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Abstract

In recent years, genome sequencing, editing, and synthesis technologies have un-
dergone rapid advancements, propelling unprecedented progress in the ability to
“design” and “synthesize” genotypes, while simultaneously rendering phenotypic
detection of artificial cells a critical bottleneck in synthetic biology development.
For the rapid testing and evaluation of cellular functions, single-cell analysis
technologies are of significant importance and hold great promise; however, an
ideal solution must exhibit features including non-invasiveness to living cells,
label-free operation, provision of panoramic phenotypes, capability to resolve
complex functions, high speed and throughput, low cost, and integration with
omics analyses. From this perspective, this article highlights progress in single-
cell functional characterization, sorting, and omics technology systems based on
label-free molecular spectroscopy, and discusses key challenges and future direc-
tions in this field. The synergistic exploitation of multiple spectroscopic tech-
niques and multimodal imaging, combined with high-throughput spectroscopy-
activated cell sorting technology and downstream single-cell omics technologies,
is establishing and broadening an expansive bridge connecting spectroscopy and
genetics. This bridge not only provides a novel solution for high-throughput,
panoramic phenotypic detection and screening of cell factories, but will also
promote “single-cell-precision spectroscopic phenome-functional genome” as a
new type of biological big data to serve synthetic biotechnology driven by “data
science”.
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Abstract

Recent years have witnessed rapid advances in genome sequencing, editing, and
synthesis technologies, which have propelled capabilities in genotype “design”
and “manufacturing” to unprecedented heights. Concurrently, phenotyping of
synthetic cells has emerged as a critical bottleneck in synthetic biology. For
rapid testing and evaluation of cellular functions, single-cell analysis technologies
hold significant promise. However, an ideal solution must feature non-invasive
live-cell probing, label-free operation, landscape-like phenotyping capability, dis-
crimination of complex functions, high speed and throughput with low cost, and
seamless integration with downstream omics analysis via cell sorting. This arti-
cle focuses on recent progress in label-free molecular spectroscopy-based single-
cell functional characterization, sorting, and omics technologies, and discusses
key challenges and future directions in this field. The synergistic application
of multiple spectroscopic techniques and multimodal imaging, combined with
high-throughput spectroscopy-activated cell sorting and downstream single-cell
omics, is constructing and expanding a broad bridge connecting spectroscopy
and genetics. This bridge not only provides novel solutions for high-throughput,
landscape-like phenotyping and screening of cell factories, but also promotes
single-cell-precision “spectroscopic phenome-functional genome” as a new type
of biological big data, serving data science-driven synthetic biotechnology.

Keywords: synthetic biology, phenotyping, molecular spectroscopy,
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Introduction

The core mission of synthetic biology is to artificially design and construct
novel biological systems with specific physiological functions, thereby establish-
ing biomanufacturing routes for pharmaceuticals, functional materials, or energy
substitutes, based on elucidating and modeling the fundamental principles of
biological synthesis [1]. The leapfrog development of this technology depends
on breakthroughs in three common technical components: “genotype design,”
“genotype synthesis,” and “cellular phenotype testing” (the design-build-test cy-
cle) [2]. In recent years, dramatic improvements in the throughput and cost of
genome sequencing and synthesis, along with widespread application of genome
editing technologies, have enabled the design and construction of mutants and
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even artificial cells with unprecedented power [3-6]. However, the development
of cellular phenotyping speed and throughput has lagged far behind, sometimes
by several orders of magnitude. For example, screening for cells with desired
phenotypic combinations from genotype mutant libraries often requires enor-
mous manpower, funding, and time (the screening for microbial cell factories
producing antimalarial drug precursors consumed approximately 150 person-
years of effort [7,8]). Consequently, cellular phenotyping has become one of the
“rate-limiting steps” in synthetic biotechnology development.

