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ABSTRACT: Accurate and efficient sorting of single target cells is crucial for downstream single-cell analysis, such as RNA se-
quencing, to uncover cellular heterogeneity and functional characteristics. However, conventional single-cell sorting techniques, 
such as manual micromanipulation or fluorescence-activated cell sorting, do not match current demands and are limited by low 
throughput, low sorting efficiency and precision, or limited cell viability.  Here, we report an automated, highly efficient single-cell 
sorter, integrating laser-induced forward transfer (LIFT) with a high-throughput picoliter micropore array. The micropore array was 
surface-functionalized to manipulate liquid surface tension, facilitating the formation of single-cell picoliter droplets in the mi-
cropores to realize automated and highly efficient (>80%) single-cell isolation. Using an in-house built microscopic system, rare 
target cells were identified and automatically retrieved by LIFT with precise sorting efficiency (about 100%) for downstream sin-
gle-cell analysis while maintaining high cell viability (about 80%). As a case demonstration, we demonstrated the accurate sorting 
of rare transfected PC-9 cells and post-transfection cell culture, minimizing cell loss and the risk of contamination. Furthermore, we 
performed single-cell RNA sequencing and showed that high-quality single-cell transcriptome information was efficiently and reli-
ably obtained during cell sorting, preventing additional costs due to low sorting accuracy. The single-cell sorter will become inval-
uable for single-cell analysis, laying the foundation for multi-omics analysis and precision medicine research. 

Single-cell analysis is a cornerstone of modern biological and 
medical research, offering unprecedented insights into cellular 
diversity and function.1, 2 For instance, understanding the het-
erogeneity among tumor cells in cancer research is crucial for 
developing targeted therapies and improving patient out-
comes.3 However, existing single-cell sorting techniques often 
face limitations in efficiency, precision, cell viability and cost, 
impeding their widespread application in detailed cellular 
studies. Conventional methods include manual micromanipu-
lation,4 fluorescence-activated cell sorting (FACS)5 and micro-
fluidics-based techniques6. Manual micromanipulation pro-
vides gentle cell handling but typically yields lower efficiency 
and limits the number of single cells that can be analyzed.7 

FACS is still widely used because it offers high throughput 
and specificity but often reduces cell viability due to mechani-
cal stress. Innovative approaches, such as droplet microfluid-
ics, offer automated high-throughput single-cell sorting. How-
ever, most analyzed droplets are empty, which hinders effi-
cient cell analysis and increases costs.8 In addition, droplet 
microfluidics impose difficulties in downstream cell culture, 
which is limited by efficient cell release from the emulsion 
state, leading to cell loss.9 Other microfluidic-based techniques, 
though precise, often face susceptibility to clogging and are 
limited by low throughput and technical complexity, hindering 
their practical application in routine single-cell analysis.10 
These challenges underscore the need for a more efficient 
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automated approach to single-cell sorting that is capable of (a) 
high-throughput single-cell isolation, (b) precise target cell 
identification and sorting, and (c) high cell viability to facili-
tate downstream culture and analysis. 

Here, we demonstrate a highly efficient, automated single-cell 
sorter that leverages laser-induced forward transfer (LIFT) 
with micropore array chip technology. The surface-
functionalized micropore array chip has hundreds of thousands 
of picoliter micropores to achieve high-throughput single-cell 
isolation by manipulating the surface tension of the cell-
suspending sample liquid on the chip. Subsequently, an in-
house optical microscopic system is employed to identify rare 
target cells from the heterogeneous cell population and sort 
target cells via the LIFT mechanism with high efficiency. The 
micropore array-based single-cell sorter maintains the cell 
viability of target cells, enabling downstream single-cell cul-
ture and analysis. We demonstrate its ability to accurately sort 
and culture target cells from transfected cell lines. In addition, 
we perform single-cell RNA sequencing, facilitating compre-
hensive genetic profiling of individual cells and preventing 
additional costs associated with low sorting accuracy and cell 
viability. The micropore array-based laser-assisted single-cell 
sorter has the potential to revolutionize single-cell studies and 
significantly impact cancer research and beyond in genetic and 
functional studies. 

METHODS 

Optical Microscopic System. The laser-assisted single-cell 
sorter (PRECI SCS, HOOKE Instruments Ltd., China) inte-
grated a ns laser beam (λ = 532 nm, 5 ns) with an inverted 
fluorescence imaging module. The laser beam trajectory en-
compassed an expanded beam (Lens 1, focal length f = 15 mm; 
Lens 2, focal length f = 50 mm), a half-wave plate, a polariz-
ing beam splitter, and a series of mirrors, ultimately focusing 
on the micropore array chip through a microscopic objective 
(Olympus, 10x) mounted on an X-Y stage. A 50x objective 
was employed to capture the cell morphology under bright 
field illumination, while fluorescently labeled cells were moni-
tored through a dedicated fluorescent light source. Images 
were acquired by a charge-coupled device (CCD) camera 
(Do3think Co. Ltd., China). The sorted cells were received in 
a 96-well plate, with positioning controlled by an X-Y elec-
tronic control stage. Unless otherwise specified, optical ele-
ments were purchased from Thorlabs. 

