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different scatter angles [6–8]. In addition, fluorescent 
properties of the cells arise either from externally applied 
fluorescent probes or intrinsic cellular pigments [6–8].

The first typically analysed scatter angle is called wide-
angle light scatter, also known as side scatter (SSC). The 
scatter intensity in this direction can be used as a mea-
sure of the internal structuredness of cells. It is known 
that organelles or other small cellular components con-
tribute to this signal [8–13]. Nevertheless, it is not yet 
clear how the various cell components contribute in 
detail to the SSC. The second important scatter angle 
called forward scatter (FSC) results from light being scat-
tered from the cells in the direction of propagation of 
the incident light. FSC intensity is often interpreted as a 
measure for the size of cells. Nevertheless, the FSC/size 
correlation is partially also affected by the granularity 

Introduction
Single-cell analysis (SCA) can be used to reveal het-
erogeneity in cell populations and to understand their 
single-cell dynamics [1–5]. One of the most important 
techniques to facilitate SCA is flow cytometry (FC). In 
flow cytometers, optical properties of cells are rapidly 
analysed which includes quantification of light scatter-
ing, and fluorescence derived from these cells. Light scat-
tering is typically characterised as light intensity at two 
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Abstract
Objective  Flow cytometry (FC) is probably the most important technique for single-cell analysis. It’s precisely, rapid, 
and suitable for multidimensional single-cell analysis. The commonly used side scatter (SSC) intensity determined by 
FC is often interpreted as a measure of the internal cellular complexity of cells. In simple terms, the more structured a 
cell is, the higher the SSC intensity quantified by FC. Nevertheless, most of the studies that support this interpretation 
are based on data derived from animal or human cell lines and while it is assumed that the results can also be 
transferred to plant or algal cell lines, the details remain unclear. The objective of the recent work is to clarify the 
interpretation of the SSC signal from algal cells.

Results  Algal lipid droplets and their starch play an inherent role to shape the popular SSC signal derived from FC. 
This was shown by a theoretical approach based on Lorenz–Mie theory. These results were supported by experiments 
with different model cultures of Chlamydomonas reinhardtii in which a high linear correlation was observed between 
the SSC signal and the ‘physical’ starch quantity.
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of the cells which may lower this correlation. Most of 
the knowledge of cellular light scattering properties rely 
on studies with human or animal cell lines, but it does 
not necessarily reflect the phenomena in plants or algal 
cells. Plants and algal cells differ significantly in that they 
contain numerous starch granules, a rigid cell wall and 
chloroplasts in which photosynthesis occurs [14, 15]. Flu-
orescent light, emitted from intrinsic pigments of algal 
cells can be even used to characterize algal populations in 
biological oceanography [16–18].

To the best of our knowledge, the recent study is the 
first of its kind to directly indicate that the starch gran-
ule fraction is the major contributor to the SSC signal 
from algal cells. The evidence relies on an application 
of Lorenz–Mie theory of light scattering to single par-
ticles and simplified model cells including a direct com-
parison of FC data with reference data from different cell 
cultures.

Experimental section
Model cells  A wild-type strain of the green alga Chlam-
ydomonas reinhardtii (CC1690) was used for this study.

Preculture and synchronisation  Chlamydomonas 
cells were precultured and synchronized as previously 
described [19, 20]. The model cultures studied were light-
dark synchronized cultures. Briefly, the cells were con-
tinuously aerated with CO2 enriched air (2% [v/v] CO2) in 
so-called Kniese tubes, that act as simple bubble column 
photobioreactors. The cells were synchronized by appli-
cation of a repetitive light–dark regime (12 h light/12 h 
dark) and daily dilution with fresh culture media at the 
end of each dark phase. Daily starting cell concentration 
was 7 ⋅ 105 cells mL-1 [19, 20]. Cultivation was done at 
800 µmol photons m-2 s-1 (high light), 400 µmol pho-
tons m-2 s-1 (medium light), and 200 µmol photons m-2 
s-1 (low light). Light intensity was quantified inside the 
cell suspension (Quantum Scalar Laboratory Type QSL-
2100; Biospherical Instruments Inc., San Diego, USA). 
The whole procedure was performed a total of six times, 
including two independent biological replicates per light 
intensity. Replicates were prepared from different colo-
nies after re-cloning.