1.1 Status of Artificial Cell Phenotyping Technology

1.1.1 Characteristics of Single-Cell Detection and Analysis Technol-
ogy For rapid testing and evaluation of cellular functions, an ideal single-cell
analysis technology should possess six characteristics: (1) Live-cell detection. In
many cases, the functions of genetic elements and modules only have biological
significance when measured and investigated non-invasively in living cells (i.e.,
with minimal perturbation to cellular state). Additionally, live-cell detection
means that cells can be directly subjected to subsequent cultivation or other
operations after measurement. (2) Label-free operation. As mentioned earlier,
from the perspective of mining natural biological elements, microbial cells in
nature exhibit enormous genetic diversity and are often difficult to cultivate.
Therefore, there is currently no universally applicable cell labeling method for
cell types in complex microbiomes. From the viewpoint of gene function screen-
ing based on chassis cells such as E. coli and yeast, the phenotypes and func-
tions that can be labeled using fluorescent probes remain extremely limited
compared to the potentially measurable cellular functions. Consequently, label-
free cell detection offers significant advantages. (3) Provision of landscape-like
phenotypic information. Many cellular functions of interest to researchers are
reflected or determined by multiple phenotypes. Measuring only a single pheno-
type or characterizing a single compound, protein, or gene often fails to probe
the target function, whereas “landscape-like” analysis capable of simultaneously
providing multiple phenotypes or even measuring the phenome offers important
advantages. (4) Ability to resolve complex functions. Many important and even
core cellular functions are reflected or determined collectively by multiple genes.
Therefore, detection targeting a single protein or compound molecule often can-
not distinguish and identify such functions. (5) Rapid, high-throughput, and
low-cost operation. A single colony on a plate can contain up to 10° cells, thus
single-cell-precision phenotyping imposes higher demands on speed, through-
put, and cost compared to colony-level analysis. (6) Integration with single-cell
functional genomics analysis. Single-cell-precision genomics, transcriptomics,
proteomics, metabolomics, and epigenomics represent one of the most rapidly
advancing frontiers in life science methodology [9]. If single-cell phenotyping
or phenome analysis can be directly coupled with these single-cell functional
genomics approaches through cell sorting, it would enable the establishment of
truly single-cell-precision “phenotype-genotype” models, thereby driving break-
throughs in synthetic biology at the individual cell, cell population, and even
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cell community levels.

Single-cell analysis does not rely on cell cultivation but directly analyzes each
individual cell’s function, thus overcoming the challenge that most microbial
cells in the environment remain difficult to cultivate. This holds great signifi-
cance for mining biological elements, modules, or chassis cells from human and
environmental microbiomes.

1.1.2 Types of Single-Cell Spectroscopic Detection Technologies
Metabolites are the final products of gene expression in cells and typically the
most direct carriers of cellular phenotype and function. Therefore, detection
of the metabolome, including identification of metabolic states, represents one
of the most direct and effective approaches for cellular function testing [10].
Currently, in artificial cell testing workflows, gas chromatography-mass spec-
trometry (GC-MS), liquid chromatography-mass spectrometry (HPLC-MS), or
nuclear magnetic resonance (NMR) are commonly used for systematic analysis
of cell “populations” or “communities” to achieve cellular function detection
[11]. However, metabolites from single cells, especially single microbial cells,
are extremely minute and cannot be amplified like nucleic acids. Consequently,
single-cell metabolomics analysis remains challenging due to sensitivity limita-
tions of current mass spectrometry, chromatography, and NMR detection [12].
Moreover, these methods typically require cell lysis to extract or prepare intra-
cellular metabolites, making it difficult to directly interface with subsequent
cultivation or genomic and transcriptomic analysis of the same single cell. In
contrast, single-cell spectroscopy collects molecular spectra from individual
cells at specific times, spatial locations, and states, capable of reflecting and
displaying characteristics of intracellular metabolite(s). Furthermore, the
measurement process can be non-invasive, non-destructive, and even maintain
live-cell status. Therefore, spectroscopy-activated cell sorting can isolate cells
with specific spectral signatures and directly couple them with single-cell
cultivation and various destructive single-cell functional genomics analyses.
Thus, single-cell spectroscopy technology offers an effective means to overcome
these challenges.

