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A B S T R A C T

Closed-channel microfluidic systems offer versatile on-chip capabilities for bioanalysis but often face complex 
fabrication and operational challenges. In contrast, free-boundary off-chip microfluidic platforms are relatively 
simple to fabricate and operate but lack the ability to perform complex tasks such as on-demand single-target 
sorting and encapsulation. To address these challenges, we develop an off-chip platform powered by a 
fluorescent-activated mechanical droplet sorting and production (FAM-DSP) system. The system integrates target 
detection, sorting, encapsulation, and on-demand droplet generation into a single compact platform, eliminating 
the need for microfabrication and minimizing the use of specialized fluidic control equipment. It achieves precise 
single-target encapsulation with a high efficiency of over 70%. Such a capability is applied for improving the 
performance of droplet digital enzyme-linked immunosorbent assay (ddELISA) by reducing the number of empty 
droplets and increasing the throughput, enabling precise quantification of target biomarkers with a low limit of 
detection. This versatile off-chip platform holds promise not only for biomarker detection but also for single-cell 
analysis and various applications in clinical diagnostics and biomedical research.

1. Introduction

Droplet microfluidics has revolutionized the field of single-cell and 
single-molecule analysis by allowing precise control over the microen
vironment in which biochemical reactions occur (Moragues et al., 2023; 
Sánchez Barea et al., 2019; Joensson and Andersson Svahn, 2012). 
Traditional microfluidic systems rely on microchip-based approaches, 
where microchannels are used to guide fluid flow (Nielsen et al., 2020). 
These systems have been instrumental in the development of various 
high-throughput assays, including the droplet digital enzyme-linked 
immunosorbent assay (ddELISA), which enables the detection of 
low-abundance protein-based biomarkers with high sensitivity (Cohen 
et al., 2020; Cohen and Walt, 2017). However, microchip-based plat
forms often face limitations such as complex fabrication processes inside 
a cleanroom, the need for sophisticated fluid control equipment, and 
difficulties in scaling up for high-throughput applications (Nielsen et al., 
2020; Zhu et al., 2024). Off-chip platforms, particularly those utilizing 

free-boundary droplet generation, have emerged as a promising alter
native. These platforms simplify the droplet generation process by 
eliminating the need for intricate microchannels, instead relying on the 
natural formation of droplets at the interface between immiscible fluids 
(Zhu et al., 2024; Ye et al., 2022; Zhang et al., 2020; Tang et al., 2019).

Recent advancements in droplet microfluidics have focused on 
enhancing the efficiency of droplet generation and the specificity of 
sorting methods. Techniques such as air-assist (Zheng et al., 2023; Zhang 
et al., 2021) and dielectrophoretic (Zhang et al., 2023; Zhang and Abate, 
2020; Cole et al., 2017) sorting have been developed to improve the 
precision and throughput of droplet assays. These methods leverage 
external forces to manipulate droplets, ensuring that only those con
taining targets are retained for analysis, thereby reducing the number of 
empty droplets and increasing the efficiency of single-cell and 
single-molecule studies (Collins et al., 2015; Kaminski et al., 2016). 
Although the air and dielectrophoretic sorting methods are powerful, 
they require relatively bulky and costly systems to operate, such as 
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high-pressure gas control systems with digital pneumatic valves or 
high-voltage pulse generation modules. Additionally, other on-chip ap
proaches without applying external forces, such as the bead-ordered 
arrangement droplet (BOAD) system, have demonstrated significant 
reductions in empty droplets through pre-focusing and ordering mech
anisms, achieving single-bead encapsulation efficiencies as high as 86% 
(Yue et al., 2022). Despite these advancements, strategies for 
on-demand encapsulation in off-chip systems remain significantly 
underexplored.