Chip Fabrication and Integration. The micropore array chip 
consists of an aluminum-coated glass substrate, a Parylene 
micropore membrane and a silicone membrane. The alumi-
num-coated glass substrate was produced by magnetron sput-
tering 25-nm thick aluminum on the surface of the glass sub-
strate (75 mm × 25 mm × 1 mm).  Fabricating a Parylene mi-
cropore membrane involves a multi-step process (25-μm thick, 
25-μm in diameter). Initially, photolithography was utilized to 
pattern the design, followed by dry etching to produce a hex-
agonal silicon pillar template. Subsequently, Parylene C pol-
ymer was deposited onto the template via chemical vapor dep-
osition. The excess Parylene was then removed using dry etch-
ing. Finally, wet etching was employed to achieve the desired 
micropore array structure. For integration, a silicone mem-

brane was used to secure the Parylene micropore membrane 
on the aluminum-coated glass substrate. 

Surface Treatment. First, we fixed the microporous mem-
brane onto the substrate surface and added a quantified 
amount of droplets, which did not disperse and maintained a 
contact angle CA=133.45. Subsequently, we treated the sub-
strate with plasma to alter its hydrophilicity, achieving a su-
perhydrophilic surface. Despite this treatment, the droplet did 
not disperse when placed on the micropore membrane on the 
treated glass substrate. Therefore, modifying the microporous 
membrane became crucial. We masked one side of the mi-
croporous membrane to retain its original hydrophobicity 
while treating the other side with plasma. We then combined 
the membrane with treated and untreated substrates, naming 
them Chip 1 and Chip 2, respectively. 

Fluid Tracking Imaging. We replaced the metal-coated chip 
with a glass chip for enhanced microscopic imaging, as the 
hydrophilic effects induced by plasma treatment on different 
surfaces are analogous.19 We adjusted the power, airflow, and 
duration of the plasma treatment to approximate the hydro-
philic effects of both substrates. First, a homogeneous mixture 
of Rhodamine B solution at a concentration of 0.2 g/L was 
prepared. Subsequently, plasma treatment was applied to the 
Parylene membrane, which was then affixed onto the treated 
and untreated glass chip surfaces using a silicone membrane. 
A volume of 7 μL of the solution was dispensed onto each 
chip, and imaging was conducted using an S3000 confocal 
fluorescence microscope with both upright (40x objective) and 
inverted (20x objective) configurations. Finally, the acquired 
images were processed using Imaris Viewer.  

Cell Culture. Human lung adenocarcinoma cells (PC-9 cell 
line, FuHeng, China) were cultured in RPMI 1640 medium 
(Gibco, USA) supplemented with 10% fetal bovine serum 
(Gibco, USA) and 1% penicillin/streptomycin (Gibco, USA). 
The working concentrations used in the 1% supplement are 
100 units/mL penicillin and 0.1 mg/mL streptomycin. During 
routine cell culture, the cells were maintained at 37°C in a 5% 
CO2 atmosphere and subcultured upon reaching 80% conflu-
ency. The cells were detached from the culture flasks for pas-
saging using a 0.25% Trypsin-EDTA solution (Gibco, USA). 

Finite Element Simulations. We conducted finite element 
simulations using the COMSOL Multiphysics platform. This 
was achieved by combining the "moving mesh," "laminar 
flow," "phase field," and "multiphysics" interfaces. We estab-
lished a relationship function between velocity, time, and 
space. We simplified the liquid domain within the micropores 
as cuboids with dimensions of 12.5 μm in length and 25 μm in 
thickness. In comparison, the gas domain was represented by 
rectangular cuboids with dimensions of 16.5 μm in length and 
75 μm in thickness. The model was constructed using a two-
dimensional axisymmetric approach for instantaneous solving. 
The physics of the liquid transfer driven by the instant vapori-
zation of the Al metal film under the action of a pulsed laser in 
the micropores was replicated, thereby capturing the dynamic 
changes in micropore sorting.11, 12 We also employed the heat 
transfer module of COMSOL Multiphysics to construct a tem-
perature distribution model of the sorting process.13 The pa-
rameters set included a metal absorption coefficient of 0.088, a 
metal thickness of 25 nm, a pore diameter of 25 μm, a laser 
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spot size of 5 μm, and a pulsed laser energy of 350 nJ. In this 
model, the transient heat generated by the 5 ns pulsed laser 
beam acting on the aluminum-coated metal film caused the 
surrounding liquid to heat up, leading to temperature diffusion 
within the micropores. We assessed the thickness parameters 
based on the temperature diffusion range, time, and tempera-
ture change relationship to ensure that the sorting process at 
this thickness would not adversely affect the viability of cells 
within the micropores. 

Single Cell Isolation. A concentration of 106 cells/mL is op-
timal for mammalian cell suspensions, supporting adequate 
cell viability and serving as a recommended standard for vari-
ous downstream applications, including sorting, counting, and 
resuspension.14 Therefore, we employed PC-9 cells at an initial 
concentration of 5×105 cells/mL, which were subsequently 
concentrated 2-fold, 5-fold, and 10-fold to assess isolation 
efficiency. Subsequently, we aliquoted 7 μL of each concen-
tration onto the micropore sorting chip using a micropipette. 
Imaging was conducted at five randomly chosen positions (top, 
bottom, left, right, and center) on the chip, and this process 
was repeated thrice. The acquired images were analyzed using 
ImageJ to determine the efficiency of single-cell capture by 
comparing the number of micropores containing individual 
cells to the total number of micropores containing cells.  

