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A B S T R A C T

The industrial production of monoclonal antibodies (mAbs) has been suffering from the lack of efficient tech
nology and equipment for quickly acquiring high-yield specific hybridoma cells (HSHCs). This work presented an 
efficient microfluidic device that integrated single-cell pairing and electrofusion of myeloma and lymphocyte 
cells, microfluidic chemiluminescence immunoimaging (μCLII) screening of HSHCs, selective retrieval and 
proliferation of HSHCs to secrete mAb through microfluidic control and programmable signal generator modules. 
The designed pump-equipped lantern-shaped array chip achieved single-cell screening and undamaged retrieval 
of HSHCs through a pump-controlled surfing force. Using PCSK9-mAb as a model, this device demonstrated a cell 
fusion efficiency of 38% with an asymmetric cage-shaped structure, the precise sorting of HSHCs within 2 h, and 
a high PCSK9-mAb yield of ~3.0 pg per cell during 18-h culture. The whole procedure including cell fusion and 
selection of HSHCs could be completed within 8 days, indicating a greatly shortened period of monoclonal 
antibody production compared to 3-4 months of commercial technology, and thus showing its promising ap
plications in multiple scenarios, such as single-cell analysis, mAbs screening and drug discovery.

1. Introduction

Monoclonal antibodies (mAbs) play important roles in disease 
diagnosis, therapy and biomedical research, but their industrial pro
duction has always been plagued by the issues of low efficiency, time- 
consuming, and labor-intensive due to the lack of efficient technology 
(Di Cristina et al., 2010; Van Lent et al., 2021; Zhang, W. et al., 2020). 
Current hybridoma technique, one of the mainstream technologies of 
mAb production, needs 3-4 months to obtain high-yield specific hy
bridoma cells (HSHCs) due to the inefficient cell fusion and sorting 
methods (Mazutis et al., 2013; Wang et al., 2024). Mature cell fusion 
methods including virus-induced fusion (Zhang et al., 2022), poly
ethylene glycol-induced fusion (Karatekin and Rothman, 2012) and 
electrofusion (Skelley et al., 2009) adopt random intercellular pairing, 
leading to their low fusion efficiency. In addition, HSHC screening 

mainly uses serial-dilution method based on enzyme-linked immuno
sorbent assay (ELISA), which requires long-time cell proliferation to 
obtain enough secreted antibodies for ELISA detection (De Masi et al., 
2005; Zhang et al., 2018). Therefore, the design of an integrated 
equipment enabling both efficient cell fusion and quick screening of 
HSHCs is of great value to improve the industrial production of mAb.

Microfluidics has emerged as a promising platform for mAb pro
duction due to its superior performance in high-throughput and flexible 
manipulation of single cells in a local microenvironment (Gao et al., 
2023; Huang et al., 2022; Zhang, M. et al., 2020). Firstly, microfluidics is 
an effective technique for cell fusion due to its ability to conveniently 
realize cell pairing and tight intercellular connection through precise 
microstructure design (Bai et al., 2024a). However, the inaccurate cell 
pairing and big size difference of myeloma and lymphocyte cells result 
in great challenge in cell fusion application (Bai et al., 2024b). On the 
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other hand, microfluidics has garnered significant attention in the field 
of cell screening, as it enables the detection of mAbs secreted by single 
cells on picoliter-scale spatial confinements, such as droplet (Akbari and 
Pirbodaghi, 2014; Bounab et al., 2020; El Debs et al., 2012; Eyer et al., 
2017; Gérard et al., 2020), microwell (Abali et al., 2019; Ansaryan et al., 
2023; Wang et al., 2025) and microtrap (Zhang, W. et al., 2021). The 
droplet-based methodology uses continuously flowing micro-volume 
droplets to encapsulate individual hybridoma within single droplets, 
but the consistent encapsulation of individual cells within each droplet 
is practically unattainable due to the random arrival of cells at the 
droplet formation site (Collins et al., 2015; Xu et al., 2025). 
Microwell-based array isolates single cells into the microcavities typi
cally achieved by gravitational forces, but this process is mainly limited 
by cell size (Ogunniyi et al., 2009). The loading rate of microtrap-based 
method relies on both physical trapping structures and liquid flow 
(Ahmadi et al., 2024; Pang et al., 2020). Meanwhile, these microfluidic 
methods also face challenges in practical screening of specific hybrid
omas due to the fussy heterogeneous immunoassays, the difficulty in 
washing and adding reagents, and the requirement of specialized mo
lecular probes. Homogeneous chemiluminescence (CL) immunoassay 
has widely been used for sensitive antibody detection (Ao et al., 2022; 
Xiao and Xu, 2020), and is thus a suitable candidate for ultra-low con
centration detection of cell-secreted antibody on microfluidic chip.

