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ABSTRACT

Single-cell research provides a compelling approach for understanding life’s intricacies at the
most fundamental level, offering a high-resolution lens for studying cell biology. Laser-induced
forward transfer (LIFT) technology is a simple method to accurately isolate individual cells, but
it still faces challenges such as low throughput of single-cell capture efficiency and cell
damage. To address these challenges, we have developed an automated platform called
Nanowell-LIFT. This innovative system facilitates single-cell sorting from culture medium or
liquid solution, utilizing a nanowell ejection chip (N-chip). Our Nanowell-LIFT has been applied
successfully to achieve enhanced efficiency and throughput for live cell capture and isolation,
with applications spanning microorganisms Escherichia coli, Saccharomyces cerevisiae,
Cyanobacteria spp., and Chlamydomonas spp. This innovative tool overcomes the liquid's
surface tension and reduces the required laser energy thus achieving accurate live cell sorting.
The Nanowell-LIFT platform exhibits a good performance: above 80% single-cell capture
efficiency, nearly 100% sorting efficiency, over 95% cell viability, 100% sorting accuracy
(confirmed by sequencing), and over 88% genome coverage of single cells, which represent
a prominent leap forward in LIFT technology compared to traditional methods. These results
not only illustrate the potential of the Nanowell-LIFT platform but also set the stage for broader
applications of single-cell research, heralding new possibilities in the understanding and

manipulation of life at its most fundamental level.

KEYWORDS: single-cell capture, single-cell live sorting, laser-induced forward transfer,

nanowell ejection chip, Nanowell-LIFT, temperature simulation.
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Single-cell research has risen to prominence as a potent tool for unravelling the intricacies of
biological systems. Traditional methodologies, which rely on average measurements across
cell populations, have often concealed the inherent heterogeneity in cell types. This obscurity
constrains our comprehension of genetic, epigenetic, and proteomic variances amongst cells.!
Currently, single-cell research has already contributed to many important discoveries in
various fields, including early embryonic development,? 2 tumor heterogeneity,*® and microbial
diversity,”® and is exceedingly needed in rare samples, such as circulating tumor cells,® 1
immune cells in autoimmune diseases,* ** and human gut microbiome.***® In addition, since
most bacteria in hature are not cultured yet, the study cells at the single cell level would shine
a light of functionality in microbial ecology.'® However, single-cell sorting, which serves as the
foundation for single-cell research, continues to present formidable technical challenges.

The urgent need to sort the single cells based on differences in single-cell heterogeneity
information has motivated many approaches, such as fluorescence-activated cell sorting
(FACS),'” magnet-activated cell sorting (MACS),'8 1° |aser capture microdissection (LCM),*
21 optical tweezer (OT),?% 2 limiting dilution,?* 2> manual micromanipulation,?® acoustic droplet
ejection (ADE),?": 28 and laser-induced forward transfer (LIFT).?* % However, FACS and MACS
are limited to labeling with either fluorescent stains or magnetic microbeads. They are limited
to sorting cells with fluorescent markers. LCM is complex to operate and uses a high-power
UV laser, which has an adverse impact on cell viability. OT is only suitable for screening cells
suspended in a transparent liquid environment and needs tedious sample collection steps.
Limiting dilution and manual micromanipulation are inefficient for sorting single cells. ADE is
unable to capture individual cells in the source fluid wells, and the limited target volume of
droplet coalescence prevents it from accurately sorting individual tiny microbial cells.

In contrast, LIFT technology has significant advantages including label-free, automated, and
precise sorting of individual cells, easy to collect, no requirement for sample transparency, and
the ability to sort multi-sized microbial cells (1-30 ym) or irregularly shaped cells.?% The
pulsed laser produces a microburst that acts as a driving force to eject the target sample
toward the receiving substrate by utilizing the interaction between the laser and material.
However, sorting dried samples using LIFT offers advantages such as easy positioning and

prevention of sample drift, but it is prone to sample aggregation, which results in low single-
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cell capture rate and poor cell viability. On the other hand, liquid sample sorting by LIFT can
enhance cell viability, but precise positioning and single-cell capture are unable to be achieved.
Additionally, the high laser energy required in liquid sorting can cause cell damage as it not
only overcomes the surface tension of the liquid, but also drives sample separation. During
the process, the sorting pressure is lower than the pressure that cells can tolerate, and thermal
interference generated by laser ablation of materials can cause substantial damage. The low
viability of single cells greatly affects the significance of single-cell research. Single-cell
capture®® 3 and cell damage®-° remain significant obstacles for efficient single-cell sorting by
conventional LIFT.