In ddELISA, samples are partitioned into a large number of discrete 
droplets, each acting as an independent reaction chamber (Guan et al., 
2014; Shim et al., 2013). This partitioning allows for the amplification 
and detection of target molecules in a digital format, where each droplet 
is scored as either positive or negative for the presence of the target. 
Microbeads play a crucial role in ddELISA by enabling the capture, 
detection, and quantification of low-abundance target biomolecules 
with high precision. The encapsulation of individual target-carrying 
microbeads within picolitre microdroplets minimizes target dilution 
and enhances detection sensitivity (Cohen et al., 2020; Yi et al., 2022; 
Yelleswarapu et al., 2019). The use of microbeads makes droplet sorting 
significant for ddELISA. During droplet production, samples need to be 
diluted for single-bead encapsulation, resulting in a large number of 
empty droplets. Since ddELISA often relies on image-based analysis to 
detect droplets with fluorescent signals, the presence of many empty 
droplets makes this process time-consuming due to the need to process a 
large number of images, thereby hindering throughput improvement. 
Therefore, by employing droplet sorting techniques, such as 
fluorescence-activated sorting, ddELISA platforms can selectively isolate 
droplets containing microbeads, further improving assay performance. 
However, achieving on-demand encapsulation in off-chip systems re
mains challenging due to the difficulties in controlling droplet formation 
and sorting in a free-boundary environment.

In this work, we address the above-mentioned challenges by devel
oping a versatile off-chip microdroplet production platform for on- 
demand, single-bead encapsulation. This platform is powered by an 
integrated fluorescent-activated mechanical droplet sorting and pro
duction (FAM-DSP) system. The FAM-DSP system is compact and low- 
cost, integrating both sorting and droplet production functionalities. 
The precise target encapsulation is achieved through the synchroniza
tion of real-time fluorescence detection and mechanical actuation for 
droplet production. The FAM-DSP system enables significant improve
ments in the performance of ddELISA, particularly in reducing the 
number of empty droplets and increasing the throughput of single-target 
encapsulation. The ability to produce uniformly sized microdroplets 
with precise control over their size and composition, coupled with high- 
throughput sorting and droplet production mechanisms, lays the foun
dation for further advancements in off-chip droplet microfluidics. This 
platform has potential applications extending beyond biomarker 
detection to single-cell analysis and other areas of clinical diagnostics 
and biomedical research (Mazutis et al., 2013; Kaushik et al., 2018).

2. Experimental section

Chemicals, Instruments, and Fabrication: Span®80 surfactant, mineral 
oil, Tween®20, Phosphate buffered saline (PBS), EDC (N-(3-Dimethy
laminopropyl)-N′-ethylcarbodiimide hydrochloride) Bovine Serum Al
bumin (BSA), Sulfo-NHS (N-Hydroxysulfosuccinimide sodium salt), 
OptiPrep™ density gradient medium, MES and Rhodamine 6G were 
purchased from Sigma-Aldrich. fluorescein di-β-d-galactopyranoside 
(FDG), Streptavidin-β-galactosidase (SβG) and dyed red aqueous fluo
rescent particles (R0100) were purchased from Thermo Fisher Scientific. 
Glass puller was used for applicability modification. A tube revolver 
rotator (Fisher Scientific) was used in all incubation processes. For the 
construction of the platform, a small solenoid actuator (12 V, 30 mm ×
10 mm × 11 mm), and glass capillary were purchased from eBay. The 
frames, glass capillary holder, fibre alinement structures and microtube 

holder in the beaker were fabricated using a fused deposition modelling 
(Ultimaker S5) and a stereolithography 3D printer (Formlabs Form 3). A 
syringe pump (PHD, 2000; Harvard Apparatus) was used to inject the 
solutions into the platform. A high-speed camera (CHRONOS 1.4, Kron 
Technologies Inc.) was used to capture the high-speed videos.

Fibre Optic Detection Unit: Fiber Buffer Stripper (Thorlabs), Ruby 
Scribe (S90R, Thorlabs), and Fiber Grippers (BFG1, Thorlabs) were used 
in manual optic fibre cleaving. A 532 nm laser module (100 mW) was 
used as the fluorescent excitation light source. Other components for the 
optic fibre detection system include a photomultiplier tube (PMT1001, 
Thorlabs), two fibre port collimators (PAF2P-11A), short-pass dichroic 
mirror (DMSP550R), dichroic mirror cage (CM1-DCH), and optic fibres 
(M146L02-Ø400 μm and M122L02-Ø200 μm) were purchased from 
Thorlabs. A multifunctional digital data acquisition module (USB 6001, 
National Instruments) was used for collecting signals generated by the 
photomultiplier tube and triggering the actuation of the solenoid.