This work designed an asymmetric cage-shaped chip for pairing and 
electrofusion of myeloma cells and lymphocytes (B cells) with large size 
difference, which restricted cell movement or displacement during cell 
swelling upon injection of the buffer with low osmolarity (Bai et al., 
2024b) into the chambers for close contact of two cells captured in single 
chamber, thus achieved precise electroporation with focused electric 
field for cell fusion. The designed pairing chamber structure and 
microfluidic electrofusion (μEF) method guaranteed the stability of 
high-throughput cell fusion on a chip. Moreover, the rapid and precise 
screening of HSHCs could be achieved with a highly sensitive micro
fluidic CL immunoimaging (μCLII) method for detecting single-cell 
secreted antibodies in microchambers.

The collection of the selected HSHCs from the microchambers has 
been performed with micromanipulator aspiration (Kobayashi et al., 
2022; Love et al., 2006) and dielectrophoresis (DEP) force-based (Hata 
et al., 2022) techniques. However, low throughput and physical damage 
of the micromanipulator, and cell injury and low release efficiency of 
DEP retrieval limit their practical application. Other methods, such as 
pulsed ultraviolet laser (Chen et al., 2016) and optoelectronic tweezers 
(Breukers et al., 2021; Kumar et al., 2020) also face some disadvantages 
in collecting the selected cells, particularly semi-adherent and adherent 
cells. Here we assembled a pump array under the microchamber array to 
provide a pump-controlled surfing force for undamaged retrieval of the 
selected cells. Through integrating the μEF and μCLII chips along with 
corresponding cell fusion, screening and retrieval methods, program
mable signal generator and comprehensive software modules, an effi
cient device was constructed for mAb production. This integrated device 
achieved an electrofusion efficiency of 38% for the cells with a large size 
difference, fast screening of HSHCs within 2 h, and high production of 
anti-proprotein convertase subtilisin/kexin type 9 monoclonal antibody 
(PCSK9-mAb) with yields of ~3.0 pg per cell during 18-h culture of the 
proliferated HSHCs in DMEM, showing promising application in specific 
cell screening and high-purity mAb production.

2. Experimental section

2.1. Preparation of B cells

PCSK9 peptide1-KLH immunized BALB/c mice (FANTIBODY, China) 
were euthanized by cervical dislocation and immersed in 75% alcohol in 
accordance with the guidelines approved by the Institutional Animal 
Care and Use Committee at the Chongqing Academy of Animal Sciences 
(Licence No. SYXK (Yu) 2022-0010). The spleen was isolated using 

sterile scissors and tweezers, and immersed in 2 mL of RPMI 1640 so
lution. After the spleen was mashed with a syringe, the splenocytes were 
passed through a cell strainer into the solution. Subsequently, the so
lution was collected and centrifuged at 400 g for 5 min. After discarding 
the supernatant, red blood cell lysis buffer was added and incubated at 
37 ◦C for 2 min. After twice washing with PBS, the mixture was resus
pended in 2 mL of cell culture medium. Finally, the splenocytes con
taining PCSK9-specific B cells were collected after removing insoluble 
tissue fibers with a cell strainer.

