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including morphology-based or
information has

Smarter cell sorting: droplet microfluidics meets
pick-and-place sorting
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Single-cell manipulation based on image-derived selection criteria is essential for morphology-based
screening applications. This requires a fast and robust ‘pick-and-place’ technology to single-out the identified
hits from the rest of the population. However, the overall efficiency of this process is influenced by several
parameters, primarily constrained by the limitation of moving only one target at a time per cycle. To
overcome this bottleneck, we present a system that employs a microfluidic droplet-based approach, enabling
the sequential transfer of multiple objects in each cycle. The core of this system is the microfluidic transfer
tool (MTT), which enables selected cells to be sequentially ‘picked” and encapsulated into individual nanoliter-
scale droplets. The resulting droplet sequence serves as a temporary storage buffer for the picked objects
before they are transferred to a designated target. Here, hit-containing droplets can be individually ‘placed’
requiring just one global movement from source to target. To demonstrate the applicability of this approach,
the developed MTT was integrated into an experimental robotic environment. Fluorescent particles of about
45-63 um diameter and different colors were used to benchmark the system. This sequential microfluidic
processing resulted in an overall performance improvement by a factor of approximately 20 compared to
traditional single-object pick-and-place techniques. Detailed information about the MTT design and the
overall workflow are provided.

essential for image-based extraction of structural features for
classifying cells by morphology.”® If cell lines with reporter
gene expression are available, the expression of fluorescent
proteins can also be analysed by imaging."”"" From a biological

become an essential

approach in the field of drug discovery and cell line
development.'~® This methodology utilizes microscopic imaging
combined with advanced image analysis algorithms to detect
subtle differences in the shape, size, and structural
characteristics of living cells or cellular objects. Traditional
image analysis requires typically bright field or fluorescence
imaging as readout parameters. Here, live-cell staining is
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perspective, morphological criteria have long been the standard
for monitoring cell development and optimizing incubation
conditions. The advantages of morphology-based screening are
especially significant in plant biotechnology, where examining
morphological differentiation of cellular structures is crucial for
identifying rare hits. The identification process often hinges on
analysing subtle morphological changes, which may indicate
successful transformations or mutations."> Despite numerous
benefits, image-based techniques possess challenges, including
the demands for reliable optical data acquisition, management
of image data formats, and algorithmic decision-making based
on image analysis.

Accurate decision-making relies on high-quality, consistent
imaging, which depends not only on the camera system but
also—critically—on optimized illumination for revealing fine
structural features. Once assay criteria and optical evaluation
are established, the next important step is sorting the identified
hits from the remaining population. Therefore, an efficient
pick-and-place system is required for a careful selection of
sensitive objects. An alternative approach to selectively picking
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only the “cherries” is to isolate single hits using the limited-
dilution technique based on stochastic principles. This
straightforward but effective method isolates individual cells by
pipetting small aliquots from a diluted cell mixture into
multiple containers. However, since cell distribution follows a
Poisson distribution, achieving true single-cell resolution
requires high dilution steps and many aliquots, increasing the
experimental demands and necessitating  meticulous
monitoring."*™® For example, isolating single cells from a
mixture containing 1000 cells ml™ requires preparing around
6712 aliquots per ml to ensure a 99% probability of obtaining at
least one cell per aliquot (see SI). Consequently, 5782 (86%) of
the aliquots are empty and only about 860 single occupied. To
streamline this process, pooling and pre-selecting mixtures
before isolating individual hits can reduce the number of data
points involved. However, producing several sets of
approximately 100 objects each — identifying the batch
containing the hit, and then isolating the final 100 —
necessitates multiple pipetting steps, increasing the risk of
missing the hit, particularly during detailed morphological
analyses. Both approaches are time-consuming and resource-

)

Fig. 1
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intensive compared to a pick-and-place strategy, especially in
selection campaigns with low hit rates, such as 1 in 10000,
which require a performant pick-and-place technology to
efficiently “harvest only the cherries.”

While pick-and-place systems are widely available, they are
limited in throughput. A typical pick-and-place process
operates in repetitive automated loops, involving optical
identification, decision-making, positional adjustments,
object capture, transfer to target positions, and verification.
The movement between source and target for each transfer is
particularly most time-consuming step, with commercial
systems typically achieving a cycle time of around 30 seconds
per object.’®™°

To enhance the efficiency of pick-and-place processes, we
developed a microfluidic transfer tool (MTT) which makes
use of droplet-based intermediate storage to transfer multiple
selected objects in a single cycle. A fully operational pick-
and-place workflow requires both imaging and robotic
support. The applied workflow, including images of the key
features, is presented in Fig. 1. Currently, key motivation for
applying droplet microfluidics in screening is its ability to

Improved morphology-based objects sorting process using intermediate droplet storage. This scheme and belonging images visualize the

required subsequent operational steps to classify objects by image-based sorting. a) Sample preparation and imaging optimization: careful adjustment of
the excitation conditions to ensure optimal object spacing and imaging quality. b) Image analysis and hit identification: the system automatically identifies
target hits and their locations based on morphological criteria and plan the pickup order accordingly. c) Sequential picking and droplet storage: using the
microfluidic transfer tool - MTT all identified hit objects are picked up and encapsulated into individual droplets for intermediate storage. d) Sequential
Placement & hit separation: each individual droplet from the stored droplet sequence bearing the encapsulated objects will be dispensed into an
individual well or designated surface location. Image shows a polymeric object placed on a wicking paper surface. All positional movements are executed
by x.y,z-robotic support (details see Text and Sl). ) Image of the developed excitation setup showing object excitation in the Petri dish. f) Image of
differently colored polymer particles between 40-60 um diameter for sorting. g) 3D-printed microfluidic-transfer-tool (MTT) equipped with capillary and
fluidic connectors. h) Image of a singled-out 50 um bead on a wicking paper surface after sequential transfer.

