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Abstract

Label-free imaging flow cytometry is a powerful tool for biological and medical research

as it overcomes technical challenges in conventional fluorescence-based imaging flow

cytometry that predominantly relies on fluorescent labeling. To date, two distinct types

of label-free imaging flow cytometry have been developed, namely optofluidic time-

stretch quantitative phase imaging flow cytometry and stimulated Raman scattering

(SRS) imaging flow cytometry. Unfortunately, these two methods are incapable of prob-

ing some important molecules such as starch and collagen. Here, we present another

type of label-free imaging flow cytometry, namely multiphoton imaging flow cytometry,

for visualizing starch and collagen in live cells with high throughput. Our multiphoton

imaging flow cytometer is based on nonlinear optical imaging whose image contrast is

provided by two optical nonlinear effects: four-wave mixing (FWM) and second-

harmonic generation (SHG). It is composed of a microfluidic chip with an acoustic

focuser, a lab-made laser scanning SHG-FWM microscope, and a high-speed image

acquisition circuit to simultaneously acquire FWM and SHG images of flowing cells. As

a result, it acquires FWM and SHG images (100 � 100 pixels) with a spatial resolution

of 500 nm and a field of view of 50 μm � 50 μm at a high event rate of four to five

events per second, corresponding to a high throughput of 560–700 kb/s, where the

event is defined by the passage of a cell or a cell-like particle. To show the utility of our

multiphoton imaging flow cytometer, we used it to characterize Chromochloris zofingien-

sis (NIES-2175), a unicellular green alga that has recently attracted attention from the

industrial sector for its ability to efficiently produce valuable materials for bioplastics,

food, and biofuel. Our statistical image analysis found that starch was distributed at the

center of the cells at the early cell cycle stage and became delocalized at the later stage.

Multiphoton imaging flow cytometry is expected to be an effective tool for statistical

high-content studies of biological functions and optimizing the evolution of highly pro-

ductive cell strains.
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1 | INTRODUCTION

Label-free imaging flow cytometry is a powerful tool for biological and

medical research [1–5]. It overcomes technical challenges in conven-

tional fluorescence-based imaging flow cytometry [6–14] that pre-

dominantly relies on labeling with fluorescent probes, such as their

non-specific binding, low quantitative performance, and potential per-

turbation to the function of small molecules including metabolites and

difficulties in labeling intracellular molecules [15, 16]. To date, two dis-

tinct types of label-free imaging flow cytometry have been developed.

First, Lei et al. and Lau et al. demonstrated optofluidic time-stretch

quantitative phase imaging flow cytometry which acquires quantita-

tive phase images of numerous single cells at a high event rate of

more than 10,000 events per second (eps) [1, 13]. This method

enabled large-scale analysis and classification of numerous single cells

with computational techniques such as machine learning and com-

pressive sensing. Second, Suzuki et al. demonstrated stimulated

Raman scattering (SRS) imaging flow cytometry which provides the

ability to obtain chemical images of single cells based on molecular

vibrations at a high event rate of up to 140 eps [2]. This method

allowed the SRS-based visualization of paramylon, chlorophyll, and

lipids within microalgal cells and the marker-free differentiation of

cancer cells from blood cells without the need for fluorescent probes.

Despite those efforts, characterizing the full spectrum of complex

biological systems in a label-free manner is still challenging due to the

limited information obtained through these methods. Specifically,

optofluidic time-stretch quantitative phase imaging does not provide

chemical specificity and is, hence, unable to evaluate the chemical

content of cells while providing their three-dimensional morphological

content. On the other hand, SRS imaging flow cytometry can offer

chemical specificity, but its chemical imaging ability is limited by the

small cross-section of Raman scattering of biomolecules (10–30 cm2/

sr) [17] and the narrow bandwidth of SRS (normally constrained to the

high-wavenumber region of 2800–3200 cm�1) [2] which arises from

the limited number of available laser sources. While the combination

of label-free imaging and machine learning has enriched the biological

interpretation of the acquired images, increasing the chemical infor-

mation at the raw data level is essential to take full advantage of the

capability of label-free imaging flow cytometry. Specifically, label-free

imaging flow cytometry of some important molecules, such as starch

and collagen, remains challenging.

