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ABSTRACT: Phototrophs assimilate CO2 into organic compounds that accumulate in storage organelles. Elucidation of the carbon 
dynamics of storage organelles could enhance the production efficiency of valuable compounds and facilitate the screening of strains 
with high photosynthetic activity. To comprehensively elucidate the carbon dynamics of these organelles, the intra-organellar distri-
bution of the carbon atoms that accumulate at specific time periods should be probed. In this study, the biosynthesis of polysaccharides 
in storage organelles was spatiotemporally probed via stimulated Raman scattering (SRS) microscopy using a stable isotope (13C) as 
the tracking probe. Paramylon granules (a storage organelle of β-1,3-glucan) accumulated in a unicellular photosynthetic alga, Eu-
glena gracilis, were investigated as a model organelle. The carbon source of the culture medium was switched from NaH12CO3 to 
NaH13CO3 during the production of the paramylon granules; this resulted in the distribution of the 12C and 13C constituents in the 
granules so that the biosynthetic process could be tracked. Taking advantage of high-resolution SRS imaging and label switching, the 
localization of the 12C and 13C constituents inside a single paramylon granule could be visualized in three dimensions, thus revealing 
the growth process of paramylon granules. We propose that this method can be used for comprehensive elucidation of the dynamic 
activities of storage organelles.

INTRODUCTION 
Phototrophs assimilate CO2 into carbohydrates that produce metab-
olites via downstream pathways. These organic compounds are 
stored in specific organelles, including starch granules in amylo-
plasts,1–3 polysaccharide granules of β-glucans,4,5 lipid droplets,6,7 
protein bodies,8–10 and protein storage vacuoles.11,12 These storage 
organelles undergo dynamic metabolic processes (biogenesis and 
degradation) and intracellular trafficking as response to the cell cy-
cle and extracellular environments.12–16 The distribution of the car-
bon atoms that accumulate at specific time periods in the organelles 
should be probed to comprehensively elucidate the carbon dynam-
ics of the organelles. Elucidation of the detailed metabolic pro-
cesses can enhance the production efficiency of valuable com-
pounds, including foods,17,18 biofuels,19,20 and recombinant pro-
teins.21 Furthermore, monitoring carbon fixation affords the criteria 
for screening strains that exhibit high photosynthetic activities, 
which can contribute to the reduction in atmospheric CO2 levels. 
Conventionally, proteomic and metabolomic analyses combined 
with stable isotope (SI) labeling22–24 have revealed the carbon 
fluxes of storage organelles. However, they only provide average 

metabolic information for a large population of organelles and do 
not provide spatial information, such as distribution and localiza-
tion, in organelles; this is also not achieved through subcellular 
analysis of isolated organelles.22 In addition, proteomic and metab-
olomic analyses are not applicable to bio-polymers with heteroge-
neous molecular weights such as polysaccharides. In contrast, flu-
orescence microscopy performed with fluorescent probes25,26 visu-
alizes the spatial information (shape, amount, and distribution) of 
storage organelles. However, fluorescence imaging exhibits several 
critical limitations in capturing the dynamics of storage organelles, 
such as the limited applicability of pulse-chase analysis,27 pertur-
bation of cellular metabolism by fluorescence staining,28–30 and 
photobleaching, which prevents long-term monitoring.25 Thus, spa-
tiotemporal investigation of storage organelles remains challenging 
by conventional methods. 
Conversely, Raman microscopy combined with SI labeling can 
spatiotemporally probe metabolic dynamics,31–48 thereby offering 
the following significant advantages for investigating storage orga-
nelles: first, cellular metabolic processes, even in a dynamic equi-
librium, can be tracked by exposing cells to SI-labeled substrates, 



