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Supplementary Text S1. Why is Background Subtraction Needed in Cellular Raman Spectroscopy 

Raman spectrum measurement of living cells is often practically low in reproducibility in technical replicate due to slight 

deviation in optical adjustment and/or photodamage by long and strong laser irradiation. In addition, the scattering light detected 

by the sensor contains not only Raman scattering light from cells but also autofluorescence of the cells, the Raman scattering 

light from the glass substrate and the medium, and multiple scattering between intracellular micro-structures and/or between 

the cell and the substrate, which are undesired background signals. These problems disturb the investigation of cellular 

heterogeneity. To solve them, the background subtraction process to obtain a pure cell-derived Raman spectrum from the 

observed spectrum have been developed, such as first/second-order derivatives, frequency-domain filtering, polynomial fitting, 

wavelet transformation, and so on (s1). These are primarily methods for autofluorescence removal and are not intended to 

remove substrate/medium-derived background spectra. Because the background spectrum can be reduced by selecting quartz 

as the substrate and a medium containing less substances, it is not often discussed. However, since hiPSCs are sensitive to 

surrounding environment, such that optimizations for observation may perturb a hiPSC condition and degrade its quality. It is 

needed to discuss the removal of substrate/medium-derived spectrum from observed spectrum to achieve the aim. 

In general, the background signal can be measured before or after in the absence of cells. The cell-derived spectrum is obtained 

by subtracting the pre-measured background spectrum from the overall observed spectrum (Figure S1A). At this time, the 

background spectrum should be appropriately scaled due to the various optical phenomena, and the automation of the scaling 

is proposed (s2). This method assumes full technical reproducibility of focal position control. Practically, some technical 

deviation remains, such as the parallelism of the sample stage and the reproducibility of the focal position control between the 

background observation ant the cell observation. Also, the throughput of spectrum acquisition is reduced by half. It is preferable 

that the background spectrum is acquired at the same time as the cell observation. The average background signal can be 

measured from the signals emitted from substrates other than the cells in field of view (Figure S1B). The cell-derived spectrum 

is acquired correctly if under less optical aberration, such as using stage-scanning type confocal system. The background signal 

in the field of view is not uniform because there are optical aberrations in many cases. Hence, the background spectrum is 

estimated from signals in the vicinity of the cells (Figure S1C). Still, it is difficult to completely estimate the background 

spectrum because the multi-scattering effects are unpredictable. The resulting cell-derived spectra are slightly biased depending 

on the sample dish, experiment date, and analyst.  

 
Supplementary Text S2. Procedure of Background Prediction for Raman Spectrum Measurement 

A line-illumination was formed on 125 μm corresponding to 400 pixels as X-axis with a cylindrical lens, and was scanned 

only 10 steps of 3.35 μm/step as Y-axis (see Figure 1A in the main text). Notably, the spectral intensity depended on the position 

due to optical aberration by the cylindrical lens: The X-position dependence was observed that the center of the field of view 

was irradiated more strongly than both ends in the line illumination (Figure S2A, p1, p2 and p3). Plotting average intensity on 

the Y-axis at each wavenumber as a function of the X-position, ridges depending on the presence or absence of cells were 
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 

 
 
Figure 1  The present single-cell Raman 
spectroscopy. (A) Explanative cartoon of the 
procedure to acquire hyper spectral image. (B) 
Raman spectra of six cells of 253G1 hiPSC. The 
upper panel is the segmentation results and the 
lower is the spectra. The numbers and colors 
match to the upper and lower. 
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Introduction 
 
Singularity phenomenon in a multicellular system is caused by avalanche of cell-cell interaction triggered by sudden 

state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 
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confirmed at the cell-specific wavenumbers (Figure S2B, red, 755 cm-1 and green, 1653 cm-1), whereas the substrate-specific 

wavenumber showed a Gauss-like distribution derived from the radiant intensity profile of the used laser (Figure S2BC, blue, 

495 cm-1). First, for segmentation between cell-area and noncell-area, cell-specific peaks were crudely extracted by subtracting 

the 41-point averaged spectrum from the 5-point averaged spectrum (Figure S2C, upper). We used the cell-specific peak at 

1438 cm-1, attributed to CH2 scissoring vibration mainly in lipids, among several indicative peaks for the segmentation (Figure 