Preparation of Antibody Coated Capture Beads: Capture antibodies for 
interferon-gamma (IFN-γ, PeproTech 500-M90) were reconstituted and 
stored according to the manufacturer’s instructions. The IFN-γ capture 
antibody was diluted to 0.5 mg/mL in the Coupling Buffer (0.05 M MES 
buffer, pH 5.0) and stored on ice until ready for use. Around 2.8 × 108 

superparamagnetic fluorescent, carboxyl-functionalized beads (PS- 
MAG-Fluo-COOH, 4.54 μm, microParticles GmbH) were transferred into 
a microtube and washed three times with 200 μL of the Coupling Buffer. 
The beads were centrifuged at 12,000 rpm for 3 min between each wash, 
then placed on a magnetic separator to prevent disruption, and the su
pernatant was discarded. Fresh solutions of 50 mg/mL EDC and 50 mg/ 
mL Sulfo-NHS were prepared in the Coupling Buffer. Then, 20 μL of 
Sulfo-NHS solution and 20 μL of EDC solution were added to the beads, 
and the mixture was vortexed for 5 s. The beads were incubated for 20 
min at room temperature with the tube revolver rotator. Following in
cubation, the beads were centrifuged at 12,000 rpm for 3 min and the 
supernatant was discarded. The beads were then resuspended in 400 μL 
of the Coupling Buffer. This wash step was repeated two more times, and 
the beads were finally resuspended in 180 μL of the Coupling Buffer.

An appropriate volume of capture antibody (approximately 20 μL) 
was added to the activated beads and mixed by vortexing for 5 s. The 
mixture was incubated for 2 h at room temperature using a tube revolver 
rotator. After incubation, the beads were centrifuged at 12,000 rpm for 
3 min, then placed on a magnetic separator to prevent disruption, and 
the supernatant was discarded. The capture antibody-conjugated beads 
were then washed twice with 200 μL of the Coupling Buffer. The beads 
were resuspended in 200 μL of the Blocking Buffer (PBS containing up to 
1% BSA, pH 7.4) and placed on the rotator for 1 h to block any remaining 
non-specific binding sites. The beads were centrifuged at 12,000 rpm for 
3 min and the supernatant was discarded. Then, the beads were resus
pended in 200 μL of the Storage Buffer (PBS containing 0.01% Tween® 
20, 0.05% NaN3, and 0.1% BSA, pH 7.4). The beads were stored at 4 ◦C.

Preparation of Reagents and Immunoassay Assay Setup: Capture 
antibody-coated beads were diluted in PBS buffer. A total of ~100,000 
beads per sample were used for the ddELISA assay. Biotinylated detec
tion antibodies (R&D Systems BAF285) were diluted in PBS buffer to the 
concentration of 0.2 μg/mL. SβG stock solution was reconstituted and 
stored according to the manufacturer’s instructions. SβG solution was 
diluted in PBS buffer to 50 pM. Recombinant protein standards (R&D 
Systems 285-IF) were serially diluted to the desired concentration in PBS 
buffer. In a two-step assay configuration, 25 μL of bead suspension, 100 
μL of sample, and 20 μL of detector antibody were pipetted into a 
microtube and incubated for 2 h. The beads were then pelleted with a 
magnet, and the supernatant was removed. Following several washes, 
100 μL of SβG was added and incubated for 10 min. After the last wash, 
the beads were resuspended in 100 μL of the substrate solution, which 
consists of 85 μL of 100 μM FDG (fluorescein di-β-d-galactopyranoside) 
and 15 μL of OptiPrep™. The bead suspension was thoroughly mixed 
using a pipette and then loaded into the encapsulation device for par
titioning into droplets.
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3. Results and discussion

Fig. 1 presents the workflow and components of the FAM-DSP system 
(see Fig. S1 for the actual setup). Fig. 1a illustrates the fluorescent- 
activated target encapsulation process, where the aqueous phase con
taining fluorescent targets is pumped into a glass capillary (inner 
diameter of 100 μm) and directed into a container with an immiscible oil 
(mineral oil) phase containing surfactant (2% Span®80) necessary for 
droplet generation. The outlet of the glass capillary is submerged a few 
millimetres under the oil surface, allowing the aqueous phase to form 
droplets due to interfacial tension, gravity, and shear forces. The drop
lets then sink to the bottom of the oil phase and empty droplets are 
considered wastes. As the fluorescent targets pass through the detection 
section, a laser-coupled optical fibre induces fluorescent signal emission 
from the targets, and the emission signal is collected by the detection 
system via an optical fibre placed outside the transparent glass capillary. 
When the target approaches the glass capillary tip (inner diameter of 15 
μm), the actuator is triggered by the detection module’s upstream signal, 
allowing the target to flow out and form target-laden microdroplets, 
which are then collected in a separate compartment (a 200 μL micro
tube) placed within the glass beaker for further experiments.