2.2. Working procedure of electrofusion chip

After the chip was treated with RPMI buffer containing 1% BSA for 
20 min to prevent non-specific adhesion, 10 μL of SP2/0 cell suspension 
in RPMI 1640 medium (~2.5 × 106 cells mL− 1) was injected through 
chip channel at a flow rate of 0.5 μL min− 1 for single-cell capture in the 
pairing chambers. After 5-min culture, the excess cells were gently 
aspirated, and 10 μL suspension of splenocytes containing PCSK9- 
specific B cells in RPMI 1640 medium (~1 × 107 cells mL− 1) was 
injected into chip. After 5-min coculture, efficient pairing of SP2/0 and B 
cells as well as T cells mixed in splenocyte suspension was achieved in 
the pairing chambers due to the hydrodynamic force. Then, the buffer 
with an osmolarity of 110 mOsm kg− 1 was added to substitute buffer in 
the chamber to achieve stable and close contact of two cells by cell 
swelling, and 5 pulses with an electric field strength of 6.5 kV cm− 1, a 
pulse width of 1 μs and a pulse interval of 1 s were applied using a 
programmable signal generator for cell fusion. The fused hybridoma 
cells were finally selected with 1 × HAT medium (containing hypo
xanthine, aminopterin, and thymidine) in a cell culture plate for 8 days 
from all fusion cells to perform cell screening by μCLII system.

2.3. Anti-PCSK9 hybridoma cells screening and addressable retrieval

After heterogeneous cells that were freshly washed and dispersed in 
DMEM (~1 × 106 cells mL− 1) containing the reaction solution for 
proximity recognition amplification (PRA) (Supplementary Informa
tion) were injected into pump-equipped lantern-shaped μCLII chip at a 
flow rate of 0.5 μL min− 1 for single-cell capture, air was injected through 
the capture and addition channels to form individual air-encased-liquid 
microchambers and achieve single-cell isolation. After a 30-min cell 
culture, CL detection solution (Supplementary Information) was injec
ted through addition channel to incubate for 5 min. Afterward, 10 mM 
H2O2 was injected to collect the CL images with an exposure time of 
20 min for screening the HSHCs with μCLII. The CL intensities within 
circles with a given radius were automatically read out by Visionworks 
(Analytik Jena, Germany) and TanonImage (Tanon, China) software. 
The selected cells were released by air-pressing the corresponding 
release pump control ports, and exported from outlet 1 to culture plate 
for further proliferation and production of monoclonal antibody in 
DMEM.

2.4. Quantitative detection of secreted PCSK9-mAb by ELISA

A PCSK9-coated 96-well plate was prepared by incubating 
10 μg mL− 1 PCSK9 at 37 ◦C for 2 h (100 μL per well), washing with 
10 mM PBST (Yuanye Biotechnology, Shanghai, China), blocking with 
5% BSA at 37 ◦C for 2 h (300 μL per well), and washing again with PBST. 
Then, 100 μL samples containing PCSK9-mAb at different concentra
tions or secreted PCSK9-mAb were added into the wells to incubate at 
37 ◦C for 1 h. After washing with PBST, 100 μL of horseradish peroxidase 
labelled IgG (5 μg mL− 1) was added into each well to react at 37 ◦C for 
1 h. After another washing with PBST, the quantitative detection of 
PCSK9-mAb was carried out by ELISA with TMB kit at 450 nm on a 
microplate reader (Multiskan FC, Thermo Fisher, USA).
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2.5. Statistical analysis

Data were expressed as means ± SD. All statistical analyses were 
performed using Origin (Pro) software. Statistical significance was 
assessed using Student's t-test between two groups and one-way analysis 
of variance (ANOVA) for analyzing three or more groups. The proba
bility value (P value) < 0.05 was considered statistically significant.

3. Results and discussion

3.1. Working principle of the device

The device for executing a whole process of mAb production starts 
from the pairing and EF of myeloma (SP2/0) and B cells on an μEF chip 
to the screening and collection of HSHCs on a μCLII chip (Fig. 1) with a 
signal threshold defined by statistical analysis of CL intensities for 
various specific and non-specific secretors. The system design of tech
nical principles and functional modules of the device is shown in Fig. 2A. 
Its core modules include cell EF, CLII screening, microfluidic control, 
programmable signal generator, and software control modules (Fig. S1). 
Here, the microfluidic control module performs the operation of cells on 
the chips, including cell injection,single-cell capture for cell pairing and 
fusion, single-cell capture for isolation and μCLII detection, retrieval of 
selected HSHCs, and other processes. The programmable signal gener
ator controls the EF and CLII detection process (Fig. S2). A set of 
specialized operating software controls the automatic execution of cell 
EF, screening and retrieval processes, which runs on the built-in display 
screen to handle parameter setting and process control (Fig. S3 and S4). 
These modules are integrated into this device through meticulous design 
and manufacturing (Fig. 2B and C, and Video S1). This device possesses 
good intelligent performance and enables injection of cells and various 
reagents, programmatic start-up of operation processes, and automatic 
transmission of chips in different functional zones (Video S2).