S2D, lower). The 1006 cm-1 peak, attributed to phenyl-ring breathing vibration mainly in proteins, was also applicable as the 

indicator. The threshold values for the segmentation were set separately for cell area and non-cell area, and the threshold for 

cell area should always be higher than the other (Figure S2E). This two thresholds setup contributed to prevent the 

contamination of cell area signal in the non-cell area and to eliminate too low signal intensity area (Figure S2E, upper, double 

asterisks). Single cells were separately labeled by a watershed algorithm (s3) and then confirmed or corrected by the human 

eye (Figure S2E, upper, #1–#6). Then, we obtained the averaged spectrum within each cell area was obtained (Figure S2E, 

lower).  

Raman spectra obtained with the procedure mentioned above were a mixture of cell-derived and substrate/medium-derived 

spectra. The underlying concept of the conventional methods shown in Figure S1 has been to subtract the signal acquired in an 

area without cells from the signal with cells. Following this concept basically, we devised an algorism to predict spectrum 

derived from non-cell contents on a cell-exciting area. The first step is to plot the averaged intensity on the Y-axis at all each 

wavenumber of the non-cell area segmented with the threshold shown in Figure S2D (Figure S2F). The second is to estimate 

the background signal intensity at a given wavenumber as a function of X-position by approximating the X-position dependence 

with a polynomial function at the wavenumber (Figure S2F, solid lines). By doing this process at all wavelengths, the 

background spectrum on the cell areas can be predicted (Figure S2G). Finally, the cell-derived spectrum could be extracted by 

subtracting the predicted back-ground spectrum from the spectrum obtained on the cell area (Figure S2H). Herein, there was 

almost no effective aberration on Y-axis because the scanning range on Y-axis was limited to 33.5 μm. Therefore, we used the 

average spectrum along Y-axis on the X-position dependence at each wavenumber. Even if the aberration is observed on long 

ranged Y-axis, the background spectrum can be similarly predicted by two-dimensionally fitting the non-cell area with a 

polynomial plane. Either way, our background subtraction method requires image information that includes non-cellular regions, 

causing degradation of throughput of data collection. It is essential to improve the throughput to measure the cell heterogeneity 

more quantitatively. 

 

Supplementary Text S3. Procedure of Autofluorescence Subtraction and the Later 

The cell-derived spectrum obtained with the present procedure contains Raman spectrum and autofluorescence spectrum. Of 

the proposed methods (s1), polynomial fitting is the most common autofluorescence removal technique in a wide range of 

bioapplications (s4). The autofluorescence spectrum was determined as the lower envelop predicted by a least-squares 

approximation with a polynomial function, for example, quintic function (Figure S3A). First, the whole spectrum is fitted with 
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 

 
 
Figure 1  The present single-cell Raman 
spectroscopy. (A) Explanative cartoon of the 
procedure to acquire hyper spectral image. (B) 
Raman spectra of six cells of 253G1 hiPSC. The 
upper panel is the segmentation results and the 
lower is the spectra. The numbers and colors 
match to the upper and lower. 
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Introduction 
 
Singularity phenomenon in a multicellular system is caused by avalanche of cell-cell interaction triggered by sudden 

state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 
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a polynomial function. The data whose intensity is lower than the fitted curve is collected as a new data. Next the new data is 

again fitted with a different polynomial function. The 25∼200 repeat of this process gradually eliminates the higher-frequency 

Raman peaks from the initial spectrum (s4). Thus, The Raman spectrum was estimated by subtracting the predicted envelop 

from the initial spectrum (Figure S3B). The number of repetitions is not deterministic but case-by-case and relies on analyst 

intervention. Automation of the polynomial fitting has been developed (s5, s6) but has been practically difficult to uniquely or 

automatically determine the number of repetitions in condition of low signal to noise ratio such as in cell observation. Instead, 

though the automation of the fitting using multiresolution wavelet transformation was proposed (s7), the resulted spectrum 

depends on the wavelet threshold and the spectra resolution, generating a new issue of the selection of the appropriate threshold 

and resolution. Here, we applied rolling-circle algorism, because the only parameters to be set are diameter and ellipticity, 

eliminating necessary of fine-tune for each data (s8). Assuming that a circle rolls on an uneven surface, the trajectory of the 

ball surface is the envelope (Figure S3C). Thereby, the envelope can be deterministic independent of analyst or case. In this 

study, the diameter and ellipticity were set so that the sharp Raman peaks would be enhanced (Figure S3D).  