Lab Chip This journal is © The Royal Society of Chemistry 2025
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process low sample volumes at high number throughput.?*~>?
Droplet microfluidic systems show great potential in
biological and biochemical assays as well as in the chemistry
field.**®” But, droplet-based microfluidics has emerged as a
powerful platform for high-throughput cell sorting as well. By
encapsulating entire cell populations into thousands of
single-cell droplets through a microfluidic emulsification
step, the handling and manipulation of single-cells becomes
less demanding, as they can be sorted®®' and analysed at
the level of the pico- or nano-litre droplet scale.*” In this way
high sorting rates of about kHz (ref. 33 and 34) can be
achieved if the decision making process bases on spectral
readouts.**?® The effort required for sorting droplet-
encapsulated objects increases accordingly when using
image-based decisions.’” Performing detailed optical analysis
of cell morphology within small droplets remain challenging.
In this context, the pick-and-place approach offers advantages
due to enhanced optical accessibility. However, the
morphology-based screening of plant cell cultures for the
development of embryogenic structures from haploid
microspore stem cells in droplets was previously
demonstrated by us.'> The future application of the fluidic
sorting approach presented here could significantly support
such plant cell developments. Another microfluidic approach
for selective cell translocation was described by V. Zieger et al.
In this system, cells (organoids) were taken up into a tube
connected to a piezo dispenser. The resulting pick-flow-drop
setup enabled image-controlled positioning at the tube's inlet
side as well as localized dispensing at the piezo outlet side.*®

The application of microfluidic devices depends strongly on
the compatibility of the intended process with the selected
device materials. In addition to chemical material stability,
biocompatibility typically represents the most critical factor.
The required microstructural features—such as channel
diameters or junction dimensions—are further constrained by
the limitations of the wused manufacturing technique.
Developing microfluidic devices from silicon or glass involves
complex processes such as lithography, etching, and packaging,
which constrain both adaptability and design flexibility.***° The
utilization of polymeric materials in the development of
microfluidic devices is primarily dictated by considerations of
material compatibility and the complex fabrication techniques
required for producing single units or small batches.*® Here,
recent advancements in three-dimensional printing (3DP)
technologies have driven different application possibilities for
polymer microfluidic components.**** Techniques such as
PolyJet printing enable the fast formation of high-resolution 3D
fluidic devices using different materials in a very efficient way.
This facilitates the creation of intricate microfluidic systems,
such as cell separators, and wunlocks new application
opportunities, including the potential use in tissue engineering-
based microfluidics.*"**> Hence, PolyJet printing was employed
for the development and optimization of the MTT.

Ultimately, a fused-silica capillary and a PTFE-tubing were
integrated into the 3D-printed frame to meet all compatibility
and functional requirements. The MTT facilitates droplet
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encapsulation to temporarily store the subsequently picked
objects in a droplet sequence before their transfer and
individual placement. This procedural workflow which can
pickup and place a plurality of hit objects in one operational
passage saves time because multiple movement operations
between source and target are saved. This microfluidic
approach significantly accelerates pick-and-place sorting,
supporting efficient morphology-based screening approaches.

Experimental
The microfluidic transfer tool (MTT)

Fig. 2 shows the MTT including flow-scheme and structural
details. The core function of the MTT is to sequentially pickup
multiple objects and to store them temporarily as a droplet
sequence before transferring the individual droplets onto a
target platform. This process involves the selective aspiration of
desired objects including their aqueous medium followed by
compartmentalization into individual droplets by interspacing
the aqueous stream with fluorinated oil, thereby generating a
regular droplet sequence (see Fig. 2b). Fluorinated oil is the
material of choice because it is immiscible with water,
chemically inert, and exhibits negligible extraction properties.
Its high oxygen permeability is essential for maintaining the
viability of living, oxygen-sensitive cells during processing and
intermediate storage. When combined with PTFE tubing, which
also provides significant gas permeability, this setup creates a
proven environment for both long time incubation as well as
intermediate storage of droplet-encapsulated cells.** Since the
aspirated objects are suspended in aqueous media, proper
compartmentalization requires an appropriate fluidic junction
inside the microfluidic device for proper droplet formation.
Accordingly, three fluid streams must be controlled inside the
device: the outflow rate Q. which drives aspiration into the
storage tubing; the inflow rate Q;,, which supplies fluorinated
oil for fluidic compartmentalization; and the effective uptake
flow Qkeup, Which is ultimately responsible for object
acquisition (see Fig. 2b). Both Q,,: and Qj, were controlled by
precision syringe pumps operating in opposite directions, while
Qtakeup results from the difference between these two flowrates.
To get a stable and reproducible droplet formation, the
aspirated aqueous stream Qgyeup Must be combined with the
fluorinated oil stream Q;, in a manner that enables the
generation of regular droplets with constant volume. To
minimize sensitivity to flow rate variations while maintaining
both stability and reproducibility, circular cross-flow geometry
with radial oil injection was chosen (see Fig. 2b).

