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Abstract  

Photosynthetic microalgae not only perform fixation of carbon dioxide but also 

produce valuable byproducts such as lipids and pigments. However, due to the lack 

of effective tools for rapid and noninvasive analysis of microalgal cellular conte

nts, the efficiency of strain screening and culture optimizing is usually quite lo

w. This study applied single-cell electrorotation on Scenedesmus abundans to asses
s cellular dielectric properties during lipid accumulation and to promptly quantif

y total cellular contents. The experimental electrorotation spectra were fitted wi

th the double-shell ellipsoidal model, which considered varying cell wall thicknes

s, to obtain the dielectric properties of cellular compartments. When the amount o

f total lipids increased from 15.3 wt% to 33.8 wt%, the conductivity and relative 

permittivity of the inner core (composed of the cytoplasm, lipid droplets, and nuc

leus) decreased by 21.7 % and 22.5 %, respectively. These dielectric properties we

re further used to estimate total cellular lipid contents by the general mixing fo

rmula, and the estimated values agree with those obtained by weighing dry biomass 

and extracted lipids with an error as low as 0.22 wt%. Additionally, the conductiv

ity and relative permittivity of the cell wall increased as the nitrogen-starvatio

n period increased, indicating the thickening of cell wall, which was validated by 

the TEM images. 
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1. Introduction 

Biofuel production from renewable feedstock such as microalgae has received wi

de attention and intense research efforts for enhancing the efficiency and product

ivity (Mata, Martins, and Caetano 2010; Medipally et al. 2015). Microalgae are pho
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tosynthetic microorganisms that produce lipids and carbohydrates through “fixin

g” carbon dioxide with the aid of light (Xu et al. 2019) and therefore microalgal 

biofuel production has a great potential to achieve carbon neutrality. High conver

sion efficiency of carbon dioxide into lipids is critical in increasing the CO2 ut

ilization rate and reducing the production costs. To date, many efforts have been 

made to study the effects of various cultivation strategies on the enhancement of 

microalgal biofuels and biorefinery industry (Breuer et al. 2013; Chen et al. 201

7). Environmental stresses such as nitrogen starvation, high salinity, and high li

ght intensities are commonly applied to induce the accumulation of cellular lipids 

(Rai and Gupta 2017). However, the efficacy of these stresses in enhancing lipid p

roductivity is species and strain dependent. Additionally, the evaluation of the e

fficacy is usually slow because conventional methods for analyzing intracellular c

ontents are either time-consuming or strain-sensitive (T. H. Lee, Chang, and Wang 

2013; Patel et al. 2019). The presence of the microalgal cell wall makes cellular 

lipid quantification a complex and tedious process because the extraction of cellu

lar lipids requires effective disruption of the cell wall. The whole process invol

ves a harvesting, drying, cell disruption, and lipid extraction step which may tak

e up to days. Moreover, the process requires customization for different microalga

l strains (Li et al. 2014). Microalgal cellular contents vary significantly during 

the nutrient-depletion process and low productivity is highly possible if the harv

est timing is not optimized. Therefore, a rapid quantification method for the tota

l cellular lipid content is essential in ensuring a satisfactory productivity.  
 

Recently, several high-throughput analysis methods for microalgal lipids were 

developed, such as fluorescence spectroscopy, Fourier transform infrared spectrosc

opy (FTIR), Raman spectroscopy, and dielectric spectrometry (T. H. Lee, Chang, and 

Wang 2013; Patel et al. 2019). (Rumin et al. 2015) reviewed the fluorescence stain

ing of microalgal lipids and addressed several limitations such as aggregated fluo

rochrome, species-dependent dye concentrations, and changeable incubation duration

s due to the variation of cell wall compositions. Without preliminary work to opti

mize the protocol, (Rumin et al. 2015) pointed out that fluorescence labeling of l

ipids can lead to quantification errors. Moreover, optimal staining protocol also 

depends on the physiological status of microalgae which can change rapidly during 

the nutrient-depletion process. (Dean et al. 2010) proposed the use of FTIR to det

ermine microalgal lipid contents in a time series and validated the outcomes with 

the quantification by fluorescence spectroscopy. Nevertheless, FTIR required sampl

e drying and continuation of cell culture was impossible after the examination. Ra

man spectroscopy provided a rapid and non-invasive way to quantify average cellula

r lipids of a bulk sample (T.-H. Lee, Chang, and Wang 2013) or single microalgal c

ells (H. Wu et al. 2011). Although in vivo lipid detection was demonstrated on bul
k microalgal samples, cells with high lipid abundance could not be separated from 

others for further cultivation and refinement. On the other hand, bleaching of cel

lular pigments was necessary for single-cell measurement to improve the signal-to-

noise ratio but cell viability decreased significantly afterwards.  
 