Fig. 1b details the integrated sorting and target-encapsulation sys
tem, which features a 3D-printed frame housing essential components 
including the mechanical solenoid actuator, glass capillary, glass 

capillary holder, and optical fibre alignment structures. The solenoid 
actuator controls the precise movements of the capillary tip, ensuring 
consistent droplet formation. Additionally, the microtube holder 
securely positions the microtubes, while the beaker contains the oil 
phase for droplet generation. A closer view of the fibre optic detection 
unit is provided in Fig. 1c. This setup includes an excitation source and 
emission collection fibres aligned at the thin neck of the glass capillary. 
The excitation source fibre (green) is a multimode fibre with a 200 μm 
diameter, while the emission collection fibre (red) is a multimode fibre 
with a larger diameter (400 μm), ensuring sufficient fluorescent emis
sion signal capture. An optical-quality end face is achieved by manually 
cleaving the fibres using a ruby scribe. The cleaved optical fibres are 
inserted into the 3D-printed supporting structure to ensure accurate 
alignment and direct contact with the outer surface of the glass capil
lary. The thin neck structure of the glass capillary is fabricated using a 
micropipette puller, with parameters such as heating intensity, heating 
time, and puller displacement set to elongate the capillary without 
breaking, resulting in a thin neck with an inner diameter reduced from 
100 μm to 50 μm. This allows the target to flow through the optic 
detection area, preventing the bead signal from deviating from the fi
bre’s detection region caused by a relatively large-sized off-chip capil
lary setup. In addition, an index-matching gel was used at the contact 
section at the tip of the optic fibre, minimizing the fluorescent signal 
loss. This precise alignment is vital for accurate optical measurements, 

Fig. 1. Schematic and working principles of the FAM-DSP system. a) Schematic drawing of the fluorescent-activated target sorting and encapsulation processes. b) 
Schematic representation of the off-chip sorting and target-encapsulation system. c) Zoomed-in schematic of the fibre optic detection unit setup. d) Zoomed-in 
schematic of the mechanical actuator-enabled off-chip encapsulation unit and the moving principle. e) Demonstration of on-demand microdroplet generation in 
the oil phase with fixed holding time. The aqueous phase is mixed with blue food dye for better visibility. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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allowing real-time detection of fluorescence signals from the encapsu
lated targets within the droplets. The solenoid actuator is triggered 
based on signals generated by the optical fibre detection unit, ensuring 
the generation of microdroplets that contain the target.

Fig. 1d zooms in on the mechanical actuator-enabled off-chip 
encapsulation unit, highlighting its moving principle. The solenoid 
actuator controls the position of the capillary tip, which is connected to 
the glass capillary using a flexible tubing. The flexible tubing is con
strained with a metal wire hook, which is connected to the actuator. 
When the actuator is triggered by the fluorescent detection unit, the 
hook first pulls the flexible tubing, placing the capillary tip above the 
microtube for collection. After a certain amount of holding time, the 
actuator pushes the capillary tip back to its original position. The shear 
induced by the pushing movement, combined with the droplet’s inertia, 
detaches the droplet from the capillary tip, generating a microdroplet 
that encapsulates the target. Droplets of different sizes are achieved by 
controlling the flow rate of the aqueous phase and the holding time of 
the actuator. The moving range of the capillary tip is 3 mm, and the 
average moving speed of the capillary tip is 200 mm/s. The slide friction 
between the metal wire hook and the flexible tubing is reduced by 
applying lubrication oil, and the shock caused by the actuation is largely 
absorbed with soft rubber tape placed on the solenoid actuator, allowing 
for the production of microdroplets with high uniformity. As a demon
stration, an actual image of on-demand microdroplet generation with 
fixed holding time is shown in Fig. 1e. Microdroplets that contain targets 
can be produced in the oil phase and collected in the microtube, while 
wasted droplets are formed outside the microtube when no target is 
detected.

Fig. 2a provides a more detailed illustration of the droplet generation 
process through a series of sequential snapshots taken from a high-speed 
camera. In this experiment, the holding time (Thold) is set to 400 ms, and 

the flow rate of the aqueous phase (Q) is 1 μL/min (see also Movie S1). 
The following is the detailed droplet formation process. 