Here we develop an automated platform for single-cell ejection sorting that uses a wettability-
based nanowell ejection chip (N-chip) in combination with LIFT technology (Nanowell-LIFT).
The wettability-based nanowell ejection chip overcomes the liquid's surface tension, thereby
reducing the energy required for LIFT sorting, minimizing cell damage, and preserving cell
viability. We demonstrate that Nanowell-LIFT is able to capture and sort single cells of various
microorganisms such as Escherichia coli, Saccharomyces cerevisiae, Cyanobacteria spp.,
and Chlamydomonas spp.. Nanowell-LIFT system would provide an efficient and robust
method for single-cell capture and sorting. This approach holds great promise for broader

applications of single-cell research.

RESULTS AND DISCUSSION

Nanowell-LIFT: Design and Operating Principle

A Nanowell-LIFT platform was developed to address the limitations of existing methods by
using an N-chip (Figure 1a). The Nanowell-LIFT platform comprises the following components:
an ejection sorting system, an imaging recognition system, a 3D mobile system, a receiving
system, and an N-chip (Figure S1). The N-chip (Figure S2a) includes a glass plate, a
hydrophilic sacrificial layer (Figure S2b), and a hydrophobic nanowell array film (Figure S2c).*
About 400,000 geometrical nanowell units were innovatively designed using wettability-based
hydrodynamic traps, which can efficiently capture individual cells. When the cells are loaded
onto the nanowell ejection chip, the hydrophilic bottom layer and the hydrophobic wall of the

nanowell created a trap to capture hydrophilic cells into the nanowells. This design nanowell
5
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enables individual cells from the suspension to set into nanowells. After cell loading, we can
perform automated detection, capture, identification, and ejection (Figure 1b-e and Movie S1).
The principle of the nanowell structure combines hydrokinetics with surface wettability,
differing from the single-cell sorting method of conventional LIFT technology on metal-coated
ejection chips. In conventional metal-coated ejection chips, the thickness of the liquid layer
(D1: 30-100 pm) is not immobilized, resulting in lateral migration of cells that hinders the
capture of individual cells. Moreover, the formation of jets during the sorting process leads to
multiple cells being sorted together. This process requires overcoming the surface tension of
the liquid and driving sample separation, which necessitates higher laser energy that can
easily cause cell damage (Figure 1f, g). In contrast, the Nanowell-LIFT method utilizes N-chips,
which disperse the suspension liquid containing target cells into individual droplets, achieving
single-cell capture. Unlike conventional metal-coated ejection chips, there is no need to
overcome the liquid's surface tension; only driving sample separation is necessary. As a result,
less laser energy is required, leading to a significant reduction of cell damage (Figure 1h, i).
The Nanowell-LIFT method proves to be an excellent approach for capturing and sorting single
cells.

N-chip: Precise Fabrication and Pre-treatment

The N-chip represents a novel ejection sorting tool, combining the conventional metal-coated
ejection chip?® 3% 42 with a nanowell array film. To fabricate the nanowell array films, we utilized
a combination of Si master lithography, chemical vapor deposition (CVD), reactive ion etching
(RIE), HNA (HF: HNOs: HAc = 5:7:11, v/v) release techniques (Figure 2a-d). We successfully
produced films with varying hexagonal outer circle diameters, including 8 ym, 10 um, and 15
pum (Figure 2e and Figure S3). To assemble the N-chip, a 25-nm aluminum metal film was
evaporated on a glass plate (Figure 2f), followed by plasma treatment of the metal-coated
glass and the nanowell array film (Figure 2g). The plasma-treated surfaces we developed
were subsequently integrated to create the N-chip (as illustrated in Figure 2h), which is
designed specifically for the capture and sorting of single cells.