In this paper, we present another type of label-free imaging flow

cytometry, namely multiphoton imaging flow cytometry, for visualiz-

ing starch and collagen in live cells with high throughput. Our multi-

photon imaging flow cytometer is based on nonlinear optical imaging

whose image contrast is provided by two optical nonlinear effects:

four-wave mixing (FWM) and second-harmonic generation (SHG).

FWM is an effect arising from the third-order optical susceptibility of

intracellular molecules and has been used for label-free imaging of

cytoplasm with high contrast and spatial resolution [18, 19], whereas

SHG is an effect arising from the second-order optical susceptibility

of the molecules and has been used to visualize collagen [20], starch

[21], and other non-centrosymmetric materials [22] in a label-free

manner. The multiphoton imaging flow cytometer is composed of a

microfluidic system, a SHG-FWM microscope with a raster-scanned

focused beam, and a high-speed image acquisition circuit to simulta-

neously acquire FWM and SHG images of flowing cells. We employed

the raster-scan arrangement over a wide-field or light-sheet arrange-

ment [23–25] because the generation of the FWM and SHG signals is

significantly enhanced under tightly focused light fields due to its non-

linear process. As a result, it acquires FWM and SHG images

(100 � 100 pixels) with a 14-bit depth, a spatial resolution of 500 nm,

and a field of view of 50 μm � 50 μm at a high event rate of 4–5 eps,

corresponding to a high throughput of 560–700 kb/s [26].

To show the utility of our multiphoton imaging flow cytometer, we

used it to characterize Chromochloris zofingiensis (NIES-2175), a unicel-

lular green alga that has recently attracted attention from the industrial

sector for its ability to efficiently produce valuable materials for bioplas-

tics [27, 28], food [22, 29], and biofuel [30]. Currently, there is a high

demand for optimizing the culture conditions of C. zofingiensis cells to

improve their starch production efficiency. Traditionally, accumulated

starch within C. zofingiensis cells is evaluated by Lugol staining [31] or

colorimetry [32], but they require cell fixation, costly consumables,

and time-consuming protocols. Moreover, colorimetry measures the

amount of accumulated starch in a bulk manner in the units of starch

weight per unit biomass and hence loses information related to cellular

heterogeneity which is essential to understand cellular metabolism at

the single-cell level. Our multiphoton imaging flow cytometer

addressed this predicament by characterizing cell size, the amount of

intracellular starch, and the spatial distribution of intracellular starch in

a label-free manner. As a proof-of-principle demonstration, we used

the multiphoton imaging flow cytometer to acquire 2000 FWM and

SHG images of C. zofingiensis cells at 0–9 days after refreshing the cul-

ture medium for the cells and found from our analysis of the images

that starch was distributed at the center of the cells at the early cell

cycle stage and became delocalized at the later stage. Multiphoton

imaging flow cytometry is expected to be an effective tool for statistical

high-content studies of biological functions and optimizing the evolu-

tion of highly productive cell strains.

2 | RESULTS AND DISCUSSION

Figure 1 schematically shows the multiphoton imaging flow cytometer.

Cells are injected into a microfluidic chip (SC-BU-300300-L, Translume)

at a flow speed of 2 mm/s. Flowing cells pumped by a syringe pump

are focused into a single stream by acoustic focusing with a piezoelec-

tric transducer (2.44Z25*30R-SYX(C-213), Nihon Denkei Co., Ltd.).

When each cell passes through a focused HeNe laser (HNL020LB,

Thorlabs) beam spot, forward-scattered light of the HeNe laser beam is

detected by an avalanche photodetector (APD120A/M, Thorlabs),

which triggers image acquisition. Then, the cell flows through the FWM

and SHG imaging region. The light source used for FWM and SHG

imaging is a Ti:sapphire laser (Synegy, Spectra Physics) with a pulse

width of 17 fs, a center wavelength of 793 nm, a spectral bandwidth of

43 nm, and a pulse repetition frequency of 75 MHz. The Ti:sapphire
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laser beam is scanned in the focal plane over an area of 50 μm (perpen-

dicular to the flow direction) � 150 μm (along the flow direction) by a

pair of galvanometric scanners (6210H, Cambridge Technology) driven

by a triangular wave at 500 Hz and 5 Hz, respectively. A 750-nm long-

pass filter (FELH0750, Thorlabs) and a 750-nm short-pass filter

(FESH0750, Thorlabs) are placed before and after the microfluidic chip,

respectively, for the selective detection of a blue-shifted FWM signal

with another avalanche photodetector (APD120A/M, Thorlabs). Three

400-nm bandpass filters (FBH400-40, Thorlabs) are placed in front of a

photomultiplier tube (H7732-01, Hamamatsu Photonics) to detect an

SHG signal. The output signal from the photomultiplier tube is amplified

by a wide bandwidth amplifier unit (C6438-01, Hamamatsu Photonics).

