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Digital droplet-based bioassays (ddAssays) have been applied in numerous fields, though many existing

microfluidic platforms are tailored to specific assay classes and require complex workflows involving

multiple processing steps. Here, we present a fully integrated microfluidic platform for generic digital

bioassays that combines droplet generation and storage for on-chip incubation and optical readout on

a single disposable device. This microfluidic platform enables the parallel execution of test and control

experiments, each using more than 200 000 monodisperse droplets of 35 pL. CFD simulations of the

step emulsification unit, together with experimental characterization, confirm the predicted device

performance. The device is prepared by variothermal compression molding. A dual-layer photoresist

strategy was used to create the master for replicating the channel systems with two different channel

heights and step transitions between them. The core functionality and the applicability of various optical

modalities for image-based readout are demonstrated by exemplary biochemical and microbial growth

reporter assays. The platform is compatible with automated image-based analysis for high-throughput

digital assay readout.
Introduction

Digital bioassays1,2 represent an advanced renement of
conventional bioassays, improving sensitivity, precision and
throughput.3 Enumeration of the positive sub-volumes allows
absolute quantication of the analytical species present in the
original sample. In digital droplet-based bioassays (ddAssays),
the target sample is stochastically encapsulated within micro-
droplets, which are tested for the absence or presence of the
analytical species. These assays oen include an amplication
step for signal enhancement, e.g., nucleic acid amplication
using polymerase chain reaction (PCR) in digital PCR2,4 or
proliferation of cells in the case of digital microbial assays.5

Most technological advancements focus on specic assay
ember of the Research Alliance “Leibniz

or Photonics in Infection Research (LPI),

ny. E-mail: cornelia.reuter@leibniz-ipht.

ter for Applied Research, Philosophenweg

of Physical Chemistry and Abbe Center of

rmany

, 5081 Anif, Salzburg, Austria

overse, Friedrich Schiller University Jena,

the Royal Society of Chemistry
classes, such as PCR,6,7 enzyme-linked immunoassay (ELISA) or
cell-based assays.7

Since the breakthrough of encapsulating deoxyribonucleic
acid (DNA) in droplets using microuidics,8,9 ddPCR platforms
have been applied in numerous applications.10,11 Commercial
state-of-the-art devices using ddPCR, as reviewed by Tan et al.,
are Naica by Stilla Technologies, the QX series and RainDrop,
both by Bio-Rad Laboratories.12 Naica is prelled with the
continuous phase. Summarized, the QX series and Naica have
similar capabilities, with around 25 000 droplets of approxi-
mately 500 pL partitioned volume per sample, leading to
a droplet diameter of approximately 100 mm, and 20 mL total
reaction volume. The RainDrop can produce up to 1 × 107

droplets, with a droplet diameter of 17 mm and respective
volume of 5 pL, in a total reaction volume of up to 50 mL.12,13

The eld of digital droplet-based ELISA (ddELISA) is less
advanced than ddPCR, as it relies on the isolation of function-
alized beads in picoliter droplets for protein quantication.14,15

Its complexity arises from the challenge of bead encapsulation
and the inherently weak uorescence signal of single-enzyme
detection, which lacks PCR-like amplication.14

In droplet-basedmicrouidics,16 a diluted aqueous sample is
partitioned through an oen peruorinated oil phase into
droplets.9,17,18 This approach combines emulsion systems with
precise liquid handling in continuous-ow microuidics. The
most common approaches for on-chip droplet generation
RSC Adv., 2026, 16, 23803–23817 | 23803
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Fig. 1 Microfluidic platform diagram of the ddAssay chip, represented
by (A) a sequence of interconnected microfluidic operation units. SLin:
sample loop inlet, SLout: sample loop outlet, oilin: continuous phase
inlet, DR: droplet retainer, DG: droplet generator, DS: droplet storage,
incubation and readout channel. (B) Arrangement of microfluidic
operation units for layout. It is mirrored for the complete microfluidic
device.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 3
:4

1:
30

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
include step emulsication (SE),19,20 and ow-focusing21 on
nozzles,22,23 T-junctions24,25 or X-junctions.26,27

Kaminski et al. summarized the progression of droplet
microuidics, focusing on its relevance to microbiology.
Ongoing developments aim to improve droplet stability and
generation rates. Methods have been developed to support the
growth of microorganisms with dissolved gases such as oxygen
and CO2.6 Various microuidic platforms exist and have been
used to implement ddAssays at different levels of integration.
Microchannels with prolonged residence time28 have been used
for decades to enable ow-through incubation, e.g., in combi-
nation with thermocyclers for PCR.29 Schuler et al. developed
a centrifugal microuidic platform that combines droplet
generation and PCR amplication within a single device
architecture,30 while Schulz et al. presented a highly integrated
digital PCR system that enables sample-to-answer nucleic acid
detection using step emulsication and on-chip thermocy-
cling.31 In parallel, several studies have focused on improving
droplet generation throughput and monodispersity. Xu et al.
parallelized 2000 nozzles for spontaneous droplet generation of
pL-volume governed by a Laplace pressure difference at the SE
unit.23 Wei et al. designed a microuidic chip that employs step
emulsication to directly generate droplets into the storage
reservoir, producing droplets with diameters of 38.2 mm and
110.3 mm.13 Comparable work by Zhang et al. achieved high-
throughput droplet formation using 50 parallel step emulsi-
cation units, generating uniform ∼175 mm droplets with
a coefficient of variation (CV) of 3% at ow rates of 1.4–17.5 nL
s−1.32 Lastly, the application of deep learning algorithms has
shown promise in further lowering detection limits for rapid
classication and analysis.33

Despite signicant progress in droplet microuidics, many
existing systems are tailored to specic assay types, rely on
complex workows involving multiple devices or off-chip
transfer steps between droplet generation, incubation, and
readout, use unconventional microuidic device footprints or
require specialized instrumentation for their operation. This
limits their exibility and increases the risk of droplet loss or
instability during handling. In addition, popular commercial
platforms require prelled microuidic devices or specialized
preparation procedures, which complicate operation and
reduce compatibility with standard laboratory workows.

