designed to fit directly to the commercially available rotor
and thereby become a powerful tool for cost-effective digital
assay implementations.

Finally, we demonstrate the interfacing of centrifugal
microfluidics with linear-oriented standard equipment. The
design strategy is not limited to droplet generation.
Arranging fluidic elements in a linear-oriented manner
enables compact fluidic design and reduces the footprint,
resulting in increased throughput. This approach could
further extend parallelization for various applications in
diagnostics and bioanalytical processes, including lateral flow
strips,” immunoassays’® and nucleic acid assays.’” This
streamlining could offer a way to make the most of the major
advantages of centrifugal microfluidics when handling small
volumes in a highly precise manner.*®*® Efficiency is further
enhanced by the excellent technical benefits of linear-
oriented laboratory equipment for high-throughput
laboratory automation.
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