For fluid actuation the syringe pump and the MTT were
connected using standard OD = 0.8 mm PTFE tubing with an
inner diameter of 0.5 mm, secured by appropriate fluidic
fittings. As part of the initialization routine, all syringes,
tubing, and the MTT have to be primed bubble-free with the
fluorinated oil. The microfluidic device was fabricated using
high-resolution ProJet MJP 2500 Plus 3D-printer. The
biocompatible polyacrylate VisiJet M2S-HT90 was used as the
printing material, while the heat-labile VisiJet M2 SUP served
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Fig. 2 Microfluidic transfer tool (MTT) design and images. a) The image shows the 3D-printed MTT including the embedded 20 mm long fused
silica capillary, featuring an outer diameter (OD) of 360 um and an inner diameter (ID) of 100 um. b) The scheme shows the operational principle
of the MTT including the droplet forming junction while embedding aspirated objects into a droplet sequence. The capillary tip has to be immersed
into medium containing various submerged objects for sorting. The aspiration flow rate (Qkeup) pProduces a fluidic force that draws in non-
adherent, targeted objects into the capillary. To aspirate a sequence of optically selected target-objects, the tip must be maneuvered sequentially
over each desired target without inadvertently aspirating non-target objects. For effective single object selection, the spacing between objects
(dspace) @and capillary diameter (dc.p) must be considered to maximize single-pick efficiency. Once aspirated, the objects are guided through the
capillary and subsequently encapsulated into droplets at a co-flow junction. Here, the aspirated aqueous medium (Qkeup) Merges with the
fluorinated oil (Q;,). The junction is formed by positioning the upper capillary side within the PTFE tubing. This configuration enables stable and
reproducible droplet generation directly inside the PTFE tubing, where the droplets are temporarily stored before being dispensed to the target
location. ¢) The image shows details of the 3D-printed MTT indicating printing layers inside the channel structure. The exterior surface has been
coated with a lacquer to enhance the level of transparency. d) The X-ray image shows the droplet forming junction, highlighting the capillary's end
and its design to accommodate the PTFE tubing. The light parts indicate the fluidic channels. e) Image of the interface of the fused-silica capillary

to the MTT showing the capillary inserted into the MTT. f) Image of the capillary tip, featuring a scale indicator for a 50 um diameter object.

as the support material.** The device was printed in a

horizontal orientation to achieve the highest printing
resolution along their longitudinal axis. In Fig. 2c the
printing layers along the inner channels can be recognized.
The fluorinated oil is introduced via a supporting channel
leading to the droplet formation junction. However, the
stability of droplet sequences is strongly influenced by the
surface properties of the guiding channel. The 3D-printed
material exhibits inadequate fluorophobic properties and
high surface roughness, rendering it unsuitable for stable
droplet processing. Optimal stability of aqueous media
droplets embedded in fluorinated oil will be achieved if the
channel surface is made of a fluoropolymer material as well.
Hence, commercially available PTFE- or FEP-tubings were
widely used for stable processing of droplet sequences.*> To
circumvent stability issues within the MTT, the design was
made to integrate the PTFE storage tubing end directly into
the droplet forming junction, ensuring that droplet are
formed directly inside the fluorinated material. To guide
both, the inserted PTFE-Tubing as well as the capillary the
MTT channels were designed accordingly (see Fig. 2). The
precise aspiration of individual objects is determined by both
their spatial distribution on the source and the spatial
dimension of the tip (see Fig. 2b and f). The extension of the
tip is determined by the central uptake channel diameter and
the structurally required wall thickness around this channel.
The flow at the tip must be sufficient to capture the objects
but without damaging the cellular objects or capturing

Lab Chip

neighbouring cells. To achieve single-object selectivity, it is
essential to optimize both the spatial distribution of the
objects on the source and the dimensional design of the tip.
Additionally, some constructive constrains for the MTT have
to be considered to allow imaging of the tip. However,
various design iterations were explored to meet all these
requirements (see SI, Fig. 2). Due to dimensional limitations
of the employed 3D-printing technology, the minimum
achievable MTT tip size was approximately 1 mm dimension,
with a channel opening for Quuyp of about 200 um diameter
(see SI, Fig. 2b). The spatial resolution achievable with this
design was inadequate for the precise aspiration of objects in
the sub 100 um range. To enhance spatial resolution, a MTT
variant was made with shortened tip and equipped with a 20
mm long fused silica capillary featuring an outer diameter
(OD) of 360 um and an inner diameter (ID) of 100 um. Final
design is shown in Fig. 2a.