The Raman spectroscopy needs wavenumber calibration. Usually, the obtained spectra were calibrated with the peak 

wavenumbers of pure materials, such as ethanol. To avoid the risk that error occurs between the measurements of ethanol and 

cell samples, we calibrated the all spectra with the peak wavenumbers of cell specific peaks, 755 cm-1, 1131 cm-1, and 1585 

cm-1, of themselves. Finally, the spectrum data was interpolated from 500 to 1800 cm-1 with 1 cm-1 interval and processed with 

a 5-points moving average to reduce random noise. 

 

Supplementary Text S4. Pre-Investigation of Reproducibility in Technical Replicate 

Whichever the method shown in Figure S1 is used, a threshold setting is needed to segment cell-area from non-cell area. We 

investigated dependency of the threshold values on the background subtraction. Three sets of threshold pair for cell and for 

non-cell area were prepared (Figure S4A). The basic threshold values were set based on standard deviation of pixel intensities 

of non-cell area segmented by Otsu's image segmentation algorithm (s9). In the Set #1, the cell area and the non-cell area were 

segmented with the same threshold, three-folds of the standard deviation. In the Set #2, the cell area was segmented with the 

threshold of three-folds of the standard deviation and the non-cell area was with the threshold of two-folds of the standard 

deviation. In the Set #3, the cell area and the non-cell area were segmented with the same threshold, two-folds of the standard 

deviation. The different threshold sets resulted in different spectral shape in the conventional method shown in Figure S1C 

(Figure S4B). The present analysis procedure successfully reduced the threshold dependence between the Set #1 and the Set 

#2 (Figure S4C, red and blue). It is thought that this is because the background spectrum prediction with the numerical 

approximation was not so easily affected by the threshold for non-cell area. The threshold for cell area affected the spectral 

shape, but the effect was still smaller than the conventional method (Figure S4C, blue and green). 

We collected 52 single-cell spectra of 253G1 hiPSCs in four culture dishes, each dish included seven field of views, each 

FOV include one to six cells, and asked two different analysts to independently measure the average spectrum for each dish 
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 

 
 
Figure 1  The present single-cell Raman 
spectroscopy. (A) Explanative cartoon of the 
procedure to acquire hyper spectral image. (B) 
Raman spectra of six cells of 253G1 hiPSC. The 
upper panel is the segmentation results and the 
lower is the spectra. The numbers and colors 
match to the upper and lower. 
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Introduction 
 
Singularity phenomenon in a multicellular system is caused by avalanche of cell-cell interaction triggered by sudden 

state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 
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with the present procedure (Figure S5A). The threshold for cell division was not clearly different between dishes or between 

analysts, even though it depended on the analyst's senses (Figure S5B). The variation among the analysts was smaller than the 

variation among the culture dishes (Figure S5C) Visualization of the difference from the overall average spectrum as a heat 

map clearly exhibited the independency of analyst of the present procedure (Figure S5D). 

One more important origin of the low reproducibility in cellular Raman spectroscopy has been optical aberrations. Since 

optical aberrations directly affected obtained spectrum in Raman microscopy, causing the deviation between experimental day, 

precise optical adjustments are necessary for each experiment to ensure the reproducibility. Especially when using a home-

built microscope, the precision and accuracy of the adjustment de-pends on skill of microscopist because the optical parts are 

set and adjusted by his/her hands and eyes. Moreover, deviation in the optical adjustment may be accidentally generated due 

to relaxation of each screw after fine adjustment even under the control of room temperature and humidity. Such an accidental 

optical deviations are often overlooked be-cause microscopists and biological experimenters are different in most cases, which 

is one of the main causes of poor reproducibility in biological Raman measurements. Here, we intentionally shifted the optical 

axis adjustment to investigate its effect on the analysis. The misalignment of the optical axis affected not only the intensity 

distribution but also the wavenumber characteristics (Figure S6A). Though the X-position dependency of intensity would be 

identically approximated with a Gaussian distribution, the optical aberration distorted the distribution (Figure S6A, right). That 

was why we used polynomial function as a fitting function instead of Gaussian function. The present procedure could extract 

almost the same cell-derived spectrum regardless of the optical adjustment difference, be-cause of the prediction of the 