Dielectric spectrometry used intrinsic cell properties such as permittivity an

d conductivity of cellular components to characterize cell status. The evolution o

f the cellular dielectric properties could be measured through bioimpedance, diele

ctrophoresis, and electrorotation. Bioimpedance measurement has been widely applie
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d to study the microalgae vitality and cellular lipid abundances (Saqer et al. 201

5; Martínez-Bisbal et al. 2019; Sui et al. 2020). In (Martínez-Bisbal et al. 201

9), impedance spectroscopy accompanying with voltammetric electronic tongue and NM

R spectroscopy were used to monitor the status of microalgae (Nannochloropsis ocea
nica) during growth and the results can be further used as the reference in real-t
ime monitoring of microalgal quality. In addition, electrical impedance can be an 

indicator of microalgal health and provides information of cellular phenotypes suc

h as cell size (Sui et al. 2020). (Saqer et al. 2015) proposed an impedance-based 

technique to predict cellular lipid contents by the change of impedance phase and 

the phase decreased exponentially from around -65o to -90o while the lipid content 

increased from around 10 wt% to 70 wt%. However, the impedance of a sample was hig

hly dependent on the volume fraction of cells, making single cell measurement chal

lenging. The changes in cellular lipid amounts modify the dielectric properties of 

microalgae and several reports used dielectrophoresis to sort microalgal cells wit

h different total lipid contents (Schor and Buie 2012; Deng, Kuo, and Juang 2014; 

Hadady et al. 2014, 2016). In (Deng, Kuo, and Juang 2014), microalgae cells (C. vu
lgaris) with average lipid contents of 13 wt% and 21 wt% were separated by dielect
rophoresis force at 7 MHz, using a low conductivity of buffer (2.93 mS/cm). These 

results showed that the difference in dielectric behavior enabled the selection of 

microalgae cells based on their total lipid contents. However, the suitable separa

tion parameters can only be determined by trial and error. These parameters were a

lso sensitive to microalgae species and operational conditions such as the conduct

ivities of solutions. Although dielectrophoresis could be utilized to differentiat

e cells with high and low lipid abundances, accurate lipid quantification is yet t

o be realized. Similarly, the characterization of microalgae using such techniques 

remains challenging. Electrorotation provides direct measurements of complex permi

ttivity (relative permittivity and conductivity) of cells which is very beneficial 

for the fundamental biological researches and the measurement is independent of th

e volume of the measured chamber and cell density (Français and Le Pioufle 2017). 

The obtained complex permittivity from electrorotation can be used to differentiat

e different cell types and could be further used on the research of cancers (Kawai 

et al. 2020; Huang et al. 2020). In (Claudia I. Trainito et al. 2019), electrorota

tion is used to exploit sequentially-staged cancer cells and determine the differe

nces of complex permittivity between malignant cells and non-malignant cells. Elec

trorotation technique was also used on microalgae. Single microalgae cells were su

spended in droplets and rotated by four 90°-phase-shifted electric waves in (Müll

er, Schnelle, and Fuhr 1998) and the obtained electrorotation spectra were fitted 

by a multi-shell model to estimate the conductivities and permittivities of cell w

all, cytoplasm, and cell membrane. Through the fitted dielectric properties, they 

found that the conductivity of inner core (cytoplasm and nucleus) was lower than t

he protoplast of higher plants due to leaking of ions to the low-conductivity snow 

water. The cell wall of snow algae also had a low permittivity which was attribute

d to the existence of Al-Fe silicates. Currently, electrorotation is the most info

rmative dielectric spectrometry to understand the changes in cell dielectric prope

rties, cell structures, and cellular compositions. However, only qualitative analy

ses of microalgae have been presented in existing studies (Y. Wu et al. 2005; Han, 

Huang, and Han 2019). Herein, the first application of electrorotation on the quan

tification of total cellular lipid content is demonstrated and validated. Addition

https://paperpile.com/c/Um985r/jGW0+Zm10+QBuT
https://paperpile.com/c/Um985r/jGW0+Zm10+QBuT
https://paperpile.com/c/Um985r/Zm10
https://paperpile.com/c/Um985r/Zm10
https://paperpile.com/c/Um985r/QBuT
https://paperpile.com/c/Um985r/jGW0
https://paperpile.com/c/Um985r/q2h8+vmlO+d7UQ+gUN4
https://paperpile.com/c/Um985r/q2h8+vmlO+d7UQ+gUN4
https://paperpile.com/c/Um985r/vmlO
https://paperpile.com/c/Um985r/PPFz
https://paperpile.com/c/Um985r/Gckx+RNmF
https://paperpile.com/c/Um985r/Gckx+RNmF
https://paperpile.com/c/Um985r/BQxD
https://paperpile.com/c/Um985r/OgP4J
https://paperpile.com/c/Um985r/OgP4J
https://paperpile.com/c/Um985r/vXw8e+qtLxc
https://paperpile.com/c/Um985r/vXw8e+qtLxc


ally, the electrorotation spectra also indicate the thickening of cell wall during 

nitrogen starvation and the cell wall thickening is witnessed by transmission elec

tron microscopy (TEM). 
 