(1) Cell Function Detection Based on Fluorescence Spectroscopy

Fluorescence spectroscopy offers high sensitivity, excellent specificity, and high
analytical throughput, making it one of the most widely applied single-cell phe-
notyping technologies [13]. However, most cells lack autofluorescence, necessi-
tating the design of fluorescent probes for cell labeling. Common fluorescent
probes include small-molecule fluorescent dyes and fluorescent proteins. Some
small-molecule fluorescent dyes can penetrate cell membranes to directly label
target molecules inside cells; for instance, small-molecule enzymatic fluorescent
probes enable detection and imaging of intracellular enzymes [14]. Additionally,
small-molecule fluorescent probes can be conjugated to antibodies for specific
labeling of cell surface antigens, thereby achieving cell function detection. Fluo-
rescent proteins (such as green fluorescent protein) constitute another important
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class of fluorescent probes, often used as reporter genes fused with target genes
to monitor target gene expression in cells, thus characterizing the dynamic pro-
cesses and functional heterogeneity of gene expression. Fluorescent proteins
can also detect intracellular metabolic small molecules. For example, a series
of high-performance genetically encoded fluorescent probes for NADPH (iNap)
have enabled high spatiotemporal resolution detection and imaging of NADPH
metabolism in live animals, live cells, and various subcellular structures [15,16];
genetically encoded dopamine fluorescent probes and novel acetylcholine fluo-
rescent probes can detect dynamic changes of endogenous dopamine and acetyl-
choline in fruit flies, zebrafish, and mice [17,18]. Currently, cell function de-
tection based on fluorescent probes has been widely applied in research areas
including gene expression regulation, protein spatial localization and trafficking,
protein folding, signal transduction, protease activity analysis, biomolecular in-
teractions, and dynamic monitoring of cellular metabolic processes.

Despite these advantages, fluorescence-based cell function detection faces fun-
damental limitations that restrict its broad application in biological element
mining and cell phenotyping. These limitations include the requirement for
prior knowledge of biomarkers, the need for cell labeling or even genetic manip-
ulation, and the ability to typically detect only a few labeled molecules simulta-
neously. For the vast majority of microbial cells in nature, biomarkers are often
unknown, and no universal cell labeling methods exist, resulting in a relatively
narrow applicable cell type range for fluorescence detection. Even for common
chassis cells such as F. coli and yeast, most phenotypes constituting the cel-
lular phenome—including metabolic activity of various substrates, metabolite
profiles, environmental stress responses, and cell-cell interactions—are difficult
to measure directly using a universal fluorescent labeling approach, often re-
quiring construction of independent cellular fluorescent sensors. Introducing
fluorescence-based intracellular sensors into cells typically requires design and
engineering of transcription factors to convert specific metabolite concentrations
into cellular fluorescence intensity [19]; this prerequisite of DNA transformation
and genetic manipulation limits applicable cell types and application scenar-
ios. Most importantly, excellent target molecule specificity and simultaneous
multi-target detection may be mutually exclusive. Due to interference among
multicolor fluorescence, simultaneous detection of multiple gene functional phe-
notypes cannot yet be widely applied [20], making “landscape-like” measurement
of the phenome difficult to achieve.

(2) Cell Function Detection Based on Raman Spectroscopy

Raman spectroscopy is a label-free scattering spectrum arising from frequency-
shifted scattering of incident light caused by molecular bonds excited to virtual
energy states that have not yet returned to their original states [21]. Each
single-cell Raman spectrum consists of over 1,500 Raman peaks corresponding
to different types of chemical bonds, reflecting multidimensional information
about the composition and content of chemical substances within a specific cell.
Metabolite composition can rapidly respond to cellular physiological states, en-
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vironmental changes, and genetic backgrounds. Therefore, each single-cell Ra-
man spectrum can be regarded as a high-resolution “photograph” with over
1,500 “pixels” for characterizing the state, phenotype, and function of an indi-
vidual cell. Each Raman peak or combination of peaks in a single-cell Raman
spectrum potentially represents a phenotype. Consequently, just as a portrait
photograph can simultaneously reveal numerous features of a human face, single-
cell Raman spectroscopy can potentially characterize and reflect multiple cellu-
lar phenotypes simultaneously, enabling landscape-like phenotypic analysis [22].
Moreover, water molecules do not produce strong Raman signals and thus do
not interfere with cellular Raman detection. Therefore, Raman imaging can
be performed under optimal physiological conditions for cells, making Raman
spectroscopy widely applicable for characterizing living systems.