Characterization of the Performance of the Single-Cell Capture for N-chips

In this study, we imaged and observed Saccharomyces cerevisiae (S. cerevisiae) cells

captured by the conventional metal-coated ejection chip and the N-chip. Figure 3a and b
6
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revealed that the traditional chip failed to capture S. cerevisiae cells due to the unfixed thicker
liquid layer, which caused the lateral migration of cells to aggregate into a ring. In contrast, the
N-chip successfully dispersed the cells into single-cell microdroplets and achieved efficient
single-cell loading in the N-chip. To calculate the capture efficiency of the N-chip, we counted
single S. cerevisiae cells (below 5 um) captured in each nanowell structure (8 um). The
evaluation of single-cell capture efficiency was conducted by calculating the ratio of individual
cells captured to the total number of cells collected within the nanowell. The degree of single-
cell capture efficiency was directly linked to the subsequent success of the single-cell sorting
process. According to our findings, the capture efficiency increased when lower concentrations
of microbial concentrations were used (Figure 3e). The single-cell capture efficiency reached
nearly 100% when the cell suspension concentration was at 10° - 10° cells/ml. This was
verified through six independent experiments. However, the nanowell use efficiency is low
(Figure S4a, b). We then measured the single-cell capture efficiency for other cell suspension
concentrations: 96.77% was observed for 107 cells/ml, 90.64% for 5x107 cells/ml, and 63% for
108 cells/ml. The cells captured at these three concentrations are shown in Figure 3c, h, and
d. These results suggest that the cell suspension concentration of 5x107 cells/ml can yield
high capture efficiency and a good nanowell use efficiency. Hence, we used 5x107 cells/ml as
the loading concentration in later experiments.

We also quantified the capture efficiency using nanowells of different pore sizes (8 um, 10 ym,
and 15 pm) for various microorganisms, including Escherichia coli, S. cerevisiae,
Cyanobacteria spp., and Chlamydomonas spp. Figure 3f shows the mean and median of
single-cell capture efficiency at different parallel experiment counts. These cells captured by
nanowells with other pore sizes under 5x107 cells/ml suspension concentrations were shown
in Figure S4c-j. According to the results, 8 um pore size of nanowell can achieve the best
single-cell capture efficiency, which were 90.32% for Escherichia coli (E.coli), 90.64% for S.
cerevisiae, 82.55% for Cyanobacteria spp., and 81.98% for Chlamydomonas spp. (Figure 3g—
j). Attaining high single-cell capture efficiency lays a crucial foundation for the ensuing
processes of cell sorting and collection.

Nanowell-LIFT Provides Efficient Single-Cell Sorting Performance

To assess the single-cell sorting capability of the Nanowell-LIFT platform, we orchestrated a
7
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set of experiments to gauge the single-cell sorting efficiency across a range of microorganisms.
This was achieved by fine-tuning the laser energy (as illustrated in Figure 4a). Each level of
laser energy was put to the test twenty times across different cell lines. The single-cell sorting
efficiency was then determined by quantifying the ratio of successful single-cell sorting
instances to the total number of sorting attempts. Our findings unambiguously established that
the single-cell sorting efficiency across various cell lines amplified in tandem with increasing
laser energy. As shown in Figure 4a, the 120 nJ laser energy was found the optimal condition
for single-cell sorting. Based on this finding, we successfully conducted experiments utilizing
the Nanowell-LIFT system to sort individual S. cerevisiae cells with a laser energy of 120 nJ
and a 0.17 mm thick cover glass as a receiver for imaging the sorted cells (Figure 4b). As
shown in Figure 4b, we reduced the imaging interference of water droplets on the glass cover.
This process showed the successful identification of a single target cell, the ease of one-click
laser sorting, in situ verification post-sorting, and confirmation of an S. cerevisiae cell through
bright-field and fluorescence imaging observations of the receiver before and after sorting.
Conversely, liquid sorting experiments involving S. cerevisiae using the traditional LIFT system,
even at a peak laser energy of 11 pJ posed significant challenges. These were largely
attributed to the lateral migration of cells in the thicker liquid layer and the greater surface
tension of the liquid, both of which complicated the capture and sorting of individual cells. Even
though the sacrificial layer was successfully ablated by the laser, the cells were not effectively
sorted (as depicted in Movie S2). In contrast, the Nanowell-LIFT platform demonstrates good
stability and efficiency in single-cell sorting, thereby proving its suitability for sequential
automation control.