background signal at each wavenumber (Figure S6B). The average spectra for each dish were almost identical between the two 

optical aberration conditions (Figure S6C), indicating that the present procedure eliminated the effect of the aberration. 
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 
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Singularity phenomenon in a multicellular system is caused by avalanche of cell-cell interaction triggered by sudden 

state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 
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with the present procedure (Figure S5A). The threshold for cell division was not clearly different between dishes or between 

analysts, even though it depended on the analyst's senses (Figure S5B). The variation among the analysts was smaller than the 

variation among the culture dishes (Figure S5C) Visualization of the difference from the overall average spectrum as a heat 

map clearly exhibited the independency of analyst of the present procedure (Figure S5D). 

One more important origin of the low reproducibility in cellular Raman spectroscopy has been optical aberrations. Since 

optical aberrations directly affected obtained spectrum in Raman microscopy, causing the deviation between experimental day, 

precise optical adjustments are necessary for each experiment to ensure the reproducibility. Especially when using a home-
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set and adjusted by his/her hands and eyes. Moreover, deviation in the optical adjustment may be accidentally generated due 

to relaxation of each screw after fine adjustment even under the control of room temperature and humidity. Such an accidental 

optical deviations are often overlooked be-cause microscopists and biological experimenters are different in most cases, which 
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axis adjustment to investigate its effect on the analysis. The misalignment of the optical axis affected not only the intensity 

distribution but also the wavenumber characteristics (Figure S6A). Though the X-position dependency of intensity would be 

identically approximated with a Gaussian distribution, the optical aberration distorted the distribution (Figure S6A, right). That 

was why we used polynomial function as a fitting function instead of Gaussian function. The present procedure could extract 

almost the same cell-derived spectrum regardless of the optical adjustment difference, be-cause of the prediction of the 
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 
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Introduction 
 
Singularity phenomenon in a multicellular system is caused by avalanche of cell-cell interaction triggered by sudden 

state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 
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Supplementary Figure S1. Explanatory diagram of the current background subtraction methods. (A) A method for 

obtaining the average spectra of a cell area and the same area without the cell. (B) A method of obtaining the average spectra 

in each of a cell area and a non-cell area. (C) A method of obtaining the average spectra of each of a cell area and a non-cell 

area in the vicinity of the cell. In many cases, the background signal contained in the spectrum obtained in the cell area is larger 

than in the absence of cells. Therefore, the background spectrum is linearly scaled to zero intensity in the silent region when 

subtracted. 
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 

 
 
Figure 1  The present single-cell Raman 
spectroscopy. (A) Explanative cartoon of the 
procedure to acquire hyper spectral image. (B) 
Raman spectra of six cells of 253G1 hiPSC. The 
upper panel is the segmentation results and the 
lower is the spectra. The numbers and colors 
match to the upper and lower. 
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Introduction 
 
Singularity phenomenon in a multicellular system is caused by avalanche of cell-cell interaction triggered by sudden 

state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 
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Supplementary Figure S1. Explanatory diagram of the current background subtraction methods. (A) A method for 

obtaining the average spectra of a cell area and the same area without the cell. (B) A method of obtaining the average spectra 

in each of a cell area and a non-cell area. (C) A method of obtaining the average spectra of each of a cell area and a non-cell 

area in the vicinity of the cell. In many cases, the background signal contained in the spectrum obtained in the cell area is larger 

than in the absence of cells. Therefore, the background spectrum is linearly scaled to zero intensity in the silent region when 

subtracted. 
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Supplementary Figure S2. Extraction of cell-derived spectrum. (A) A pseudo-color image with cytochrome-C (755 cm-1) 

colored in blue, lipids (1653 cm-1) in green, and proteins (1438 cm-1) in red (upper) and typical Raman Spectra of each pixel in 

a cell area (p1) and non-cell areas at the both ends (p2 and p3)(lower). The axis direction of the line-formed illumination is the 