Supplementary data related to this article can be found online at htt 
ps://doi.org/10.1016/j.bios.2026.118614

3.2. Cell electrofusion on μEF chip

An asymmetric cage-shaped μEF chip was designed for cell electro
fusion of SP2/0 and B cells (Fig. 3 and Fig. S5). Based on the differential 

flow resistances, SP2/0 and B cells were continuously captured to pair at 
their respective sites in individual pairing chambers (Fig. S6 and S7) 
through sequential injections. After cell pairing, the buffer with low 
osmotic pressure was used to regulate the swelling of paired cells to 
restrict cell movement and ensure their close contact (Fig. 3A). Finally, 
the transient cell membrane electroporation was induced by applying a 
DC electric field to achieve the EF of SP2/0 and B cells in single 
chambers.

The μEF chip was assembled by a top layer of cage-shaped structure 
and a bottom layer of interdigital electrodes, where each pair of elec
trodes was arranged in parallel on both sides of the cage-shaped struc
ture (Fig. 3B, Fig. S5A and S8). After systematically optimizing the 
shape, size and configuration of the cage-shaped structure, the μEF chip 
achieved excellent single-cell capture and pairing performance, which 
was demonstrated with the fluorescence images of green dye-stained 
SP2/0 and red dye-stained B cells (Fig. 3C and Video S3), and consis
tent with the simulation results (Fig. S9). The osmotic pressure of the 
buffer for inducing the swelling of paired cells was optimized at the 
minimum diameter ratio of SP2/0 to B cells to be 110 mOsm kg− 1 

(Fig. 3D), at which the efficient EF could be achieved.
Supplementary data related to this article can be found online at htt 

ps://doi.org/10.1016/j.bios.2026.118614
The cage-shaped structure could generate non-uniform electric field 

in cell pairing chamber, and the highest electric field strength appeared 
at both the triangular port and the tip-limit structure (Fig. 3E). The 
highest fusion efficiency was obtained at the pulse width of 1 μs and the 
electric field intensity of 6.5 kV cm− 1 (Fig. 3F), at which the trans
membrane voltages (TMV) of both SP2/0 and B cells were 1 V at the cell 
contact zone and 0 V at the cell poles (Fig. 3G), meeting the threshold for 
EF. Upon electroporation with the focused electric field, the boundaries 
between the contact points of SP2/0 and B cells became indistinct and 
gradually merged into a single cell (Video S4). The EF process could be 
observed from the fluorescence images, which showed the permeation of 
red dye from stained SP2/0 cell into B cell (Fig. 3H). Under the optimal 
conditions, the μEF chip achieved a single-cell capture efficiency of 92%, 
a cell pairing efficiency of 87%, and a cell fusion efficiency of 38% 
(Fig. 3I and Fig. S10). The survival ratio of the fused cells was deter
mined to be 93% by introducing 0.4% Trypan blue solution into the μEF 
chip to calculate the ratio of unstained fused cells to the total number of 
fused cells.

Fig. 1. Schematic diagram of the whole process of mAb production with a fully integrated microfluidic device for cell electrofusion and quick acquisition of HSHCs.
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Supplementary data related to this article can be found online at htt 
ps://doi.org/10.1016/j.bios.2026.118614

3.3. Cell screening on μCLII chip

The cell screening was implemented with a pump-equipped lantern- 
shaped μCLII chip (Fig. 4A). The μCLII chip was fabricated in a three- 
layer structure with 6 × 50 microchamber array units (Figs. S11 and 
S12), which consisted of three layers from top to bottom: CLII micro
chamber layer, elastomeric membrane layer, and pump control layer, 
respectively (Fig. S13). The μCLII chip utilized the top lantern-shaped 
microchamber layer to implement single-cell capture, isolation and 
μCLII detection operations. After injecting the heterogeneous EF fused 
cells into the top microchamber layer, single cells could be captured in 
the traps of individual microchambers (Fig. 4B), which were then iso
lated by injecting air into the channels (Fig. 4C) to secrete the specific 
mAbs through 30-min incubation. Although each chamber was equip
ped with a membrane pump structure underneath, the upper lantern- 
shaped microchamber array with an optimal microchamber diameter 
and spacing distance of 200 μm still exhibited efficient single-cell cap
ture and high resolution enough for CL imaging without cross-talk, 
which were demonstrated with fluorescent dye hoechst (blue) and cal
cein AM (green) stained 6A6 hybridomas (Fig. S14). Moreover, this chip 
exhibited a cell capture efficiency of ~96%, and the single-cell capture 
efficiency was >80% (Fig. 4B).