Simulation of Effects of Temperature on Cell Sorting Performance

To evaluate possible damage to cells during the cell sorting process, we conducted simulations
of the temperature changes induced by 5 ns pulsed laser ejection. To achieve this, we set the
conditions for single-cell sorting, including a laser energy of 120 nJ, a nanowell pore size of 8
Mm, a nanowell depth of 10 um, and an Al-coating thickness of 25 nm. It is shown that the
temperature variation of the sacrificial layer due to laser ablation followed a Gaussian
distribution and propagated into the liquid over time (Figure 4c-e and Figure S5). To quantify

the process, we calculated and plotted the temperature model as a function of the vertical
8
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distance and time of the laser action (Figure 4f). Notably, the Royal Blue area remained
continuously below 30 degrees Celsius, suitable to live cell sorting. The results also indicate
the position 2.5 um from the sacrificial layer surface was always maintained below 30 degrees
Celsius, remarkably lower than the 2100 degrees Celsius on the Al-sacrificial layer surface
(Figure 4g, h). We specifically targeted microbial cells smaller than 5 um, positioned well over
2.5 um away from the sacrificial layer surface within a nanowell of 10 um height, owing to the
force of gravity when the chip was inverted. Thus, the temperature generated by 120 nJ laser
energy did not affect cells located further than 2.5 ym away from the sacrificial layer surface.
In contrast, the traditional LIFT system was unable to achieve single-cell sorting, even when
utilizing 11 pJ laser energy. This was primarily due to the lateral migration of cells within the
denser liquid layer and the increased surface tension of the liquid, both of which inhibited the
successful capture and sorting of individual cells. A simulation of this process revealed that
heat rapidly diffused into a 10 ym thick liquid domain, with the maximum temperature reaching
up to 10° degrees Celsius. This is far beyond the survival threshold for microorganisms (as
displayed in Figure S6a-c). Remarkably, the sorting energy required for the Nanowell-LIFT
platform was only 120 nJ, which is significantly less than the energy required for conventional
LIFT ejection sorting.

To further investigate the temperature distribution, we also simulated the temperature diffusion
of N-chips with nanowell pore sizes of 10 ym and 15 um (Figure S6d, e). As the nanowell pore
size of the N-chip increased, the temperature diffusion range decreased, and the Royal Blue
area (representing temperatures below 30 degrees Celsius) increased in Figure S6f, g. These
results excluded the possibility of damage caused by laser ejection with N-chips and ensured
that cell viability was not affected.

Verification of cell viability using Nanowell-LIFT

To verify the efficacy of the Nanowell-LIFT system, we conducted two sets of experiments to
confirm the viability of single-cell sorting. We sorted live cells of 72 E. coliand 72 S. cerevisiae
at the single-cell level. Each receiver was sorted three times so that each receiver might get
three microbial cells. There were eight parallel groups and one negative control group. All
experiments were repeated three times to ensure accuracy and reliability (Figure 5a). The

survival rate of single-cell sorting by the Nanowell-LIFT system was 97.2% for E.coli cells and
9
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95.8% for S. cerevisiae cells, which was higher than the conventional LIFT (Figure 5b).*° To
further confirm the sorted cells, rRNA was amplified and sequenced by picking clones from
each of the eight dishes containing the sorted cells. The positive bands were produced from
9 clones of the sorted E. coli using the 27F/1492R primer pair for 16S rRNA analysis (Figure
5c¢). Similarly, for 9 clones of the sorted S. cerevisiae, positive bands were generated using
the NL1/NL4 primer set for LSU rRNA analysis (Figure 5d). The sequence alignments were
100%, confirming the sorted cells were targeted E. coli and S. cerevisiae (Figure S7).
Genome sequencing for single cells sorted by Nanowell-LIFT

We carried out genome resequencing on individual E. coli cells sorted using both the
Nanowell-LIFT and conventional LIFT systems. This process involved sorting and analysing
five separate cells. Our results demonstrated that the base coverage for single cells achieved
via the Nanowell-LIFT system significantly outstripped that provided by the conventional LIFT
system, given an equal number of genome bases. As detailed in Table 1, we recorded genome
coverage at 88% for Nanowell-LIFT, as opposed to 38% for the conventional LIFT system.
Hence, the Nanowell-LIFT platform is an excellent strategy for single-cell cultivation and

genomic analysis.