X-axis, and the scanning axis is the Y-axis. The scale bar is 10 μm. (B) X-position dependence of averaged intensity in a Y-axis 

at 495 cm-1 (blue), 755 cm-1 (green) and 1653 cm-1 (red) in the hyperspectral image shown in a. (C) Moving averaged spectrum 

in the range of 5 points (A, red) and 41 points (B, blue) of p1 in a (upper) and the subtracting between the two (green). (D) A 

segmentation result of cell and non-cell are with threshold of intensity at 1438 cm-1. (E) A labeling result (upper) and Raman 

spectra averaged within each labeled cell area (lower). The number and the color are corresponding in upper and lower. (F) X-

position dependence of averaged intensity in non-cell area in a Y-axis at 495 cm-1 (blue), 755 cm-1 (green) and 1653 cm-1 (red) 

in the hyperspectral image shown in A. (G) predicted background spectrum on each cell area. The number and the color 

correspond to E. (H) Subtractions of E and G. 
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 
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Introduction 
 
Singularity phenomenon in a multicellular system is caused by avalanche of cell-cell interaction triggered by sudden 

state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 
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Supplementary Figure S3. Two kinds of the current autofluorescence subtraction methods. (A) Explanatory diagram of 

the current autofluorescence subtraction method with polynomial fitting alogism. (B) A typical result of the polynomial fitting 

alogism. Raw data, red (A); Lower envelope obtained by the alogism, blue (B); the subtraction result of A and B, green. (C) 

Explanatory diagram of the current autofluorescence subtraction method rolling-circle alogism. (D) A typical result of the 

rolling-circle alogism. Raw data, red (A); Lower envelope obtained by the alogism, blue (B); the subtraction result of (A) and 

(B), green. 
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 
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Singularity phenomenon in a multicellular system is caused by avalanche of cell-cell interaction triggered by sudden 

state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 
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Supplementary Figure S3. Two kinds of the current autofluorescence subtraction methods. (A) Explanatory diagram of 

the current autofluorescence subtraction method with polynomial fitting alogism. (B) A typical result of the polynomial fitting 

alogism. Raw data, red (A); Lower envelope obtained by the alogism, blue (B); the subtraction result of A and B, green. (C) 

Explanatory diagram of the current autofluorescence subtraction method rolling-circle alogism. (D) A typical result of the 

rolling-circle alogism. Raw data, red (A); Lower envelope obtained by the alogism, blue (B); the subtraction result of (A) and 

(B), green. 
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Supplementary Figure S4. Threshold dependence of background subtraction. (A) Segmentation results with distinct 

threshold sets. The difference between threshold set #1 and #2 was the threshold for non-cell area, and the difference between 

threshold set #2 and #3 was the threshold for cell area. (B, C) Background-subtracted Raman spectra of the cell #2 (upper) and 

#4 (lower) in Figure S2E by the conventional method (B) and the present method (C) with threshold sets #1 (red), #2 (blue) 

and #3 (green).  
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 

 
 
Figure 1  The present single-cell Raman 
spectroscopy. (A) Explanative cartoon of the 
procedure to acquire hyper spectral image. (B) 
Raman spectra of six cells of 253G1 hiPSC. The 
upper panel is the segmentation results and the 
lower is the spectra. The numbers and colors 
match to the upper and lower. 
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Introduction 
 
Singularity phenomenon in a multicellular system is caused by avalanche of cell-cell interaction triggered by sudden 

state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 
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Supplementary Figure S5. Investigation analyst-dependence in the present background subtraction. (A) Explanative 

cartoon of analyst-dependence investigation. (B) Raman spectra averaged in each dish independently analyzed by two analysts 

(analyst #1, blue; analyst #2, red). (C) Difference spectra in dish #1 between the analyst #1 and #2 (red), and in the analyst#1 

between #1 and #2 (blue). (D) A heat map of the differences from the total averaged spectrum among four dishes and the two 

analysts. The color indicates the difference of mean spectrum of each dish and the average spectrum of all eight collections. 
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 
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state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 
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Supplementary Figure S5. Investigation analyst-dependence in the present background subtraction. (A) Explanative 

cartoon of analyst-dependence investigation. (B) Raman spectra averaged in each dish independently analyzed by two analysts 

(analyst #1, blue; analyst #2, red). (C) Difference spectra in dish #1 between the analyst #1 and #2 (red), and in the analyst#1 

between #1 and #2 (blue). (D) A heat map of the differences from the total averaged spectrum among four dishes and the two 

analysts. The color indicates the difference of mean spectrum of each dish and the average spectrum of all eight collections. 
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Supplementary Figure S6. Aberration dependence of background subtraction. (A) A pseudo-color image with 

cytochrome-C (755 cm-1) colored in blue, lipids (1653 cm-1) in green, and proteins (1438 cm-1) in red (upper) and X-position 

dependence of averaged intensity in a Y-axis at 495 cm-1 (blue), 755 cm-1 (green) and 1653 cm-1 (red) of two cases of aberration. 