This study integrated dielectrophoresis and electrorotation techniques (Claudi

a Irene Trainito, Français, and Le Pioufle 2015) for the measurement of the dielec

tric properties and the estimation  of the total lipid content in microalgal cell

s. Once trapped at the center of a set of electrodes by negative dielectrophoresi

s, the single microalgal cell was induced to rotate by applying a rotating electri

c field. The genetic algorithm (Johnson and Rahmat-Samii 1997) was employed to fit 

the measured electrorotation spectra with single-shell models. The fitted dielectr

ic properties were then used to estimate the total cellular lipid content by the m

ixing theory and to understand the structural and compositional change of cell wal

l that was parallelly observed in Scenedesmus abundans cells during nitrogen starv
ation. The changes in terms of dielectric properties provide a better understandin

g of microalgae physiological status and valuable information for improving biofue

l production processes. For example, the harvest timing for high lipid productivit

y can be determined by observing the conductivity of cytoplasm and the facilitated 

lipid extraction can be achieved by investigating the relative permittivity and co

nductivity of the cell wall. 
 

2. Material and methods 

2.1 Microalgae culture and nitrogen starvation 

Scenedesmus abundans were cultured in modified CHU-13 medium (Mandotra et al. 
2014) under a light intensity of 20 μmolm-2s-1 and a shaking speed of 99 rpm in an 

incubator (Minitron, Infors HT, Bottmingen, Switzerland) to reach log phase with a 

cell concentration around 1×107 cells/ml (measured by Guava EasyCyte™ 8 Flow Cyto

meter, EMD Millipore). The temperature was held constant at 24.5 °C and CO2 suppl

y was maintained at 1.5 % (v/v). In order to enhance the cellular lipid productio

n, microalgae were then transferred to a nitrogen-free modified CHU-13 medium and 

kept under nitrogen-starved conditions (T.-H. Lee, Chang, and Wang 2013) for 7 day

s under a high light intensity of 150 μmolm-2s-1.  
 

2.2 Quantification of total lipid contents by single-step lipid extraction 

Microalgae lipids were extracted according to the single-step lipid extraction 

reported in  (Axelsson and Gentili 2014). Microalgal samples were centrifuged at 6

000 g for 5 minutes and the pellet was placed on aluminum foil for drying overnigh

t at 65 °C in the oven. After weighing the dry biomass, the dried microalgal powd

er was then resuspended in 8 ml of a 2:1 chloroform-methanol (v/v) mixture and agi

tated at 99 rpm for 30 minutes. Afterwards, 2 ml of 0.73 wt% NaCl aqueous solution 

was blended in by agitating at 99 rpm for another 30 min. Chloroform-lipid mixture 

was separated from methanol-water mixture by 2 minutes of centrifugation at 350 g 

and recovered from the lower phase. The amount of total lipids was determined by w

eighing after chloroform was evaporated completely. The lipid content was calculat

ed as: 

𝐿𝑖𝑝𝑖𝑑 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 (𝑤𝑡%) =
𝑙𝑖𝑝𝑖𝑑𝑠 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔/𝐿)

𝑑𝑟𝑦 𝑐𝑒𝑙𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑔/𝐿)
× 100 % (1) 
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2.3 Transmission electron microscopy (TEM) 

    The samples were fixed in 2.5 % glutaraldehyde in a 0.1 M phosphate buffer (pH 

= 6.8) for 2 hours, post fixed in buffered 1 % Osmium tetroxide for 1 hour, and th

en dehydrated in an acetone series. The samples were embedded in Spurr’s resin (S

purr 1969) For TEM, thin sections were cut with an Ultracut E (Reichert, Inc., NY, 

USA), observed under Hitachi-7650 TEM, and pictures taken by CCD camera (Gatan ES5

00W Erlangshen). 
 

2.4 Device fabrication 

For the electrorotation experiment, a device with four planar hyperbolic elect

rodes was fabricated. The electrodes’ shape follows the polynomial equation: 𝑥2 −

𝑦2 = ±𝑑2, where d stands for the distance between the tip of electrode and the ce

nter of hyperbolic pair which a cell is trapped by negative dielectrophoresis (see 

figure 1a). In this study, 2d = 75 μm. Such shape is proven to produce an homogen

eous electric field used for microalgae electrorotation (Claudia Irene Trainito, F

rançais, and Le Pioufle 2015). The fabrication was achieved by conventional cleanr

oom technology. The electrodes were made on a 2-in quartz wafer on which a 150 nm 

gold layer was deposited by evaporation above a 20 nm chromium adhesion layer. Pho

toresist S1805 was patterned to serve as the etching mask of the metal layers, whi

ch was etched by potassium iodide solution and chromium etchant to reveal the elec

trode set on the quartz substrate. The fabricated electrodes and device are shown 

in figure 1a and figure 1b, respectively. A tape (3M) with a thickness around 50 

μm was positioned on the topside of the electrode layer to define the height of t

he fluidic chamber for holding the microalgae sample. 3 sets of four polynomial el

ectrodes were designed on the same device. 
 