Automated Single Cell Sorting. Before the sorting experi-
ments, the apparatus was cleaned with hypochlorous acid and 
75% alcohol and exposed to ultraviolet light for 30 minutes to 
eliminate bacterial contamination. Subsequently, the mi-
cropore membrane was plasma-treated using O2 under 200 W, 
400 sccm, and 1.5 minutes. The treated micropore membrane 
and metal-coated chip were subjected to UV sterilization for 
30 minutes. Subsequently, cellular treatment was conducted, 
followed by cell counting and assessment of cell viability uti-
lizing trypan blue staining. Following assembly of the chip, 
the suspension of cells, prepared in advance, was pipetted onto 
the chip for single-cell capture. The chip was then placed on a 
3D motion platform, while a 96-well plate was positioned on 
the receiving device. The precise localization of target cells 
was determined based on real-time images collected by a CCD 
camera and computer. With a single click, individual cells 
were separated into the 96-well plate. 

Plasmid Transformation and Extraction. The overexpres-
sion plasmid for CLIC4 was designed using the Pcmv6 vector 
and tagged with GFP. Plasmids were procured by Miaoling. 
Escherichia coli DH5α was selected as the host strain, with 
kanamycin (25 μg/mL) as the antibiotic. Initially, 20 μg of 
plasmid powder was dissolved in 100 μL of sterile water. Then, 
1 μL of the plasmid solution was added to 50 μL of competent 
cells and incubated on ice for 40 minutes, followed by a 2-
minute heat shock at 42 °C and a 2-minute ice bath. The mix-
ture was then added to 500 μL of Lysogeny broth (LB) and 
shaken for 60 minutes. Subsequently, 50 μL of the mixture 
was spread onto LB agar plates supplemented with kanamycin 
and incubated at 37 °C for 12 hours. Single clones were picked 
and expanded in overnight cultures. Plasmid extraction was 
performed using the SPARKeasy Kit (SparkJade, AD0103). 
To linearize the plasmid, plasmids were digested with DraIII 
and P, and then linear DNA was purified with a QIAquick gel 
extraction kit (Qiagen 28704). 

Cell Transfection. Cell transfection was conducted using 
LipofectamineTM 3000 Reagent (Invitrogen). Cells were seed-
ed in 6-well plates and transfected with 5 μg linear DNA for 
each well when the cell growth density reached approximately 
70–80%. Transfection was performed per the manufacturer's 
instructions for LipofectamineTM 3000 Reagent (Invitrogen). 
After transfection, cells were placed in a cell culture incubator 
overnight. The next day, the medium was replaced with a 
complete medium containing 400 μg/mL of G418, and cells 
were further cultured for 48 hours before being harvested for 
cell line selection.  

Image Processing and Statistical Analysis. Fluorescence 
microscopy images were acquired utilizing confocal fluores-
cence microscopy, S3000 (HOOKE Instruments Ltd., China). 
The acquired image data were processed through the ImageJ 
software (National Institutes of Health, USA). The compre-
hensive data analysis for the present study was performed 
employing the OriginPro 2024 software (OriginLab Corpora-
tion, Northampton, MA, USA). 

Single-Cell RNA Sequencing. For scRNA-seq generated in 
this work, we used a modified Smart-seq2 protocol.15-17 Smart-
seq2 employs laser-assisted single-cell sorter and microma-
nipulation for cell sorting, with a volume not exceeding 0.5 μL. 
Sorted cells were directly transferred to cell lysis buffer for 
cell lysis. Oligo(dT) primers were used to reverse RNA tran-
scription with polyA tails. Due to a specialized reverse tran-
scriptase, three Cs were added to the 3' end of the cDNA chain. 
The cDNA double strands were synthesized using a TSO pri-
mer, displacing RNA complementary to the single-stranded 
cDNA. Subsequent PCR amplification amplified cDNA to the 
nanogram level. DNA was fragmented using modified high-
activity Tn5 transposase while adapters were added to both 
cDNA ends—finally, adapter amplification for next-
generation sequencing completed library construction. For 
subsequent analysis, read sequences were aligned with the 
human RefSeq reference genome (GRCh38). 

RESULTS AND DISCUSSION 

Design and Working Principle. The micropore array chip 
consists of three main elements, i.e., a Parylene micropore 
membrane, an aluminum-coated glass substrate and a silicone 
membrane (Figure 1a). The micropore membrane is patterned 
to achieve single-cell isolation, and the glass substrate is coat-
ed with a layer of aluminum to facilitate the LIFT process. The 
micropore membrane and the aluminum-coated glass substrate 
are then assembled via the silicone membrane. The Parylene 
micropore membrane (10 mm × 10 mm) comprises over 
120000 spatially distributed hexagonal micropores.18 Each 
micropore has a side length of 12.5 μm, a thickness of 25 μm, 
and a 4-μm gap between adjacent pores (Figure 1b). The di-
agonal length of the micropores (25 μm) is comparable to the 
size of single cells (10 – 20 μm), improving the efficiency of 
single-cell isolation. The micropores are arranged in a hexag-
onal packing pattern, and the hydrophilicity of the micropore 
membrane is modified through plasma pretreatment to ensure 
rapid single-cell isolation.19, 20 The sample loading process is 
straightforward, whereby a precise volume of cell suspending 
medium is first added onto the micropore array chip. Rapid 
dispersion of the medium forms various picoliter droplets in 
the micropores, facilitating efficient single-cell isolation 
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Figure 1. Schematic and working principle of the laser-assisted single-cell sorter. (a) A micropore array chip consisting of a 
micropore membrane for single-cell isolation. (b) Micrograph of fabricated micropore membrane. Scale bar denotes 20 μm. (c) 
Illustration depicting the initial and final state of cell droplet deposition onto the micropore array chip led to single cell isolation on 
each micropore. (d) Force analysis on the cell droplet. (e) Illustration of single-target cell release operation for target cell sorting 
based on laser-induced forward transfer through the interaction of a pulsed laser with the metal film, generating a pushing optical 
force to release the target cell droplet onto a 96-well plate. 