Quantification of cell number  Cell concentration was 
measured using a MultiSizer 3 particle counter (Beckman 
Coulter, Krefeld, Germany). Cells between a diameter of 
2.28 μm and 23 μm were counted.

Starch quantification  Starch extraction procedure and 
the subsequent quantification of released glucose mono-
mers were performed as described by Garz et al. (2012) 
[19]. Briefly, starch granules were isolated and then hydro-
lysed to glucose by Amyloglucosidase. Glucose was then 

indirectly quantified by an enzymatic starch determina-
tion based on the enzymatic reactions of hexokinase and 
glucose-6-phosphate dehydrogenase. NADPH which is 
synthesised stochiometric to the glucose monomers was 
finally quantified by photometric detection at 340  nm. 
The resulting starch amount per suspension volume was 
related to the respective cell concentration which gives 
finally the starch amount per 1 million cells.

Flow cytometry  SCA was done by a commercial 
CYFLOW SPACE flow cytometer (Partec, Münster, Ger-
many), equipped with a blue 488  nm solid-state laser 
(20 mW), and with the FLOMAX software version 2.5 
(Partec, Münster, Germany). Handling of the device and 
data analysis was done according to the manufacturer. In 
total fifty thousand cells were analysed for each sample 
with a maximum count rate of 1000 counts per second. 
Gain setting for the SSC photomultiplier tube was 195, 
with a 3-decade range.

Calculated side scatter intensities  The freeware tool 
MIEPLOT (version 4.6.21) was used to simulate side scat-
ter intensities of single subcellular particles and simplified 
model cells [21, 22]. Taking the small size of ribosomes 
into account, the calculation of angular scattering of ribo-
somes was based on Rayleigh theory of light scattering 
[21]. For all larger cellular ingredients, calculations were 
done with Lorenz–Mie theory of light scattering [21]. 
MIEPLOT is able to plot functions for scattering inten-
sity depending on particle sizes, material properties, and 
illuminating wavelength. In the recent study spherical 
particles of various refractive indices (RI) and diameters 
have been considered (Additional file1: Table S1). Unpo-
larised light at 488 nm was used for calculations. The con-
tribution of the whole organelle fraction in a model cell 
was calculated as side scatter intensity multiplied by the 
number of distinct particles belonging to the organelle 
fraction.

Statistical analysis  For statistical analyses, SIGMA-
PLOT version 14 (Systat Software GmbH, Düsseldorf, 
Germany) was used.

Results
Theoretical approach
Figure  1 shows the angle-dependent light scattering 
intensity of different cellular constituents. Calculations 
are done with the MIEPLOT software and based on 
Lorenz–Mie theory [21]. The resulting visualization can 
be interpreted as follows, the particles are located in the 
origin of the diagram (centre of the polar plot), whereas 
incident light illuminates from the 180° direction, and 
the calculated SSC intensity can be finally read at 90° or 
270°. Mitochondria and ribosomes exhibit much lower 
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Fig. 1  Angle-dependent light scattering. (A) Polar plot of scattering angle vs. scattered intensity for single cellular constituents. The insert shows a 
zoomed-in area. (B) Polar plot of scattering angle vs. scattered intensity for starch granules exhibiting different sizes. Insert shows a zoomed-in area. (C) 
Summarized contribution of different cellular constituents in relation to SSC and FSC
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SSC intensity than starch granules or lipid bodies. A 
comparison of different particles at a constant diameter 
shows that the high RI of lipid bodies and starch cause 
the high contribution to the SSC intensity (Additional 
file1: Table S1). For relatively large particles (e.g. 1  μm 
diameter), most of the light is scattered in forward direc-
tion (FSC at 0°) (Fig. 1A). The overall scatter intensity of a 
ribosome (25 nm diameter) is very low. In contrast to the 
larger particles, ribosomes show a more isotropic scatter-
ing pattern. Finally, the contribution of a single ribosome 
to the wide-angle light scatter intensity is negligible and 
the contribution of a single mitochondrion remains com-
paratively low (Additional file1: Table S1). The relation 
between the size of starch granules and the calculated 
scattering intensity is shown in Fig. 1B. During photosyn-
thesis driven starch accumulation in algal cells, the diam-
eter of the starch granules will increase, which leads also 
to a higher contribution to the SSC intensity (Fig. 1B).