  

(a) (b) 

Figure 1. Device for conducting electrorotation of single microalgae cells: (a) si

ngle microalgae cell (S. abundans) captured at the center of the microelectrode se
t; (b) the device overview. 

 

2.5 Electrorotation 

Cells with a concentration of 5×105 cells/ml were collected by centrifugation 

(6000 g, 5 minutes), washed three times in modified CHU-13 medium, and resuspended 

in modified CHU-13 medium with the conductivity adjusted to 0.12 S/m. The viabilit

y of microalgal cells in this solution is shown as figure S1. Microalgae sample wi

th a volume of 50 μl was deposited on the device. To prevent evaporation, the dev

ice was then covered by a microscope cover glass (thickness t = 170 μm) with a di
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mension of 24×60 mm (Deckglaser, Germany). After applying the negative dielectrop

horetic force, single microalgae cells could be captured at the center of the micr

oelectrode set as shown in figure 1a. By superimposing a rotating electric field, 

the trapped cell was brought into a rotational movement (rotation axis orthogonal 

to the plane of the substrate). The electrorotation measurement for one single ce
ll was accomplished within 1 minute which minimizes any deletary effect of  the el

ectric field on microalgal cells. As shown in figure S2, electrorotation spectrum 

of microalgae, before and after high electric treatment, are almost the same which 

replied its dielectrophoresis characteristics remain the same. 
 

The schematic of the experimental setup is depicted in figure 2. Two electric 

signals were superposed to trap and rotate the microalgal cells. The first electri

c signal was used to create a stationary electric field for the capture of the sin

gle microalgal cell and the electric field was produced by applying sinusoidal vol

tages to the four electrodes, adjacent electrodes being powered with 180° phase-s

hifted signals. The sinusoidal voltage was provided by the function generator (332

50A, Agilent Technologies) and set at 3 Vpp amplitude and 1 MHz frequency. This st

ationary electric field produced negative dielectrophoresis (DEP) for trapping cel

ls at the center of the four-electrodes set. The second electric signal provided a 

rotating electric field for electrorotation (ROT). For this purpose a second funct

ion generator (AFG 3102, Tektronix) was used to produce 3 Vpp amplitude voltages w

ith 90° phase-shift between adjacent electrodes. The frequency of the latter sign

al was tuned in the range between 37 kHz and 25 MHz. The electric field for electr

orotation along the Z-direction is shown in figure S3 and the cell did not levitat

e during the electrorotation experiment as shown in figure S4. A microcontroller b

oard (Arduino Uno) was used to connect the high-speed camera (Phantom v9.1, Vision 

Research) and the computer which ran a Matlab script to synchronize the ROT genera

tor and video recording of cell electrorotation at a frame rate of 100 fps. The ca

mera was mounted to a microscope (Axio Scope.A1, Carl Zeiss Microscopy) with a 50X 

dry objective. For each electrical excitation frequency, the acquired sequence of 

the 14-bit images was processed to determine the rotational speed of the microalga

e cell. First, binarization was applied to convert grayscale images to binary imag

es so that the microalgae cell could be identified. Noise was reduced by the thres

hold filtering. Microalgal cell projection in one of XY axis varies sinusoidally w

ith time when the cell rotation is induced. Therefore, the rotational speed of the 

cell could be determined by sampling this time-varying signal with the Fast Fourie

r Transform. The uncertainty in the measurement of the rotational speed using this 

method was less than 3 % and analyzing time took less than 5 minutes for the whole 

spectrum of the cell (Lin et al. 2017). 
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Figure 2. The electronic system for conducting electrorotation of single microal

gae cells. 
 

2.6 Double-shell ellipsoidal model and theoretical modeling 
S. abundans is an ellipsoidal microalgae strain (length-to-width ratio of 1.1

6) with complex cell contents such as cell wall, cell membrane, cytoplasm, lipid d

roplets, and starch grains. This study used a double-shell ellipsoidal model to re

present the microalgal cells. The double-shell ellipsoidal model considered a S. a
bundans cell as an ellipsoid with an inner core (cytoplasm, lipid droplets, etc.) 
enclosed by two outer shells (cell wall and cell membrane). The effective complex 

permittivity of the microalgal cell (𝜀𝑐𝑒𝑙𝑙_𝛼
∗ ) in the double-shell ellipsoidal model 

along the α(𝛼 = 𝑥, 𝑦) axis can be expressed as (Kakutani, Shibatani, and Sugai 199