In this work, we present a generic microuidic platform for
ddAssays that integrates droplet generation, incubation,
storage, and optical readout on a single disposable microuidic
chip. The platform supports two assay units, each with more
than 200 000 droplets, implemented on the footprint of a stan-
dard microscopy slide, enabling direct image-based readout
with conventional microscopy systems. The droplets remain in
the storage unit during the assay34 but can be released and
completely recovered if needed. Initial lling with custom uids
and reagents can be easily done on-site as a part of the assay
workow. The droplet generator design is guided by rational
design principles and validated by computational uid
dynamics (CFD) simulations35–38 and experimental character-
ization. The device is prepared by STRATEC Consumables
GmbH using variothermal injection-compression molding,
23804 | RSC Adv., 2026, 16, 23803–23817
a technology established for high-volume replication of micro-
structured polymer components. In this paper, we demonstrate
the operation of the microuidic ddAssay chip in terms of
initial lling with the continuous phase, sample droplet
formation, incubation and on-chip readout. Application exam-
ples across digital droplet-based assay classes are presented and
discussed, and compatibility with various optical readout
modalities is demonstrated.
Results and discussion
Microuidic concept and implementation

The microuidic device aims to implement all essential
microuidic operation units required for digital droplet-based
bioassays (ddAssays), including droplet generation and
storage for incubation, and optical readout, within a single
integrated microuidic platform. DdAssays follow a very simple
and generic workow. Aer sample preparation, the sample
volume is partitioned into droplets for incubation and readout.
During readout, the number of positive and negative droplets is
counted and used to derive the analytical result. The integrated
microuidic device is designed to support the steps of droplet
generation, prolonged storage and incubation, image-based
readout, and collection of the droplets into an external vial.
Following the rules of the microuidic platform concept39 the
system is composed of interoperable microuidic operation
units as shown in Fig. 1. In our work, compatibility of the units
is achieved by a design process where each unit is draed by
rational design and veried by in silico testing using modern
CFD approaches, as exemplarily reported in the paper for the
droplet generator unit, following the rules of microuidic
design automation.26,40 The clear advantage of this approach is
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Droplet generator (DG) composed of (A) a neck and (B) a head
section. (C) Technical sketch of the DG head section with the droplet
shape fitted into the model. Green line: droplet circumferential shape,
green dotted: contact line of the droplet with the bottom face, blue:
vertical side walls of the SE unit, red: vertical side walls of the step and
the droplet collecting channel. (D) Process of droplet generation. Blue:
dispersed phase fluid, orange: continuous phase fluid.
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that the fully functioning devices were obtained from the rst
preparation run.

Sample loop unit (SL)

The on-chip sample loop channel delivers the sample liquid
from an inlet port to the feed channels of the droplet generator
unit. It additionally connects to an outlet port to completely
exchange the contained liquid when loading a sample or to vent
the channel. It measures 30.8 mm in length, 0.16 mm in width,
and 0.04 mm in depth, with an internal volume of 197 nL.

Droplet generator unit (DG)

The droplet generator unit operates according to the principle
of step emulsication (SE).20,41 This is realized by an abrupt
transition in channel height from a shallow to a deep channel
section, whereby the dispersed-phase sample uid is passed
through the shallow feed channel and overows into the deep
channel, which is lled with the continuous-phase uid.
Droplet generation happens at the transition from a shallow to
a deep channel as the dispersed-phase uid droplet grows into
the deep channel. The process itself is dominated by interface-
generated forces. Shear ow of the continuous phase is not
required, reducing the required fraction of continuous-phase
uid. This enables the direct creation of densely packed
droplet suspensions.42 Parallelization enables scalable droplet
generation rates.23,32,43 In digital microuidics, direct contact
between the dispersed phase uid and the channel walls is
prevented by the formulation of the continuous phase uid in
combination with the wetting properties of the channel surface.
All channel surfaces are designed to exhibit ideal non-wetting
conditions for the dispersed aqueous phase. Under these
conditions, the effective contact angle approaches 180°, pre-
venting wetting of the channel walls by the dispersed phase and
minimizing droplet adhesion or crosstalk between droplets via
wall-sticking droplet fragments. Details have been previously
investigated by the authors.44,45 Its implementation for CFD
simulation has been reviewed by Hoang et al.36

The unique selling point of the designed droplet generator is
that droplet volume and generation rate can be easily predicted
by simple geometrical rules. In the rational design phase, the
geometric and control parameters are adjusted to the dened
process parameters using mathematical models. Aerwards, it
is validated by in silico experiments using CFD simulations.
Therefore, this structure can be easily customized and inte-
grated into microuidic networks.

Design model

The designed droplet generator comprises 92 step emulsica-
tion units, with their inlets connected to the sample loop and
their outlets to the droplet-collecting channel. Each step
emulsication unit consists of a neck section and a trapezoidal-
shaped head section that ends at the channel step, where
droplet detachment occurs (Fig. 2). The neck channel serves as
a throttle, limiting the ow rate through the droplet generator
structure to ensure controlled interface break-up during droplet
formation. It has a square cross-section of 12 × 12 mm2. The
© 2026 The Author(s). Published by the Royal Society of Chemistry
neck channel length must be determined within the framework
of the rational design. The head section has a trapezoidal shape
with a height of 12 mm and vertical side walls. It is connected to
the neck channel and the droplet collecting channel, which has
a height of 40 mm. The head section must be dimensioned to
collect a dispersed-phase volume before it is discharged over the
step into the droplet collecting channel.

For the released droplet, a diameter of 38 mm (V = 28.7 pL)
was specied in advance. Around 200 000 droplets should be
generated in less than two minutes, which requires a droplet
generation rate in the order of >1500–2000 droplets per second
and a total ow rate of >50 nL s−1 for the dispersed phase uid.
Rational design – head section

To achieve the target droplet volume of 28.7 pL, a slightly
smaller volume of the dispersed phase must be accumulated in
the head section before release. This is necessary, since the ow
into the droplet continues until the formed droplet is
completely released from the unit. Aer droplet release, a frac-
tion of the volume remains in the unit. Therefore, a smaller
design volume of 25 pL is used in the rational design to dene
the geometrical parameters for the head section.