 

and the localization and distribution of the SI-labeled products in 
the cells can be detected by Raman microscopy.48 Second, SI-
labeled substrates do not interfere with the biological functions of 
cells because their physiological properties are hardly affected by 
SI labeling.49 Third, SI labeling is applicable to a wide range of 
target biomolecules, including proteins,32–38 DNA,37–39 lipids,40–43 
polysaccharides,44,45 and small metabolites,46–48 in different cell 
types by selecting SI-labeled substrates that are present in the de-
sired metabolic pathways. Fourth, because Raman microscopy is 
free from photobleaching, Raman imaging combined with SI label-
ing can be used for long-term monitoring of organelle activity. 
Previously, we probed photosynthetic activity of a unicellular alga, 
Euglena gracilis,50–52 by Raman microscopy with SI-labeled water 
(D2O) as the substrate.44 The results revealed that D2O was assim-
ilated and incorporated into paramylon granules (the storage orga-
nelles composed of β-1,3-glucan) through not only photosynthesis 
but also other enzymatic reactions, which prevented the specific 
probing. We then confirmed that 13CO2, the other substrate of pho-
tosynthesis, is a specific probe of photosynthetic activity and ap-
plied it to monitor production of paramylon granules in an single E. 
gracilis cell isolated in a microfluidic chip for a long term.45 Stim-
ulated Raman scattering (SRS) microscopy revealed the incorpora-
tion of 13C into the paramylon granules, proving the photosynthetic 
activity was maintained, whereas it still remains to be elucidated 
the detailed growing process. 
In this study, we further investigated the carbon dynamics in a sin-
gle paramylon granule via SRS microscopy at sub-organellar reso-
lution and statistical image analysis including segmentation of the 
granule, in which 13CO2 is exposed to different conditions as the 
tracking probe (Figure 1). Specifically, the carbon source of the 
culture medium was switched from NaH12CO3 to NaH13CO3 during 
production of the paramylon granules, and the distribution of the 
12C and 13C constituents in a paramylon granule was observed to 
track the biosynthetic process. Owing to high-resolution SRS im-
aging, the localization of the 12C and 13C constituents inside a single 
paramylon granule was visualized in three dimensions (3D), which 
revealed the growth process of the granules. Because paramylon 
granules are converted into wax esters by E. gracilis cells,53–55 
which can be refined into biodiesel,19,20 elucidation of the detailed 
metabolic process of paramylon granules could be valuable in en-
hancing the production efficiency of algal biofuel by capturing CO2 
from the atmosphere. 

  

Figure 1. Schematic of our approach. The biogenesis of paramylon 
granules in an algal cell was investigated via SRS microscopy em-
ploying 13CO2 and 12CO2 substrates that were exposed to different 
conditions and subsequent segmentation analysis of each granule. 

EXPERIMENTAL SECTION 
Algal Material and Culture Conditions. Euglena gracilis NIES-
48 was obtained from the Microbial Culture Collection at the Na-
tional Institute for Environmental Studies (NIES, Tsukuba, Ibaraki, 
Japan). An autotrophic medium (AF-6) was employed for culturing 
(working volume: 20 mL). The cells were grown in culture flasks 
(a 50-mL polystyrene-suspension culture flask with a filter cap, 
Greiner Bio-One Co., Ltd., Tokyo, Japan) under static conditions 