As a simplification, all considerations have been 
focused so far on scattering events from single particles 
within the algal cell and the effect of the various cell 
components remains unclear because, for example, the 
number of intracellular particles per cell varies greatly 
between the observed organelle groups. Based on this, 
Table S2 shows the calculated relative contribution of the 
expected scattering intensity at 90° (SSC) of the whole 
organelle fractions in a theoretical model cell. The model 
cell contained 50 starch granules, 50 mitochondria, 
120,500 ribosomes (scenario one) and, if a nitrogen-free 
media is used, 7 lipid bodies as well (scenario two). The 
calculation is still simplified because only single scat-
tering events have been assumed (no re-scattering from 
adjacent particles). As result, most of the scattering 
intensity at 90° from an algal cell was due to scattering 
from starch granules (80%), while around 20% originates 
from the mitochondria fraction and the contribution of 

ribosomes is negligible (Additional file1: Table S2, Sce-
nario one). Lipid droplets are known to appear almost 
exclusively in algal cells grown in nitrogen-free media 
[4, 23]. Even with nitrogen deprivation (Additional file1: 
Table S2, Scenario two) the contribution of the relatively 
low amount of lipid droplets per cell will be less than 15% 
of the total SSC signal.

The theoretical approach showed that the SSC intensity 
in algal cells is mostly dependent on the starch granule 
fraction. Figure  1C summarises the contribution of dif-
ferent cellular constituents in relation to SSC and FSC 
scattering intensity that can be analysed by FC.

Experimental validation by FC analysis of model cells 
grown under conditions with different starch content
The experimental validation of the theoretical results 
was done using synchronised cultures of the green alga 
Chlamydomonas. Such synchronised cultures are often 
used as model systems that pass various stages of devel-
opment more or less in parallel. During their repetitive 
cellular development, the cells exhibit very different cel-
lular starch concentrations, which can be finally used 
as a reference for validations. Each synchronised cul-
ture is characterised by small cells at a low starting 
cell concentration at the beginning of each light phase 
(Fig. 2A). During illumination, the diameter and the cel-
lular starch content of the cells will increase (Fig. 2B). At 
the end of the light phase cell division and release of the 
small daughter cells is initiated (Fig. 2A). Release of the 
daughter cells is usually finalised after a couple of hours 
(Fig. 2A).

The three different light intensities resulted in different 
cell number productivities and starch content dynamics 
and thus can be used as model cultures for a correlation 
analysis between the SSC signal derived from FC and 
the starch content determined after extraction. Under 

Fig. 2  Characterisation of model cultures grown under three different light intensities. (A) Cell number based on suspension volume plotted against 
time. Means ± SD are given (n = 4). (B) Starch content per 1 million cells obtained by extraction. Developmental cycle of the synchronized algal cells and 
the duration of the light and dark phase is schematically visualized on top of A and B. (C) Correlation of starch content obtained by extraction and mean 
of SSC signals derived from flow cytometry. Correlation analysis was based on the time points: 0, 3, 6, 9, 12, 15, and 24 h. Development of SSC and starch 
content was plotted after normalisation. Means ± SD are shown (FC: n = 2; extraction: n = 4)
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the three growth conditions, a high linear relationship 
between mean SSC signal and ‘physical’ starch content 
was observed (Fig.  2C). The correlation coefficients are 
rho = 0.95, rho = 0.99, and rho = 0.99.