Fluidic performance is primarily limited by the pressure
drop, media viscosities and the applied flow rates. In
microfluidic systems relying on negative pressure for
aspiration, the flow rate becomes a critical parameter, as the
formation of cavity bubbles will significantly disrupt or even
prevent proper processing. Hence, we characterized the
capillary MTT carefully for the applicable parameter range.
Typical application flow rates were carried out at Quy¢ = 20 pL
min~', Q;, = 6-18 uL min " resulting in 2-14 uL min"" Quptake
flow rates. However, the most consistent droplet formation
was always achieved when Q;,/Qoy: is about 1/2. Under these

This journal is © The Royal Society of Chemistry 2025
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conditions, regular droplet sequences with low variation were
observed.

Workflow and experimental robotic environment

An efficient pick-and-place workflow hinges on process
automation, which is essential for achieving consistent
performance. To demonstrate the functionality of the MTT, we
integrated it into an experimental robotic workflow, as depicted
in Fig. 1a-d. Both the MTT and the robotic platform were
designed to sort target objects ranging from 20 to 80 um in size
from a 6 cm Petri dish source. For optimal single-object picking,
the experimental conditions must ensure that the desired
objects are positioned within a defined horizontal plane at the
bottom of the Petri dish without adhering to the surface. In the
simplest case, dispersed objects settle to the bottom simply by
gravity. The use of non-adherent cells, confinement to one
plane, and sufficient spacing are essential for our system to
achieve accurate imaging, precise robotic positioning, and
reliable single-object picking without co-aspiration.

Furthermore, the visibility of the desired objects is
paramount, as accurate location and distinction between them
are required for reliable hit annotation and selection.
Automated single-object recognition and decision-making,
utilizing image analysis algorithms, rely heavily on image
quality. Both constraints are common to almost all pick-and-
place systems.

The experimental setup (see SI, Fig. 1) comprises four
main functional modules that are integrated at both the
hardware and software levels: 1.) Robotic module: This

View Article Online
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module features an X-Y-Z portal positioning
consisting of three linear axes (150 mm each) mounted on a
rigid aluminium frame. These axes are connected to a
computational control unit for precise movement. The
reference x, y, and z coordinates of the MTT tip and the Petri
dish were manually teached to the system prior to robotic
operation. 2.) Visual feedback system: A vertically aligned
USB-camera installed on the z-axis was incorporated to
analyse target objects for picking and to capture the position
of the MTT-tip, critical for accurate process alignment. The
MTT module connects to a two-channel precision syringe
pump through PTFE tubing, supplying fluorinated oil for
compartmentalization and generating negative pressure for
the take-up process. The MTT was also mounted on the
Z-axis of the system, at an angle closely aligned with the
camera. This configuration enables precise positioning above
the source objects while providing sufficient space for object
recognition. 3.) Carrier stage: This component was installed
onto the X-Y-axis combination and supports a 60 mm Petri
dish containing the target object population. It features a
three-point levelling mechanism for fine adjustments of the
Petri dish in the horizontal plane. Additionally, it includes
various excitation options to optimize illumination
conditions. 4.) Control software: A custom LabVIEW software
suite analyses images and coordinates all operational
movements and events, streamlining the workflow (see SI,
Fig. 3 and 4). 5.) Target support: For individual placement of
the stored droplets onto desired target. The carrier stage can
be swapped for a microtiter plate support, which also
accommodates wicking paper or other supports.

system

Fig. 3 Excitation and imaging unit of the setup. This figure presents both images and a schematic representation of the source Petri dish setup,
supported by a carrier stage including an illumination frame: a) Cross-Sectional Schematic: (1) USB-pen-camera featuring integrated epi-
illumination LEDs. (2) Adjustable brass ring for controlling the excitation gap of ring illumination. (3) The 6 cm Petri dish containing the submerged
objects. (4) Ring excitation LEDs encircling the Petri dish. (5) levelling frame that supports horizontal adjustment of the Petri dish. (6) Planar LED-
array for trans-illumination. (7) Robotic X,Y-stage for precise positioning. b) Image of fully equipped system: complete robotic system, highlighting
the camera (1), Microfluidic Transfer Tool (MTT) (9), storage and fluorinated oil tubing (8), and the source Petri dish (3). c) Trans-illumination mode:
object excitation utilizing the planar LED-array (6) for trans-illumination. d) Ring-Gap Excitation Mode: object excitation using the ring-gap
excitation mode using blue LEDs (4).

This journal is © The Royal Society of Chemistry 2025 Lab Chip
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Fig. 4 Statistical analysis of droplet sequence regularity is presented using violin plots: a) and c) droplet distances for varying Q;,/Qo ratios; b) and d)
droplet length (~volume) for varying Qi,/Qoy: ratios. The mass balance between the actively controlled Q. and Q;, flow rates cause the flow rate for
takeup (Qout — Qin = Quakeup)- Experimental data were collected using two representative liquids—water and a 20% glycerin solution—to model commonly
used viscous media. Highlighted regions denote the operating conditions associated with the highest droplet and sequence regularity.