(Figure 1c). The single-cell droplet formation within the mi-
cropores is based on the combined effects of gravitational 
force (𝐺𝐺), capillary force (𝐹𝐹𝑐𝑐𝑐𝑐), adhesion force (𝐹𝐹𝑎𝑎𝑎𝑎), and sur-
face tension force (𝐹𝐹𝑠𝑠𝑠𝑠) (Figure 1d), as described by the fol-
lowing equations, respectively. 

𝐺𝐺 = 𝑚𝑚 ∙ 𝑔𝑔                                                (1) 

𝐹𝐹𝑐𝑐𝑐𝑐 = 2 ∙ 𝜋𝜋 ∙ 𝑟𝑟 ∙ 𝛾𝛾 ∙ cos(𝜃𝜃)                       (2) 

𝐹𝐹𝑎𝑎𝑎𝑎 = 𝛾𝛾𝑠𝑠𝑠𝑠 ∙ 𝐴𝐴 ∙ cos(𝜃𝜃)                              (3) 

𝐹𝐹𝑠𝑠𝑠𝑠 = 𝛾𝛾 ∙ 𝐿𝐿                                                (4) 

where 𝑚𝑚 is the mass of the liquid, 𝑔𝑔 is the acceleration due to 
gravity, 𝑟𝑟 is the radius of the capillary, 𝛾𝛾 is the surface tension 
coefficient of the liquid, 𝜃𝜃 is the contact angle, 𝛾𝛾𝑠𝑠𝑠𝑠 is the sur-
face energy of the solid-liquid interface, 𝐴𝐴 is the contact area 
between the solid surface and the liquid, and 𝐿𝐿 is the length of 
the liquid surface. Adhesion force (𝐹𝐹𝑎𝑎𝑎𝑎) is the attraction force 
acted on the liquid molecules with a hydrophilic surface. On a 
hydrophilic-treated surface like Parylene, the water molecules 
will experience an attractive force that causes the liquid to 
spread over the surface. Capillary force (𝐹𝐹𝑐𝑐𝑐𝑐 ), on the other 
hand, occurs when the liquid rises (or is drawn) into a narrow 
space due to the balance of cohesive forces within the liquid 
and adhesive forces between the liquid and the solid surfaces. 
In the micropore setup, this force helps draw liquid into the 
micropores of the membrane if the adhesion between the liq- 
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Figure 2. Effect of hydrophilicity of micropore array chip. (a) Images of a liquid droplet initially formed on Chip 1 and after 6 s. 
(b) Images of a liquid droplet initially formed on Chip 2 and after 150 s. (c) Contact angle measurements over time of a liquid drop-
let on Chip 1 and 2. Error bars represent standard deviation of three repetitive measurements. Confocal microscopic images of liq-
uid droplets formed in the micropore array of (d) Chip 1 and (e) Chip 2 when the chip is placed upright and inverted. Scale bar de-
notes 20 μm. (f) Liquid layer thickness between the micropore array and aluminum-coated glass substrate of Chip 1 (C1) and Chip 
2 (C2) under upright (UP) and inverted (IN) positions. Error bars represent standard deviation of ten repetitive measurements. 

uid and the solid is stronger than the cohesive forces between 
liquid molecules. The combined effects of gravity (𝐺𝐺), capil-
lary, and adhesion forces disrupt the surface tension (𝐹𝐹𝑠𝑠𝑠𝑠) of 
the liquid layer, as shown by 𝐺𝐺 + 𝐹𝐹𝑐𝑐𝑐𝑐 + 𝐹𝐹𝑎𝑎𝑎𝑎 > 𝐹𝐹𝑠𝑠𝑠𝑠  (Figure 1d), 
causing the cell sample liquid to spread rapidly and be pulled 
toward the micropores, generating picoliter droplets in the 
micropores.21 Cells are randomly distributed in the micropore 
array, following a Poisson distribution, whereby most of the 
micropores consist of a single cell with a chosen optimum cell 
concentration condition. Subsequently, the micropore array 
chip is inverted and placed onto an in-house optical micro-
scopic system for target cell sorting (Figure S1). The optical 
microscopic system consists of two subsystems. First, an in-
verted optical microscopic imaging system is designed to iden-
tify individual target cells from heterogeneous cell populations 
based on cell morphology (bright-field) or molecular profiling 
(fluorescence). Targeted cells can be retrieved through the 
LIFT microscopic system for downstream cell culture or anal-
ysis, such as RNA sequencing. In the LIFT microscopic sys-
tem, a 532-nm pulse laser is focused onto one of the mi-
cropores with the target cell droplet through an objective lens, 
whereby the interaction between photons and the material 
induces optical breakdown. This creates rapidly expanding 
cavitation bubbles at the focal point, generating a liquid jet 

that transfers the single target cell to one of the wells on a 96-
well plate (Figure 1e). As a result, both highly efficient and 
automated single-cell isolation and precise single-target cell 
sorting are achieved, facilitating subsequent selective single-
cell analysis. 