1. Initial Stage (0 ms): At the onset of the process, the capillary tip is 
positioned at the waste side, and the aqueous phase continuously 
flows out. When the actuator is triggered, it initiates the movement 
of the capillary tip.

2. Transition Stage (8 ms): The capillary tip moves toward the micro
tube side. Due to the high moving speed, no aqueous residue remains 
at the tip.

3. Positioning Stage (15 ms): The capillary tip is pulled above the 
microtube for droplet collection. The droplet starts to grow as more 
of the aqueous phase is dispensed into the oil phase.

4. Growth Stage (415 ms): After a holding time of 400 ms, the droplet 
develops to the desired size. Precise holding time allows the droplet 
to achieve the appropriate volume before detachment.

5. Detachment Stage (423 ms): The actuator pushes the flexible tubing 
back, and the induced shear force, along with the droplet’s inertia, 
causes it to detach from the capillary tip. The droplet is then 
collected by the microtube placed underneath.

6. Return Stage (430 ms): The capillary tip returns to its starting posi
tion at the waste side, completing the droplet generation cycle and 
preparing for the next one.

This set of experiments demonstrates the precision and control 
achievable in the droplet generation process using the encapsulation 
unit. By fine-tuning Thold and Q, we can consistently produce micro
droplets of various sizes that contain the target for subsequent bio
analytical applications.

Due to the large size of the droplet compared to the capillary tip and 
the rapid movement of the solenoid actuator, the droplet’s inertia, 

Fig. 2. Droplet formation process and controlling the size of the produced microdroplets. a) Sequential snapshots showing the formation of a microdroplet (capillary 
tip is highlighted in yellow and its moving direction is marked with arrows). b) Snapshots taken from a high-speed camera showing the production of water 
microdroplets at different Thold of 200, 400, 800, 1000 and 1500 ms. The inset is a magnified image of the produced microdroplets (Scale bar is 500 μm). c) Optical 
images of the produced water microdroplets at different Q of 1, 2, 3, and 5 μL/min d) Plots of droplet diameter Ddroplet vs Thold or Q. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Y. Zhang et al.                                                                                                                                                                                                                                   Biosensors and Bioelectronics 272 (2025) 117134 

4 



rather than the Capillary number, dominates the production process. 
This is evident in Movie S1, where almost no movement of the produced 
droplet is observed during the detachment stage. Therefore, the diam
eter of the droplet (Ddroplet) is proportional to the product of Thold and Q, 
as given by: 

Ddroplet∝Thold • Q (1) 

Keeping the flow rate Q constant at 4 μL/min, prolonging Thold effi
ciently increases the size of the produced microdroplets, as shown in 
Fig. 2b (see also Movie S2). On the other hand, Fig. 2c illustrates that at a 
constant Thold (400 ms in this case), a higher Q results in the production 
of droplets with a larger size (see also Movie S2). Fig. 2d summarises the 
diameter of the produced microdroplets with respect to Thold and Q, 
respectively. The diameter of the produced microdroplet ranges from 80 
to 210 μm under different operating conditions, and the coefficient of 
variation (CV) of the size is less than 7%. The size of the produced 
droplets is also influenced by the nozzle size of the glass capillary. Using 
a 15 μm nozzle, our system can effectively generate droplets with di
ameters as small as ~50 μm.

Durability tests conducted over 2000 cycles confirmed no significant 
degradation in the solenoid actuator’s performance or droplet encap
sulation efficiency, demonstrating the FAM-DSP system’s reliability for 
high-throughput applications. As shown in Fig. S2, the system main
tained stable performance throughout extended cycles. The actuator’s 
temperature increased from room temperature to a saturated state at 
25.3 ◦C under 12 V and 26.5 ◦C under 28 V, with no changes in moving 
speed observed before or after reaching thermal saturation, highlighting 
the system’s robustness. Increasing the operating voltage from 12 V to 
30 V effectively enhanced the glass tip’s actuating speed from 200 mm/s 
to approximately 400 mm/s, facilitating higher throughput. However, 
excessively high voltages may risk damaging the solenoid and the glass 
tip. Furthermore, at higher actuating speeds, the formation of tiny sat
ellite droplets along the moving range led to increased polydispersity, as 
shown in Fig. S3.