CONCLUSIONS

Selective single-cell sorting is essential in a multitude of biomedical applications. Current
methods for cell isolation face challenges such as sorting only labeled cells of the same
species, limited sample number and status, complex operation, inefficient sorting, and tedious
sample collection steps. The LIFT technology can overcome the above problems, but is limited
to low single-cell capture efficiency poor success rate of single-cell sorting,*¢ 3’ enormous cell
damage, and low genome coverage.®¥“° In contrast, the Nanowell-LIFT system developed in
this study does not need to overcome the surface tension of the liquid but only to drive the
sample separation, thus requires less laser energy and significantly reduces cell damage,
which offers many advantages in terms of (i) high-efficiency single-cell capture (capture
efficiency of above 80%), (ii) achieving stable and continuous automated single-cell visual
sorting (nearly 100% sorting efficiency by 120 nJ laser energy), (iii) sorting without heat

10
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damage, and (iv) over 95% cell viability, 100% sorting accuracy (confirmed by sequencing),
and over 88% genome coverage. These improvements facilitate a significant leap forward in
LIFT technology compared to traditional methods. These outstanding performances indicate
that our system has enormous potential in single-cell research.

Single-cell capture efficiency is a vital parameter for obtaining enough single cells to perform
downstream experiments. A meticulous assessment of all parameters influencing single-cell
capture efficiency is necessary for successful subsequent operations. The Nanowell-LIFT
system cuts suspension liquid dispersed by the target cells into individual droplets by the N-
chips, achieving efficient single-cell capture of different cell lines. The Nanowell-LIFT system
addresses the issues of the conventional LIFT system, in which the liquid layer is unstable,
lateral migration of cells prevents the capture of individual cells, and multiple cells are sorted
together during subsequent sorting processes.® 37 Overall, our findings can help extend
single-cell heterogeneity study to a broad range of research areas by optimizing single-cell
capture efficiency.

Cell damage is another crucial factor to consider in single-cell sorting processes. To maximize
cell viability, we must complete single-cell sorting in a liquid environment and achieve 100%
single-cell sorting efficiency with minimal energy. The Nanowell-LIFT system utilizes the N-
chips to break the surface tension of the liquid enabling sample separation with minimal energy
consumption, lowering the energy threshold of the LIFT, reducing cell damage, and
maintaining cell viability. Experimental results showed that the survival rate of single-cell
culture was 97.2% for E. coli cells and 95.8% for S. cerevisiae cells, and the single-cell
genome coverage for E. coli was 88%. These results further confirm the validity of simulations
and demonstrate that the Nanowell-LIFT system outperforms conventional LIFT in terms of
single-cell viability and efficiency.38-4°

The Nanowell-LIFT system is a breakthrough in single-cell sorting that addresses the
limitations of conventional LIFT technology.*¢*° The system has been designed to achieve
stable and efficient single-cell capture, as well as accurate and low-damage single-cell sorting.
These advantages make it an ideal platform for various biological sciences and clinical
research applications. As such, we anticipate that our system will be of significant value for

single-cell heterogeneity research and analysis, paving the way for novel discoveries and
11
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breakthroughs for microbial community study.

METHODS

System Setup

The all-in-one Nanowell-LIFT automated platform included a single-cell sorting module, a
brightfield (fluorescent) imaging module, a 3D mobile stage, a receiver, and an N-chip. The
single-cell sorting module consisted of a 532-nm laser pulse with 5ns full-width half-maximum
(FWHM) duration (CNI Co. Ltd., China), a half-wave plate, a polarization beam splitter, and a
beam expander (Lens 1, focal length f = 15 mm; Lens 2, focal length f = 50 mm), mirrors and
a microscope objective (Nikon, 10x). The imaging module included a microscope objective
(Nikon, 50x), mirrors, a beam splitter (a dichroic mirror, an exciting filter, and an emitting filter),
a LED, and a camera (Do3think Co. Ltd., China). The N-chip was placed on the 3D mobile
stage (JC Co. Ltd., China). The receiver was placed inside a 24-hole turntable, moved by
electric control. Unless otherwise specified, Optical elements were purchased from Thorlabs.
Nanowell Design and Fabrication

The hydrophobic nanowell array film was meticulously fabricated at the Peking University
Microelectronics Technology Cleanroom Facility. The process began with a four-inch silicon
master plate, on which the photoresist was spun coated for photolithography. This step
resulted in a hexagonal microcolumn template with a height of 10 ym. Subsequently, a
Parylene C layer was applied using a commercial Parylene deposition instrument via chemical
vapor deposition (CVD). Reactive ion etching (RIE) of the deposited Parylene C layer was
performed to expose the top of the silicon pillars. Finally, the nanowell Parylene C membrane
was released from the Si master by immersing it in HNA. The delicate fabrication process
ensures the precise formation of the hydrophobic nanowells (10mm*10mm), thereby allowing
for highly efficient and reliable single-cell capture and sorting.