Effect of Hydrophilicity. To investigate the effect of the sur-
face hydrophilicity of the micropore array chip on the single-
cell isolation process, we treated the aluminum-coated glass 
substrate or the micropore membrane with plasma22 to alter its 
hydrophilicity, achieving super hydrophilic surfaces (Figure 
S2). Two types of micropore array chips were tested, i.e., 
plasma-treated micropore membrane assembled with treated 
glass substrate (Chip 1) or untreated glass substrate (Chip 2). 
The contact angle was monitored and measured when a liquid 
droplet was dropped onto both chips. Figure 2a shows that the 
contact angle of the liquid droplet on Chip 1 was initially 37.2o 
± 12.8o and then rapidly spread on the surface within 6 s (a 
contact angle of 4.4o ± 2.5o at t = 5 s). On the other hand, the 
initial contact angle of the liquid droplet on Chip 2 was 34.7o 
± 10.9o, as illustrated in Figure 2b, and spread slower than 
Chip 1 (Figure 2c). Ultimately, the liquid droplet also spread 
onto the surface of Chip 2 after 2.5 min, achieving a contact 
angle of 3.1o ± 1.9o at t = 110 s. This indicates that plasma-
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treated hydrophilic surfaces (side walls and bottom surface) of 
the micropore membrane enhance the attraction of water mol-
ecules, disrupting the liquid surface tension force (𝐹𝐹𝑠𝑠𝑠𝑠) under 
the combined effects of gravitational force (𝐺𝐺), adhesion force 
(𝐹𝐹𝑎𝑎𝑎𝑎), and capillary force (𝐹𝐹𝑐𝑐𝑐𝑐) (Figure 1d).23-25 The untreated 
hydrophobic top surface of the micropore retains its original 
properties, repelling the water molecule and preventing liquid 
layer formation. Therefore, during sample loading, the mi-
cropore membrane plays a crucial role in disrupting the liquid 
layer on its top surface, facilitating single-cell isolation.  

We further analyzed the liquid droplets formed in the mi-
cropore array of both chips and the effect of different chip 
positions (upright and inverted). Rhodamine B was used as a 
liquid tracer, and a confocal fluorescence microscope was 
used to image the 3D distribution of the liquid in the mi-
cropore membrane.26 Figure 2d shows that Chip 1 retained a 
liquid layer between the micropores and the treated glass sub-
strate in both upright and inverted positions. In contrast, Fig-
ure 2e indicates that Chip 2 only exhibited a liquid layer in the 
upright position but not in the inverted position. The liquid 
layer thickness in Chip 1 was significantly smaller than that of 
Chip 2 in the upright position, with an average thickness of 2.3 
μm ± 0.3 μm for Chip 1 and 7.9 μm ± 0.7 μm for Chip 2, as 
shown in Figure 2f. These findings suggest that the hydrophil-
ically treated aluminum-coated glass surface exhibits greater 
attraction force towards water molecules, promoting liquid 
spreading, reducing the contact angle, and decreasing the 
thickness of the liquid layer between the micropores and the 
glass substrate.23 

On the other hand, Chip 1 maintained a liquid layer with an 
average thickness of about 2.2 μm ± 0.4 μm in the inverted 
position. In contrast, no significant liquid layer was observed 
on Chip 2. These data indicate that when the chip is inverted, 
the direction of gravitational force changes, exerting a down-
ward force on the liquid layer. Combined with the changed 
direction of capillary force, this force opposes and disrupts the 
liquid surface tension and adhesion force. The hydrophilically 
treated surface in Chip 1 has a smaller contact angle, increas-
ing the capillary and adhesive forces. This results in better 
liquid spreadability on the surface, increased surface energy 
𝛾𝛾𝑠𝑠𝑠𝑠, and a more stable liquid layer that is less likely to separate 
under the influence of gravity. Conversely, the untreated sur-
face has a larger contact angle, reducing both capillary and 
adhesive forces. Consequently, the liquid has poorer spreada-
bility, decreased surface energy 𝛾𝛾𝑠𝑠𝑠𝑠  and a less stable liquid 
layer that is more prone to separation due to gravity 𝐺𝐺. The 
relevant equation can be expressed as 

∆ℎ ∝ 𝐹𝐹𝑎𝑎𝑎𝑎+𝐹𝐹𝑐𝑐𝑐𝑐
𝐺𝐺

           (5) 

where ∆ℎ represents the change in the liquid layer thickness. 
On the hydrophilically treated surface, due to the larger 𝐹𝐹𝑎𝑎𝑎𝑎 
and 𝐹𝐹𝑐𝑐𝑐𝑐, ∆ℎ is smaller, indicating a smaller change in the liq-
uid layer thickness. In contrast, on the untreated surface, the 
smaller 𝐹𝐹𝑎𝑎𝑎𝑎 and 𝐹𝐹𝑐𝑐𝑐𝑐 result in a larger ∆ℎ, indicating a greater 
change in the liquid layer thickness, manifesting as the rapid 
thinning of the liquid layer. In summary, the thinner liquid 
layer requires overcoming less surface tension, which is bene-
ficial for reducing the energy threshold needed for subsequent 
single-cell droplet sorting and releasing. Chip 2 that combines 

a single-sided hydrophilic-treated Parylene micropore mem-
brane with an untreated aluminum-coated glass substrate of-
fers a better option for single-cell isolation and sorting with 
overall enhanced efficiency. 