The FAM-DSP system uses a fibre optic detection unit to generate a 
triggering signal that determines the production of target-laden drop
lets. As shown in Fig. 3a, the detection unit consists of a laser (532 nm) 
as the excitation light source, a dichroic mirror coupled photomultiplier 
tube (PMT) for fluorescent signal collection, two optical fibres for light 
transmission, a multifunctional digital data acquisition module, and a 
computer for signal processing and control. A 200 μm diameter multi
mode optical fibre guides the excitation light from the laser source. The 
scattered and emitted light from the targets is collected by a 400 μm 
optical fibre, which directs the light to a dichroic mirror cage. The 
filtered fluorescent emission signal is then transmitted to the PMT. Two 
fibre port collimators are used in the laser and the dichroic mirror cage 
to collimate the excitation and emission signals, focusing the light signal 
to ensure high sensitivity. This fibre optic detection module in the FAM- 
DSP system demonstrates reliable detection of fluorescent targets, with 
sufficient sensitivity to identify fluorescent microparticles. To further 
assess the sensitivity, we test the system with a range of fluorophore 
samples, including 1 μm microparticles and Rhodamine 6G at different 
concentrations (Fig. S4). These tests validate the high sensitivity of our 
system across a broad dynamic range, ensuring reliable detection even 
with varying signal intensities.

A multifunction I/O device is used as the data acquisition system and 
outputs actuator-triggering signals. Fig. 3b demonstrates examples of 
PMT, filtered, and triggering signals for detecting and encapsulating 
fluorescent microbeads. The signals are processed, analysed, and 
generated using LabVIEW. The dichroic mirror coupled PMT measures 
the intensity of the fluorescent light emitted by a microbead, converting 
it into electrical voltage signals corresponding to the detected peaks. The 
PMT signal (Galvo-Galvo scanner and bandwidth was set at 250 kHz) is 
then transmitted to the PC, where it is first denoised with a low-pass 
filter (Butterworth filter, cutoff frequency: 100 Hz, order: 2) and then 
analysed. When a peak is detected and the magnitude is above the 

threshold, a triggering signal is generated and sent to the driving circuit 
(see Fig. S5 for the circuit design) of the mechanical actuation system. As 
shown in Fig. 3c, a delay time (Tdelay) is needed to allow the particle to 
approach the capillary tip, and a holding time (Thold) is necessary to 
allow the droplet to grow for determining the droplet size. Tdelay is 
determined for different flow rates and adjusted based on experimental 
results, while Thold can be adjusted for different droplet size re
quirements. The processed signals are continuously monitored and dis
played on a PC, allowing real-time analysis of the detected microbead. 
Threshold levels are set to differentiate between background noise and 
actual particle detection events.

In the absence of a sorting mechanism, the rate of single-bead 
encapsulation within droplets can be predicted using the Poisson dis
tribution (Collins et al., 2015). This statistical approach assumes that 
microbeads are randomly distributed in the fluid medium and that the 
droplet formation process occurs at a constant flow rate. When no 
sorting is applied, the bead-laden distribution primarily follows the 
Poisson distribution, resulting in a significant proportion of droplets 
being empty or containing multiple beads, thus leading to inefficient 
encapsulation and increased variability (Collins et al., 2015; Liu et al., 
2020). The implementation of the FAM-DSP system, as evidenced by 
Fig. 4, greatly reduces the number of empty droplets.

This enhancement is particularly notable when comparing the before 

Fig. 3. Configuration of the fibre optic detection unit. a) The unit consists of a 
laser module, a dichroic mirror coupled PMT, two optic fibres, a data acquisi
tion module, and a computer. b-c) Examples of the PMT signal, the filtered 
signal, and the triggering signal for controlling the actuator.
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and after using the FAM-DSP system, and Fig. 4a–h visually demonstrate 
this improvement. We examined the system using microbeads of three 
different concentrations: 2 × 10⁶, 4 × 10⁶, and 6 × 10⁶ beads/mL. 
Without the detection and on-demand encapsulation processes, the 
majority of the droplets are empty or contain multiple beads, reflecting 
the random distribution predicted by the Poisson model. In contrast, the 
application of the FAM-DSP system leads to a much higher frequency of 
droplets containing the desired single bead, demonstrating the efficacy 
of our system in overcoming the limitations imposed by Poisson distri
bution predictions.