Cell Culture

A commonly used medium for cultivating S. cerevisiae is YPD, which consists of yeast extract,
peptone, and dextrose. The optimal temperature for the growth of S. cerevisiae is 30 °C, and
the optimal pH range is 4-6. E. coli is cultivated in LB (Luria-Bertani) broth, which includes

12
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tryptone, yeast extract, and NaCl. The optimal temperature for the growth of E. coli is 37 °C,
and the optimal pH range is 6.5-7.5. For Cyanobacteria spp., BG-11 medium is commonly
used, containing NaNOs, K:HPO4, MgSO., CaClz, Na;COs, and trace elements. The optimal
temperature for the growth of Cyanobacteria spp. is 25-30 °C, and the optimal pH range is
7.5-9.5. the cultivation of Chlamydomonas spp. can be cultivated using Tris-acetate-
phosphate (TAP) medium, which consists of NH4Cl, MgSQOa4, CaCl,, KH,PO,4, and trace
elements. The optimal temperature for the growth of Chlamydomonas spp. is 25 °C, and the
optimal pH range is 7.0-7.5.

Capture Characterization and Optimization

An orthogonality experiment with various S. cerevisiae cell concentrations (10°, 106, 107, 5x10"
and 108 cells /ml) and 8 um pore size as the primary influencing factors were set to optimize
the capture efficiency at the highest concentration. Additional cell lines (E. coli cells, S.
cerevisiae cells, Cyanobacteria spp., and Chlamydomonas spp.) were captured using different
pore sizes (8 ym, 10 ym, and 15 ym) at optimal concentrations (5x107 cells /ml), showed a
significant effect on capture efficiency. All cell solutions have fully oscillated before each test
for single-cell capture efficiency.

Automated Single-Cell Isolation

Before the sorting experiment, the Nanowell-LIFT device and the N-chip were exposed to UV
light for at least 30 minutes to eliminate other bacterial contamination. After that, the metal-
coated glass and the nanowell array film were processed using O, plasma under controlled
conditions of 200 W, 400 sccm, and 1.5 min. Next, a precisely measured 2 pl cell suspension
volume was meticulously added to the treated N-chip for single-cell capture, completed in
approximately 15 seconds. Subsequently, the chip was placed on a 3D motion platform, and
a CCD camera recorded all of the isolation and collection procedures interfaced with a
computer. The entire sorting process was expertly controlled using a single click, which
resulted in the precise sorting of target cells into the designated receiver or the corresponding
culture medium, per the experimental protocol.

Simulation of Single-Cell Sorting Processes

The simulation of the single-cell sorting process involved a physical model, which was

implemented in the Heat Transfer Module from COMSOL Multiphysics. In this model, the laser
13
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beam acted on a metal film, generating heat energy that caused the surrounding liquid to heat
up. The laser beam was modeled as a heat source over a physical domain consisting of metal
material to simulate this process. The temperature distribution was determined using
interaction modeling of selected materials with the laser beam. An effective technique was
employed to simulate the temperature changes of the metal and water domains over time and
different distances, based primarily on the laser energy changes. This physical model provided
insights into the complex interplay between the laser, the metal film, and the surrounding liquid,
enabling the optimization of the single-cell sorting process.

Sequencing

The 3 yl buffer D2, prepared according to the REPLI-g Single cell kit (Qiagen), was placed in
the single-cell receiving tube. Immediately after sorting, microbial cells were ruptured with
three freeze-thaw cycles using liquid nitrogen. The sample was then incubated at 65 °C for 10
min, and 0.6 ul of neutralization buffer (supplied in the REPLI-g Single cell kit) was added. The
reaction was supplemented with Phi29 DNA polymerase buffer (Qiagen) on ice to amplify the
gDNA released from the lysed single cells. The amplified reaction was conducted at 30 °C for
12 hours, followed by denaturation of Phi29 DNA polymerase at 65 °C for 10 min. The gDNA
products obtained from a single bacterial cell were stored at -80 °C for subsequent
sequencing and analysis. The gDNA products were chosen for library construction and
sequenced on the lllumina HiSeg/Nova platform (Azenta Life Sciences). The amplification
coverage of the single-cell genome was analyzed.