3): 

𝜀𝑐𝑒𝑙𝑙_𝛼
∗ = 𝜀𝑊

∗
𝜀𝑊

∗ + (𝜀
2𝛼
∗ − 𝜀𝑊

∗ ) [𝐴1𝛼 + 𝜐1 (1 − 𝐴0𝛼)]

𝜀𝑊
∗ + (𝜀

2𝛼
∗ − 𝜀𝑊

∗ ) (𝐴1𝛼 − 𝜐1𝐴0𝛼)
          𝛼 = 𝑥, 𝑦 (2) 

𝜀
2𝛼
∗ = 𝜀𝑀

∗
𝜀𝑀

∗ + (𝜀𝐼
∗ − 𝜀𝑀

∗ ) [𝐴2𝛼 + 𝜐2 (1 − 𝐴1𝛼)]

𝜀𝑊
∗ + (𝜀𝐼

∗ − 𝜀𝑀
∗ ) (𝐴2𝛼

− 𝜐2𝐴1𝛼
)

          𝛼 = 𝑥, 𝑦 (3) 

𝜀𝑘
∗ = 𝜀𝑘 − 𝑗

𝜎𝑘

𝑤
 (4) 

𝜐1 =
𝑎1𝑏1𝑐1

𝑎0𝑏0𝑐0
 (5) 

𝜐2 =
𝑎2𝑏2𝑐2

𝑎1𝑏1𝑐1
 (6) 

𝑎1 = 𝑎0 − 𝑤𝑡, 𝑏1 = 𝑏0 − 𝑤𝑡, 𝑐1 = 𝑐0 − 𝑤𝑡 (7) 

𝑎2 = 𝑎1 − 𝑚𝑡, 𝑏2 = 𝑏1 − 𝑚𝑡, 𝑐2 = 𝑐1 − 𝑚𝑡 (8) 

𝐴𝑖𝑥 = 0.5𝑎𝑖𝑏𝑖𝑐𝑖 ∫
∞

0

𝑑𝜉

(𝑎𝑖

2
+ 𝜉) 𝑅𝑖

          𝑖 = 0, 1, 2 (9) 

𝐴𝑖𝑦 = 0.5𝑎𝑖𝑏𝑖𝑐𝑖 ∫
∞

0

𝑑𝜉

(𝑏𝑖

2
+ 𝜉) 𝑅𝑖

          𝑖 = 0, 1, 2 (10) 
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𝑅𝑖 = [(𝑎𝑖
2

+ 𝜉) (𝑏𝑖
2

+ 𝜉) (𝑐𝑖
2

+ 𝜉)]
1/2

          𝑖 = 0, 1 (11) 

where 𝜀𝑊
∗ , 𝜀𝑀

∗  and 𝜀𝐼
∗ respectively stand for the complex permittivities of the cell 

wall, membrane and the inner core. The complex permittivity 𝜀𝑘
∗ is dependent on the 

permittivity and conductivity 𝜀𝑘 and 𝜎𝑘 (k stands for  W, M or  I). 𝑎0 is the majo

r semi-axis of the cell and 𝑏0, 𝑐0 are the minor semi-axis of the cell. 𝑤𝑡, 𝑚𝑡 ar

e the thickness of the cell wall and the cell membrane. 𝐴𝑖𝑥 and 𝐴𝑖𝑦 are the depola

rizing factors along the x, y axes respectively. 𝜉 is the parameter used to repres

ent a family of the surface of confocal ellipsoids. 𝑤 represents the angular freq

uency of the electric field and 𝑗2 = −1.  
During electrorotation experiments, the rotational speed 𝛺𝑐𝑒𝑙𝑙(𝑤) of a cell i

s:  

𝛺𝑐𝑒𝑙𝑙 (𝑤) = (0.5𝐸2/𝑅𝑓) {𝐼𝑚[𝜇𝑥(𝜔) + 𝜇𝑦(𝜔)]} (12) 

𝜇𝛼(𝜔) = 𝑉𝑐𝜀0
𝜀𝑐𝑒𝑙𝑙_𝛼

∗ − 𝜀𝑚𝑒𝑑𝑖𝑢𝑚
∗

(𝜀𝑐𝑒𝑙𝑙_𝛼
∗ − 𝜀𝑚𝑒𝑑𝑖𝑢𝑚

∗ )𝐴0𝛼 + 𝜀𝑚𝑒𝑑𝑖𝑢𝑚
∗

          𝛼 = 𝑥, 𝑦 (13) 

𝑉𝑐 =
4𝜋𝑎0𝑏0𝑐0

3
 (14) 

𝑅𝑓 = 2𝑉𝑐𝜂 [(𝑎
0

2
+ 𝑏

0

2
) / (𝑎

0

2
𝐴0𝑥 + 𝑏

0

2
𝐴0𝑦)] (15) 

where 𝜂 is the dynamic viscosity of the medium, 𝐸 is the electric field at the ce

nter of the microelectrode set, 𝜀0 is the vacuum permittivity, 𝜀𝑚𝑒𝑑𝑖𝑢𝑚
∗ is the compl

ex permittivity of the medium. 𝐼𝑚[𝜇𝑥(𝜔) + 𝜇𝑦(𝜔)] is the imaginary part of the sum 

of the polarizability of the double-shell ellipsoid along the x and y axis.  
 