Discussion
FC is a powerful tool for the analysis of cell cultures. 
Nevertheless, the detailed interpretation of how cells 
exhibit different scattering intensities in the two typically 
measured scattering angles from FC devices is often not 
possible. The reason is that cells are very complex and 
dynamic structures, which makes accurate predictions 
of the light scattering behaviour almost impossible. One 
way of solving this issue is the use of strong approxima-
tions. In the past it was shown that there is a correlation 
between cellular complexity and the SSC-signal [9–13]. 
Most of the studies are restricted to heterotrophic cells, 
like human cells. In photosynthetic organisms (includ-
ing algae) starch granules and lipid bodies seems to be 
the most important contributors to the SSC intensity 
that can be easily measured by FC (Fig.  1, Additional 
file1: Table S1). The reason for this is the very large RI of 
lipid droplets and especially of starch in comparison to 
the surrounding medium (approximated as RI from cyto-
plasm). These storage compounds contribute much larger 
than ribosomes or mitochondria which should hold true 
also for other cellular constituents with low RI.

In addition, a more realistic scenario was investigated 
which includes a realistic number of particles/cellular 
constituents within a model cell. Also in this scenario, the 
starch fraction remains the major contributor to the SSC 
intensity in algal cells (Additional file1: Table S2).

The simplified theoretical approaches were directly 
supported by experimental comparisons with fast grow-
ing model cultures that undergo typical strong devel-
opmental dynamics [19, 20, 24]. In a direct comparison 
between SSC signal from FC and the ‘physical’ starch 
content within algal cells, a strong linear relationship 
between SSC signal and starch content was observed 
(Fig.  2C). The correlation coefficients ranged between 
0.95 and 0.99. The cells are grown under three different 
light intensities resulting in different cellular properties 
(including e.g. daughter cell productivity, starch content, 
cell size distributions (data not shown), and chlorophyll 
content (data not shown)). All the parameters could 
affect the optical properties of the cells and thus could 
potentially diminish the expected correlation between 
SSC Signal and ‘physical’ starch content. Neverthe-
less, the correlation remains high, and the SSC signal is 
strongly dependent on the cellular starch content. Con-
sequently, the SSC signal could be interpreted as a strong 
indicator of the cellular starch content within algal cells 
and thus could be used for label-free process monitoring 
in algal biotechnology.

Recent studies have shown that the single cell dynam-
ics of synchronous algal culture are far from being under-
stood [24, 25]. In addition to the present work, alternative 
FC approaches were established including a combination 
between FSC and chlorophyll fluorescence analysis or 
FC-based Raman scattering measurements, allowing rel-
ative and label-free starch determinations [26, 27].

It can be concluded that storage compounds with a 
high RI (starch and lipid droplets) are the most impor-
tant contributors to the SSC signal typically measured by 
FC. This enables FC to be used as a sensitive, label-free 
tool for fast analysis of culture dynamics within algal cell 
cultures, which finally enables fast and label-free relative 
starch determinations on a single-cell level.

Limitations

 	• As a simplification, only single scattering events were 
assumed (no re-scattering from adjacent particles).

 	• In algal cells, the shape of lipid droplets, starch 
granules, ribosomes and mitochondria are not 
necessarily spherical and varying sizes have to 
be considered. Thus, the calculations are only 
approximations because the Lorenz–Mie theory of 
light scattering applies to spherical particles.

 	• Investigation of the interaction of lipid droplets with 
light was restricted to the theoretical approach. A 
correlation analysis of cellular lipid amount against 
SSC was not done experimentally, because the cells 
are grown under non-limiting conditions. This 
means the number of lipid droplets is neglectable.

Abbreviations
FC	� Flow cytometry
SSC	� Wide-angle light scattering intensity or side scattering signal
SCA	� Single-cell analysis
FSC	� Scattering in forward direction
RI	� Refractive index

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s13104-024-06983-6.

Supplementary Material 1

Acknowledgements
We gratitude Prof. Martin Steup for the discussions about heterogeneity in 
cell cultures. We also thank Dr Oliver Reich and Dr Lena Bressel for the helpful 
debates about light scattering.