Within the head section, the accumulated liquid forms
a disk-shaped body with half-circular side walls before being
released into the droplet-collecting channel. The volume of this
body can be calculated from its height H and diameter D using
eqn (1), obtained by integrating the droplet shape in cylindrical
coordinates.
RSC Adv., 2026, 16, 23803–23817 | 23805
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V ¼ 5pH3

12
� p2H3

8
� pDH2

2
þ p2DH2

8
þ pD2H

4
(1)

For a design volume of 25 pL and a height of 12 mm, the
diameter evaluates to 54 mm at the center plane of the body. The
head section can be constructed by tting this body into the
geometry in Fig. 2C.
Fig. 3 Volume flow fluctuations through a single SE unit depending on
the diameter of the growing droplet disc inside the head section for
a dynamic viscosity of 10−3 Pa s and an interface tension of 5 × 10−3 N
m−1 and a neck channel length of 1 mm.
Rational design – neck length

During operation, the unit is lled with the aqueous phase
except for a small part of the head section (Fig. 2D). Therefore,
the viscosity of water is used in the following calculations.
Viscous losses in the head section were neglected due to its
short length. For predicting the volume ow through the step
emulsication unit, the viscous losses along the neck channel,
and the back pressure p created by the curved liquid–liquid
interface inside the head section need to be considered
according to eqn (2).

pSE unit = pHP + piface (2)

Pressure drop due to viscous losses is predicted using the
Hagen–Poiseuille model with the hydraulic diameter approxi-
mation for channels with non-circular cross-section. The model
eqn (3) already includes the simplications for square channel
cross-sections. The symbol m represents the viscosity, L the
length, Q the volume ow and H the width and height of the
channel. The negative sign reects the pressure drop p = pout −
pin.

pHP ¼ �128mLQ

pH4
(3)

To predict the interface-generated back pressure, the Laplace
equation is used, where s denotes the interface tension and R1

and R2 the vertical and horizontal radii of curvature of the
liquid–liquid interface. The negative sign reects the orienta-
tion of the curved interface relative to the channel direction
from inlet to outlet.

piface ¼ �
�

s

R1

þ s

R2

�
(4)

The merged models provide the pressure/throughput char-
acteristics for either p or Q as the independent parameters.

pSE unit ¼ � s

R1

� s

R2

� 128mLQ

pH4
(5)

QSE unit ¼ � psH4

128mLR2

� psH4

128mLR1

� pH4p

128mL
(6)

The target system with parallelized step emulsication units
is operated at a constant pressure drop between the sample loop
and droplet collecting channel as discussed before. Onward, the
specied pressure reects the pressure settings, so that the
minus sign disappears unless it is explicitly stated that it is the
23806 | RSC Adv., 2026, 16, 23803–23817
negative pressure drop. During droplet generation, the curva-
ture of the liquid–liquid interface in the head section periodi-
cally changes, resulting in uctuations in the ow rate.

These volume ow uctuations are illustrated in Fig. 3 for
the volume ow dependent on the diameter of the growing
droplet disk in the head section. At low pressure settings of 10
mbar, the interface-generated back pressure is not compen-
sated, and negative volume ow towards the inlet is observed.
For pressure settings >20 mbar, volume ow is permanently
directed to the outlet.

During droplet release, the volume accumulated in the head
section is spilled into the droplet-collecting channel as
a spherical droplet with a lower pressure drop across the
interface compared to the disk-shaped volume part inside the
head section. This causes the liquid to be expelled from the
head section into the droplet. At the end of this process, the
droplet is released by interface rupture. This requires that the
volume ow through the unit be limited. For reliable operation,
we expect that the volume ow ratio qratio through the SE unit at
the time of droplet release (Fig. 2F) should be less than 1.25
times the volume ow when lling the head section (Fig. 2E).
This value is dened in eqn (7) where R1 represents the radius of
the vertical, R2 the radius of the horizontal curvature of the
maximum volume body inside the neck section and R3 repre-
sents the radius of the droplet immediately before interface
rupture.

qratio ¼ QSE unitðp; R3; R3;.Þ
QSE unitðp; R1; R2;.Þ (7)

Substitution and simplication yield eqn (8),

qratio ¼ ðR2 þ R1ÞR3sþ R1R2R3p

2R1R2sþ R1R2R3p
(8)

where the value of qratio depends on the particular curvatures of
the interfaces, the interface tension and the pressure drop p
along the complete SE unit. It should be mentioned that qratio is
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Volume flow ratio qratio parameter dependent on the pressure
drop over the SE unit for an interface tension of 5 mN m−1 and the
target design parameters R1 = 6 mm, R2 = 27 mm and R3 = 17 mm.
Negative pressure drop corresponds with a positive pressure settings
value.

Fig. 4 Minimum and maximum volume flow through the parallelized
droplet generator with 92 SE unit elements dependent on the neck
channel length.

Table 1 CFD simulation parameters

Transport properties

Fluida HFE 7200 Water
Density 1610 kg m−3 997 kg m−3

Dynamic viscosity 0.770 10−3 Pa s 0.890 10−3 Pa s
Interface tension 5.5 × 10−3 N m−1

Interface property (uid/wall)

Contact angle 0° 180°

Boundary conditions (uid/wall)

Outlet pressure xedValue 0 Pa Uniform 0 Pa
Inlet pressure xedValue 0 Pa Uniform 3000.0 Pa

a At 25 °C.
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not inuenced by the length L of the neck channel since it has
been eliminated from the equation during simplication.

The pressure dependency of the qratio parameter is shown in
Fig. 5 for the target-step emulsication unit. The value of qratio <
1.25, where the unit is expected to work in a reliable regime, is
found at a pressure setting of 3000 Pa (30 mbar).