Image quality is significantly influenced by the imaging
system, which encompasses the camera, objective lenses, and
illumination conditions. Biological specimens possess diverse
optical properties, necessitating tailored illumination strategies
for different object types. For instance, plant cells, seeds, and
insect eggs typically display higher contrast under epi-
illumination and are often opaque. In contrast, eukaryotic cells,
cell aggregates, and spheroid objects are generally translucent,
requiring distinct illumination settings for effective recognition
and classification. To facilitate optimal lighting adjustments and
enhance object contrast, we integrated multiple lighting options
into the system (see Fig. 3). In addition to the epi-illumination
provided by the pen-camera's integrated LEDs, our setup
includes a 10 x 10 cm white-light LED plate for transmission
illumination (see Fig. 3c), along with a ring-slit excitation system
(see Fig. 3d). The design features 36 LED positions arranged in a
circular configuration around the source plate, half fitted with
white LEDs and the other half with blue LEDs. To control the 3D
radiation profile of these LEDs in two dimensions, we
incorporated an adjustable gap mechanism, utilizing a height-
adjustable brass ring. By adjusting this ring, the excitation gap
can be precisely configured to align with the object plane,
effectively accommodating variations in object height. This
alignment significantly enhances image quality by ensuring that
the illumination plane aligns with the object's plane (see Fig. 3a).
The intensity and colour of the excitation light can be further
optimized to improve image contrast and reveal finer details.
Additionally, polarization filters can be positioned in front of the
camera and above the LED array to enable phase-contrast
enhancement, allowing for greater clarity in image capture.

Lab Chip

The general pick-and-place workflow as illustrated in
Fig. 1a-d involves the following procedural steps after
experiment setup: 1.) Image analysis and object identification:
The imaging field is analysed to identify target objects based on
predefined size or colour selection criteria. Object recognition
was performed using a standard procedure consisting of
contrast optimization, R,G,B-value splitting, image binarization,
and subsequent area-size-based recognition. The object
coordinates were determined by calculating the x-y travel
distance from a previously defined reference position. 2.)
Positioning and path calculation: The positional coordinates of
the selected objects are stored, and a pickup path for the MTT-
tip calculated. To minimize the risk of collecting undesired
nearby objects, only isolated hits with at least 200 um of free
space surrounding them are scheduled for pickup. The required
free space parameter was not optimized, as successful single-
object pickup is primarily determined by the spatial distribution
of the objects. Therefore, object dilution was adjusted visually
by dilution, and the free space parameter was simply set to four
times the object size. 3.) Aspirating and compartmentalizing:
The positionally calibrated XYZ stage moves the MTT tip along
the calculated path while continuously aspirating. Controlled
retention at the target location, combined with precise z-axis
adjustment of the MTT tip, ensures a high uptake rate of only
the desired objects. Inside the MTT, the aspirated volume is
compartmentalized with fluorinated oil. To maintain a constant
aspiration flow rate (Qakeup) during pickup, the time needed to
aspirate one object and move to the next one was aligned with
the droplet formation frequency. This supports the collection of
a single object per droplet generation interval. The resulting

This journal is © The Royal Society of Chemistry 2025
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sequence separates the picked objects into individual droplets,
which are stored in PTFE-tubing between the MTT and syringe
pump. The about 80 cm length and 0.5 mm inner diameter of
the tubing limit the total number of storable droplets to
maximal 400 per run. 4.) Next target identification: The camera
analyses the imaging field, displaying the MTT tip along with
several objects, to identify the next target hits and recalculate
the pickup path. The MTT scans the Petri dish in a meandering
motion, collecting all objects identified as hits within the
imaging area. 5.) Placement phase: In the placement phase,
fluid actuation is halted, and the MTT tip is lifted to complete
the picking process. After replacing the source Petri dish with a
new target, the MTT is lowered to the target level, and the
previously stored droplet sequence is dispensed in a defined,
sequential manner. Two operation modes are employed during
dispensing: surface-based deposition onto materials such as
agar, polymers, or wicking substrates like paper, and
submerged dispensing into pre-filled microtiter plate wells or
other containers. The dispensing flow rate and X, Y, Z
positioning are adjusted according to the chosen mode.
Consequently, both the droplet-embedded objects and the
separating fluorinated oil are deposited onto the target surface
or into the target wells. In surface deposition mode, hydrophilic
materials enhance the uniform distribution of the deposited
objects.

Results and discussions

Fluidic characterization of the MTT

The fluidic characteristics of the MTT are primarily
determined by the pressure drop across the fused silica
capillary and the viscosity of the aspirated medium. Droplet
formation is predominantly influenced by the geometry of
the droplet-forming junction and the ratios of the applied
flow rates. A critical quality metric is the regularity of the
droplet sequence, particularly with regard to consistent
droplet length and spacing. For the MTT equipped with
capillary (length = 20 mm, inner diameter = 100 um), we
measured the pressure drop across a 50 cm segment of PTFE
tubing (outer diameter = 1/32”, inner diameter = 0.5 mm) at
flow rates up to 100 uL min™" at 21 °C. The pressure drop is
affected by two fluids: water (viscosity = 1.0 mm® s™*) and
fluorinated oil (PP9, viscosity = 3.25 mm? s™'), the latter being
used for pressure drop measurement due to its higher
viscosity, which provides a broader range of applicable fluids.
Based on the pressure drop, the fluidic resistance coefficients
have been calculated. The resulting fluidic resistance
coefficients are provided in SI-Table 1. The operational flow
rates for pickup and placement modes are approximately 10
uL min~" and 30 uL min~', respectively. In both scenarios,
the pressure drop remains well below 200 mbar, a level easily
managed by the attached syringe pumps. However, in
aspiration mode microfluidics, ensuring a proper and
bubble-free initialization of the MTT is critical for reliable
operation.

