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a b s t r a c t

Digital microfluidics (DMF) shows great promise in addressing the need for miniaturization and automa-

tion in immunoassay detection. Despite recent advances, an automatically operated, multiplexed hetero-

geneous immunoassay platform powered by DMF remains underdeveloped. Here we present a DMF plat-

form for automated and multiplexed heterogeneous immunoassay detection by coupling spatial barcoding

with automatic and uniform droplet dispensing. FluoroPel was selected as a robust hydrophobic reagent

for coating the DMF top plate, and it also served as the substrate for the immuno-reaction. Its mechan-

ical robustness was further enhanced with a Cytop CTL-809A adhesive layer under the top hydrophobic

layer. Hourglass-shaped electrode patterns ensured consistent and uniform distribution of immunoas-

say reagents, with volume variation down to 1.0 %. The analysis duration was significantly reduced from

75min to 20min after a heating module was integrated to elevate the immuno-reaction temperature

to 37 °C. Utilizing a compact instrument featuring a multi-droplet manipulation protocol, we successfully

implemented fully operated, multi-sample, multiplexed immunoassays using recombinant proteins on cell

culture supernatants on the DMF platform. This innovative platform significantly enhances the efficiency,

reliability, and degree of automation of DMF-actuated multiplexed heterogeneous immunoassays, poten-

tially providing a viable solution for field deployment and multi-sample parallel diagnosis.

© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

In life sciences, advances in discovering new molecular

biomarkers deepen our understanding of physiological processes,

driving the need for innovating immunoassay methods [1]. Despite

this, enzyme-linked immunosorbent assay (ELISA) [2] is a widely

used tool for identifying physiological regulators, such as cytokines,

which work synergistically with other proteins in immune extra-

cellular and intracellular responses [3,4]. However, conventional

immunoassay detection requires large amounts of expensive an-
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tibodies, high labor costs, and cumbersome instruments, while

microfluidics-based POCT platforms meet the core needs for au-

tomation, multiplexing, and rapid detection, highlighting the grow-

ing demand for miniaturization and automation in immunoas-

says [5–7]. Digital microfluidic (DMF) chips, which maneuver liq-

uid droplets as microcarriers of samples based on electrowetting

on dielectrics (EWOD) [8,9], would be appealing to conduct het-

erogeneous biosensing with low sample consumption [10]. Typi-

cally, on a DMF device, discrete droplets in micro- or sub-micro-

liters [11] can be actuated under EWOD force by tuning the wet-

tability of the chip surface with electric potentials. Equally impor-

tant, controlled by switches on electrodes, the functional manip-

ulation of droplets [12], which includes transportation, dispens-

ing, merging, and splitting, is highly programmable [13,14] and at-

tractive for automation in the manipulation of miniaturized liquid

samples.
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Various heterogeneous immunoassays, such as fluorescence

[15], chemiluminescence [16], and electrochemiluminescence [17],

have been demonstrated on the DMF platform. Wheeler’s group

[18] developed a portable DMF-engaged ELISA platform for on-

site measles and rubella immunoglobulin G testing. Another study

[19] utilized magnetic beads to replace microplates as the solid

phase, transitioning the immunoreaction from two-dimensional to

three-dimensional and further enhancing the sensitivity of the im-

munoassay. In Chen’s work [20] functionalized magnetic beads

and gold nanoparticle labels were used to construct a magnet-

ically controlled immunosensing probe, developing an advanced

immuno-HCR assay with a pH meter readout. However, for bead-

supported detection [21–23], specificity and ease of sample han-

dling have to be leveraged. The planar substrate-supported de-

tection strategy may free the need for embedding any external

gears for the manipulation of magnetic microbeads. For exam-

ple, Wheeler’s group [24] introduced a straightforward method

that DMF chip surface was used for antibody immobilization.

We previously developed spatial barcoding-enabled highly multi-

plexed immunoassay with digital microfluidics [25]. However, this

study has not yet incorporated crucial functionalities such as pro-

grammed droplet dispensing, which DMF chips excel in The pro-

cess still necessitates many manual operations of liquids, unfortu-

nately leading to an insufficient degree of automation for driving

high-protein reagents and resulting in prolonged immuno-reaction

times.