For cell populations, accurate description of functional phenotypes and their het-
erogeneity at single-cell resolution is crucial, a need that Ramanome technology
can fulfill. The term “Ramanome” refers to a collection of randomly sampled
single-cell Raman spectra under specific conditions and time points, conceptu-
ally analogous to taking a “group photo” of a cell population (ramanome) or com-
munity (meta-ramanome) [22]. The Ramanome is equivalent to a metabolome
that can be rapidly and inexpensively measured and monitored at single-cell pre-
cision, with its changes reflecting and characterizing the landscape-like, nearly
infinite “states” and “functions” of the cellular system. For instance, Ramanome
can detect substrate metabolic activity [23,24], quantify product content [25,26],
characterize environmental stress responses (such as cellular stress states [27],
drug susceptibility and resistance [28,29]), and cell-cell metabolic interactions
[30]. These features fully demonstrate the complementarity of Ramanome with
transcriptomics, proteomics, metabolomics, and other approaches, positioning
it to become a universal tool and a novel phenomics data type for defining,
characterizing, and monitoring cellular functions and their heterogeneity.

(3) Cell Function Detection Based on Infrared Spectroscopy

Infrared imaging typically employs polychromatic light in the near-infrared
region as the excitation source to excite molecular energy level transitions in
samples, thereby detecting their infrared absorption spectra. Since the 1990s,
infrared spectroscopy has been used to distinguish normal from cancerous
tissues [31,32]. Although infrared microspectroscopy can theoretically achieve
diffraction-limited resolution, most current infrared microspectrometers are
equipped with traditional globar light sources with temperatures of only 1,000—
1,500 K and relatively weak brightness. Consequently, when the measurement
slit is adjusted to less than 10 m (comparable to cell size), the light flux
decreases significantly, severely affecting the sensitivity of single-cell infrared
spectroscopy. Therefore, current micro-infrared spectroscopy can mostly only
image components with high infrared absorption in cells, such as imaging the
spatial distribution and content of carotenoids in Haematococcus pluvialis cells
[33,34].

Synchrotron radiation, as a novel infrared light source, offers excellent properties
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including broad spectral range (10-10,000 cm™1!), high brightness (2-3 orders
of magnitude higher than conventional sources), low divergence, and temporal
structure. Its high brightness characteristic is particularly suitable for single-cell
micro-infrared spectroscopic imaging studies [35]. It can not only directly obtain
intracellular biochemical information but also identify and detect special cellular
phenotypes with subcellular imaging resolution. Compared with conventional in-
frared spectroscopy, synchrotron radiation infrared spectroscopy possesses more
powerful capabilities for single-cell phenotyping. However, during cellular in-
frared spectroscopic imaging, testing often needs to be performed in aqueous
solution to maintain cell viability. Water molecules exhibit significant infrared
absorption at 3,000-3,750 cm™! and 1,600-1,700 cm™!, making elimination of
this interference critical for cellular infrared imaging. Microfluidic chip technol-
ogy can precisely manipulate fluids, with microchannels accurately controlling
the thickness of the extracellular water layer to maximally eliminate interference
from the aqueous environment on cellular infrared spectra. The emergence of
a series of microfluidic chip devices suitable for cellular infrared spectroscopic
imaging has laid the platform foundation for high-throughput single-cell infrared
imaging [32,36].

(4) Cell Function Detection Based on Terahertz Spectroscopy

Terahertz (THz) radiation lies between the microwave and infrared regions of
the electromagnetic spectrum, with frequencies ranging from 0.3-3$x107{12}$
Hz. When probing inside cells, THz is not limited by scattering and thus pos-
sesses excellent biological tissue penetration capability, offering promise for in
situ and even in vivo cellular phenotyping. A coupled cavity resonator system
capable of rapidly measuring flowing cells at 10 GHz frequency has enabled THz
spectroscopic measurement of flowing mouse myoblast cells [37]. THz spectro-
scopic measurement signals directly correlate with cell volume, providing a rapid
and accurate method for cell size distribution analysis, with potential applica-
tions including detection of circulating tumor cells in blood samples (which are
generally larger than white blood cells). Although THz spectroscopic imaging
holds significant potential for in situ or in vivo cellular analysis, the cellular
phenotypes that can be detected based on published work remain limited and
restricted, with practical applications still distant.