Now, the length of the neck channel is dened so that the
volume ow at 3000 Pa matches the desired volume ow to
achieve the desired droplet generation rate.

The maximum and minimum volume ow for the parallelized
droplet generator with 92 SE unit elements, as a function of the
neck channel length, are shown in Fig. 4. A volume ow of 80 nL
s−1 can be achieved with a neck channel length of 1 mm.
© 2026 The Author(s). Published by the Royal Society of Chemistry
CFD simulations

The droplet generator geometry was validated by CFD simu-
lations‡ to analyze droplet formation dynamics. Accordingly,
the geometry shown in Fig. 2A was investigated.

Simulations of the droplet generation process were per-
formed using the interFoam solver of the OpenFoam CFD
toolkit,35,36 version 2406. Post-processing and visualization were
performed using ParaView,37 based on VTK.38 A zero-contact-
angle boundary condition was applied by setting the contact
angle between the continuous phase uid and channel wall to
0°.46 Details are provided in the Materials and methods section.
The template case for rerunning the simulation is provided in
the digital supplement.

In the simulation, a pure pressure-driven ow was used, with
xed pressure constraints at the inlet and outlet faces, and
a pressure drop of 3000 Pa between them. This corresponds to
a single-step emulsication unit within the parallelized droplet
generator, in which all 92 units were fed from a single sampling
channel at (almost) identical pressure. Fluid properties and
simulation parameters are summarized in Table 1. The
throughput through the unit depends on the steepness of the
pressure gradient, which is inuenced by the Laplace pressure
drop across the evolving interface of the formed droplets, as
discussed in the Rational design – head section.

As long as the interface is within the neck channel section,
where it has the smallest curvature, as shown in Fig. 6B, the
minimum ow rate is observed. The situation reects the
initiation process, in which the continuous oil phase in the neck
channel is successively substituted by the sample uid.

The droplet generation cycle starts when the interface
expands into the head section and forms a disc-shaped body. As
shown in Fig. 6C and D, the horizontal radius of curvature
increases, thereby reducing the pressure drop across the inter-
face. Due to the xed pressure settings at the inlet and outlet,
the pressure drop along the neck channel increases, thereby
‡ Provided in the digital supplement S1.

RSC Adv., 2026, 16, 23803–23817 | 23807
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Fig. 6 Visualization of CFD results‡ with fixed inlet pressure – constraint. (A) Domain overview for the single droplet generator unit showing the
sample loop channel, the neck section and the head section with the step transition into the main channel (from left to right). (B–G) Geometry of
the liquid–liquid interface at different time steps of the droplet generation cycle. Local interface velocity is visualized by the color map. Themean
fluid velocity in the neck channel is shown in the bar chart, and the pressure drop along the x-axis (green line) is shown in the line chart insert of
each subplot.
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increasing the transport velocity of the uid. The situation
reects the stage at which the liquid forming the droplet
accumulates in the head section.

As soon as the interface passes the step in front of the head
section, a spherical droplet starts growing into the droplet-
collecting channel. Due to the smaller pressure drop across
the droplet-shaped interface compared to the disc-shaped
interface inside the head section, the liquid accumulated
there spills into the growing droplet as visible in Fig. 6C–E. Due
23808 | RSC Adv., 2026, 16, 23803–23817
to the reduced interface-generated back pressure, the volume
ow through the neck channel is also increasing. However,
since this is limited by the throttling effect of the neck channel,
the phase boundary within the neck section is narrowed, and
the droplet formed in the droplet collecting channel breaks off
as visible in Fig. 6F. Aer separation at the interface, the
remaining volume in the head section snaps back and the
formed droplet is released into the droplet collecting channel.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 System sketch and video microscopy snapshot of the para-
llelized droplet generator, operated at 150 nL s−1 sample inflow rate.
Only the leftmost and rightmost part of the droplet generator are
shown. Droplets leave the droplet generator as a densely packed
emulsion. Scale bar: 20 mm.

Fig. 8 Initial filling with the continuous phase (A and B). Exemplary
overview of droplets in the storage chamber (C and E) with their
respective histogram for the droplet diameter distribution (D and F).
Scale bar: 20 mm.
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Now that the droplet generation cycle is completed, the next
cycle starts.

In the simulations, the droplet generation cycle takes 16.8 ms,
corresponding to a droplet generation rate of 60 Hz. For the
parallelized droplet generator with 92 droplet generator units, the
simulations predict a total droplet generation rate of ∼4550
droplets per second and a sample volume ow rate of 140 nL s−1,
which is sufficient to ll the chip with droplets in less than 1
minute.
Experimental conrmation

The nal geometry of the droplet generator unit has been
implemented by arranging the investigated droplet generator
structures in parallel (Fig. 7). It operates efficiently at a high
sample-to-continuous phase ratio, enabling the direct genera-
tion of densely packed droplet suspensions. This approach
eliminates the need to remove a surplus of the continuous
phase before loading the suspension into the storage and
incubation chamber.

This experimentally conrms the generation of a densely
packed droplet suspension with a droplet volume of 35 pL at
a total sample ow rate of 150 nL s−1 and a droplet generation
rate of around 4300 droplets per second. CFD results and
experimental data are in good agreement.

Minor variations in droplet diameter can occur during
formation but remain sufficiently small for digital assay appli-
cations. Additionally, each droplet volume can be determined
by image-based readout, allowing accurate quantication.

In summary, the droplet generator is conrmed to produce
droplets of suitable size and droplet generation rate. The
conrmed droplet generation rate and sample ow rate are three
times higher than the initially draed parameters and can be
scaled down to a sample ow rate of 50 nL s−1 for the experiments.
© 2026 The Author(s). Published by the Royal Society of Chemistry
Droplet storage unit (DS)

The droplet storage is implemented as a winding capillary slit
channel (Fig. 1) having a width of 1.2 mm, a mean channel
length of 272.8 mm, a height of 40 mm and an inner volume of
13.1 mL. Initial lling of the chip device with the continuous
phase is performed at 50 nL s−1, where a convex liquid–air
interface forms and is continuously transported through the
channel. Droplet suspensions can be loaded into the initially
lled channel (Fig. 8).