Single-Cell Isolation and Sorting. To characterize the per-
formance of single-cell capture, we conducted imaging and 
counting of PC-9 cells captured at different concentrations on 
the micropore array chip (Figure 3a). To validate the isolation 
of individual cells within the micropores, we employed confo-
cal fluorescence microscopy scanning imaging to visualize the 
positions of cells in the micropores. The PC-9 cells were la-
beled with a membrane stain that exhibits green fluorescence. 
Through cross-sectional profiling (Figure 3b), we confirmed 
that the PC-9 cells were isolated inside the micropores. We 
then determined the single-cell isolation efficiency by calcu-
lating the ratio of micropores containing a single cell to the 
total number of cells captured by the micropores. Figure 3c 
illustrates that, with a concentration of 5 × 105 cells/mL, the 
single-cell isolation efficiency was 81.83% ± 3.97%. By in-
creasing the cell concentration up to 5 × 106 cells/mL, the sin-
gle-cell isolation efficiency still consistently remained above 
80%. Calculations indicate that at a concentration of 10⁷ 
cells/mL, the number of cells approaches the number of mi-
cropores, leading to a significant drop in efficiency at this and 
higher concentrations. When the target sample is abundant, we 
recommend diluting the sample to the optimal concentration of 
5 × 106 cells/mL to maintain high single-cell isolation effi-
ciency. These findings validate the mechanism of single-cell 
isolation and are conducive to the accuracy of subsequent sin-
gle-cell sorting and the efficiency of downstream single-cell 
analysis. 

To comprehend the microscale processes involved in single 
target cell sorting, we simulated the dynamic changes in liquid 
sorting in Chip 1 and Chip 2, and the liquid jetting processes 
were illustrated in Figure S3. We observe that the liquid jet-
ting process in Chip 2 is notably faster, with less droplet de-
formation and smaller tension hindrance than in Chip 1. This 
indicates that hydrophilic-treated glass substrate exhibits 
greater attraction force to water molecules than untreated chips, 
impeding liquid jetting. These findings further confirm that 
Chip 2 is more conducive to subsequent single-cell sorting, 
aiding in maintaining cell viability. Like all laser-induced pro-
cesses, the increased temperature on the acting site and its 
diffusion distribution are critical to cell viability. To optimize 
the suitable thickness of the micropores, we simulated the 
temperature diffusion distribution within the micropores when 
the micropore array chip was subjected to the pulsed laser. 
The temperature simulation results illustrate the heat transfer 
from the aluminum coating to the liquid domain under brief 
pulsed laser exposure, analyzing the effect of temperature 
changes at different locations within the liquid domain on the 
cells, in which the high reflectivity of aluminum ensures that 
short-pulse laser exposure causes negligible photoradiation 
damage to the cells. Figure S4 illustrates the temperature dif-
fusion within the liquid domain along the micropore at differ-
ent time points, with a maximum temperature reaching ap-
proximately 6.28 × 103°C at the focal point of the pulsed laser, 
i.e., the interface between the aluminum layer and the mi-
cropore. The increased temperature is confined within the
range of 3 μm during the extremely brief pulsed laser expo-
sure, with temperatures in the surrounding liquid domain re-



7 

maining below 37°C. As most human cells require an incuba-
tion temperature of ~ 37°C,27 cells remain unaffected when 
they are away from the focal point of the pulsed laser. When 
the micropore array chip is in an inverted position, cells are 
typically positioned away from the laser focal point due to 
gravitational effects. To ascertain the actual position of an 
isolated cell in a micropore, we obtained the cross-sectional 
image of the cell using a confocal fluorescence microscope. 
Figure S5 shows that the single cell was located 10 μm from 
the metal surface, further than the temperature-affected range 
(within 3 μm). Since most cells fall in the range of 10 to 20 
μm, the thickness of the micropore will be chosen to be slight-
ly larger than that (25 μm in our case). This effectively pre-
vents thermal damage of the cells from the LIFT process, sup-
porting cell viability and facilitating downstream single-cell 
analysis.  

Figure 3. Single-cell isolation. (a) Images of single PC-9 cell 
isolation on different micropores. Diameter of each cell is 
shown. (b) Confocal image of a single PC-9 cell being isolated 
in a micropore. Scale bars denote 20 μm. (c) Single-cell isola-
tion efficiency with different cell concentrations. (d) Sorting 
efficiency of single target cell under different laser energies. (e) 
Microscopic images depicting the culture of a single PC-9 cell 
at various time points after being sorted by the laser-assisted 
single-cell sorter. Scale bars denote 50 μm. 