1.2 Single-Cell Phenotyping and Sorting Based on Spectroscopy

Building upon single-cell functional identification and characterization based on
various spectroscopic technologies, spectroscopy-activated cell sorting enables
isolation of single cells with specific functions, followed by determination of
their corresponding genotypes and even single-cell functional genomes including
transcriptomes, proteomes, metabolomes, and epigenomes, thereby establishing
“phenotype-genotype” relationships at single-cell precision.

1.2.1 Fluorescence-Activated Cell Sorting For decades, fluorescence flow
sorting has served as a mainstream cell analysis and sorting technology. Com-
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mercial fluorescence-activated cell sorting (FACS) instruments achieve detec-
tion and sorting throughputs of tens of thousands of cells per second with high
automation and intelligence, but their cost has remained prohibitively high,
representing a major barrier to widespread application. In recent years, the
introduction of microfluidic technology has substantially reduced FACS costs
while offering flexibility and precision advantages. Microfluidics-based FACS
employs surface acoustic wave three-dimensional cell focusing technology, en-
abling precise cell focusing under low sheath flow conditions and avoiding cell
damage from high flow velocities and shear forces in conventional FACS [38].

More recently developed fluorescence-activated droplet sorting (FADS) tech-
nology based on droplet microfluidics addresses the challenge of detecting
secreted proteins or extracellular metabolic small molecules that conventional
FACS struggles with, while achieving sorting throughputs up to 30 kHz [39,40].
After phenotypic detection and sorting, individual cells remain encapsulated
in individual droplets, maintaining their independence and enabling seamless
integration with downstream single-cell cultivation, sequencing, and other
omics studies. Using the FADS platform, researchers have achieved toxic
phenotyping and sorting of mammalian U937 cells against drug libraries
[41] and screened for mutants with high horseradish peroxidase activity
from directed evolution yeast mutant libraries (containing approximately 108
mutants) [42]. Other reports describe integration of dual-channel detection
systems on FADS platforms to screen directed evolution mutant libraries
(approximately 107 mutants) for esterases with high enantioselectivity preferen-
tially producing ibuprofen enantiomers [43]. Recently, by coupling FACS with
artificial intelligence, multi-parameter intelligent screening of Chlamydomonas
mutant libraries has been demonstrated on a high-throughput, high-resolution
image-processing-based single-cell phenotyping and sorting platform (intelligent
image-activated cell sorting, TACS) [44]. In summary, FACS has accelerated the
“testing” component of synthetic biology, enabling it to match the throughput
of “design” and “synthesis” and promoting the development of synthetic
biology. However, as previously mentioned, FACS is fundamentally limited by
its requirement for fluorescent probes and cell labeling, as well as its limited
number of simultaneously detectable phenotypes. There is an urgent need to
develop cell sorting technologies based on label-free spectroscopic recognition,
landscape-like phenotypic analysis, and universal applicability to all cells in
nature.

1.2.2 Raman-Activated Cell Sorting As previously mentioned, Raman
spectroscopy is a non-destructive, label-free single-cell phenotyping tool with
broad application prospects in cell function screening based on microbiomes
or engineered cell libraries [22]. How to sort target phenotypic cells at high
throughput after Raman identification—namely, Raman-activated cell sorting
(RACS) [45,46]—and apply them to downstream cultivation and omics analy-
sis is equally important for constructing cell phenotyping platforms. In recent
years, a series of Raman spectroscopy-based single-cell sorting technologies and
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core devices have emerged, including Raman optical tweezers sorting [47-50],
Raman-activated ejection sorting (RACE) [23], Raman-activated cell sorting
with optical tweezers and droplet encapsulation (RAGE), Raman-activated mi-
crofluidic sorting (RAMS) [51,52], and Raman-activated droplet sorting (RADS)
[63]. These new tools effectively couple single-cell Raman phenotyping measure-
ment with genotypic analysis (or cultivation), providing important means for
dissecting phenotype-genotype relationships at the single-cell level.