This journal is © The Royal Society of Chemistry 2025
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The quality of droplet formation at the MTT junction was
evaluated using a light barrier sensor positioned on the storage
tubing near the MTT. The integrity of the droplet sequence is
reflected in the temporal absorption signal. Variations in flow
rates and media lead to differences in droplet length and
spacing. The balance of active controls between the outlet flow
rate (Qour) and the inlet flow rate (Qy,) generates the effective
uptake flow rate (Quueup), meaning that fluctuations in Q;, at a
constant Quy alter the Qjn/Qrakeup ratio, consequently affecting
the droplet sequence. Two different viscosities were tested
during aspiration: pure water (1.0 mm” s ') and a 20% aqueous
glycerine solution (2.0 mm?* s™"). The inlet flow rate (Qi,) was
varied between 30% (6 pL min~") and 90% (18 pL min") of the
outlet flow rate (Qour), which was held constantly at 20 uL
min~". SI Video S1 illustrates the MTT during continuous
aspiration and droplet formation process. To ensure statistical
significance, approximately 100 droplets were analysed for each
condition. Results, shown in Fig. 4, indicate that the highest
droplet regularity—largely independent of fluid viscosity—was
achieved when Q;, was maintained at 50% to 60% of Qqyt.
However, when Q;, exceeded 65% of Quy, the spacing between
droplets decreased significantly, leading to irregularity,
although the droplet length remained unaffected. These
findings demonstrate that the droplet-forming junction is
robust and capable of producing consistent droplets, even when
flow rates or viscosities vary within the tested range.

Benchmarking object sorting using the MTT

The effectiveness of a morphology-based pick-and-place
screening process is influenced by several factors, as previously
discussed. Traditional systems are primarily constrained by the
limitation of moving only one identified hit per cycle. To
demonstrate the advantages of an enhanced operational mode
—utilizing sequential pickup with intermediate storage of
selected “hit” objects before their eventual placement—an
appropriate model assay must be chosen. Developing cell assays
based on morphological changes necessitates a solid
understanding of cell culture techniques and thorough
preparations prior to selection operations. The same
considerations apply to the subsequent monitoring of selected
hits to assess their developmental morphology. However, the
most critical step following the morphology-based selection
remains the “pick-and-place” translocation, which operates
independently of the optical decision-making process.
Additionally, the current imaging system has limitations
regarding resolution and optical magnification.

To evaluate MTT performance effectively, we selected a
model system featuring fluorescent beads of varying sizes
and colours for sorting. Specifically, we mixed three types of
fluorescent polymer particles: (1) blue-fluorescent particles
with diameters of 45-53 um, (2) green-fluorescent particles
measuring 53-63 um, and (3) red-fluorescent particles with a
diameter of 48 um. These particles were dispersed in an
aqueous medium containing 0.12% SDS surfactant, chosen
to mimic the surfactant properties of typical cell culture
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media—which can interfere with droplet generation—and to
reduce adhesion forces among the particles. The particle
dispersion was introduced into the source Petri dish, which
was then placed on a horizontally aligned carrier stage with
the liquid level adjusted to approximately 2 mm. The particle
density was calibrated to around 10 particles per mm®. Given
the surface area of the 60 mm Petri dish ((30 mm)* x & =~
2.827 mm?), the source population contained roughly 28 000
particles. To ensure uniform particle distribution, meticulous
aspiration and dispensing using a pipette were performed.
For particle selection, a particle-free radius of approximately
200 um around each targeted particle was established in the
software. However, as with all pick-and-place systems, the
single-event picking rate depends significantly on the careful
optimization of this parameter. The system was configured to
sort the source population into distinct particle classes based
on colour or diameter. The number of objects selected was
limited to 300, dictated by the storage tubing's length.

Fig. 5 illustrates an image sequence of the selection area as
recorded by the system camera. For demonstration purposes,
the MTT tip was programmed to return to its starting position
after selecting the target particles. The images on the left (a, c,
e) depict the initial particle distribution, while the images on

View Article Online
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the right (b, ¢, d) show the same area after aspiration of the
targeted particles. Upon closer examination, it is evident that
the movement of the MTT tip across the source population
results in only negligible displacements of non-target particles.
The pickup movement involves an initial Z-lift of approximately
100 pm, followed by linear X-Y translation to the next target
position, and concludes with a Z-lower movement. Furthermore,
the images confirm that the defined 200 um particle-free radius
enables precise single-particle selection without inadvertently
aspirating nearby particles.