In this study, we realized the automation of multi-sample, mul-

tiplexed immunoassay detection on an innovatively designed dig-

ital microfluidic platform by incorporating spatial barcoding and

programmed droplet manipulation. Using carboxylic group end-

functionalized Cytop as an extra adhesion layer, FluoroPel film

was applied to the DMF top plate and bound firmly with the In-

dium Tin Oxide (ITO) upper plate as the immuno-reaction sub-

strate on which spatial barcodes of capture antibodies was later

formed for heterogeneous immunoassay detection (Fig. 1A). An

hourglass-shaped electrode design was adopted [26,27], eliminat-

ing the need to introduce an additional external module such as

volume feedback [23,28] but still enabling reliable dispensing of

droplets that sequentially carried samples of interests and reagents

for heterogeneous ELISA reactions. A close-looped heater was in-

tegrated to accurately elevate the reaction temperature and accel-

erate the immuno-reaction to be completed within 20min. Even-

tually, we successfully realized automated, multi-sample, parallel

immuno-reactions on the DMF platform using a tailor-designed

compact instrument automated with a multi-droplet manipulation

protocol.

Details regarding the materials, DMF chip fabrication, system

assembly, and operational procedures are provided in the first sec-

Fig. 1. The compact DMF instrument for automating immunoassay operations. (A) The workflow of the antibody barcode immobilization. (B) The schematic illustration of

how droplets are allocated on the device (top view). (C) A photograph of our compact-sized DMF device. (D) A rendered schematic showing the internal layout inside the

DMF platform. (E) The schematic shows the sequential delivery of sample and reagent droplets through the immuno-reaction zones.
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tion of Supporting information. Briefly, to overcome the labor-

intensive manual separation steps inherent in heterogeneous im-

munoassays, a digital microfluidic (DMF) device was fabricated and

assembled. The DMF chip typically consisted of a bottom plate

and a top functional plate. The bottom plate accommodates driv-

ing electrodes which can be activated electrically. Besides func-

tioning as the ground electrode to form an electric loop with the

droplets, driving electrodes, switches, and the power source, the

top plate also serves as the substrate for heterogeneous immunoas-

say. To enable multiplexed detection, a PDMS microchip was fab-

ricated with and attached to the top plate, forming parallel mi-

crochannels. The capture antibodies of cytokines, including IL-1β ,

IL-6, IL-8, TNF-α, and MCP-1, approximately 2μL each, were intro-

duced into these channels and incubated for 1h. After incubation,

the remaining capture antibodies were evacuated from the chan-

nels using the vacuum pump. After the PDMS chip was carefully

peeled from the tip plate, the assembly of the DMF device was

achieved by aligning the top and bottom plates with a spacer of

0.125mm-thick polyimide film placed in between. The allocation

of sample/reagents in droplets engaged with DMF-engaged actua-

tion is illustrated in Fig. 1B.

To automate liquid handling, a compact-sized DMF plat-

form was custom-made (Fig. 1C), with a small footprint of

150×135×120mm (length×width×height) and a weight of only

1.3 kg. The control system consists of the DMF chip fixture, three

printed circuit boards (PCB) circuitries, as well as a rechargeable

battery (Fig. 1D). The control system and the peripheral modules

were powered by a rechargeable 12V battery, potentially enabling

on-site and portable use. The DMF instrument could automatically

realize the sequential delivery of the sample and reagents through

the immuno-reaction zones, as depicted in Fig. 1E.