Next, we investigated the sorting efficiency of single PC-9 
cells under different laser energies from 150 nJ to 400 nJ and 
used glass slides to retrieve the ejected cell droplets from the 
micropores. 10 PC-9 cells were sorted in each experiment, and 

the experiments were repeated thrice for each laser energy. 
The sorting efficiency was calculated as the number of suc-
cessful receptions divided by the total number of sorted cells. 
The results (Figure 3d) show that the sorting efficiency in-
creased with laser energy, reaching approximately 100% at a 
minimum threshold energy of 350 nJ. Temperature simulation 
results confirmed that this energy level represents a favorable 
threshold for efficient and cell-friendly sorting. The sorting 
process utilizes pulsed laser applied to a metal film to transfer 
single-cell droplets from micropores to a 96-well plate. Nota-
bly, the sorting energy threshold used in our experiments is 
significantly lower than that typically required for laser print-
ing,28 minimizing the impact of laser energy settings on sort-
ing different cell types. To validate the impact of sorting on 
cell viability, we cultured each cell separately after sorting 24 
single cells individually into a 96-well plate containing culture 
medium at a laser energy of 350 nJ. The entire experiment was  

Figure 4. Transfected cell sorting. (a) Brightfield image, (b) 
fluorescent image, and (c) laser overlay image of a target cell 
for sorting. Fluorescence image of the receiver well (d) before 
and (e) after target cell sorting. (f) brightfield image of the 
coverslip after target cell sorting. Scale bar denotes 10 μm. (g) 
Fluorescence microscopic images illustrating the growth status 
of an individual target cell at various time points post-sorting 
via the laser-assisted single-cell sorter. Scale bar denotes 50 
μm.
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Figure 5. Single-cell RNA sequencing comparison. (a) Percentage of total mapped reads obtained from RNA sequencing with 
reads from the reference genome using micromanipulation technique (Control), laser-assisted single-cell sorter at optimal energy 
350 nJ (Optimal), and at higher energy 800 nJ (Double). (b) Proportion of reads mapped to exonic, intronic, and intergenic regions 
calculated based on alignment results. (c) Distribution graph of all gene expression. (d) Distribution graph of the number of genes. 
For (a, b and d), n. s.: not significant, * p<=0.05, ** p<=0.01, *** p<=0.001. Error bars represent standard deviation of three repet-
itive experiments. 

repeated thrice. The viability of single-cell sorting was deter-
mined by calculating the ratio of successfully cultured cells to 
the total number of sorted cells, which was 79.2% ± 4.2%. 
Concurrently, we monitored the growth of individual cells 
over time using the optical microscopic system (Figure 3e). 
These results further validate the simulation results and show-
case the high isolation and sorting efficiencies of the laser-
assisted single-cell sorter with high cell viability capability, 
rendering it an indispensable new technique in cellular engi-
neering. 

Transfected Cell Sorting and Culture. To validate the func-
tionality of the laser-assisted single-cell sorter, we utilized it to 
rapidly and precisely isolate rare single cells from a population 
of transfected cells. First, PC-9 cells were transfected with 
PCMV6-CLIC4-GFP to generate a heterogeneous cell popula-
tion, with or without overexpressing CLIC4-GFP. Fluores-
cence microscopy was employed to monitor the post-
transfection cell growth. Images were captured from different 
positions (top, bottom, middle, left, and right) to assess the 
proportion of successfully transfected target cells, which 
ranged from 1% to 5% of the total cell population (about 
5×105 cells). Next, transfected heterogenous PC-9 cells were 

loaded onto micropore array chips, and single-cell isolation 
was conducted, followed by real-time visualization and rapid 
targeting of target cells. Target cells were then sorted into 
individual wells of a 96-well plate using a laser energy of 350 
nJ. All wells were filled with the culture medium G418, and 
cell growth was monitored. To demonstrate the sorting process, 
we used a coverslip as the receiver. Figures 4a-c show a target 
cell in a micropore. Figure 4d shows an empty coverslip be-
fore the single target cell sorting. With the pulse laser, the cell 
droplet was ejected from the micropore and received on the 
coverslip. Comparing the pre-sort empty receiver with the 
post-sort receiver, we confirmed the acquisition of the single 
target cell (Figures 4e-f and Movie S1). Subsequently, we 
cultured the single target cell and monitored its growth status. 
Figure 4g displays the growth status of the target cell at dif-
ferent time points, confirming the reliability of the laser-
assisted single-cell sorter in maintaining cell viability. The 
entire process of isolating target cells meets the requirements 
for real-time imaging, precise localization, and one-step sepa-
ration of actual rare target cell samples. This approach mini-
mizes cell loss and the risk of contamination during sorting 
and facilitates downstream single-cell research. 
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Table 1. Comparative analyses of our method with other techniques. 

Sorting Method Single-Cell Sorting 
Accuracy 

Throughput Cell Damage Cost-Efficiency 
in Sequencing 

References 

Fluorescence-
activated cell 

sorting 
Low High, 102-105 events/s 

High 
Potential for cell 

damage due to shear 
stress and laser 

exposure 

High 
Additional costs 

due to low sorting 
accuracy 

9, 32, 33 

Micromanipula-
tion High, >90% 

Low, limited to manual 
or semi-automated sys-

tems 

Low 
Manual or robotic 
contact with mini-

mal force 

Low 34 

Droplet Microflu-
idics Moderate, 90% High, 130 μL/min 

Low 
Confined in micro-
droplets with mini-

mal shear 

Moderate 35 

Dielectrophoresis Moderate, 91.5% Moderate, 6 000 cells/h 

Low to moderate 
Depending on the 

strength of the elec-
tric field used 

Moderate 36, 37 

Acoustic Sorting Moderate, 85% High, 500 μL/min 

Low 
Manipulated using 

acoustic waves with 
no direct contact 

Moderate 38 

Automated laser-
assisted single-

cell sorting 
High, ~100% Moderate, >103 cells/h 

Low 
Microbubbles with 
no direct contact 

Low This work 

 