To count the droplets containing embedded particles in
the storage tubing, a microscope camera was positioned to
capture images of the droplet storage area near the MTT.
Multiple picking runs were conducted and the number of
objects per droplet was analysed through video analysis (see
SI Video S6). Fig. 6a and b presents typical images of the
storage droplets with embedded objects. The camera's field
of view was adjusted to clearly visualize individual droplet
transitions, and the resulting video analysis quantified the
number of objects per droplet picked up from the source (see
SI Video S6). Approximately 200-350 droplets from different
runs were analysed. The results, illustrated in Fig. 6¢c and d,
reveal that about 60% of the stored droplets contained a

Fig. 5

Image comparison before and after the picking process. The images on the left (a, c and e) illustrate the particle field, with colour-selected

particles marked by red circles indicating 200 um diameter particle free space. The yellow circle indicates the position of the MTT capillary orifice,
which is programmed to return to its initial position after picking the highlighted objects. The right-hand images (b, d and f) show the same field
after selection, demonstrating that the colour-selected particles are no longer present (see S| Video S2 to S5).

Lab Chip
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Fig. 6 Microscope images of the storage tubing with droplet encapsulated objects. a) Optimized conditions for single object picking (images
arrayed from video stream). b) Statically occupied droplets received by random aspiration with non-optimized conditions (image taken with
external digital-imaging system) tube ID: 500 um. c) Obtained object frequency inside the droplets after aspiration (N = 350) d) obtained object
frequency after re-placement onto a wicking paper surface (N = 3 x 80 = 240).

single object, while roughly 33% were empty and only 5%
contained two objects. Failed picking occurs if the initially
identified object is no longer at its expected position for any
reason, or if it adheres to the surface, preventing that the
fluid stream Qkeup can take it up. Notably, droplets with
more than two objects accounted for less than 1%. This
distribution of occupancy is primarily influenced by the
spatial arrangement of particles in the source and provides
limited insight into the MTT's encapsulation performance. A
carefully prepared setup featuring a highly diluted particle
population in the source ensures that all particles are
adequately spaced, minimizing adjacent particles. In optimal
conditions, this spacing can lead to a 100% single occupancy
rate in the droplet sequence. Achieving this ideal scenario
may involve using structured sources that define the location
of the objects.

It is important to note that multiple objects can be aspirated
if required by an assay protocol. Conversely, in situations where
particle density is high or when dispersed objects are used as
the source, multiple objects can also be aspirated and stored
within the droplets. In such cases, the number of encapsulated
objects per droplet will be determined statistically. By
optimizing the particle density in the source, the potential for
multi-object occupancy can be adjusted to align with specific
assay requirements. Fig. 6b depicts a representative example of
a dense particle population aspirated from a settled layer in the
Petri dish, where the particle density was approximately 100
objects per mm?>,

To complete the full pick-and-place process, temporarily
stored objects must be accurately transferred to the target
location. Two operational modes are available: a) dispensing
droplets onto a surface and b) dispensing them into a liquid
medium. In both scenarios, the presence of fluorinated oil
must be considered. While most assays can tolerate this
inert material, its impact on the deposition process must be

This journal is © The Royal Society of Chemistry 2025

acknowledged. In surface-mediated placement, the adhesion
behaviour is influenced by the surface tension among the
target surface, the aqueous droplets, and the fluorinated oil.
Agar-based media and other polar surface materials typically
facilitate good adhesion for the object-containing droplets.
However, the dispersion of fluorinated oil around the
aqueous droplets necessitates wider spacing between
individual target locations. Generally, the spacing between
dispensing sites ranges from 1 to 5 mm, driven by the
requirements of subsequent processes. We tested several
target surfaces: agar with 9 mm spacing, microtiter plate
lids with 9 mm spacing, and paper-based targets with 4.5
mm spacing (see Fig. 7). In all cases, droplets containing
objects were successfully transferred onto the surfaces with
100% efficiency. However, reliably identifying the placed
objects within the sessile droplets—especially when
potentially obscured by fluorinated oil—can be challenging
due to reflections and optical refraction. To address this
issue, we selected a wicking paper surface as the target. This
design enhances visibility by drawing away liquids, allowing
for easy counting of the remaining objects on the surface to
assess placement success. Fig. 7 illustrates the various
targets: a) shows placed objects on the wicking paper
surface, while b) displays sessile droplets on a microtiter
plate lid. Details are given in the SI Video S7.