The theoretical simulation of electrorotation of S. abundans single cells was 
conducted using the double-shell ellipsoidal model. The mechanical rotation speed 

of a cell is calculated by eq(12). The relative permittivity of cell wall, membran

e, cytoplasm and lipid were set as 75, 8, 50, 4, respectively. The conductivity of 

cell wall, membrane, cytoplasm and lipid were set as 0.1 S/m, 2×10-5 S/m, 0.15 S/

m, and 1×10-12 S/m (Müller, Schnelle, and Fuhr 1998). Other parameters used in the 

calculation were listed in table 1. To understand the effects of lipids on the ele

ctrorotation, the volume fraction of lipid was changed from 10 % (v/v) to 40 % (v/

v) with an interval of 5 % (v/v), while a constant thickness of cell wall of 30 nm 

was used. On the other hand, to elucidate the effects of cell wall thickness, the 

thickness of the cell wall varied from 30 nm to 210 nm with an interval of 30 nm w

hile a constant lipid fraction of 10 % (v/v) was applied. The complex dielectric p

roperties of the inner core, which contained cytoplasm and lipid, were approximate

d by the mixing theory:  

https://paperpile.com/c/Um985r/OgP4J


𝜀𝐼
∗ = 𝜀𝑐𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚

∗

1 + 2𝛿𝑙𝑖𝑝𝑖𝑑

𝜀𝑙𝑖𝑝𝑖𝑑
∗ − 𝜀𝑐𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚

∗

𝜀𝑙𝑖𝑝𝑖𝑑
∗ + 2𝜀𝑐𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚

∗

1−𝛿𝑙𝑖𝑝𝑖𝑑

𝜀𝑙𝑖𝑝𝑖𝑑
∗ − 𝜀𝑐𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚

∗

𝜀𝑙𝑖𝑝𝑖𝑑
∗ + 2𝜀𝑐𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚

∗

 
(1

6) 

where 𝜀𝑙𝑖𝑝𝑖𝑑
∗  is the complex permittivity of lipid, 𝜀𝑐𝑦𝑡𝑜𝑝𝑙𝑎𝑠𝑚

∗  is the complex permitti

vity of cytoplasm.  
 

Table 1. Parameters used in the fitting of the electrorotation spectra.  

Parameter Value Unit 

Vacuum permittivity (𝜀0) 8.85 × 10
−12

 
F/m 

Relative permittivity of medium 

(𝜀𝑚𝑒𝑑𝑖𝑢𝑚) 

8 × 10
1
 

 

Conductivity of medium (σmedium) 
1.2 × 10

−1
 

S/m 

Thickness of membrane (mt) 
5 × 10

−9
 

m 

Electric field (𝐸) 
2.0 × 10

4
 

V/m 

Viscosity of medium (𝜂) 
1 × 10

−3
 

kg/(s·m) 

 

 

2.7 Fitting of experimental electrorotation spectra  

Two cases were applied to fit the experimental data to obtain the dielectric p

arameters (conductivity and permittivity) of microalgae based on the double-shell 

ellipsoidal model. The first case took account of thickening cell wall and the thi

ckness of the cell wall (wt) in eq(7) increased when the duration of nitrogen star

vation increased. The cell wall thickness was determined by TEM pictures as 30 nm 

for day 0 and 150 nm for day 7. The outer shell thicknesses for other time points 

were determined by assuming a linear increment, which estimated the outer shell th

ickness of 70 nm for day 3 and 110 nm for day 5. The second case considered consta

nt cell wall thickness and the thickness of the cell wall in eq(7) was set as 30 n

m.  

To fit the experimental electrorotation spectra to these cases, the genetic al

gorithm (GA) in MATLAB software (MathWorks, Natick, MA) was employed. The searchin

g boundaries of the dielectric properties and parameters listed in table 2 were se

t according to the information obtained in previous studies (Wang et al. 1997; Mül

ler, Schnelle, and Fuhr 1998; Y. Wu et al. 2005; Han, Huang, and Han 2019). The si

ze of cells with different lipid contents applied in the model was the average val

ue measured from ten S. abundans cells. The GA algorithm randomly changed the valu
e of dielectric parameters and adjusted these values by using mutation to minimize 

the difference between experimental results and models. The objective function nee

ded to be minimized in this study is: 

https://paperpile.com/c/Um985r/bdNkS+OgP4J+vXw8e+qtLxc
https://paperpile.com/c/Um985r/bdNkS+OgP4J+vXw8e+qtLxc


𝑓(𝑤, 𝑝) = ∑ ‖𝑧 − 𝛺(𝑤, 𝑝)‖2  (17) 

where 𝑧 is the measured rotational velocity of the cell, 𝛺(𝑤, 𝑝) is the rotational 

velocity obtained from the model, 𝑝 is a vector composed of the estimated paramet

ers (the conductivities and permittivities of inner compartment and shell). 
 