The image size is 125 μm × 33.5 μm. (B) Average spectra of each cell in A and B. The number is corresponding between A and 

B. (C) Mean Raman spectra of 6 dishes obtained in the two cases of aberration. Different color, different dish. Blueness, 

aberration 1; Redness, aberration 2. The number #1 to #7 is each dish. 
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 
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state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 
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Supplementary Figure S7. Transcriptomic analysis of six hiPSC-lines during the myocardial differentiation. (A) Heat 

map representing color-coded expression of pluripotency related genes during the differentiation. (B) Heat map representing 

color-coded expression of cardiomyogenesis related genes during the differentiation. 
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 

 
 
Figure 1  The present single-cell Raman 
spectroscopy. (A) Explanative cartoon of the 
procedure to acquire hyper spectral image. (B) 
Raman spectra of six cells of 253G1 hiPSC. The 
upper panel is the segmentation results and the 
lower is the spectra. The numbers and colors 
match to the upper and lower. 
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Introduction 
 
Singularity phenomenon in a multicellular system is caused by avalanche of cell-cell interaction triggered by sudden 

state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 
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Supplementary Figure S7. Transcriptomic analysis of six hiPSC-lines during the myocardial differentiation. (A) Heat 

map representing color-coded expression of pluripotency related genes during the differentiation. (B) Heat map representing 

color-coded expression of cardiomyogenesis related genes during the differentiation. 
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Supplementary Figure S8. Mean Raman spectrum of six hiPSCs before and on 10th day after differentiation induction. 

Averaged Raman spectra of 4 individual dishes of 253G1 (A), 648A1 (B), HPS0458 (C), HPS0461 (D), HPS2108 (E) and 

HPS3284 (F) before (left) and on 10th day after differentiation induction (right). Color indicates each spectrum averaged.  
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 
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state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 
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Supplementary Figure S9. Time development of main peaks on Raman spectra during the myocardial differentiation. 

(A, B) Percentage change from before differentiation induction in mean intensity (A) or coefficient of variance (B) in a dish. 

Red characters in B indicate the peaks whose standard deviation increased more than 2-folds immediately after the 
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dimensional detector (PIX-IS400, Princeton Instruments, Trenton, 
NJ), as described in the previous reports [13–15]. A 532 nm laser 
(Ventus532: Laser Quantum, Stockport, UK) was used for 
illumination. The laser was shaped into a line with a cylindrical 
lens and directed onto the cells on a glass substrate. The laser 
intensity was 2.4 mW/μm2. The backward-scattering light was 
collected by an objective and captured on a 400×1340 pixels 
detector after being passed through a polychromator. The Raman 
spectrum was acquired over a range of 160 cm-1 to 2200 cm-1 on 
the 1340 pixels (1.52 cm-1/pixel). By scanning the line on an axis 
perpendicular to it, we acquired a hyperspectral image (Figure 
1A). The impact of photodamage due to the strong laser irradiation 
is one of the main factors behind the low-reproducibility of Raman 
spectroscopic measurements. To minimize photodamage, we 
limited the exposure time to 15 s and scanned only 10 steps at 3.35 
μm/step. Total time to acquire a single hyperspectral image was 
only 150 s. Number of cells measured for Raman spectra is 
summarized in Supplementary Table S1. 
 
Cell Culture 

The hiPSC-lines used in the study were purchased from Riken 
Cell Bank (Ibaraki, Japan). Cells were cultured on iMatrix-511 
(Takara Bio, Tokyo, Japan) coated dishes in StemFit AK02N 
medium (Ajinomoto, Tokyo, Japan) at 37°C and 5% CO2. The 
medium was changed daily. For cardiomyocyte differentiation, 
cells were cultured until 70% confluency and induced to 
differentiate using a PSC Cardiomyocyte Differentiation Kit 
(Gibco, Waltham, MA) following the manufacturer’s instructions. For Raman measurements, cells were harvested using 
TrypLE Select (Gibco) and washed with PBS and centrifuged at 150×g for 5 min before being resuspended in FluoroBrite 
DMEM Media (Gibco). 
 