Considering hexagonal dense packaging, it can hold up to
252 000 droplets with a diameter of 40 mm. In the case of cubic
dense packaging, the number of droplets reduces to 204 000. If
the optically measured droplet diameter falls below the channel
height of 40 mm, the sphere volume equation can be used.
Otherwise, the volume VRB of a rotational body with at top and
bottom face, as given in eqn (1), is recommended.
Droplet retainer unit (DR)

The main purpose of the droplet retainer unit is to prevent
droplets from escaping from the storage unit during incubation
and readout. In addition, it supports air-bubble-free initial
lling of the chip with the continuous-phase uid and the
option to transfer the stored droplets completely to an external
reservoir for further post-processing. The challenge of meeting
all these contradictory requirements was solved by a special
shape of a droplet retention barrier, for which a patent34 was
granted.

The droplet retainer unit is realized as a biconcave plateau
structure with a center duct spanning the width of the main
channel, with a plateau height of 28 mm, and a minimum duct
RSC Adv., 2026, 16, 23803–23817 | 23809
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Fig. 9 (A) Residue-free transportation of air bubbles facilitated by the
retainer structure. (B) Passage of droplets through the retainer struc-
ture at high flow rates. (C) Retention of small droplets and confinement
of the assay in the storage unit through the retainer structure.
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width of 18 mm. The main channel height is 40 mm, and the
main channel width is 1200 mm. Such a plateau can be passed
by the continuous-phase uid. At low ow rates, any droplet or
air bubble will be retained, which corresponds to the target func-
tionality. In certain scenarios, however, the dropletsmust also pass
the barrier in a dened way. This applies when sample droplets
need to be collected into an external reservoir, or when large air
bubbles have to pass through the barrier during initial lling
without leaving any air fragments behind. Both situations can be
managed. Depending on the applied ow rate, droplet size and
interface tension, droplets can pass through the duct or overcome
the barrier across the full width of the main channel.

All targeted functionalities are experimentally conrmed and
shown in Fig. 9A. A ow rate of 50 nL s−1 is used for the
continuous phase uid HFE7500 containing 2% of the surfac-
tant dSurf. The air bubble passes through the barrier duct
without fragmentation. Droplets with a diameter between 30
and 40 mm can be retained for droplet storage during incuba-
tion and readout at continuous-phase ow rates below 0.2 nL
s−1 (Fig. 9C), which is below the parasitic ow rates induced by
thermal or inertial effects during incubation. This ow rate can
also be used to supply the growing cultures with gases dissolved
in the continuous phase liquid. In this case, the complete liquid
exchange can be achieved within 4.5 h.

Optionally, the chip can be detached from the uid
management system, and the uid ports can be sealed with
adhesive tape without disturbing the arrangement of the stored
droplets. The droplet retainer contributes to this operation by
retaining the droplets inside the storage and incubation unit. This
makes the uid management available for other tasks, e.g., next
ddAssay platform lling, and improves the optical accessibility of
the chip for optical readout using microscope objectives.
23810 | RSC Adv., 2026, 16, 23803–23817
Integrated microuidic device – from layout to fabrication

The microuidic operation units are connected (Fig. 1) and laid
out on the footprint of a microscopy slide to realize the inte-
grated microuidic device for droplet-based assays and control
measurement. For the realization of the two etching depths, 12
mm and 40 mm, a dual-layer resist strategy is realized through
injection compression molding, which achieves a surface
atness/roughness in the order of 1 mm mm−2.

Injection compression molding technology47 was originally
developed for the mass production of optical data storage
media such as CDs, DVDs, and Blu-ray discs, which require the
precise replication of sub-micron surface relief structures. The
process employs interchangeable master plates carrying the
surface microstructures, allowing rapid adaptation of the mold
insert. The molding cycle comprises injection, compression,
and demolding steps. During injection, the polymer melt is
introduced into the mold at a temperature above its melting
point and subsequently cooled to a temperature between the
melting and soening points. In the compression step, the
polymer is pressed against the master plate to accurately
replicate the surface microstructures and to dene the nal
thickness of the workpiece. Aer demolding, the replicated disc
is available for post-processing and nishing.

For the fabrication of microuidic devices, the channel
geometries must be implemented on the master plate as
surface-relief structures with a small dra angle to enable reli-
able demolding. The realization of channel sections with
different heights on a single substrate requires master plates
featuring multiple structure depths, which signicantly
complicates master fabrication. During post-processing, uidic
access holes are introduced, the microchannels are sealed by
bonding to a cover layer, and the individual chips are subse-
quently separated from the molded disc.

The presented microuidic device was prepared from the
cyclic olen polymers, COP1420R (molded part) and COC6013M
(cover lm). A dual-layer photoresist strategy, based on
sequential lithographic processing, is used to generate channel
geometries and microuidic operation units, followed by an
electroplating process to convert them into a nickel master
plate.

Achieving accurate alignment between the two layers,
controlling the photoresist thicknesses, and incorporating an
appropriate dra angle (typically < 2°) are critical process
considerations to ensure successful demolding in subsequent
manufacturing steps.

This dual-layer resist strategy enables the precise generation
and reliable replication of the required geometries.48 High
replication accuracy and excellent dimensional agreement with
the design were achieved even for the challenging geometries of
the parallelized droplet generator (Fig. 10) and the droplet
retainer structures.

The variothermal molding process signicantly enhances
replication quality by suppressing premature solidication and
uncontrolled polymer relaxation during cooling, which is crit-
ical for preserving ne microstructural features with high
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 (A) Image of the fabricated microfluidic platform and (B)
channels filled with blue dye for enhanced contrast. (C) SEM picture
with zoom-in of nozzles, head section, and a step into the droplet-
collecting channel created in COP1320R.
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aspect ratios and for minimizing defects such as weld lines, ow
marks, and sink marks.