We evaluated three commonly used hydrophobic materials in

digital microfluidics to select the appropriate substrate suitable for

a robust DMF-based immunoassay. The results showed that the

hydrophobic film formed by FluoroPel 1101V exhibited a contact

angle of 123.7° (Figs. 2A and B), superior to those of the Teflon-

coated surfaces. Notably, FluoroPel 1101V also showed superior-

ity in actuating protein-containing liquid that could realize actu-

ation of up to 50% fetal bovine serum solution, demonstrating

that FluoroPel 1101V would be a suitable candidate substrate for

DMF-based immunoassay. We then evaluated the protein binding

performance of the FluoroPel 1101V material using FITC-BSA as

the coating protein. The fluorescence distribution across the slide

(Fig. 2C) showed that the attachment of proteins on the FluoroPel

surface is strong and evenly distributed (fluorescence coefficient

of variation=4.8%, n=4000) (Fig. 2D). The AFM characterizations

showed that the roughness of the surface increased from 0.664nm

to 2.66–4.339nm (Table S1 in Supporting information) and the sur-

face peak-to-valley value increased from 4.3nm (Fig. 2Ea) to 14.9–

22.9 nm (Figs. 2Eb and c and Fig. S1 in Supporting information), af-

ter antibody coating respectively. These results demonstrated that

FluoroPel 1101V could be an ideal substrate to for immobilizing

capture antibodies in the DMF platform.

Previously, a Teflon-coated ITO glass slide was used as a sub-

strate for immuno-reaction, but the Teflon layer often detached

due to weak bonding under shear forces during removal [25,28].

To address this, Cytop CTL-809A, containing carboxylic groups,

was applied as an adhesive layer between the hydrophobic film

and the ITO substrate, significantly improving bonding strength.

Tests showed the FluoroPel layer with Cytop had a hardness

of 2B compared to 6B without it (Fig. 2F), demonstrating en-

hanced robustness for use in immuno-reactions. The above re-

sults demonstrate that the FluoroPel 1101V-coated ITO glass slide

could be used as the substrate for immuno-reaction with excel-

lent robustness which is boosted by the Cytop-COOH adhesive

layer.

Fig. 2. Characterizations of DMF Top Plates. (A) Contact angle measurements of

DI water on various hydrophobic surfaces. (B) Fluoropel-coated surface contact an-

gle image. (C) Fluorescence image of FITC-BSA on the modified ITO surface under

488nm excitation. (D) Heat map of fluorescence intensity across 400 randomly se-

lected 10×10μm regions. (E) 5×5μm AFM 2D and 3D surface mapping of differ-

ent antibody adsorbed on a hydrophobic surface (a) without antibody, (b) IL-8, (c)

FITC-BSA. (F) (a) Hydrophobic layer damage (red boxes) without an adhesive layer,

(b) intact hydrophobic layer with adhesive layer.

To optimize reagent and sample dispensing on DMF chips dur-

ing immuno-reaction, we redesigned the dispensing electrodes,

combining arc-shaped outer electrodes with a central hourglass

pair (Fig. 3A). This design improved droplet generation reliabil-

ity. By sequentially activating electrodes, droplets were extruded

and separated efficiently with reduced cut-off pressure due to op-

timized geometric patterns (Fig. 3B). Four necking electrode radii

(1.0–2.5mm) and various liquid storage electrode sizes were tested

(Fig. S2 in Supporting information). Using vision analysis (Fig. S3 in

Supporting information), we found that a 2.0mm neck radius and

a 5.0×6.0mm storage electrode produced droplets with the lowest

CV (1.0 %) and highest volume consistency, making this configura-

tion ideal for subsequent immunoassay applications (Fig. 3C).

To increase analysis efficiency, three strategies were employed

to speed up molecular diffusions inside droplets and their interac-

tion with the antibody barcodes to shorten the turnaround time,

including active mixing (moving reagents back and forth on elec-

trodes), pre-mixing (combining primary and secondary antibod-

ies before reactions), and heating (maintaining reaction zones at

37 °C), as depicted in Fig. 4A. The active mixing strategy would in-

crease the risk of biological contamination which reduces the oper-

ational longevity of the chip. Another drawback is that the fluores-

cent signals were significantly lower, (Fig. 4Ba). The pre-mixing ap-

proach demonstrates significantly lower sensitivity on some of the

analytes (Fig. 4Bb). Heating shortened reaction time from 75min to

under 20min with comparable or stronger detection signals, mak-

ing it the preferred approach (Fig. 4Bc).
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Fig. 3. Optimization of the dispensing electrodes on the DMF bottom plate. (A) The design of electrodes pattern the DMF bottom plate. (B) Captured images showing

the dispensing process of the dispensing electrode. The arrow indicates the moving direction of the droplets while “+” and “-” represent the activated and deactivated

electrodes, respectively. (C) Uniformity statistics including the coefficient variation, of dispensed droplets with projected area under different combinations of electrode sizes

for comparison. (a-d) The sizes of the liquid separation electrode are 1.0, 1.5, 2.0, and 2.5mm, respectively.