Transcriptomic Analysis 

To analyze the transcriptome of human iPSCs and their differentiated derivatives, SurePrint G3 Human GE microarray 
8×60K Ver.3.0 (Agilent Technologies) was used. The cells were harvested from the same culture dish used for the Raman 
measurement. The RNA was isolated using an RNeasy mini kit (Qiagen, Venlo, Netherlands) and labeled with Cy3-CTP 
using a Low Input Quick Amp Labeling Kit (Agilent Technologies). Microarray hybridization was performed, and the 
hybridized slides were scanned using a microarray scanner (Agilent Technologies) following the supplier’s protocol. The 
fluorescent signals were processed with the Feature Extraction software (Agilent Technologies) and the processed signal 
data were normalized and analyzed using GeneSpring GX software Ver. 14.9 (Agilent Technologies). The microarray 
expression analysis was performed using biologically triplicate samples. 
 
Spectral Analysis 

For spectral analysis, the broad peaks from the glass substrate and auto-fluorescence was subtracted using rolling-circle 
algorithm, as described in supplementary text. For automated identification of spectral peaks, we applied the zero-crossing 
algorism to an averaged spectrum. All processes were performed using a custom-made software programmed in C++ 
(Visual Studio 2008, Microsoft, USA) and image processing was carried out using the OpenCV library (ver. 2.4.3). All 
analyses were performed with blinding information about the data, such as the differentiating days and the cell line, for 
the analyst. The principal component analysis (PCA) was performed using a function in the OpenCV library. Before PCA 
processing, the data were standardized with Z-score normalization. 
 
Dynamic Network Biomarkers (DNB) Analysis 

The procedure for DNB analysis in this study is based on a previous report [21,22]. The first step involved assigning 
each Raman shift to a component of the complex network. Significantly fluctuating components (Raman shifts) were 
identified using the F-test (with a significance level of alpha = 0.05) against Raman intensities of the experimental group 
(each day after differentiation) versus the control group (Day-0) and multiple-test correction was performed using the 
Benjamini-Hochberg method. Next, the Pearson's correlation coefficient (rij) was calculated between the fluctuating 
components with i and j representing different indices of the components. Hierarchical clustering was then performed 
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state transition of a single cell, here called singularity cell. A basic mechanism at work here is that interactions between 
individual cells form a field that influences the cells. This has been discussed in the bioholonics theory proposed in the 
1980s, which states that life phenomena are autonomous cooperative systems whose constituent elements are “holons”, 
which are relationships between individuals and fields, regardless of layer [1]. The driving force of state transition of cell 
in a biological system is spontaneous fluctuation, often called Yuragi [2,3], which has been experimentally confirmed in 
muscle contraction, signal transduction in a cell, and recognition by brain [4]. We previously found that, although ESCs 
does not have any oscillators or circadian rhythm, it exhibits a collective differentiation only with state transition driven 
by fluctuation and slaving by cell-cell interaction: the cell-cell interaction plays a role in maintaining cells in a stable state 
by mutually restricting spontaneous fluctuations with neighboring cells, and appearance-disappearance of cell-cell 
interactions causes collective state transition of cells in a colony [5]. We think that the mechanism for cells to synchronize 
in a multicellular system by collaboration of the fluctuation and the cell-cell interaction is the bottom foundation of 
Singularity phenomenon.  

Abductively considering a biological event, cell differentiation in this study, state fluctuation of an individual cell or the 
heterogeneity of the cells should increase prior to a collective differentiation of a cell colony. Cell differentiation can be 
represented by a ball rolling on a sloping surface of ridges and valleys that are dynamically formed by the destruction and 
reconstruction of complicated cross-interplay of elements composing epigenetic, genetic network, etc., as described in 
Waddington's epigenetic landscape [6]. The population distribution of the cell state is larger in the valley, which is called 
an attractor. The cell state stochastically fluctuates even in a stable attractor, and its transition is observed as a stochastic 
switching between different cell states by experimenters [7]. In such a dynamic complex system, the fluctuation of an 
observable/measurable parameter slows down as the switching event approaches, resulting in greater variance, which is 
called critical slowing down [8,9]. According to the above picture, an observable/measurable parameter that exhibits 
increased fluctuation when focusing on time course or an increased cellular heterogeneity when focusing on cell 
population should be present prior to cell state transition, including escape from pluripotency. Many researchers may have 
qualitatively noticed this phenomenon. For example, transcriptome analysis has shown that the expression of certain genes 
was more heterogeneous in mouse embryonic stem cells (ESCs) immediately after losing pluripotency [10]. However, it 
has not yet been quantitatively proven. 