About 1000 devices have been prepared with uniform quality
within multiple batches. Batch-to-batch variability is inuenced
by several factors, including material batch variations, material
pretreatment, and, most critically, the condition and quality of
the mold stamper. While the variothermal process primarily
improves the molding and demolding of ne microstructures,
careful control of material properties and stamper integrity was
maintained to minimize inter-batch variability.
Fig. 11 Fluorescence image-based on-chip read-out of the digital HDA
assay for (A) a straight section of the droplet storage and for (B) a reverse
loop of the same. Scale bar: 100 mm. Brightfield and fluorescence image-
based on-chip readout of the digital microbial assay for E. coliNissle 1917
after 20 h of incubation in the storage chamber. (C) Brightfield images
and (D) fluorescence images observed with 40× objective, fluorescence
and brightfield (E) image overlay. Scale bar: 20 mm.
Digital droplet-based assay application scenarios

Exemplary digital helicase-dependent amplication for DNA
detection. A digital nucleic acid amplication assay was con-
ducted as a representative use case to validate the functionality
of the developed device and verify the accuracy of its uid and
sample management protocols. Advancements in nucleic acid-
based identication methods are crucial for improving rapid
diagnostics in sepsis, particularly for pathogens like Acineto-
bacter baumannii (A. baumannii), which are increasingly recog-
nized as signicant contributors to pneumonia.49

A digital helicase-dependent amplication (HDA)50,51 assay
was performed for the quantication of A. baumanniiDSM30007
DNA. Droplets were created from a total volume of a nucleic acid
© 2026 The Author(s). Published by the Royal Society of Chemistry
amplication reaction mixture of 15 mL, which was loaded into
the interconnection tubing of the sample syringe and attached
to the short tubing at the chip mount using poly-
dimethylsiloxane (PDMS) sleeves.

A second syringe lled with Novec HFE7500 was attached in
the same way to the mineral oil inlet tubing of the chip mount.
The outlet capillary of the sampling was opened. At this point,
the initial lling procedure is started at a ow rate of 50 nL s−1

until the oil phase reaches the outlet capillary of the sampling
loop.

This procedure takes about 3–4 minutes, depending on the
length of the interconnecting capillary. Continuous-phase uid
ow continues during the subsequent operations until the
droplet generation and loading process is nished. Subse-
quently, the sampling uid is forwarded at a ow rate of 50 nL
s−1 into the sampling loop until the preceding air has been
completely passed through the sampling loop and the sample
uid has reached the open end of the capillary. The sample ow
is stopped, and the sampling loop outlet is sealed by sticking
a pin needle into the capillary. Following that, the system is
ready to generate and load the droplets into the store. Droplets
are generated at a ow rate of 150 nL s−1 for the sample uid
and 50 nL s−1 for the continuous oil phase. Under these
conditions, the droplet generation and loading procedure is
completed aer 62 seconds, when the rst droplets arrive and
pass the outlet droplet retainer structure of the chip, and a total
sample volume of 9.34 mL is converted into droplets. Fluid
connections can be detached, the capillaries are closed with
needles, and the device is incubated at 65 °C for one hour to
complete the HDA. The droplet arrangements are subsequently
read out using uorescence microscopy (Fig. 11A and B).

Droplet dense packaging is preserved during the amplica-
tion and incubation procedure. Fluorescent positive droplets
RSC Adv., 2026, 16, 23803–23817 | 23811
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and non-uorescent negative droplets are clearly discriminated
and can be applied to the subsequent data analysis for counting
the number of positive and negative droplets.52

Exemplary application of droplet-based microbial growth
assay. As another application scenario for the integrated,
generic microuidic system, we demonstrate single-cell micro-
bial assays using Escherichia coli Nissle 1917 (EcoN)53 with the
potential to address current clinical applications.

Droplets were generated from an initial bacterial suspension
(300 mL), which was loaded into the interconnection tubing of
the sample syringe and connected to the short tubing at the
chip mount utilizing PDMS sleeves. The ow rates are adjusted
to ensure stable droplet formation. During droplet generation,
the bacterial suspension and the continuous phase are supplied
at ow rates of 150 nL s−1 and 50 nL s−1, respectively. The
droplets are collected in the droplet storage, and the chip is
transferred to an incubator set at 37 °C for 6–20 hours to allow
proliferation. Aer incubation, the droplets are analyzed using
uorescence microscopy to assess cell viability and growth. The
readout of one representative microuidic chip, as well as the
associated imaging overlay, is presented in Fig. 11C–E.
Successful growth of E. coli Nissle 1917 within the droplets was
observed aer the incubation period, as evidenced by
a progressive increase in cell density and corresponding uo-
rescence signal. Brighteld imaging conrms the presence and
proliferation of bacterial colonies, while uorescence imaging
reveals distinct signal development, indicating active expres-
sion of the uorescent dye. The uniformity of growth across
droplets demonstrated consistent encapsulation and stable
culture conditions within the microuidic system. Fluorescent-
positive droplets and non-uorescent-negative droplets are
clearly distinguished and can be applied to the subsequent data
analysis. The droplets remained stable throughout the experi-
ment and maintained large size uniformity, without droplet
merging observed over 24 hours, ensuring consistent microen-
vironments for bacterial cultivation.

Materials and methods
CFD simulations

CFD-simulation, postprocessing and rendering of results have
been processed on a PC Prime H370-PLUS (ASUSTek Computer
Inc., Germany) with an Intel® Core™ i5-9600KF CPU and 16 GB
RAM running the Debian GNU Linux 12 (bookworm) operating
system using the interFoam solver of the OpenFoam CFD tool-
kit,35,36 version 2406. Postprocessing and rendering of the
simulation results have been performed with the ParaView data
analysis and visualization toolkit.37

The full case template for running the simulation is provided
in the digital supplement under the le name <stepE-
muV3ScaledFixedInletPressureTemplate>. Dimensions and
parameters have been scaled to the base units of 1.0 mm for
length, 1.0 s for time, and 1.0 mg for mass to ensure numerical
stability in the CFD simulations. All parameters and uid
properties are given in the ParametersAndScaling spreadsheet
table in the ParametersAndScaling subfolder of the case
template. A hexagonal volume mesh has been generated from
23812 | RSC Adv., 2026, 16, 23803–23817
a surface triangulated mesh of the SE unit using the snappy-
Hexmesh utility with a uniform cell size in x, y, z of 0.86, 0.86,
0.86 mm3.