The bar charts given in Fig. 4c–f, and i quantitatively confirm the 
reduction in empty droplets and the improved encapsulation efficiency, 
with a notable increase in the number of droplets containing single 
beads across all concentrations. After using the FAM-DSP system for 
sorting and encapsulation, the single bead-laden droplet fraction in
creases from below 20% to over 70%, and the proportion of empty 
droplets is reduced to ~18%. While the number of empty droplets is 
significantly reduced, they are not fully eliminated. This is likely due to 
the inconsistent delay time required for the bead to travel to the capil
lary tip, caused by flow rate fluctuations due to the mechanical move
ment of the capillary tip. To solve this problem, future efforts will focus 
on refining the synchronization between the actuator and the fluores
cence detection system and assessing system performance under diverse 
conditions, such as higher throughput and variable fluid viscosities, to 
minimize delay-induced variability. Despite the imperfection, the on- 
demand bead encapsulation demonstrates significant advantages over 
traditional methods, providing a more efficient approach for applica
tions requiring single-target encapsulation.

The FAM-DSP system demonstrates several advantages over other 
recently developed systems for on-demand droplet sorting. 

Dielectrophoretic platforms, such as the high-definition single-cell 
printing system, achieve high sorting accuracy (>99.5%) and fast 
operation (up to 1 kHz) but require complex electrode setups and 
vacuum-based waste removal mechanisms (Zhang and Abate, 2020). 
Similarly, air-assisted systems produce highly uniform droplets (poly
dispersity index ~0.01%) but rely on high-pressure air streams and 
precise wettability modifications (Zhang et al., 2021). In contrast, the 
FAM-DSP system conducts sorting before encapsulation, achieving a 
reasonably high single-bead encapsulation efficiency and droplet uni
formity while maintaining lower operational complexity and cost. This 
balance of simplicity, efficiency, and throughput makes the FAM-DSP 
system more suited for portable systems, where reducing complexity 
and cost is critical.

The simplicity and efficiency of the FAM-DSP system make it suitable 
for applications requiring continuous monitoring and analysis of single 
targets in a flow. We conducted ddELISA to demonstrate the capability 
of the FAM-DSP system. Currently, a significant challenge with ddELISA 
is the presence of a large number of empty droplets, which fill micro
scopy images with unnecessary information, reducing throughput and 
complicating the analysis. By minimizing the occurrence of empty 
droplets, we expect to allow microscopy images to contain more useful 
data, thereby streamlining the analysis process and improving the 
overall efficiency of the assay. To examine this, we adapt the workflow 
given in Fig. 5 for ddELISA using the FAM-DSP system.

Fig. 5a provides a detailed visual representation of the initial steps in 
the ddELISA workflow. Target antigen IFN-γ is first mixed with capture 
antibody-coated paramagnetic-fluorescent microbeads. These antigens 
bind to the capture antibodies on the beads, forming antibody-antigen 
complexes. Biotinylated detection antibodies and SβG are then added 
to the mixture, resulting in enzyme-labelled immunocomplexes. The 

Fig. 4. Analysis of the single-bead encapsulation performance of the FAM-DSP system. Optical images and quantitative analysis for droplets’ single-bead encap
sulation performance without and with the application of the FAM-DSP system at bead concentrations of a-c) 2 × 106, d-f) 4 × 106, and g-i) 6 × 106 particles/mL.
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immunocomplexes are mixed with an FDG fluorogenic substrate and 
then encapsulated into droplets using the FAM-DSP system. As illus
trated in Fig. 5b, the subsequent steps involve loading the collected 
droplets onto a glass slide for imaging. A fluorescence microscope is used 
to identify and count the "ON" droplets that exhibit fluorescence, indi
cating the presence of the target IFN-γ protein. The ratio of "ON" droplets 
is a key concept in dELISA. The "ON" droplets contain at least one target 
protein molecule, while the "OFF" droplets contain none. By analysing 
the ratio of "ON” droplets, we can determine the average enzymes per 
bead (AEB), which provides a quantitative measure of the target protein 
concentration.