The detected FWM and SHG signals are digitized by a 14-bit data

acquisition board (ATS9440, AlazarTech) at a sampling rate of

1 MS/s. A transistor-transistor logic (TTL) signal is synchronized with

one scan of the galvanometric scanner at 5-Hz while the output signal

from a capacitive position sensor is used to monitor the position of the

500-Hz galvanometric scanner. This information is used to assign sam-

pling points for a 2D Voronoi interpolation to generate FWM and SHG

images in a uniform 2D grid. Consequently, the multiphoton imaging

flow cytometer enables FWM and SHG imaging at a frame rate of

10 frames per second with a pixel resolution of 100 � 100 pixels and a

pixel size of 500 nm.

Figure 2A,B shows typical reconstructed FWM and SHG images

of C. zofingiensis cells, respectively (see Supporting Information for the

reconstruction of FWM and SHG images). The FWM images visualize

the morphological features of cells based on the third-order nonlinear

optical susceptibility of molecules within the cells, while the SHG

images primarily visualize the distribution of starch accumulated in

the cells [33]. Figure 2C shows the merged images of Figure 2A,B,

which help visualize the relative distribution of starch inside the cells.

For comparison and validation, Figure 2D,E shows an FWM and SHG

image of a 6.0-μm polystyrene bead, respectively. The FWM image

shows the shape of the bead while the SHG image does not show the

bead because polystyrene is a centrosymmetric material and is invisi-

ble to SHG imaging.

To demonstrate the utility of multiphoton imaging flow cytome-

try, we used it to characterize cultures of C. zofingiensis cells from day

0 to day 9 (after glucose feeding) with a 1-day interval with an image

acquisition time of 100 ms and a laser power of 70 mW at the cells.

We acquired 2000 FWM and SHG images of C. zofingiensis cells at

throughputs of 4–5 eps. The acquired images were analyzed using

CellProfiler 4.1.3. FWM images were used to recognize the morpho-

logical features of the cells and determine their size (Figure S2).

Figure 3A shows violin plots of the cell area and indicates that the

cells became larger after glucose feeding. The size of the cells reached

its maximum around day 6 and then decreased until day 9. Figure 3B

shows bright-field images of C. zofingiensis cells without glucose feed-

ing as well as 3 days, 6 days, and 9 days after glucose feeding. It is evi-

dent from Figure 3B that the cell size was maximized at day 6, which

is consistent with the results from the FWM images (Figure 3A).

Figure 3C shows violin plots of the cell area calculated from bright-

F IGURE 1 Schematic of the multiphoton imaging flow cytometer. Flowing cells pumped by a syringe pump are focused into a single stream
by acoustic focusing with a piezoelectric transducer. When each cell passes through a focused HeNe laser beam spot, forward-scattered light of
the HeNe laser beam is detected by an avalanche photodetector, which triggers image acquisition. Then, the cell flows through the FWM and
SHG imaging region. Ti:sapphire laser beam is scanned in the focal plane by a pair of galvanometric scanners. A 750-nm long-pass filter and a
750-nm short-pass filter are placed before and after the microfluidic chip, respectively, for the selective detection of a blue-shifted FWM signal
with another avalanche photodetector. Three 400-nm bandpass filters are placed in front of a photomultiplier tube to detect SHG signal
selectively. [Color figure can be viewed at wileyonlinelibrary.com]
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field images (without Lugol staining; see Figure S3 for the bright-field

image analysis). Although there exists a minor deviation between the

average cell areas calculated from the FWM and bright-field images

mainly due to the limited number of cells that were counted in bright-

field imaging, the similar trends in the violin plots indicate that the

FWM images are reliable for determining the cell area.