Author contributions
MS and MR performed experiments. MS performed data analysis, light 
scattering calculations, and manuscript writing. MR participated in 
experiments, parts of data analysis, and manuscript writing. All authors read 
and approved the final manuscript.

Funding
Open Access funding enabled and organised by Projekt DEAL.

https://doi.org/10.1186/s13104-024-06983-6
https://doi.org/10.1186/s13104-024-06983-6


Page 6 of 6Sandmann and Rading BMC Research Notes          (2024) 17:327 

Open Access funding enabled and organized by Projekt DEAL.

Data availability
The datasets generated during and/or analysed during the current study are 
available from the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 22 April 2024 / Accepted: 21 October 2024

References
1.	 Fritzsch FSO, Dusny C, Frick O, Schmid A. <ArticleTitle Language=“En”>Single-

Cell analysis in Biotechnology, Systems Biology, and Biocatalysis. Annu Rev 
Chem Biomol Eng. 2012;3:129–55.

2.	 Delvigne F, Zune Q, Lara AR, Al-Soud W, Sørensen SJ. Metabolic variability in 
bioprocessing: implications of microbial phenotypic heterogeneity. Trends 
Biotechnol. 2014;32:608–16.

3.	 Rosenthal K, Oehling V, Dusny C, Schmid A. Beyond the bulk: disclosing the 
life of single microbial cells. FEMS Microbiol Rev. 2017;41:751–80.

4.	 Sandmann M, Schafberg M, Lippold M, Rohn S. Analysis of population struc-
tures of the microalga Acutodesmus obliquus during lipid production using 
multi-dimensional single-cell analysis. Sci Rep. 2018;8:6242.

5.	 Velmurugan N, Sung M, Yim SS, Park MS, Yang JW, Jeong KJ. Evaluation 
of intracellular lipid bodies in Chlamydomonas reinhardtii strains by flow 
cytometry. Bioresour Technol. 2013;138:30–7.

6.	 Picot J, Guerin CL, Le Van Kim C, Boulanger CM. Flow cytometry: retro-
spective, fundamentals and recent instrumentation. Cytotechnology. 
2012;64:109–30.

7.	 Dubelaar GBJ, Jonker RR. Flow cytometry as a tool for the study of phyto-
plankton. Sci Mar. 2000;64:135–56.

8.	 Shapiro HM. Microbial analysis at the single-cell level: tasks and tech-
niques. J Microbiol Methods. 2000;42(1):3–16. https://doi.org/10.1016/
s0167-7012(00)00167-6.

9.	 Bohren CF, Huffman DR. Absorption and Scattering of Light by Small Particles. 
WILEY-VCH; 2004.

10.	 Mourant JR, Freyer JP, Hielscher AH, Eick AA, Shen D, Johnson TM. Mecha-
nisms of light scattering from biological cells relevant to noninvasive optical-
tissue diagnostics. Appl Opt. 1998;37(16):3586–93. https://doi.org/10.1364/
ao.37.003586.

11.	 Dunn A, Richards-Kortum R. Three-Dimensional Computation of Light Scat-
tering From Cells. IEEE J Sel Top Quantum Electron. 1996;2:898–905.

12.	 Drezek R, Dunn A, Richards-Kortum R. Light scattering from cells: finite-
difference time-domain simulations and goniometric measurements. Appl 
Opt. 1999;38(16):3651–61. https://doi.org/10.1364/ao.38.003651.

13.	 Ulicný J. Lorenz-Mie light scattering in cellular biology. Gen Physiol Biophys. 
1992;11(2):133–51.

14.	 Ghatak A, Chaturvedi P, Weckwerth W. Cereal Crop Proteomics: Systemic 
Analysis of Crop Drought Stress Responses Towards Marker-Assisted 
Selection Breeding. Front Plant Sci. 2017;8:757. https://doi.org/10.3389/
fpls.2017.00757.

15.	 Strenkert D, Schmollinger S, Gallaher SD, et al. Multiomics resolution of 
molecular events during a day in the life of Chlamydomonas. Proc Natl Acad 
Sci U S A. 2019;116(6):2374–83. https://doi.org/10.1073/pnas.1815238116.