A simplified inner core containing the mixture of water and lipid were then ap

plied to approximate the total cellular lipids by the obtained dielectric properti

es with the general mixing formula (Uvarov 2000) and the Maxwell Garnett equation:  

𝜎𝐼 = (1 − 𝛿𝑙𝑖𝑝𝑖𝑑)𝜎𝑤𝑎𝑡𝑒𝑟 + 𝛿𝑙𝑖𝑝𝑖𝑑𝜎𝑙𝑖𝑝𝑖𝑑  (18) 

𝜀𝐼 = 𝜀𝑤𝑎𝑡𝑒𝑟

𝜀𝑙𝑖𝑝𝑖𝑑 + 2𝜀𝑤𝑎𝑡𝑒𝑟 + 2𝛿𝑖𝑝𝑖𝑑(𝜀𝑙𝑖𝑝𝑖𝑑 − 𝜀𝑤𝑎𝑡𝑒𝑟)

𝜀𝑙𝑖𝑝𝑖𝑑 + 2𝜀𝑤𝑎𝑡𝑒𝑟 − 𝛿𝑖𝑝𝑖𝑑(𝜀𝑙𝑖𝑝𝑖𝑑 − 𝜀𝑤𝑎𝑡𝑒𝑟)
 (19) 

where 𝜎𝑤𝑎𝑡𝑒𝑟, 𝜎𝑙𝑖𝑝𝑖𝑑 is the conductivity of water and lipid and set as 0.15 S/m and 

1×10-12 S/m, 𝜀𝑤𝑎𝑡𝑒𝑟, 𝜀𝑙𝑖𝑝𝑖𝑑 is the relative permittivity of water and lipid and set 

as 80 and 4, and 𝛿𝑙𝑖𝑝𝑖𝑑 is the volume fraction of the lipid (Lizhi, Toyoda, and Iha

ra 2008). 
 

Table 2. Upper and lower limits of the dielectric parameters set in the ge

netic algorithm. 

Parameters Lower bound Higher bound 

Relative permittivity of inner core (𝜀𝐼) 
4 × 10

1
 7 × 10

1
 

Conductivity of inner core (𝜎𝐼) 
1 × 10

−2
 1 × 10

1
 

Relative permittivity of membrane (𝜀𝑀) 
1 × 10

0
 8 × 10

1
 

Conductivity of membrane (𝜎𝑀) 
1 × 10

−6
 1 × 10

−2
 

Relative permittivity of cell wall (𝜀𝑊) 
1 × 10

0
 8 × 10

1
 

Conductivity of cell wall (𝜎𝑀) 
1 × 10

−6
 1 × 10

−2
 

 

 

3. Results and Discussions 

3.1 Effects of nitrogen starvation on S. abundans 

Nitrogen starvation induced apparent lipid accumulation inside S. abundans cel
ls but insignificant change in cell sizes. At day 0 (beginning of nitrogen starvat

ion), S. abundans had a total lipid content of 15.3 wt%. The total lipid content i
ncreased to around 21 wt% after 3 days and further increased to 33.8 wt% on the 7t

h day, which agreed with the values found in previous reports (Valdez-Ojeda et al. 

2015; Rai and Gupta 2017). Since the rotational velocity is size dependent, cell s

ize was also investigated and shown in figure 3. The major axis and minor axis of 
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elliptical S. abundans cells were determined by ImageJTM. At day 0, the average ma

jor and minor axis of S. abundance cells was 4.4 μm ± 0.3 μm and 3.9 ± 0.3 μ

m, respectively. The cell size remained similar within 5 days, and then increased 

slightly to 4.9 μm ± 0.1 μm and 4.2 ± 0.1 μm, which corresponded to a 7 % of 

variation, after the 7-day nitrogen starvation.  
 