Raman-activated ejection sorting (RACE) [23] operates on the principle of sput-
tering a thin film onto a Raman measurement substrate, spotting samples onto
this film, and encapsulating a receiving microwell array. After Raman detection
of cells, specific cells can be ejected by applying a pulsed laser at the target cell
location on the substrate chip; the cell is then stripped and propelled into a
collection microwell, enabling flexible collection of single or multiple cells per
microwell. Affected by spot size, direct ejection is generally used for small cell
separation. For large cells and cell clusters, the target cell region can first be
laser-cut (RAMD) before ejection. This method is relatively flexible and simple
to operate with high sorting accuracy. However, laser radiation during Raman
analysis and sorting can cause certain damage to cellular physiological activity
[54], and in the dry-chip mode of RACE, heat dissipation is relatively difficult,
potentially making radiation-induced cell activity damage more significant. Ad-
ditionally, due to possible intracellular nucleic acid damage caused by laser ra-
diation, the sequencing coverage of bacterial single cells after ejection generally
does not exceed 20%, making genome assembly relatively difficult [23,55].

Raman-activated cell sorting with optical tweezers and droplet encapsulation
(RAGE) is a recently developed Raman cell sorting technology created by our
team that couples Raman optical tweezers with droplet-based single-cell encap-
sulation and export. RAGE overcomes the problem that single optical tweezer
force cannot achieve target cell detachment from the focal plane for export.
By coupling droplet microfluidic technology, it accomplishes precise sorting and
rapid export of target single cells. Meanwhile, Raman detection is performed in
aqueous phase, maximizing maintenance of cellular physiological activity and
enabling precise matching of each cell with its corresponding Raman spectral
phenotype to achieve “what you see is what you get.” Furthermore, sorted sin-
gle cells are already encapsulated in water-in-oil microdroplets, allowing direct
coupling with subsequent single-cell cultivation and omics analysis. Our data
demonstrate that bacterial cell viability is essentially unaffected after sorting
through the RAGE system, enabling direct coupling with downstream single-
cell cultivation. In single-cell nucleic acid amplification and sequencing directly
coupled with RAGE, possibly due to the protective effect of liquid-phase Raman
detection on target cells, the whole-genome sequencing coverage of target F. coli
single cells has been substantially improved (reaching approximately 95%).

The first two Raman cell sorting technologies are completed with cells in static
or relatively static states, and their throughput cannot yet meet the demands of
high-throughput cell phenotypic function sorting. Developing flow-based Raman
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single-cell sorting technology is an inevitable trend. However, limited by the in-
herently weak Raman signal, the first bottleneck to address is Raman acquisition
of cells in high-speed flow. We developed a Raman-activated microfluidic sort-
ing (RAMS) technology based on dielectrophoretic single-cell trap-and-release,
which solved this bottleneck and first achieved Raman flow cytometry sorting
[61]. The RAMS system integrates a dielectrophoresis-based single-cell trap-and-
release unit that can capture single cells in high-speed flow to complete Raman
signal acquisition. Building upon this, we further established Raman-activated
droplet sorting (RADS) technology, improving Raman cell sorting throughput
and system stability [53]. By employing dielectrophoretic droplet sorting tech-
nology, the RADS system currently achieves the highest reported full-spectrum
sorting throughput among RACS systems, reaching hundreds of cells per minute.
Meanwhile, sorting accuracy for astaxanthin content in Haematococcus pluvialis
exceeds 95%, with post-sorting cell viability reaching 93% [53]. Notably, the
current sorting throughput is primarily limited by Raman detection rather than
the system itself; coupling with high-sensitivity Raman detection technologies
(such as stimulated Raman) [56] could enable ultra-high-throughput sorting.