The outlet patch was set to the ‘inletOutlet’ type for velocity,
xedValue’ type with p = 0 Pa for pressure and ‘inletOutlet’ type
for the phase fraction alpha.water.

The inlet patch was set to the ‘pressureInletOutletVelocity’
type for velocity, ‘xedValue’ type with p = 3000 Pa for pressure
and ‘inletOutlet’ type for the phase fraction alpha.water.

Channel walls have been set to ‘notSlip’ type for velocity,
xedFluxPressure’ type for pressure and ‘con-
stantAlphaContactAngle’ with theta0 = 180.0°.

The uid properties of water and Novec HFE7500, with an
interfacial tension of 5.5× 10−3 N m−1, have been used for both
the continuous and dispersed phases.

Dynamic time-step sizing was activated, with the Courant
number limited to maxCo= 0.05. The neck channel was initially
lled with the dispersed-phase uid using the setFields utility of
the OpenFoam Toolkit.

The shape of the liquid/liquid interface was initially allowed
to converge using manual control and increasing the time step
size, starting with deltaT= 1× 10 s. The simulation was allowed
to run for 23 ms, which was sufficient to model the creation and
release of a single droplet.

Finally, the simulation results were converted to the generic,
long-term-supported VTK data format using the toolkit's
‘foamToVTK’ utility and saved in the ‘VTK_RESULTS’ subfolder.
All parts of the simulation can be controlled by starting the
related run script.

Details are provided in the Readme.txt le in the root folder
of the case template. For rerunning the postprocessing with
ParaView, the respective pvsm state les from the VTK_RE-
SULTS_ALL or VTK_RESULTS_SUBSET folder can be loaded
into the ParaView app, where the VTK_RESULTS_SUBSETS
folder contains all the data for reproducing Fig. 6.
Microuidic device manufacturing and operation

Two-step photolithography. The microuidic consumable is
fabricated using injection-compression molding, based on
a two-layer UV-LIGA-fabricatedmaster structure. The realization
of the two-layer master structure was accomplished through
sequential lithographic processing. Fig. 12 illustrates the step-
wise fabrication procedure.

Initially, a 12 mm-thick rst lithographic layer of the negative
photoresist SU-8 3010 was spin-coated, so-baked, exposed,
and post-baked (Fig. 12A), but not developed. Following the
post-exposure bake, a second photoresist layer with a thickness
of 29 mm was spin-coated on top of the rst layer and subse-
quently exposed with an alignment accuracy of approximately 2
mm relative to the initial pattern (Fig. 12B and C). Aer expo-
sure, a development step using PGMEA solvent was carried out
to selectively remove the unexposed regions of both resist
layers, thereby generating a dual-level lithographic structure
(Fig. 12D).

To produce the injection-molding insert, the two-level lith-
ographic master was replicated in a nickel mold via
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Schematic illustration of the process steps involved in two-
level lithographic insert manufacturing: (A) exposure of the first lith-
ographic layer, (B) spin coating of the second photoresist layer, (C)
masked UV exposure of the second layer, (D) development of the
exposed regions, (E) nickel plating of the developed pattern, (F) pol-
ishing and shaping of the insert for subsequent molding.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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electroplating of around 300 mm thickness (Fig. 12E). Aer
nickel deposition, the backside of the mold insert was polished
to achieve a at surface while preserving the integrity of the
microstructures. The nal polished nickel insert then served as
the mold insert for the injection molding process (Fig. 12F).

Molding. For molding, a former Blu-ray disc manufacturing
process was adapted to generate injection-molded parts with
a thickness of 1.2 mm made in COP1420R. In order to replicate
the structures successfully, a variothermal48 compression
molding process is applied. Prinz et al. reported the details on
the injection molding process.48

Postprocessing and packaging. In order to manufacture the
nal ddAssay device, the microstructured cycloolen copolymer
slide (COP1420R) is bonded to a cyclic olen copolymer cover
lm (COC6013M), with a thickness of 180 mm, by a solvent-
assisted thermal bonding technique, established within
STRATEC Consumables as a standard process for high-volume
manufacturing of microuidic devices.

The four uid ports on each side are drilled with a diameter
of 0.6 mm. They are arranged with a line spacing of 3 mm,
a hole spacing of 4.5 mm, and an offset of 2.25 mm.

Solvent-assisted thermal bonding is a proprietary internal
process of STRATEC Consumables GmbH. It is a technique that
does not require additional materials like adhesive layers. The
principle works like this: the COP is activated by a solvent on the
surface, and both parts are bonded by decent heat and pressure
(typical ranges for such bonding are 60–90 °C) in a custom-specic
bonding setup. Due to the activation, only the upper surface
becomes so, making it possible to bond channels with very high
precision. Global atness <100 mm could be achieved aer
bonding, without leakage or crosstalk of channels. A channel
height precision with a tolerance of around 1 mm was achieved.

Fluid interconnection block. A special uidic connector
(Fig. 13) provides a tight, death-volume-free connection
between the microuidic chip and the tubing. The elimination
of HPLC tting screws offers a grid of 9 ports accommodated in
a eld measuring 23 × 9 mm.

The uidic connector consists of three main parts: the upper
part with through holes for the tubing/screws and a mold for
a rubber seal. The lower counterpart generates the clamp force.
Fig. 13 The fluid interconnecting block on the left side connects PTFE
tubings to the chip. The block on the right shows the inner
compartments and sealings with flanged tubings and positioning pins.

RSC Adv., 2026, 16, 23803–23817 | 23813
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Additionally, screws and pins are inserted to clamp the assembly
and to adjust the parallel alignment of the upper and lower parts.