of 14-hour light/10-hour dark cycle (~100 μmol/m2s−1) at 28 °C. 
Before inducing the growth of the paramylon granules with an SI 
medium, the E. gracilis cells were grown in a normal AF-6 medium 
at a pH of 6.6 for a minimum of 3 days as a preculture. In the ex-
ponential growth phase, the cells in the preculture were transferred 
to a nitrogen-deficient AF-6 medium (without NH4NO3 and 
NaNO3) containing 20 mM 13C–sodium bicarbonate (NaH13CO3; 
13C, 99%; Cambridge Isotope Laboratories, Inc., Tewksbury, MA, 
USA) or 12C–sodium bicarbonate (NaH12CO3; Nacalai Tesque, Inc., 
Kyoto, Japan) to induce the growth of 13C– or 12C–paramylon gran-
ules in the culture flasks (polystyrene-suspension culture flask with 
a standard screw cap, 50 mL volume, Greiner Bio-One Co., Ltd., 
Tokyo, Japan) at a density of 1 × 105 cells mL−1 (working volume: 
20 mL). The cells were incubated under continuous light illumina-
tion (~150 μmol/m2s−1) at 28 °C. To switch the incubation atmos-
phere from the 12C to 13C source, the cells were transferred from 
the nitrogen-deficient AF-6 medium with NaH12CO3, to that with 
NaH13CO3 for different durations (3, 6, 12, and 18 h) during the 24-
hour incubation period (Figure 5a). To induce the paramylon gran-
ules containing the 13C and 12C constituents, the cells were incu-
bated in a nitrogen-deficient AF-6 medium containing NaH13CO3 
and NaH12CO3 at different ratios (molar ratios of NaH13CO3 to 
NaH12CO3 were 0:100, 25:75, 50:50, 75:25, and 100:0; final con-
centration of total NaHCO3: 20 mM) for 5 days. Regarding the SRS 
microscopy analysis, the cells were immobilized using a 0.25% 
glutaraldehyde solution and concentrated via centrifugation 
(1100×g for 5 min). 
Extraction of the 13C- and 12C-labeled Paramylon Granules 
from the E. gracilis Cells. The 13C– and 12C–paramylon granules 
were extracted from the E. gracilis cells according to a previously 
reported procedure.45,56 After inducing the production of paramy-
lon granules, an aliquot (1.5 × 107 cells) was collected and resus-
pended in 1.8 mL of deionized water and subsequently mixed with 
0.2 mL of ice-cold 30% perchloric acid. The mixture was vortexed 
for 1 min before it was centrifuged for 2 min at 1100×g. The su-
pernatant was discarded, 2 mL of 1% sodium dodecyl sulfate was 
added to the pellet, and the mixture was vortexed for 1 min before 
it was heated in boiling water for 15 min. Thereafter, the sample 
was centrifuged for 5 min at 1100×g, and the supernatant was dis-
carded; these steps were repeated two times. The resulting pellets 
were freeze-dried and analyzed via SRS microscopy. 
SRS Imaging of the 13C- and 12C-Labeled E. gracilis Cells. SRS 
imaging of the E. gracilis cells was conducted in a manner similar 
to that reported previously.57–59 For 2D imaging including Figure 
2–4, 5b, and 5d, hyperspectral SRS images at 91 spectral points 
between 2800 and 3100 cm−1 (at intervals of 3.3 cm−1) were ac-
quired successively. The spectral resolution of the SRS microscope 
was ~5 cm−1. For 3D SRS imaging including Figure 5e and 5f, the 
following procedures were modified: the SRS data were acquired 
at seven spectral points (2860, 2880, 2896, 2910, 2925, 2937, and 
3050 cm−1) to accelerate the scanning speed compared with that of 
hyperspectral data. The number of pixels of the Raman image was 
500 × 500 pixels for a field of view of 80 μm × 80 μm at a mapping 
speed of 30 frames per second (0.033 s per image). Accordingly, 
only 0.23 s was required to obtain one cross-sectional 2D image by 
considering one accumulation as one scan. The stage position was 
scanned with a 0.5-micrometer step along the depth direction to ob-
tain a total of 20 cross-sectional images. 
To discriminate spatial distributions of three constituents (13C– and 
12C–paramylon granules as well as the chloroplasts), the SRS data 
𝐝! at the jth pixel were decomposed using the spectral bases 𝐬" ac-
quired from the three pure constituents (𝐬#, 13C–paramylon gran-
ules; 𝐬$, 12C–paramylon granules; 𝐬%, chloroplasts), that is, 𝐝! 	=
		𝑐!#𝐬# + 𝑐!$𝐬$ + 𝑐!%𝐬%	, where the coefficients 𝑐!" are the concen-
trations of the corresponding constituents. The spectral bases of the 