In this study, we demonstrate a quantitative proof of the above-mentioned abductive hypothesis based on a Raman 
fingerprinting technology and human induced pluripotent stem cells (hiPSCs). Even if the hypothesis is true, it is unclear 
what and when will they exhibit fluctuation/heterogeneity. Therefore, measurement and analysis in the proof require 
comprehensiveness. The Raman spectrum emitted from a cell includes many spectral peaks derived from the 
comprehensive chemical status of molecular-bonds vibrations in a cell, and can be predictably linked to transcriptomic 
data [11,12]. So far, we have experimentally demonstrated that the spectral feature in Raman spectroscopy can be used to 
discriminate between cell states, similar to fingerprinting [13–15]. Moreover, even if the proof is achieved with only in 
an experimental model cell, it does not necessarily mean that our proof is universal. It is preferable to prove the hypothesis 
using cells in the same state with different genetic backgrounds. Induced pluripotent cells technology it is suitable for this 
purpose. Some research groups have previously reported on the use of Raman fingerprinting for identifying differentiating 
states of human induced pluripotent stem cells (hiPSCs) [16–20]. Naturally, the time course of differentiation of many 
single cells should be measured using multiple cell line types. Simplicity of observation is another reason for the use of 
Raman spectroscopy due to its unnecessity of any staining procedure. 

Here, we prepared six hiPSC-lines derived from different origins, collected Raman spectra of single-cells during 
cardiomyogenesis of them, and finally found that some of Raman spectra peaks exhibit heterogeneous features just before 
a hiPSC loses pluripotency, meaning the proof of our abductive hypothesis. Experimentally, the cellular heterogeneity 
was quantitated by coefficient of variation (CV) as the index of the degree of Yuragi, and the CV in the specific spectral 
peaks, most likely attributed to glycogen, increased more rapidly than signal intensity changes upon loss of pluripotency, 
meaning that the CV can be used as a biomarker for future cell state transition. Thus, our results demonstrated such 
analysis based on the Yuragi concept can detect state transition of a multicellular system prior to the conventional 
intensity-based analysis. Collective differentiation observed in this study is one of the simplest singularity phenomena. 
We believe that the Yuragi-based analysis promises to be a standard research tool in Singularity biology. 

 
Materials and Methods  
 
Raman Spectroscopy 

We acquired Raman spectra from cells using a home-built line-scan Raman microscope based on inverted microscope 
(IX81: Olympus, Tokyo, Japan) equipped with spectrometer (MK-300: Bunkoukeiki, Tokyo, Japan) and a two- 

Biophysics and Physicobiology Vol. 21

e211016_2

15
 
 
 

14 
 
 
 
 

 

 
Supplementary Figure S9. Time development of main peaks on Raman spectra during the myocardial differentiation. 

(A, B) Percentage change from before differentiation induction in mean intensity (A) or coefficient of variance (B) in a dish. 

Red characters in B indicate the peaks whose standard deviation increased more than 2-folds immediately after the 
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differentiation induction and decreased in the latter half in all hiPSC-lines. (C, D) Chi squared (χ2) values between the 6 hiPSC-

lines obtained using Kendall's coefficient of concordance for the mean intensity (C) or the coefficient of variance (D) in a dish. 

Average changing rate was calculated by integrating the amount of change in the intensity or CV between day 0 and day 1~10 

in all 6 cell-lines. Red color indicates p<0.01, blue indicates p<0.05, respectively. 

 
 
Supplementary Table S1. Number of cells measured 

Cell-line Day 0 Day 1 Day 2 Day 4 Day 7 Day 10 Day 14 

253G1 107 120 135 151 96 112 81 

648A1 100 93 108 132 135 142 86 

HPS0458 93 131 138 189 137 93 74 

HPS0461 151 139 141 144 112 72 78 

HPS2108 83 83 125 140 108 77 66 

HPS3284 116 130 164 146 111 114 87 

 