The mounting is guided by a recess for inserting the chip and
two pins. Sealing is achieved by deforming the seal as the
connector closes, generating a seal-to-chip and seal-to-tubing
contact.

The PTFE tubings, size OD 1.59 mm/ID 0.5 mm (BOLA,
Bohlender GmbH, Grünsfeld, Germany), were anged with the
easy-ange tool (VICI Jour, Schenkon, Switzerland). The rubber
seal is made by compression molding of HYPEX HX61 MB (TKV
Thermoform GmbH, Pößneck, Germany). The upper part is
made of aluminum, whereas the lower part is made of stainless
steel.

Brighteld and uorescence microscopy. For process moni-
toring and characterization of microuidic devices by video
microscopy, a 12× zoom lens system (Navitar Inc., Rochester,
NY, USA) has been used in combination with a digital camera
aca1920-40mm (Basler AG, Ahrensburg, Germany) and a 3000 K
white light source MWWHLP2 (Thorlabs GmbH, Bergkirchen,
Germany), mounted to an XT95 vertical optical rail (Thorlabs
GmbH, Bergkirchen, Germany).

Brighteld and uorescence images for assay data acquisition
are obtained using either a 10×/NA 0.5 objective (Zeiss, Oberko-
chen, Germany) or 10×/NA 0.45 and 40×/NA 0.95 objectives
(KEYENCE Deutschland GmbH, Neu-Isenburg, Germany).

Fluid management. For uid management, the high-
precision syringe pumps NeMeSys (Cetoni GmbH, Korbuben,
Germany) were used in combination with precision syringes
(Innovative Labour System (ILS), Ilmenau, Germany).

For the continuous phase uid, Novec HFE7500 (3M, St.
Paul, Minnesota, USA) has been used in combination with the
surfactant dSurf (Fluigent, Le Kremlin-Bicêtre, France) at
a working concentration of 2% (w/v).

Helicase-dependent amplication assay. An HDA assay was
performed using a commercially available helicase-dependent
amplication kit, IsoAMPIII universal tHDA (New England Bi-
olabs, Ipswich, MA, USA), containing a 25× reaction buffer with
MgCl2, dNTPs, DNA helicase, strand-displacing DNA poly-
merase, and enzymemix. Puried genomic DNA was used as the
template and combined with forward and reverse primers (nal
concentration 0.15 mM each) in a total reaction volume of 25 mL.
For uorescence-based detection, an intercalating uorescent
dye EvaGreen (Biotium, Fremont, CA, USA) was added accord-
ing to the manufacturer's instructions, and nuclease-free water
was used to adjust the nal volume. Reactions were assembled
in 0.2 mL PCR tubes, gently mixed, and briey centrifuged
before droplet generation.

Microbial growth assay. Samples (1 mL) from starter cultures
of Escherichia coli Nissle 1917 (EcoN) obtained by overnight
growth in LB medium (Merck KGaA, Darmstadt, Germany) with
shaking (120 rpm) were centrifuged for 5 min at 7700 rpm and
resuspended in fresh potassium morpholinopropane sulfonate
(MOPS) minimal medium (Carl Roth GmbH + Co. KG, Karls-
ruhe, Germany) supplemented with 0.2% glucose. Subse-
quently, the optical density (OD) was measured at 600 nm using
a visible spectrophotometer (Eppendorf SE, Hamburg, Ger-
many). Cell suspensions were diluted in fresh minimal medium
23814 | RSC Adv., 2026, 16, 23803–23817
to cell concentrations of 108, 106, 104, and 102 CFU mL−1 to
obtain a sufficient droplet occupancy. For uorescence-based
experiments in droplets, 0.1 mM CalceinAM as a viability dye
was added. Diluted bacterial suspensions were transferred to
1.5 mL Eppendorf tubes before droplet generation.
Conclusions

The presented platform provides a exible microuidic archi-
tecture for implementing different classes of ddAssays within
a single integrated device. The microuidic chip integrates the
complete set of necessary microuidic operation units. The
microuidic device consists of 92 parallelized step emulsica-
tion units, enabling fast, homogeneous droplet generation and
on-chip droplet storage for incubation and optical readout. Our
microuidic platform reliably retains droplets within the
storage unit throughout the experiments, while controlled
release and recovery remain possible when required.

First, the rational design of the droplet generator is
conrmed by in silico evaluation via CFD simulations. The
droplet generator is designed to hold a droplet volume of 25 pL,
resulting in an experimentally conrmed droplet volume of 35
pL at a total sample ow rate of 150 nL s−1 and a droplet
generation rate of around 4300 droplets per second. Consid-
ering hexagonal dense packing, the ddAssay can hold up to 252
000 droplets with a diameter of 40 mm and can be lled in less
than two minutes. Thus, rational design, CFD simulations and
experimental data demonstrate good agreement.

Second, the microuidic device is fabricated as a single-use
device according to the design parameters by injection-
compression molding, using a two-layer resist strategy for
master preparation. Two independent assay structures for the
parallel execution of test and control experiments are realized
on the footprint of a standard microscope slide. Approximately
1000 microuidic devices were produced with uniform quality
across multiple batches, highlighting the quality and robust-
ness of the fabrication process and the well-thought-out design
of the microuidic platform.

As the nal proof, we demonstrate two bioassays that high-
light the versatility of the presented generic digital droplet-
based bioassay platform. A digital helicase-dependent ampli-
cation (HDA) assay for Acinetobacter baumannii DSM30007 DNA
conrms reliable droplet generation, storage, incubation, and
uorescence-based readout, validating the platform for digital
nucleic acid amplication assays. In addition, a droplet-based
single-cell growth assay using Escherichia coli Nissle 1917
enables monitoring of bacterial viability and growth dynamics
at the single-droplet level, demonstrating the platform's capa-
bility for quantitative microbiological assays and its potential
applicability in microbiome research.

The high droplet throughput of the presented platform
further motivates the use of articial intelligence-based image
analysis for automated process control, multiplex droplet
identication, and scalable downstream data processing in
future digital bioassay applications.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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