 

hyperspectral (91 points, Figure S8a) and multispectral (7 points, 
Figure S9a) SRS data were employed to obtain the pseudo-inverse 
matrices, respectively (Figure S8b and S9b). We used them to ob-
tain the spatial distributions of the three constituents from each SRS 
image of E. gracilis cells as 2D images. To obtain a 3D SRS image, 
the cross-sectional 2D images were stacked by the ImageJ soft-
ware.60,61 
Statistical Analyses of the SRS Images for the 13C Ratios of the 
Paramylon Granules. The 13C ratios of the paramylon granules 
containing the 13C and 12C constituents were analyzed from their 
SRS images employing the CellProfiler software.62 The software 
was employed to plot the histograms, heatmaps, and averages with 
standard deviations of the 13C ratios (Figure S1). First, the SRS im-
ages of the extracted paramylon granules or E. gracilis cells, in 
which the granules were accumulated, were split into three chan-
nels (13C– and 12C–paramylon granules as well as the chloroplasts) 
based on their respective spectral bases. The split images of the 
13C– and 12C–paramylon constituents were stacked and merged to 
obtain the total intensities of both signals. The merged image was 
converted into a mask of paramylon granules with threshold sizes 
(a mask for each whole granule). The each granule mask was fur-
ther segmented into five regions from the center to the periphery 
for analyzing localization of 13C– and 12C–paramylon constituents. 
The resultant masks were applied to the original SRS images (13C– 
or 12C–paramylon constituents) to obtain the total intensity in each 
paramylon-granule-masked area. The intensities of the 13C– and 
12C–paramylon constituents were employed to calculate the 13C ra-
tios and plot the graphs. 

RESULTS AND DISCUSSION 
SRS Imaging of the E. gracilis Cells Accumulating the 13C– or 
12C–Paramylon Granules. First, the E. gracilis cells accumulating 
the 13C– and 12C–paramylon granules were differentiated by SRS 
imaging based on the shift in the Raman spectra. The production of 
the paramylon granules was induced in the cells for 24 h using cul-
ture media containing 13C– and 12C–NaHCO3 as the 13CO2 and 
12CO2 sources, respectively. The Raman spectra of the three con-
stituents (13C– and 12C–paramylon granules as well as the chloro-
plasts) were identified, and a redshift was observed in the spectrum 
of the 13C–paramylon granules compared with the 12C–paramylon 
granules (shift in the peak, 13 cm–1; Figure 2a) in the CH stretching 
region (2800–3100 cm−1). This result demonstrated that 13CO2 was 
incorporated into the E. gracilis cells and converted subsequently 
into paramylon granules through carbon fixation. Further, the 
E. gracilis cells that accumulated the 13C– or 12C–paramylon gran-
ules were differentiated by SRS imaging. The Raman spectra of the 
three constituents of the E. gracilis cells (Figure 2a) were employed 
for the linear decomposition, after which the 13C– and 12C–paramy-
lon granules as well as the chloroplasts were color-coded as red, 
green, and blue, respectively, to acquire tricolor Raman images in 
the RGB color model.58 SRS imaging clearly differentiated the two 
types of cells accumulating the 13C– or 12C–paramylon granules 
(Figure 2b). These results indicate that 13CO2 was converted into 
13C–paramylon granules through cellular metabolism, and the Ra-
man spectrum of the CH stretching region revealed a red-shift 
through which SRS imaging clearly discriminated the 13C– and 
12C–paramylon granules. 
SRS Imaging of the Paramylon Granules that were Incubated 
by a Mixture of the 13C and 12C Sources. Second, the Raman 
spectral shift in the paramylon granules that were incubated with 
the 13C and 12C sources, which were mixed in different ratios, was 
investigated. The production of the paramylon granules in the cells 
was induced employing different molar ratios of 13C– and 12C–Na-
HCO3 (13C: 0, 25, 50, 75, and 100 mol%), after which they were 
extracted to acquire the Raman spectra and SRS images. The Ra-
man peaks in the CH stretching region gradually shifted toward 