On μCLII chip, the mAb secretion ability of hybridoma cells was 
evaluated by quantitatively detecting the single-cell secreted antibodies 
in each microchamber with a homogeneous PRA strategy according to 
our previous work, which possessed good specificity and high sensitivity 

with a detectable concentration as low as 0.01 ng mL− 1 (~60 antibodies 
in an 800-pL microchamber) (Xiao et al., 2026) (Fig. 4D). The secreted 
mAb was sandwich recognized by two recognition probes antigen-DNA1 
(Ag-D1) and IgG Ab-DNA2 (IgG Ab-D2) to form a proximity-ligated 
complex of Ag-D1/Ab/IgG Ab-D2 containing a proximity hybridiza
tion sequence, followed by a strand displacement reaction with 
Block/T2 hybrid to release T2. Then, T2 triggered an RCA reaction for 
continuously disassembling the hemin dimer (P1/P2 hybrid) through an 
additional strand displacement reaction to activate abundant hemin 
monomer (P1 or P2). As the hemin monomer exhibited high horseradish 
peroxidase-like activity, it could catalyze the oxidation of luminol by 
H2O2 to produce a strong CL signal.

3.4. Cell retrieval with addressable pumps

After the HSHCs were selected on μCLII chip, they were harmlessly 
retrieved by a pump-controlled surfing force (Fig. 5A), which was 
generated by addressable pumps under the lantern-shaped micro
chambers (Fig. 5B and C). The addressable pumps could be selectively 
driven by rapidly applying a pressure from the pump control ports, 
which caused the deformation of the elastic membrane layer to squeeze 
the selected cells out of the microchambers (Fig. 5D). The release of the 
selected HSHCs from the traps upon activation of the corresponding 
pumps was verified with CMTPX-stained 6A6 cells (Video S5). Only the 
cells with low capacity of mAb secretion remained in the traps (Fig. 5E), 
while the released HSHCs flowed toward the outlet port for cell collec
tion. The cell release process through the surfing force could be 
completed within 3 s (Fig. 5F and Video S6). The retrieved cells showed 
a survival rate of 94% for efficient proliferation, indicating an 

Fig. 2. (A) Block diagram of operation principle and functional modules of the device. (B) Photo of the device's appearance. (C) Photos of working components of the 
device. CLII, chemiluminescence immunoimaging; μCLII, microfluidic CLII; EF, electrofusion; μEF, microfluidic EF; MPC, microfluidic pressure controller; CCD, 
charge-coupled device.
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acceptable recovery efficiency.
Supplementary data related to this article can be found online at htt 

ps://doi.org/10.1016/j.bios.2026.118614

3.5. Screening of anti-PCSK9 hybridomas with high mAb production

Using PCSK9-specific B cells as model cells, the proposed device was 
used for electrofusion of the splenocytes containing PCSK9-specific B 
cells, prepared from PCSK9 peptide1-KLH immunized BALB/c mice, 
with SP2/0 cells on μEF chip. After single-cell capture and pairing in the 
pairing chambers, stable and close contact of a pair of cells was achieved 
by buffer-induced cell swelling, and cell fusion was then performed by 
applying 5 electric pulses with a strength of 6.5 kV cm− 1 and a pulse 
width of 1 μs. The fused anti-PCSK9 hybridomas were selected with HAT 
medium in a cell culture plate for 8 days.