Figure 4A shows the violin plots of the integrated SHG signal

intensity in the C. zofingiensis cells identified by the FWM images. The

integrated single-cell SHG signal intensity was maximized on day 6. To

confirm the origin of the SHG signals, we stained the cells with Lugol's

solution (iodine-potassium iodide solution). Figure 4B shows the images

of the Lugol-stained cells on days 0, 3, 6, and 9. Intracellular starch was

visualized in blue-black due to the interaction of iodine in the Lugol

reagent and starch [31]. It is evident from the images that the amount

of accumulated starch evaluated based on the Lugol staining was also

maximized at day 6, which matches the results obtained from the SHG

images. For more quantitative analysis, we generated violin plots of the

starch content from the bright-field images of the Lugol-stained cells

(Figure 4C). Similarities in the distributions in Figure 4A,C indicate that

the SHG images selectively probed starch molecules in the cells (see

Figure S4 for analyzing the bright-field images of the Lugol-stained

cells). The capability of visualizing intracellular non-centrosymmetric

molecules by SHG imaging flow cytometry significantly broadens the

application range of label-free imaging flow cytometry.

For a deeper understanding of morphogenesis in C. zofingiensis

cells, we analyzed temporal changes in the spatial distribution of intra-

cellular starch from the obtained images. Figure 5A shows scatter plots

based on the fraction of the SHG signal intensity and the cell size. Here,

the SHG intensity fraction was calculated by the module of “Measur-

eObjectIntensityDistribution” on CellProfiler 4.1.3. Each recognized cell

was divided into two bins: bin 1 (inner) and bin 2 (outer). Then, the total

SHG intensity inside each bin was calculated while the SHG intensity

fraction in bin 1 was obtained (see Figure S5 for details about binning

the cell). On days 0 and 1, the scatter plot is well accounted for by a

single population, which is explained by recognizing that the cell cycle

is highly uniform across the entire cell population immediately after the

preculturing condition. After day 2, two populations emerged in each

scatter plot, which correspond to mature cells and divided daughter

cells. While the cell population with a larger cell size (>60 μm2) shows a

smaller SHG intensity fraction in bin 1 (i.e., starch is present more

evenly in the cells), the cell population with a smaller cell size (<60 μm2)

shows a higher SHG intensity fraction (i.e., starch is present at the cen-

ter of cells). Also, for the larger cell population (mature cells), an anti-

correlation is evident between the cell size and the SHG fraction in bin

F IGURE 2 FWM and SHG images acquired by the multiphoton imaging flow cytometer. (A) Constructed FWM images of C. zofingiensis cells.
(B) Constructed SHG images of C. zofingiensis cells. (C) Merged FWM and SHG images (Magenta: FWM images. Green: SHG images). (D) FWM

image of a 6.0-μm polystyrene bead. (E) SHG image of the bead. (F) Merged FWM and SHG images (Magenta: FWM images. Green: SHG images)
[Color figure can be viewed at wileyonlinelibrary.com]
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1 (Figure 5). This anti-correlation is explained by the Fučíková et al. pos-

tulate that mature cells possess multiple parental chloroplasts, but

younger cells have only a single chloroplast [34]. Another interesting

finding is that the daughter cells' populations are shifted to a higher

SHG fraction value on days 6 and 7, which indicates that starch was

more localized at the center of the cells if they were divided on days

5 and 6. This result implies that starch accumulation in the daughter

cells divided from the parental cells containing multiple [4, 8, 16, and]

nuclei was more centered than those from less mature parental cells

(2 nuclei) [35]. Conventional methods for studying cellular morphogen-

esis have been limited in conducting statistically significant analysis

[36–39]. We think further research on statistical microbiological cellular

dynamics by our label-free multiphoton imaging flow cytometer would

lead to a more complete understanding of metabolism in C. zofingiensis,

such as where and how interactions between photosynthesis in chloro-

plast and glucose metabolism in mitochondria take place [40].

3 | MATERIALS AND METHODS

3.1 | Multiphoton imaging

Our multiphoton imaging system employed a raster-scanned

focused beam instead of line or light-sheet illumination schemes to

increase the photon flux at the interrogation point for higher effi-

ciency of nonlinear optical processes. We acquired SHG and FWM

signals simultaneously from a sample by separating them using

wavelength filters. In SHG, a portion of the incident light is

frequency-doubled when it passes through non-centromeric mate-

rials. On the other hand, the FWM signal is detected as a broad-

ened spectrum of the incident light when it passes through

materials. In this work, we collected only the blue-shifted FWM

signal as it was not influenced by the red-shifted autofluorescence

from the sample.