lower wavenumber positions as the 13C ratio increased (Figure 3a). 
By plotting the wavenumbers against the ratios of the 13C source in 
the culture media, a linear relationship was observed (Figure 3b). 
This result indicates that the ratios of the 13C and 12C constituents 
of the granules corresponded to those of the carbon sources in the 
culture media owing to the fixations of 13CO2 and 12CO2 with equal 
probabilities, respectively. This result is similar to that of the reso-
nance Raman spectral shifts of carotenoids, which were incubated 
with a 13C source (ß-carotene and astaxanthin in cyanobacterial46 
and algal cells,48 respectively). Thereafter, these paramylon gran-
ules were visualized via SRS microscopy employing the spectra of 
100% 13C– and 100% 12C–paramylon granules (Figure 2a), which 
were color-coded as red and green, respectively (Figure 3c). Re-
garding the mixture of 100% 13C– and 100% 12C–paramylon gran-
ules, they were discriminated as red and green in the same field of 
view, respectively. Conversely, the paramylon granules containing 
13C and 12C were represented as the gradation colors of red (100% 
13C–paramylon granules) and green (100% 12C–paramylon gran-
ules) in the RGB color model (e.g., 25%, yellow-green; 50%, yel-
low; 75%, red-orange; Figure 3c). The histograms of the ratios of 
13C in each whole paramylon granule, as calculated by image anal-
ysis (Figure S1), reveal that the peaks of the distribution corre-
sponded to the ratios of the 13C sources in the culture media (Figure 
S2c), because the spectra of the granules containing 13C and 12C 
were estimated as superpositions of the spectra of 100% 13C– and 
100% 12C–paramylon granules at the intensity ratios that corre-
sponded to the incubation ratios (Figure S3), thus generating color 
codes as the gradation colors. The heatmaps of the 13C ratios in the 
five segmented regions of the single paramylon granules were uni-
formly coded with a single gradation color and standard deviations 
of the average values were relatively low (Figure 3d), indicating 
that the 13C and 12C constituents were homogeneously distributed 
in each granule at a constant ratio. These results reveal that the Ra-
man peaks in the CH stretching region were gradually red-shifted 
linearly as the 13C ratio increased. The ratios of 13C and 12C in the 
paramylon granules were estimated semi-quantitatively by employ-
ing the SRS images of the color-coded spectra of 100% 13C– and 
100% 12C–paramylon granules. 

 

Figure 2. SRS imaging of the mixed E. gracilis cells accumulating 
13C– or 12C–paramylon granules. (a) Raman spectra of the 13C– and 
12C–paramylon granules as well as the chloroplasts in the CH 
stretching region (2800–3100 cm−1). Red: 13C–paramylon granules, 
green: 12C–paramylon granules, blue: chloroplasts. (b) An SRS im-
age of the mixed cells. The three constituents (13C– and 12C–para-
mylon granules, as well as the chloroplasts) are color-coded in red, 
green, and blue in the RGB color model, respectively. Scale bar: 20 
µm. 

Time-Resolved SRS Imaging of the Paramylon Granule-Incor-
porated 13C. Third, the production of paramylon granules in the 
E. gracilis cells was induced using the 13C source, and the incorpo-
ration of 13C into the paramylon granules was monitored via SRS 
imaging. Specifically, the cells were incubated in culture media 
containing the 13C source for 0, 1, 3, 6, 12, and 24 h (Figure 4a). 
Next, the 13C constituents in the paramylon granules were investi-
gated by an SRS microscope (Figure 4b). Thereafter, only a few 