16.	 Hashemi N, Erickson JS, Golden JP, Ligler FS. Optofluidic characterization of 
marine algae using a microflow cytometer. Biomicrofluidics. 2011;5(3):32009–
320099. https://doi.org/10.1063/1.3608136.

17.	 Jacquet S, Lennon J-F, Marie D, Vaulot D. Picoplankton population dynamics 
in coastal waters of the northwestern Mediterranean Sea. Limnol Oceanogr. 
1998;43:1916–31.

18.	 Vaulot D, Marie D. Diel variability of photosynthetic picoplankton in the 
equatorial Pacific. J Geophys Res Atmos. 1999;104:3297–310.

19.	 Garz A, Sandmann M, Rading M, Ramm S, Menzel R, Steup M. Cell-to-cell 
diversity in a synchronized Chlamydomonas culture as revealed by single cell 
analyses. Biophys J. 2012;103:1078–86.

20.	 Sandmann M, Garz A, Menzel R. Physiological response of two differ-
ent Chlamydomonas reinhardtii strains to light-dark rhythms. Botany. 
2015;94:53–64.

21.	 Laven P. A Computer Program for Scattering of Light From a Sphere Using 
Mie Theory & the Debye Series http://www.philiplaven.com/mieplot.htm 
(2021).

22.	 Mie G. Beiträge zur Optik trüber Medien, speziell kolloidaler Metallösungen. 
Ann Phys. 1908;330:377–445.

23.	 Hu Q, Sommerfeld M, Jarvis E, et al. Microalgal triacylglycerols as feedstocks 
for biofuel production: perspectives and advances. Plant J. 2008;54(4):621–39. 
https://doi.org/10.1111/j.1365-313X.2008.03492.x.

24.	 Rading MM, Sandmann M, Steup M, Chiarugi D, Valleriani A. Weak correla-
tion of starch and volume in synchronized photosynthetic cells. Phys Rev 
E Stat Nonlin Soft Matter Phys. 2015;91(1):012711. https://doi.org/10.1103/
PhysRevE.91.012711.

25.	 Umen JG. Sizing up the cell cycle: systems and quantitative approaches 
in Chlamydomonas. Curr Opin Plant Biol. 2018;46:96–103. https://doi.
org/10.1016/j.pbi.2018.08.003.

26.	 Yang YP, Juang YS, Hsu BD. A quick method for assessing chloroplastic starch 
granules by flow cytometry. J Plant Physiol. 2002;159(1):103–6.

27.	 de Pablo JG, Lindley M, Hiramatsu K, Isozaki A, Goda K. Label-free live microal-
gal starch screening via Raman flow cytometry. Algal Res. 2023;70:102993.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations. 

https://doi.org/10.1016/s0167-7012(00)00167-6
https://doi.org/10.1016/s0167-7012(00)00167-6
https://doi.org/10.1364/ao.37.003586
https://doi.org/10.1364/ao.37.003586
https://doi.org/10.1364/ao.38.003651
https://doi.org/10.3389/fpls.2017.00757
https://doi.org/10.3389/fpls.2017.00757
https://doi.org/10.1073/pnas.1815238116
https://doi.org/10.1063/1.3608136
http://www.philiplaven.com/mieplot.htm
https://doi.org/10.1111/j.1365-313X.2008.03492.x
https://doi.org/10.1103/PhysRevE.91.012711
https://doi.org/10.1103/PhysRevE.91.012711
https://doi.org/10.1016/j.pbi.2018.08.003
https://doi.org/10.1016/j.pbi.2018.08.003

	﻿Starch granules in algal cells play an inherent role to shape the popular SSC signal in flow cytometry
	﻿Abstract
	﻿Introduction
	﻿Experimental section

	﻿Results
	﻿Theoretical approach
	﻿Experimental validation by FC analysis of model cells grown under conditions with different starch content

	﻿Discussion
	﻿Limitations

	﻿References