Our platform’s ability to reduce the number of empty droplets 
significantly enhances the throughput and reliability of ddELISA. This 
reduction ensures that microscopy images contain more useful data, 
making the analysis process more efficient and improving the overall 
assay performance. The representative visual data given in Fig. 5c–e 
shows dual-channel microscope images of "ON" and "OFF" droplets at 
different concentrations (60 aM, 100 aM, and 1 fM). These dual-channel 
images highlight the high proportion of single-particle-containing 
droplets achieved using the FAM-DSP system (see Fig. S6 for the case 
without using the system), significantly reducing the occurrence of 
empty droplets and thereby facilitating more accurate quantification of 
target proteins. The calibration curve for IFN-γ detection, as depicted in 
Fig. 5f, demonstrates that the FAM-DSP system can lead to a low limit of 
detection (LOD) of ~60 aM. Our results show that LODs are similar for 
both on-chip and off-chip methods, indicating that the sorting process 
does not introduce additional systematic errors in ddELISA. The FAM- 
DSP system effectively balances simplicity and efficiency, significantly 

enhancing detection throughput without sacrificing operational acces
sibility. While the throughput of the FAM-DSP system, measured in the 
number of droplets detected per second, appears lower than that of 
advanced on-chip systems, it achieves a comparable liquid volume per 
second throughput, matching the performance of state-of-the-art on- 
chip platforms (Cohen et al., 2020; Yi et al., 2022). Also, a LOD of 60 aM 
is comparable to on-chip platforms. Importantly, this is accomplished 
without requiring cleanroom fabrication or complex fluidic controls, 
making the system both cost-effective and practical for routine 
applications.

Our results also indicate that the size variability (CV < 7%) for 
microdroplets obtained using the off-chip system is sufficient for the 
ddELISA application. In ddELISA, the low concentration of the 
biomarker ensures that each microbead captures less than one marker 
on average. As a result, the presence of a fluorescent signal in a droplet 
directly indicates the existence of the marker. Since the fluorescent 
signal intensity depends on the presence or absence of the biomarker 
rather than the exact droplet size, this level of size variability does not 
affect the performance or reliability of signal detection. While the FAM- 
DSP system demonstrated stable performance under controlled labora
tory conditions, these factors may pose challenges in more variable 
environments. Future work will focus on assessing the system’s 
robustness under fluctuating environmental conditions and with diverse 
fluid properties to ensure broad applicability.

4. Conclusion

In summary, we developed a versatile off-chip droplet production 

Fig. 5. Ultrasensitive biomarker detection using improved ddELISA. a) Processes of the bead-based sandwich immunoassay. Antigen: IFN-γ; Streptavidin enzyme: 
Streptavidin-β-galactosidase (SβG); Substrate: fluorescein di-β-d-galactopyranoside (FDG). b) Schematics showing the detection procedure. The bead-based immu
nocomplex is encapsulated into microdroplets using the FAM-DSP system. Then, the microdroplets are loaded onto a glass slide for analysis. Fluorescent images are 
obtained to identify the “ON” and “OFF” droplets. Representative dual-channel microscope images obtained for samples with different IFN-γ concentrations of c) 60 
aM, d) 100 aM and e) 1 fM. f) Calibration curve for ddELISA for IFN-γ, the LOD is 60 aM.
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platform capable of on-demand, single-target encapsulation. The core of 
the platform is an integrated fluorescent-activated mechanical droplet 
sorting and production (FAM-DSP) system. The FAM-DSP system is 
compact and low-cost, integrating both sorting and droplet production 
functionalities. The platform can precisely control droplet size, pro
ducing relatively uniformly sized microdroplets with diameters ranging 
from tens to hundreds of microns. Unlike conventional microchip-based 
approaches, the operation of our platform is simple and straightforward, 
significantly reducing equipment requirements for droplet generation 
and sorting. The capability of fluorescent-activated detection and me
chanical droplet production and sorting allows for precise single-target 
encapsulation, achieving a high efficiency of above 70%, which is 
essential for applications requiring high specificity and reliability. We 
demonstrated the effectiveness of our platform in ddELISA for ultra
sensitive biomarker detection. The use of the FAM-DSP system signifi
cantly reduces the number of empty droplets, thereby enhancing 
throughput and reliability. We envisage that our platform will be 
particularly advantageous for a wide range of applications, from routine 
clinical diagnostics to cutting-edge research in biomarker discovery, 
single-cell analysis, and disease monitoring. Future work will focus on 
further optimizing the platform’s performance in terms of single-target 
encapsulation, droplet stability, system automation, and integration. 
Due to the relatively large size of the droplets produced in this study and 
the slower production rate compared to the on-chip system (Cohen et al., 
2020), further optimization is needed to enhance throughput by 
reducing droplet size and increasing the production rate.
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