 

small-sized 12C–paramylon granules (green) were observed imme-
diately after the induction (0 h, Figure 4b (i)), whereas many large 
paramylon granules containing the 13C constituent were observed 
after 3 h of induction, as represented by the gradation colors (yel-
low or red-orange, Figure 4b (iii)) of red (the 13C constituent) and 
green (the 12C constituent) in the RGB color model. After 6 h of 
induction, the amount of the 12C–paramylon granules (green) de-
creased significantly, and most of the paramylon granules con-
tained the 13C constituent, which was represented as a reddish color 
(Figure 4b (iv)). After 12 h of induction, most of the paramylon 
granules contained a high 13C levels (red-orange or red, Figure 4b 
(v)). The ratio of the 13C constituents of each paramylon granule 
was calculated by image analysis (Figure S1). The resultant histo-
grams of the 13C ratios reflected the distribution changes that cor-
respond to the results obtained from SRS imaging (Figure 4c). 
These results indicate that the production of the 13C constituent of 
the granules proceeded after 3 h of induction; moreover, most of 
the paramylon granules mainly contained the 13C constituent after 
12 h of induction. As demonstrated above, SRS imaging employing 
the 13C-substrate successfully tracked the production period of 
paramylon granules. 

 

Figure 3. SRS microscopy and statistical analyses of the extracted 
paramylon granules that were incubated with the 13C and 12C 
sources in different molar ratios. (a) Enlarged view of the Raman 
spectra peaks in the CH stretching region of the paramylon granules 
that were incubated in different ratios of the 13C source. (b) Raman 
shifts of the peaks against the ratios of the 13C source in the culture 
media. (c) SRS images of the extracted paramylon granules, which 
were color-coded as red and green employing the spectra of the 
100% 13C– and 100% 12C–paramylon granules, respectively, in the 
RGB color model. The granules were mixed in the cases of the 0% 
and 100% 13C sources. Scale bars: 10 µm. (d) Heatmaps (left) and 
average values with standard deviations (right) of the 13C ratios in 
the five segmented regions (from the center to the periphery) of the 
individual paramylon granules (n = 300). The 13C ratios were cal-
culated by analyzing the SRS images (n = 5, including the images 
in (c)). 

SRS Imaging of the Paramylon Granules that were Incubated 
by Switching the Carbon Source from 12C to 13C. Fourth, the 
carbon source was switched from 12C to 13C during the production 
of the paramylon granules, after which the ratios of the 12C and 13C 
constituents in the paramylon granules were investigated via SRS 
imaging. Specifically, the time taken to switch from 12C to 13C var-
ied during the 24-hour period of incubation, namely 18, 12, 6, and 
3 h, thus extending the later 13C incubation period (Figure 5a). For 

the control experiments, the cells were incubated with the 12C or 
13C source only (Figure 5a (i) and (vi), respectively). The SRS im-
age, as well as the analyzed heatmap and histogram (Figures 5a–c 
and S5), mainly exhibited the 12C–paramylon granules (green) for 
the switching at 18 h (condition (ii)). Conversely, regarding the 
switching at 12 h (condition (iii)), the granules containing the 13C 
constituent appeared in reddish colors in the image and the heatmap, 
whereas the histogram of the averaged 13C ratios of the whole gran-
ules exhibited the broad distribution (peak: 35%, Figure S5c). Re-
garding the switching at 6 h (condition (iv)), the greenish (12C-rich) 
and reddish (13C-rich) granules were observed in a single cell with 
a markedly broad distribution of the averaged 13C ratios, while the 
granules with a high 13C constituent (90%–95%) were also ob-
served. Regarding the switching at 3 h (condition (v)), the distribu-
tion of the 13C constituent converged to the peak at 90%–95%. 
These results demonstrate that the 13C ratios of the paramylon gran-
ules increased significantly when the cells were incubated with a 
13C source in 3–12 h (conditions (iv) and (v)), indicating that the 
paramylon constituent was actively produced within this period. 
This finding is consistent with that of time-resolved SRS imaging 
for the incorporation of 13C into the paramylon granules (Figure 4). 
The paramylon granules, which were extracted from the cells that 
were incubated under the same conditions, were also investigated, 
and the SRS imaging and statistical analyses obtained the same re-
sults (Figure S6). Notably, the 13C distribution of the whole para-
mylon granules in the histograms gradually shifted toward higher 
values via the intermediate ratios as the 13C incubation time in-
creased, rather than through a bimodal distribution (Figure S5c). 
Conversely, the greenish (12C-rich) and reddish (13C-rich) colors 
were observed in the SRS images rather than gradation colors (Fig-
ure 5b). Moreover, the standard deviations of the 13C ratios in the 
five segmented regions of the individual paramylon granules are 
significantly higher (Figure 5c (iii)–(v)) than those of the paramy-
lons in which 13C and 12C constituents were homogeneously dis-
tributed at constant ratios (Figure 3d). These results indicate that 
the 13C (red) and 12C (green) constituents were heterogeneously lo-
calized in a single paramylon granule. 