The μCLII screening of HSHCs for anti-PCSK9 was then performed 
with PCSK9-D1 and IgG Ab-D2 as the recognition probes through 
capturing single anti-PCSK9 hybridomas dispersed in DMEM containing 
PRA reaction solution in individual air-encased-liquid microchambers 
on 8 independent pump-equipped lantern-shaped μCLII chips of the 
proposed device to incubate for 30 min and then inject CL detection 
solution for 5 min. Upon the injection of 10 mM H2O2, the CL intensities 
collected from anti-PCSK9 hybridoma-captured microchambers were 
statistically much higher than those from empty microchambers 
(Fig. 6A), and displayed significant difference (Fig. 6B), indicating 
obviously different capabilities of the captured hybridomas to secrete 

anti-PCSK9 antibody. According to the real defined signal threshold 
(DT) value from software, the device achieved a precision of 100% in 
screening anti-PCSK9 hybridomas with high mAb production (Fig. 6C 
and D), which could secrete more than 80 fg PCSK9-mAb from each 
selected cell during the screening process (less than 45 min). The device 
greatly reduced the screening time of HSHCs from 1 to 2 weeks of 
traditional limited dilution-ELISA method (Ao et al., 2022; Zhang et al., 
2018) to 2 h (Fig. 6E).

The mAb production ability of the selected 6 anti-PCSK9 hybridomas 
(Fig. 6C) was tested by quantitatively detecting the average mAb yield 
per cell after retrieving them from the chip by pump-controlled surfing 
force to proliferate in a cell culture plate containing DMEM. During the 
culture process, these anti-PCSK9 hybridomas showed good viability 
and state, and could proliferate normally (Fig. 6F). The mAb production 
of 7.74 × 104 proliferated cells in 100 μL DMEM was detected by ELISA 
to be ~232.0 ng within 18 h, indicating an average yield of ~3.0 pg per 
cell. As a control, the mAb production of fused anti-PCSK9 hybridomas 
without screening showed an average yield of only ~0.24 pg per cell 
within 18 h after proliferation to 2.14 × 105 cells in 100 μL DMEM 
(Fig. 6G), demonstrating the significance of μCLII screening with the 
device. One thing to be noted, the screening procedure cannot ensure 
these selected and retrieved HSHCs to maintain their high antibody 
secretion ability after they undergo multiple rounds of proliferation, 
which inevitably loses their antibody secretion ability due to gene loss or 
rearrangement during culture. However, the proposed device is uni
versal, and can be conveniently applied to screen different HSHCs for 

Fig. 3. (A) Electrofusion procedure of SP2/0 and B cells on μEF chip, and schematic diagrams of SP2/0 cell capture (i), and pairing (ii), swelling (iii) and elec
trofusion (iv) of captured SP2/0 and B cells in a cell pairing chamber. (B) SEM image of μEF chip. Enlarged image is the cell pairing chamber taken at a tilt angle of 
45◦. Scale bar, 100 μm. (C) Bright-field and fluorescence images of paired cells on μEF chip. SP2/0 and B cells were stained with green and red dyes, respectively. (D) 
Diameters of SP2/0 and B cells and their ratios under different osmotic pressures. CM, commercial buffer solution. (E) Spatial distribution of electric field intensity in 
cell pairing chamber. (F) Plots of cell fusion efficiency vs electric field intensity at different pulse widths. Error bars: mean ± SD, n = 3. (G) Transient variation of 
transmembrane voltage (TMV) of SP2/0 and B cells at cell contact and pole points. Inset: Enlarged images of TMV at pulse widths less than 1 μs and cell contact and 
pole points. (H) Bright-field and fluorescence images of the cells before (left) and after (right) electrofusion, and corresponding fluorescence intensity along the white 
lines. Scale bar, 5 μm. (I) Statistical chart of capture, pairing and electrofusion efficiencies of SP2/0 and B cells on μEF chip. Error bars: mean ± SD, n = 3. (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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antibody production by using a pair of corresponding recognition probes.

Fig. 4. (A) Photo of the μCLII chip. Enlarged photo of a chip injected with red dye in microchamber layer and blue dye in pump layer. (B) Photo of CMFDA-stained 
cells captured in the trap on μCLII microchamber array chip. Scale bar, 200 μm. (C) Optical micrographs of CMFDA-stained single-cell capture (i) and isolation (ii, iii) 
on the chip. Scale bar, 100 μm. (D) Schematic diagram of μCLII detection of secreted antibody with PRA in individual microchambers. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 5. (A) Schematic diagram of cell retrieval from a microchamber. (B) Photos of transverse and longitudinal sections of one microchamber on the chip. Scale bar, 
50 μm. (C) 3D diagram of microchamber structure on the chip. (D) Schematic diagram of surfing force generated by the deformation of membrane layer. (E) Photos of 
microchamber array chip during addressable cell retrieval from selected microchambers. (F) Continuous bright field (i) and fluorescent (ii) images of cell retrieval 
from selected trap into channel. The cells were stained with red CMTPX. (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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4. Conclusion