Image Processing and Statistical Analysis

Fluorescence microscopy images were visualized and processed using ImageJ (National
Institutes of Health, USA). All data in the study were analyzed using OriginPro 2023 (OriginLab

Corporation, Northampton, MA, USA).
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Figure 1. Design and operating principle of the Nanowell-LIFT platform. (a) Schematic
diagram of the Nanowell-LIFT platform. The device consists of a 532 nm pulsed laser, a half-
waveplate, a polarizing beam splitter, four lenses, three mirrors, two microscopy objectives, a
beam splitter (a dichroic mirror, an exciting filter, and an emitting filter), a LED, a camera, a 3D
mobile platform, a receiver, and an N-chip. (b-e) Schematic representation of single-cell
sorting process setup. (f-g) Schematic diagrams of conventional LIFT sorting models, with D1

representing layer thickness. (h-i) Schematic diagrams of Nanowell-LIFT sorting models.
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Figure 2. Precise fabrication and pre-treatment of the N-chip. (a) Fabrication of silicon master
by photoresist lithography. (b) Chemical vapor deposition (CVD) of Parylene C onto the silicon
master. (c) Reactive ion etching (RIE) of redundant Parylene C. (d) Release of the nanowell
films by HNA etching. (e) Acquisition of hydrophobic nanowell films. (f) Evaporation of metal
on a glass substrate. (g) Plasma treatment on both the metal surface and the nanowell surface.

(h) Assembly of the N-chip.
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Figure 3. Characterization of the N-chips for single-cell capture. (a) Fluorescence image of
the S. cerevisiae cells distributed on a conventional metal-coated ejection chip. Scale bars,
500 pm. (b) Magnified fluorescence image of (a). Scale bars, 10 um. (c, d, h) Fluorescence
images of the S. cerevisiae cells captured on an N-chip at cell suspension concentrations of
107 cells/ml, 108 cells/ml, and 5x107 cells/ml, respectively. Scale bars, 10 um. (e) Single-cell
capture efficiency of the S. cerevisiae cells captured at different cell concentrations. (f) Single-
cell capture efficiency of various cell lines captured at different nanowell pore sizes. (g-j)
Fluorescence images of various cell lines captured at the optimal pore size under a

suspension concentration of 5x107 cells/ml. Scale bars, 10 ym.
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Figure 4. Performance and temperature simulation of single-cell sorting for the Nanowell-LIFT
system. (a) Evaluation of single-cell sorting efficiency for various cell lines by adjusting the
laser energy. (b) Dynamic process of single S. cerevisiae cell sorting based on the Nanowell-
LIFT platform. (c) Temperature distribution model of the nanowell liquid environment at 9 ns
after laser ablation of the sacrificial layer. (d) Temperature distribution model of the nanowell
liquid environment during sorting at 500 ns. (e) Temperature model of the nanowell liquid
environment at 17 us after sorting. (f) The temperature changes are related to the vertical
distance and time of the laser action. The Royal Blue zone represents a temperature range of
23-30 degrees Celsius. (g) Temperature variation of the sacrificial layer surface after laser
ejection over time. (h) Temperature variation of the position of 2.5 yum from the sacrificial layer

surface after laser ejection over time.
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Figure 5. Verification of cell viability on cell sorting performance. (a) Photographs of E. coli
and S. cerevisiae cells after single-cell sorting and incubation for 36 hours. (b) The survival
rate of sorted single cells after 36 hours of incubation. (c) Photograph of gel electrophoresis
from control E. coli cell suspension (Cp) and single-cell colonies for E. coli (D1-D8). M, DNA
ladder. (d) Photograph of gel electrophoresis from control S. cerevisiae cell suspension (Cy)

and single-cell colonies for S. cerevisiae (Y1-Y8). M, DNA ladder.
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566  Table 1. Data statistics of the functional single-cell genome coverage of samples E. coli by

567 Nanowell-LIFT and traditional LIFT.

Sample E. coli with Nanowell-LIFT E. coli with Traditional LIFT
Genome Bases (bp) 4641652 4641652

Covered Bases (bp) 4087280 1785274

GC% 49.50 48.36

Coverage (%) 88.06 38.46