The establishment and expansion of the above RACS technology family provides
new and powerful technical means for artificial cell phenotyping and screening,
and offers novel solutions for applications that current FACS cannot easily ad-
dress [57]. However, these unit technologies alone cannot directly meet the
practical needs of artificial cell phenotypic screening. There is an urgent need
to construct complete cell screening workflows and equipment systems based
on these key single-cell Raman sorting technologies, tailored to the practical
demands of synthetic biotechnology.

1.2.3 Other Label-Free Cell Function Detection and Sorting Methods
In addition to differences in spectral properties, variations in cell phenotype
and function can also lead to changes in cellular physical properties. Therefore,
cell phenotypes can be identified and sorted through measurement of single-cell
physical parameters. For example, single-cell electrical impedance can reflect
cell status and is directly related to various phenotypes including cell size and
growth stage, and has been used to sort normal human cells from tumor cells
[68]. Similarly, single-cell mechanical parameters differ between normal and
tumor cells, with parameters such as cell deformability showing potential for
tumor diagnosis [59].

The aforementioned physical properties based on cellular electrical impedance
and mechanical deformability have also been applied to cell function sorting.
Different single-cell manipulation force fields such as optical tweezers, electric
field forces (dielectrophoresis, etc.), acoustic waves (surface acoustic waves),
hydrodynamic forces, and magnetic fields can be conveniently integrated into
microfluidic chip systems to achieve high-throughput, high-precision single-cell
function sorting [60]. Overall, to accommodate the diverse demands of cell
phenotypic sorting, single-cell function sorting technologies based on new con-
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cepts or principles continue to emerge, advancing toward goals of high signal
specificity, high detection dynamic range, label-free operation, landscape-like
analysis, high throughput, and artificial intelligence integration [36,53,56,61].

2 Bottlenecks and Development Directions of Artificial Cell
Phenotyping Methodology

Addressing challenges of live-cell non-invasiveness, label-free operation,
landscape-like phenotyping, complex function resolution, rapid high-throughput
and low-cost performance, and integration with omics analysis, single-cell spec-
troscopic imaging and sorting possess important distinctive advantages. This
bridge connecting spectroscopy and genetics, linking single-cell phenomes with
single-cell functional genomes, is rapidly extending and broadening. However,
realizing its full potential requires efforts across many fronts while presenting
tremendous opportunities.

(1) Spectroscopy-Based Single-Cell Phenome Measurement. On one
hand, parallel or combined use of multiple fluorescent probes can expand the
number of target molecules simultaneously detectable in single cells; however,
due to interference among multicolor fluorescence, simultaneous detection of
multiple gene functional phenotypes remains a significant challenge [22]. On the
other hand, although Ramanome based on single-cell Raman spectroscopy can
measure numerous phenotypes such as substrate metabolic activity, product
profiles, and environmental stress responses without probes, “landscape-like”
phenome analysis measuring these phenotypes simultaneously at single-cell pre-
cision still requires demonstration in specific applications. Meanwhile, pheno-
typic measurement at the single-cell level inevitably carries noise introduced by
stochastic gene expression. Therefore, quantification and tracing of this noise
are critical for inferring population- or community-level phenotypes from single-
cell spectroscopic phenotypes and for distinguishing changes in single-cell state
from genotypic changes.

(2) Single-Cell Spectroscopic Imaging Balancing “Target Molecule
Specificity” and “Landscape-Like Phenotyping.” Achieving high-
specificity detection of target molecules through fluorescent probe design
represents a hallmark of fluorescence spectroscopy, while Raman spectroscopy
can directly analyze multiple phenotypes in virtually any cell in nature. The
complementary advantages of these two approaches, their coupled use, and
demonstration of compatibility between “target molecule specificity” and
“landscape-like phenotyping” will greatly expand the application domains of
single-cell science and technology. For example, recently proposed bioorthogo-
nal labeled stimulated Raman scattering microscopy for live-cell imaging, based
on stimulated Raman scattering of alkyne single-bond labeling, breaks the
size limit of imaging reporter groups; moreover, alkyne reporter groups have
virtually no Raman background interference, achieving “bioorthogonality” in
Raman spectra. The combination of alkyne metabolic labeling of biomolecules
with stimulated Raman microscopic imaging has enabled specific Raman
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imaging of lipids, nucleic acids, proteins, and carbohydrates in live cells [62,63].
Meanwhile, combined use of fluorescence and Raman spectroscopy has found
some applications in tumor detection [64]. Furthermore, parallel measurement
and sorting of spectroscopic parameters alongside electrical and mechanical
parameters at the single-cell level will push applications of single-cell phenome
in synthetic biology to new dimensions and make important contributions to
high-throughput phenotypic monitoring and molecular breeding in animals,
plants, and microorganisms [65-67]. In spectroscopy-based single-cell phenome
analysis, beyond innovations in multimodal detection and sorting principles
and core devices, artificial intelligence and big data technologies will also play
indispensable roles [44].