In response to the lack of efficient technology and equipment for 
acquiring HSHCs and industrial production of mAbs, we have developed 
an efficient device through meticulous design, testing, optimization, 
integration of cell electrofusion and screening chips, to enable pairing 
and electrofusion of myeloma and lymphocyte cells, highly sensitive 
CLII detection of single cell-secreted antibody for cell screening, and 
undamaged retrieval of the selected HSHCs for mAb production. This 
device is controlled with programmable signal generators and software 
control modules, and run on the built-in display screen. In terms of the 
μEF of a pair of cells with a big size difference, the pairing chamber array 
realizes high-throughput cell pairing with an efficiency of 87% and an 
ultra-high cell fusion efficiency of 38%, which is superior to the majority 
of current hybridoma cell fusion techniques (Table S2, Ke et al., 2019). 
The designed pump-equipped lantern-shaped microchamber achieves a 
single-cell capture efficiency of >80% in the traps, in which the 
PRA-based μCLII method meets the technical challenge of applying CL in 

microscopic imaging and microchips (Zheng et al., 2022), and leads to 
fast screening of HSHCs within 2 h. All the used reagents and address
able retrieval are cell-friendly, assuring the activity of the selected 
HSHCs for mAb production. By defining a signal threshold of 5-fold 
blank intensity at 100% specificity to ensure the screening accuracy 
and high activity of the selected HSHCs, this device achieves a 100% 
precision in screening high-yield anti-PCSK9 hybridomas from fused 
anti-PCSK9 hybridomas, and each selected anti-PCSK9 hybridoma can 
secrete more than 80 fg PCSK9-mAb within 45-min screening process. 
Moreover, the whole process to acquire HSHCs from SP2/0 and B cells 
can be completed within 8 days, which significantly shortens the 
screening cycle of HSHCs for mAb production compared to 3-4 months 
of classical hybridoma technique (Wang et al., 2024; Yokoyama et al., 
2013). After the retrieved HSHCs are proliferated in a cell culture plate 
containing DMEM, the obtained hybridomas show an average yield of 
~3.0 pg PCSK9-mAb per cell within 18 h, demonstrating high 
PCSK9-mAb secretion capability of the selected anti-PCSK9 hybridomas 
for production of mAbs. The developed device contains 228 chambers 

Fig. 6. (A) Scattered dots, violins, and box plots of CLII intensities from empty and anti-PCSK9 hybridomas on 8 three-layer chips. The gray and red transparent 
rectangles represent the corresponding empty chambers and selected anti-PCSK9 hybridomas at TT. Statistical analysis was performed using one-way ANOVA with 
Tukey's test. (B) CL imaging of 25 microchambers for μCLII screening of anti-PCSK9 hybridomas. (C) CLII intensity of all anti-PCSK9 hybridomas on the chip. (D) 
Precision comparison of μCLII screening of anti-PCSK9 hybridomas with TT and DT. TT, theoretical threshold; DT, defined signal threshold. The precision was 
calculated from TP/(TP + FP). TP, true positive; FP, false positive. (E) Diagram of screening and proliferation procedures of the μCLII module and traditional ELISA. 
(F) Photos of the retrieved cells at different culture days. Scale bar, 80 μm. (G) Average yield detected by ELISA for PCSK9-mAb from the proliferated cells within 18 
h. Error bars: mean ± SD, n = 6. Statistical analysis was performed using one-sample t-test. (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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for μEF and 300 array units for CLII screening. The screening throughput 
can be further improved through multi-chip integration and on-chip 
programmable operations. This work employs a homogeneous 
PRA-based μCLII method to detect single-cell secreted antibodies and 
screen HSHCs, eliminating the need for tedious washing steps and 
complex chip interface modification. Additionally, this device features 
low reagent consumption, but its practical industrial application may 
face challenges such as the batch preparation of chips, particularly the 
three-layer μCLII chip, and the precise control of the pumps during 
on-chip cell manipulation. The developed device compresses multiple 
independent procedures, including innovative cell electrofusion and cell 
screening, on a single integrated microfluidic platform, and thus pro
vides a new path for efficient acquisition of HSHCs.
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