Fig. 4. Comparison of different strategies to escalate the analysis efficiency for DMF-actuated immunoassay. Schematic diagram (A) and fluorescence readouts (B) of (a)

active mixing, (b) pre-mixing and (c) heating.

We further validated the feasibility of the DMF platform for

multiplexed heterogeneous immunoassay detection with different

recombinant proteins, including IL-1β , IL-6, TNF-α, MCP-1, and IL-

8, which play crucial roles as important immune and oncogenic

functional markers and regulators (Fig. 5A). We used air as the sur-

rounding medium for the droplets instead of carrier fluids such as

silicone oil. A typical process of DMF-automated multiplexed het-

erogeneous immuno-reaction was demonstrated in Fig. S4 (Sup-

porting information). The standard titration curves were success-

fully obtained with fluorescence readouts in a four-parameter lo-

gistical regression model (4PL) (Fig. 5B), with the highest fitting

coefficient of 99.3 %. The limit of detection (LOD) varies, depending

on the affinity within antigen-antibody pairs. To demonstrate the

applicability of DMF-automated immunoassay for biology studies,

we applied this platform with different cell supernatants, includ-

ing cholangiocarcinoma cells (HUCCT1), umbilical vein endothelial

cells (HUVEC), cardiomyocytes (AC16), and lymphoma cells (U937),

with the 10% FBS-supplemented cell culture medium as the con-

trol group (0.2 % Tetronic 90R4). Fig. 5C shows the fluorescence im-

age of 5-plexed protein detection from collected supernatants. Fig.

5D presents the fluorescence intensities of five cytokines across

four different cell types, along with a control. The fluorescence in-

tensity, measured in arbitrary units (a.f.u.), indicates the expres-

sion levels of each cytokine within these cells. For example, U937

cells show the highest overall cytokine expression, indicating a ro-

bust immune response profile. In contrast, HUVEC cells show lower

overall cytokine levels, which might indicate their endothelial ori-

gin and different functional roles from immune cells like U937.

AC16 and HUCCT1 cells show higher levels of MCP-1 secretion,

which might indicate an ongoing inflammatory response within

the tumor, contributing to cancer progression.

In conclusion, this study successfully demonstrates a high level

of automation in multi-sample, multiplexed immunoassay detec-

tion on a digital microfluidic platform. Fabricating double-layered

hydrophobic films and optimizing electrode patterns led to a ro-

bust barcode of capture antibodies and consistent liquid distribu-
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Fig. 5. Multiplexed immunoassay detection on the DMF platform. (A) IL-8 detection with varying concentrations on the ITO top plate. (B) The immunoassay titration curve of

concentration gradient dilution fits with the four-parameter logistic (4PL) curves. (C) Fluorescence detection of the ITO top plate for different cell supernatant immunoassay

results. (D) Multiplexed immunoassay fluorescence intensity chart of four cell supernatants, with U937, AC16, HUCCT1, HUVEC, and the control group shown, respectively.

tions for immuno-reaction completion. To enhance the efficiency of

DMF-actuated immunoassays, three strategies were explored: ac-

tive mixing, pre-mixing, and heating. The first two approaches ei-

ther increased the risk of cross-contamination or resulted in re-

duced sensitivity. In contrast, elevating the immuno-reaction tem-

perature to 37 °C significantly improved reaction efficiency, en-

abling the completion of the immunoassay within 20min. The

compact, battery-powered instrument, equipped with a multi-

droplet control protocol, achieves efficient and reliable immunoas-

says. Compared with other DMF-actuated heterogenous immunoas-

say detection, the work developed showed superiority summarized

in Table S2 (Supporting information), including detection time, de-

pendence on magnetic beads, degree of automation, number of

indicators measured, and number of samples tested. It is worth

noting that the detection capacity of the platform can be further

improved by increasing the number of parallel stripes, by which

capture antibodies are spatially defined, for higher detection mul-

tiplexity. These advancements offer a significant possibility for field

deployment and multi-sample parallel diagnostics, marking a sub-

stantial improvement in the performance and applicability of DMF-

actuated heterogeneous multiplexed immunoassays.
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