 

Figure 4. Time-resolved SRS imaging of paramylon granule-incor-
porated 13C with a 13C source. (a) Timeline of the incubation of the 
E. gracilis cells with 13C incubation. (b) SRS images of the E. gra-
cilis cells. The 13C and 12C constituents as well as the chloroplasts 
were color-coded in red, green, and blue in the RGB color model, 
respectively, employing the spectra in Figure 2a. Scale bars: 20 µm. 
(c) Histograms of the 13C ratios of the paramylon granules. The 13C 



 

ratios and counts of the paramylon granules were calculated by an-
alyzing the SRS images (n = 15, including the images in (b)). 

To investigate the localization of the 13C constituent under the in-
termediate conditions, the magnified SRS images of the extracted 
paramylon granules were investigated (Figures 5d (iii)–(v)). We 
observed granules in which the 13C constituent was localized 
around the periphery of the granules, while the 12C constituent was 
located at the center, as well as 13C-rich and 12C-rich granules. The 
plots of the 13C ratios in the five segmented regions also supported 
the localization of 13C constituent around the periphery (Figure 5d, 
granules B). This result indicates that the newly produced 13C con-
stituent accumulated on the surface of an immature granule since 
the 13C source was incubated in the later periods. As the later 13C 
incubation term was extended in the total incubation period (24 h), 
the 13C constituent infiltrated the granules from the edge toward its 
center, thus forming a thickened 13C layer (Figure 5d). These dif-
ferences in the thickness of the 13C layer highlighted the constituent 
that was accumulated during the incubation periods between the 
switching times (6 h–12 h (Figures 5a (iii) and (iv)) and 3–6 h (Fig-
ures 5a (iv) and (v)), thus reflecting the growing process. This find-
ing emphasizes the benefit of the high-resolution imaging of a sin-
gle paramylon granule, which revealed the localization of the 12C 
and 13C constituents, rather than their averaged ratio. As demon-
strated above, SRS imaging revealed the active production periods, 

as well as the growth process of the paramylon granules by switch-
ing 12C and 13C incubation at different times, followed by tracing 
the localization of the 13C constituent in the paramylon granules. 
Analysis of the Three-Dimensional SRS Image of a Single Para-
mylon Granule. 
Finally, the localization of the 13C and 12C constituents in a single 
paramylon granule was investigated via 3D SRS imaging. We 
scanned the stage position along the depth direction by 0.5 µm steps 
and acquired a series of SRS images of the immobilized cell, which 
was incubated under condition (v) in Figure 5a; the images were 
stacked into a 3D image (Figure 5e). The cross-sectional analysis 
revealed a paramylon granule with a core–shell structure in which 
the 12C and 13C constituents acted as the core and shell, respectively, 
along the XY plane, as well as the XZ and ZY planes (Figure 5f). 
This core–shell structure was formed by coating the 13C constituent 
on an immature 12C–paramylon granule, which grew via the 
12C/13C switching, thus confirming the aforementioned growth pro-
cess. Additional cross-sectional analyses of the paramylon granules 
incubated under condition in Figure 5a (iii)–(v) also supported the 
growth model (Figure S7). As demonstrated above, 3D SRS imag-
ing revealed the localization of the 13C and 12C constituents inside 
a paramylon granule, thereby elucidating the growth process 
through which the newly produced constituents were coated on the 
surface of the immature granule. 