F IGURE 3 Evolution of the
C. zofingiensis cell area after
glucose feeding. (A) Violin plots of
the cell area of C. zofingiensis cells
calculated from FWM images.
The dots on the plots represent
mean cell area values. (B) Bright-
field images of C. zofingiensis cells
before glucose feeding and 3, 6,

and 9 days after glucose feeding,
respectively. (C) Violin plots of
the cell area of C. zofingiensis cells
calculated from bright-field
images. The dots on the plots
represent mean cell area values
[Color figure can be viewed at
wileyonlinelibrary.com]
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3.2 | Microfluidic chip

We used a commercially available microfluidic chip (SC-BU-300300-L,

Translume) for the multiphoton imaging flow cytometer. Flowing cells

were focused into a single stream by acoustic focusing with a piezo-

electric transducer (2.44Z25*30R-SYX(C-213), Nihon Denkei Co.,

Ltd.). We used a signal generator (DSG815, Rigor) and an amplifier

(HSA4101, NF corporation) with an applied voltage of 7 V at a fre-

quency of 2.62 MHz to generate resonance acoustic waves for acous-

tic focusing.

3.3 | Bootstrap analysis

We performed bootstrap analyses on the cell size measurements from

FWM images, the total SHG intensity measurements from SHG

images, the cell size measurements from bright-field images, and the

Lugol intensity measurements from Lugol-stained images. Each boot-

strap analysis was repeated with 2000 iterations. The results show

that the standard deviations of the averaged values calculated from

the bootstrap-resampled data are smaller than the day-by-day

changes of the average values. These results support our claim that

the time-dependent changes in cellular properties can be character-

ized by multiphoton imaging flow cytometry. See Supporting Informa-

tion for the code we used and the numerical results of the bootstrap

analyses.

3.4 | Sample preparation

C. zofingiensis (NIES2175) was provided by the Microbial Culture Col-

lection at the National Institute for Environmental Studies (NIES;

F IGURE 4 Evolution of the
amount of starch in C. zofingiensis
cells after glucose feeding.
(A) Violin plots of integrated SHG
signal intensity values from
C. zofingiensis cells. The dots on
the plots represent mean SHG
signal intensity values. (B) Lugol-
stained images of C. zofingiensis

cells before glucose feeding and
3, 6, and 9 days after glucose
feeding, respectively. (C) Violin
plots of integrated Lugol intensity
values from C. zofingiensis cells.
The dots on the plots represent
mean Lugol intensity values
[Color figure can be viewed at
wileyonlinelibrary.com]
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Tsukuba, Ibaraki, Japan). The cells were precultured for 15 days in a

modified acetate medium (mAC) [41]. After the preculture, glucose

was added into the culture media such that the glucose concentration

becomes 20 mg/mL, followed by further cultivation of the cells for 0–

9 days. Throughout the entire cultivation process, the light condition

was 14-h light/10-h dark cycle illumination (60 μmol/m2/s for the

F IGURE 5 Evolution of the cell area versus SHG fraction in C. zofingiensis cells after glucose feeding. (A) Scatter plots of C. zofingiensis cells
after glucose feeding, showing changes in the cell size and SHG intensity fraction in bin 1. (B) Binning schematic [Color figure can be viewed at
wileyonlinelibrary.com]
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light condition) and the temperature in the incubator was maintained

at 26�C. For multiphoton imaging flow cytometry experiments, the

cell suspension was diluted to a concentration of 1.0 � 105 cells/mL

with mAC medium. To prevent cell aggregation during the multipho-

ton imaging flow cytometry experiments, TWEEN 20 was added to a

final concentration of 0.3% (volume/volume).

3.5 | Lugol staining

The standard Lugol staining procedure was employed for visualizing

intracellular starch [31]. In a 1-mL suspension, the C. zofingiensis cells

were fixed by treating them with 2.5% glutaraldehyde for 10 min,

washed three times and stored in Dulbecco's phosphate-buffered

saline (DPBS). The cells were stored at 4�C until the time of the Lugol

staining experiment. Lugol [31] solution (5% of I2/10% of KI) was

added to the cells to a final concentration of 2% of I2 and 4% of

KI. The cells were incubated for 10 min and imaged using an optical

microscope (Leica MC 170 HD, Leica microsystems) with a �40

objective lens.
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