(3) Standardization, Instrumentation, and Intelligence of the Com-
plete Single-Cell “Imaging-Sorting-Sequencing-Cultivation-Big Data”
Workflow. First, to some extent, for label-free spectroscopies such as Raman
and infrared, single-cell spectral signal quality positively correlates with excita-
tion light energy delivered to cells. Therefore, spectral acquisition may damage
cells and their nucleic acids, resulting in low post-sorting single-cell cultiva-
tion viability, low efficiency of single-cell genome amplification, and hindering
throughput improvement of the spectral acquisition-sorting workflow. Although
our preliminary data show that flow-based Raman detection and microdroplet
encapsulation can protect cell viability after laser irradiation [53] and improve
quality of nucleic acid amplification and sequencing after Raman sorting, in-
novative solutions are still needed to substantially increase measurement and
sorting throughput while ensuring cell viability and signal quality. On the other
hand, methodologies for single-cell Raman and infrared spectroscopic measure-
ment and analysis are still being optimized, with considerable distance from
standardization in experimental workflows, computational analysis, and data
aspects. Therefore, urgent collaborative efforts across the field are needed to
establish spectroscopic acquisition and analysis technology and equipment stan-
dards for specific cell types and application scenarios, laying the foundation
for large-scale collection and sharing of molecular spectroscopy-based single-cell
“phenome-genome” big data in the future. Additionally, single-cell spectroscopic
testing devices operate on different principles, making them suitable for differ-
ent cell types and states. For example, due to the presence of photosynthetic
pigments, photosynthetic cells often require a “quenching” process before full
Raman spectrum measurement, potentially affecting analysis and sorting speed.
Therefore, constructing a fully automated synthetic biofoundry platform also re-
quires consideration of different requirements in working principles, operational
processes, and analytical throughput among spectroscopic detection principles
and cell properties, among various phenotyping devices, and between genotype
design/synthesis and cell phenotyping testing stages. Building upon this foun-
dation, aided by big data and cloud computing, novel equipment and technology
service networks targeting specific single-cell testing, sorting, sequencing, and
cultivation needs will continuously emerge to support the scaling and intelli-
gence of synthetic biofoundry platforms.
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In summary, non-invasive single-cell functional characterization based on spec-
troscopy remains a challenging yet promising endeavor. The synergistic al-
liance among multiple spectroscopic methods, even multimodal imaging combin-
ing optical, electrical, and acoustic approaches, coupled with high-throughput
spectroscopy-activated cell sorting and downstream single-cell omics technolo-
gies, will undoubtedly construct a broad bridge connecting spectroscopy and
genetics. This will provide next-generation solutions for rapid and automated
characterization, screening, and mechanism elucidation of cell factories. Mean-
while, based on this bridge, single-cell spectroscopic phenome and correspond-
ing single-cell genomic and transcriptomic data will gradually accumulate. This
single-cell-precision “phenome-genome” as a new type of biological big data will
spawn a series of novel, common, and systematic experimental instruments,
computational tools, and even big data networks, accelerating data science-
driven design and construction of cell factories and thereby transforming re-
search paradigms and methodologies in synthetic biology.

Therefore, we should seize current opportunities and, based on close domestic
and international collaboration, jointly plan ambitious, visionary, creative, and
competitive programs for single-cell phenome analysis and sorting methodology
and equipment development. This will contribute a series of “Made in China”
and “Created in China” new methods, new tools, and new instruments to syn-
thetic biology and its vast application domains.
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