 

 
Figure 5. SRS imaging of the E. gracilis cells and their paramylon granules that were incubated via atmospheric switching from the 12C to 
the 13C source. (a) Incubation timeline of the E. gracilis cells with incubation switching from the 12C to 13C source at different periods. (b) 
Representative SRS images of the E. gracilis cells that were incubated under the conditions in (a). All the measured SRS images are shown 
in Figure S4. Scale bars: 20 µm. (c) Heatmaps (left) and average values with standard deviations (right) of the 13C ratios in the five segmented 
regions (from the center to the periphery) of the individual paramylon granules (n = 600). The 13C ratios were calculated by analyzing the 
SRS images (n = 9, including the images in (b)). (d) Left: Magnified SRS images of the extracted paramylon granules that were incubated 
under the conditions in (iii), (iv), and (v) of (a). Representative granules (12C-rich, A; 13C-localized, B; 13C-rich, C) are indicated by arrows. 
Scale bars: 5 µm. Right: Plots of the 13C ratios of the corresponding granules against the five segmented regions. (e) Three-dimensional SRS 
imaging of the E. gracilis cells that were incubated under the condition in (v) of (a). (f) Cross-sectional analysis of the E. gracilis cells in 
image (e). Scale bars: 20 µm. The 13C and 12C constituents, as well as the chloroplast in all the SRS images, correspond to the red, green, 
and blue color codes in the RGB color model, respectively, employing the spectra in Figure 2a or Figure S9a.
 

CONCLUSION 
In this study, the spatiotemporal probing of the biogenesis of para-
mylon granules in E. gracilis cells was demonstrated via SRS mi-
croscopy in which the 13CO2 and 12CO2 sources were exposed to 
different conditions. First, the E. gracilis cells, which accumulated 
the 13C– or 12C–paramylon granules that were produced through 

carbon fixation, were distinguished via SRS imaging based on the 
shift in the Raman spectra. Secondly, the red-shift in the Raman 
spectra of the paramylon granules that were incubated with the 13C 
and 12C sources, which were mixed in different ratios, was investi-
gated. The Raman peaks gradually red-shifted linearly as the 13C 
ratio increased, and the ratios of 13C and 12C in the paramylon gran-
ules were estimated semi-quantitatively via the SRS imaging of the 



 

color-coded spectra of the two 13C– and 12C–paramylon granules. 
Third, the incorporation of 13C into paramylon granules was moni-
tored via time-resolved SRS imaging employing the 13C source, 
which revealed the time taken to produce a paramylon granule. 
Fourth, the carbon source was switched from 12C to 13C at different 
times to investigate the ratios of the 12C and 13C constituents of the 
granules. SRS imaging revealed the active periods, as well as the 
growth process of the granules by tracing the localization of the 13C 
constituent of the paramylon granules. Finally, the localization of 
the 12C and 13C constituents of a paramylon granule was investi-
gated via 3D SRS imaging. The cross-sectional analysis revealed 
the structures of 12C (core) and 13C (shell), thus confirming the 
growth process of a paramylon granule accumulating the newly 
produced constituents on an immature granule. 
The method reported herein could be applied to a wide range of 
organellar activities, including metabolism (degradation and turno-
ver, intracellular trafficking, and extracellular transportation), by 
detecting the specific Raman spectra. By integrating this method 
with technologies for single-cell isolation,45,63 the long-term dy-
namic processes of storage organelles can be monitored in an iden-
tified cell with 3D information. Furthermore, combining with Ra-
man-activated cell sorting64,65 will enable the screening of the cells 
which form the target storage organelles (e.g., wax ester in the E. 
gracilis cells) from a large cell population, thus highlighting the 
unique differences in their metabolic activities. Collectively, our 
method offers great opportunities for the comprehensive elucida-
tion of the dynamic activities of storage organelles. 
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