Single-Cell RNA Sequencing. To evaluate the impact of the 
laser-assisted single-cell sorter on cell transcriptional profiles 
during cell sorting, we performed single-cell SMART-seq on 
individual cells sorted by (1) gentle micromanipulation tech-
nique (Control), the laser-assisted single-cell sorter with (2) 
optimal sorting energy of 350 nJ (Optimal) and (3) higher 
energy of 800 nJ (Double). Since micromanipulation is cur-
rently the gentlest single-cell sorting method without causing 
significant cell damage, we used micromanipulation as a con-
trol method to evaluate the impact of the laser-assisted single-
cell sorter on single-cell RNA sequencing. Figure 5a shows 
the percentages of total mapped read, which are all above 91% 
in all three cases, showing no significant difference between 
these cases. Furthermore, the distributions of reads (Figure 5b) 
mapped to different regions (exonic, intronic and intergenic) 
and gene expression (Figure 5c) are also consistent in all cas-
es. Most importantly, the total detected number of genes is 
comparable between the cells sorted by the three techniques 
(Figure 5d). Given that RNA sequencing requires high cell 
viability,29 these results indicate that the laser-assisted single-
cell sorter provides efficient and stable single-cell transcrip-
tome information during cell sorting and maintains a safe en-
ergy threshold of up to 800 nJ. This broadens its applicability 
to isolate and sort larger cells that require higher laser energy. 
Future works could be focused on determining the laser ener-
gy threshold for other cell types such as primary cells or bacte-
rial cells. As a result, the laser-assisted single-cell sorter has 
demonstrated highly efficient single-cell isolation and sorting 
with highly accurate downstream single-cell analysis as com-
pared to gentle micromanipulation technique, avoiding addi-

tional costs associated with low sorting accuracy and cell via-
bility as in FACS. Our method also offers higher flexibility in 
single cell sorting as compared to acoustic technology. Alt-
hough acoustic technology is a fast, reproducible, and gentle 
method for cell sorting, the sorting efficiency might be low, 
particularly when separating cells with similar acoustic prop-
erties (e.g., size and density), and it could be affected by inter-
ference from other cells or microbubbles.30, 31 Table 1 illus-
trates comparative analyses of our method with other tech-
niques. Our technology offers high precision in single-cell 
sorting with minimal damage, making it suitable for efficient 
single-cell RNA sequencing analysis while reducing the costs, 
which is highly beneficial for researchers. Although sorting 
throughput is limited by the mechanical platform, integrating 
algorithms for fully automated operation will make this tech-
nology a valuable tool for biological research and precision 
medicine. 

CONCLUSIONS 

We demonstrate an automated laser-assisted single-cell sorter, 
which enables efficient high-throughput single-cell isolation in 
a surface-functionalized micropore array chip and precise sin-
gle-cell sorting based on LIFT technology, facilitating practi-
cal downstream single-cell analysis by maintaining cell viabil-
ity. The laser-assisted single-cell sorter with over 80% single-
cell isolation efficiency offers clear advantages over tradition-
al manual micromanipulation, which is laborious and suffers 
from low efficiency and low throughput. In addition to high 
throughput, the micropore array chip contains hundreds of 
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thousands of spatially segregated micropores, combined with 
the high spatial resolution provided by fluorescence microsco-
py to enhance the multiplexing capabilities of micropore as-
says. The laser-assisted single-cell sorter offers several addi-
tional distinctions compared to FACS, including the ability of 
direct cell imaging, leading to accurate and robust isolation of 
single cells with high precision while maintaining high cell 
viability (about 80%). Moreover, the laser-assisted single-cell 
sorter is compatible with a wide range of cell types, including 
adherent and non-adherent cells, demonstrating superior capa-
bilities as compared to droplet-based microfluidic technology, 
which suffers from the problem of releasing cells from the 
emulsion state, causing higher cell loss.9 Unlike microfluidic-
based techniques, which primarily rely on other methods to 
recover samples, we present a direct laser-based approach for 
sample recovery that avoids susceptibility to clogging. The 
laser-assisted single-cell sorter leverages a one-click operation 
for single target cell sorting, significantly simplifying the 
technical complexity and enhancing user experience. 

We further demonstrate the capability of the laser-assisted 
single-cell sorter for efficient single-cell culture or RNA se-
quencing, which is achievable within only 1 or 2 rounds of 
single-cell sorting, avoiding additional costs due to low sorting 
accuracy and reduced cell viability. This is evidenced by our 
rapid isolation of rarely individual transfected cells from het-
erogeneous cell populations. In summary, the laser-assisted 
single-cell sorter provides a new approach for efficient identi-
fication and precise sorting of single target cells for reliable 
and accurate single-cell analysis. The laser-assisted single-cell 
sorter could be broadly applied for various downstream single-
cell analyses such as genome sequencing, epigenetic analysis, 
RNA sequencing, intracellular molecular profiling, cell sur-
face proteome profiling, single-cell functional studies, etc., 
offering unprecedented insights into cellular diversity and 
function. 
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Additional details. Figure S1 shows the optical microscopic sys-
tem for single target cell sorting; Figure S2 shows the contact 
angle measurements; Figure S3 shows the simulation of the liquid 
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