Repetitive analysis of 80 paper spots (16 x 5
arrangement) revealed particle occupancy similar to that
observed in the storage droplets (see Fig. 6). This
consistency suggests that once objects are aspirated, they
are reliably encapsulated within droplets, indicating that the
occurrence of double or multiple-occupied droplets arises
from parallel uptake rather than mixing within the MTT.
When the picked objects need to be transferred into a
liquid medium, a pre-filled microtiter plate (MTP) serves as
the target. In this scenario, the MTT tip must be submerged
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Images of targets for place operation. a) Used wicking paper array with magnified spots of placed particles. Circular markers and identifiers

were printed by laser printer. A13/E1 images of the corresponding position indicating deposited objects. b) 96-Well microtiter plate lid with placed

droplets (red colored media).

in the target liquid. Due to its high density (~2 g mL™), the
dispensed fluorinated oil detaches from the tip and sinks to
the bottom of the well, allowing the object-containing
droplets to mix with the fresh medium and release the
encapsulated objects. Notably, the operational demands for
placing droplets are significantly less than for selectively
picking the objects. Various runs were conducted to assess
different selection criteria. In case of the investigated

colour-based selection, the achieved single-object transfer
rate was approximately 60-70%, with 20-30% empty spots
remaining after transfer. The transfer of 80 objects onto the
wicking surface array required about 90 sec. Similar
performance was achieved when using the 96-well plate lid
as the target (see Fig. 7b), with an overall transfer time of
approximately 100 s. Neglecting the time potentially
required for target plate replacement, approximately 300

1 mm

Fig. 8 Exemplary sorting of Helianthus annuus pollen in hydrated state. a) Pollen source population of about 20 um diameter dispersed in the
Petri dish. A combined image-based selection criteria section for object area of 300-320 um? (19.5-20.2 um diameter) and an object circularity of
0.9 to 1.0 were used. Inset | meets both criteria, Il oversized pollen, Ill malformed pollen. b) Exemplary droplet embedded pollen inside the
intermediate storage tubing after picking. c) Microscopic image of the droplet storage sequence occupied with selected pollen. d) Image of the
placed pollen after dispensing the stored dropets onto a wicking paper as shown in Fig. 7. e) Magnification of a pollen on paper surface.
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objects (limit of used intermediate storage tube) can be
transferred in about 300 s under optimized conditions.

Biological application and constrains

We demonstrated the applicability of the overall system with
pollen isolated from sunflower (Helianthus annuus)
inflorescences by blending in culture buffer, centrifugation and
filtration through 63 pum filter. These pollen grains possess a
hedgehog-like surface structure and exhibit a hydrated diameter
of approximately 20 pm. The pollen sample was dispersed in a
1% glycerine-buffered solution and transferred into the source
Petri dish. Compared to polymeric particles, the optical
properties of pollen are more challenging due to their faint
yellowish, partially transparent appearance. Nevertheless, after
optimization of the excitation conditions, the pollen were
image-based sorted according to an object area of 300-320 pm”
(corresponding to a diameter of 19.5-20.2 um) and a circularity
between 0.9 and 1.0 (see SI). A wicking paper target was used,
and the stored droplet sequence was dispensed into array
positions (see Fig. 8a). Microscopic analysis of droplet
occupation in the intermediate storage tube and on the target
array was performed only on a spot-check basis. The resulting
images are summarized in Fig. 8. The single-transfer rates
obtained for the 20 um pollen were comparable to those
observed with 50 pm polymeric beads. The system may also be
applied to other mammalian and plant cell types of different
sizes. However, successful application requires careful
consideration of system prerequisites, optical and fluidic
boundary conditions, and cell-specific culture requirements.
From a technical perspective, single-object picking of cell types
smaller than 20 um may be limited by optical detection, surface
adhesion, or multiple-picking events caused by unfavourable
cell distributions in the source. Furthermore, mechanical,
thermal, and oxygen-related stress must be taken into account
during cell picking, storage, and placement. For particularly
sensitive cells, the time required for manipulation should be
minimized to reduce stress. In this regard, our improved
transfer workflow may provide a distinct advantage. Altogether,
these factors are critical for preserving cell integrity and viability
during sequential droplet-based single-cell handling.

Conclusions

The goal of this work was to enhance the process performance
of image-based pick-and-place operations through the
incorporation of droplet-based intermediate storage. To achieve
this, we developed a Microfluidic Transfer Tool (MTT) capable
of selectively picking up dispersed objects of about 20-50 pm in
diameter and encapsulating them into nanoliter-sized droplets.
This innovative approach allows multiple objects to be picked
up and stored sequentially in droplets, thereby significantly
minimizing the number of source-to-target transfer operations
required. To validate the advantages of this methodology, we
constructed an experimental robotic setup equipped with a
multipurpose excitation stage and a pen-camera for imaging.

This journal is © The Royal Society of Chemistry 2025
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Object recognition and classification were facilitated by
algorithmic criteria based on colour, size, or shape. To
benchmark the system and workflow, we successfully sorted a
mixed sample of coloured polymeric particles. Finally, the
technology was successfully applied to biological sample,
enabling the sorting of 20 um hits from Helianthus salicifolia
pollen population.

The results demonstrated that approximately 300
classified objects were transferred into individual microtiter
plate wells in about 5 minutes. In contrast, a one-to-one
transfer operation, requiring about 20 seconds per object,
would take 20 seconds x 300 objects = 6000 seconds, or 100
minutes. Comparing these conditions, the overall process
time is reduced by a factor of about 20. Thus, implementing
the MTT significantly reduces the overall processing time,
showcasing its potential to enhance the efficiency of image-
based pick-and-place operations. The successful sorting of
about 20 pum plant pollen by size and shape demonstrates
the workflow's versatility and broad applicability.
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