In addition to lipid accumulation, nitrogen starvation induced considerable ce

ll wall thickening for S. abundans. The transmission electron microscope (TEM) ima
ges (figure 7) showed that S. abundans contained a high volumetric fraction of lob
e-shaped chloroplasts in the cytoplasm before nitrogen starvation. However, the vo

lume of storage subcompartments such as lipid droplets and starch grains in the cy

toplasm increased considerably after 7 days of nitrogen starvation. In addition, t

he average cell wall thickness increased from 30 nm to 150 nm although the cell si

ze did not increase significantly after nitrogen starvation. The thickening of cel

l wall was also reported and has been considered a protective mechanism for cells 

under environmental stresses (Bohnert, Nelson, and Jensen 1995; Van Donk et al. 19

97). For example, Chlamydomonas reinhardtii thickened their cell wall by around 8-
fold when experienced nitrogen depletion (Bensalem et al. 2018). The composition o

f thickened cell wall was mainly carbohydrates produced through the fixation of ca

rbon dioxide for several microalgae strains such as Neochloris oleoabundans, Desmo
desmus sp., and Nannochloropsis salina (Baulina et al. 2016; Jeong et al. 2017; Ra
shidi et al. 2019). Desmodesmus sp. thickened its cell wall by 30 % to 160 % under 
nitrogen depletion and the polysaccharide layer contributed to a greater part of t

he thickened cell wall compared with the sporopollenin layer. As for the structure 

of outer cell wall, net-like structures and chimney-like rosettes can both be obse

rved in TEM images before and after nitrogen starvation. This agrees with the obse

rvation in a previous study (Hegewald and Schnepf 1991) and suggests that nitrogen 

starvation had little effects on the surface of outer cell wall of S. abundans.  
 

The electrorotation spectra of S. abundans cells was altered by multiple cellu
lar changes during the nitrogen starvation. The maximal rotation velocity decrease

d while the lipid content increased from 15.3 wt% to 21.1 wt%, then remained compa

rable when the total lipid content increased to 33.8 wt% as shown in figure 5a. Th

is indicated that the amount of cellular lipids was not the only factor affecting 

the maximal rotational velocity. The reverse frequency is the frequency at which t

he imaginary part of the Clausius-Mossotti factor changes from negative to positiv

e, corresponding to the change of cell rotation direction from against to along th

e applied electric field. The reverse frequency decreased from 25 MHz to 20 MHz wh

ile the total lipid content increased from 15.3 wt% to 33.8 wt% (figure 5b). These 

results are similar to previously published data. The reverse frequency of heterot

rophic Chlorella protothecoides was lower than the one of autotrophic culture and 
this had been related to the accumulation of lipids in the heterotrophic cells (Y. 

Wu et al. 2005). Chlamydomonas reinhardtii with a high lipid content also had a lo
wer reverse frequency in the electrorotation spectra compared with those with a lo

w lipid content (Han, Huang, and Han 2019). The correlation between the reverse fr

equency and total lipid contents suggested the possibility of using the change in 

dielectric properties to characterize the cytoplasmic contents. 
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Figure 3. The change of total lipid contents and cell size in the nitrogen starvat

ion period. 
 

  

(a) (b) 

 

(c) 



 

(d) 

Figure 4. The transmission electron microscope (TEM) picture of S. abundans cells 
at different days of nitrogen starvation. (a) day 0; (b) day 7. The cell at day 0 

had a high fraction of chloroplast while the cell at day 7 had a high fraction of 

lipid and starch. N, nucleus; C, chloroplast; P, pyrenoid; L, lipid; SC, starch ca

psule; CW, cell wall. The blowup of S. abundans cells at different days of nitroge
n starvation. (c) day 0; (d) day 7. The thickness of cell wall at day 0 was around 

30-40 nm while the thickness of cell wall at day 7 was around 140-160 nm.  
 

  

(a) (b) 

Figure 5. The electrorotation spectra of S. abundans cells with different total li
pid contents. (a) the full spectra of cells; (b) the blowup between 1.5×107 Hz an

d 2.7×107 Hz to clearly show the reverse frequency. 
 

3.2 Theoretical simulation of electrorotation spectra 

The theoretical simulation of electrorotation spectra indicated that lipid acc

umulation and cell wall thickening have similar effects on the peak rotation veloc

ity but dissimilar effects on other spectral characteristics. The effects of the t

otal lipid content a on the electrorotation spectra and the cell wall thickness ar

e shown in figure 6. The dielectric properties of inner core applied in the simula

tion were approximated by the mixing theory (eq(16)). Figure 6a shows that the vol

umetric fraction of lipids affected the electrorotation spectra when the frequency 



was higher than 100 kHz. The reverse frequency decreased from 6.4 MHz to 5.1 MHz a

nd the peak value of rotation velocity increased from -30.4 to -19.2 as the lipid 

fraction increased from 10 % (v/v) to 40 % (v/v). However, the increase of cellula

r lipids had little effects on the electrorotation spectra in the low frequency re

gion. This is similar to the observation in (Michael, Hiibel, and Geiger 2014), wh

ich indicated that the dielectric properties of the cytoplasm dominated the dielec

tric behavior of the whole cell at high frequencies. The thickening cell wall had 

similar effects to the increasing lipid fraction on the peak value of rotation vel

ocity. The thicker cell wall led to a 16 % increase in the peak value of rotation 

velocity while the higher lipid fraction led to a 37 % increase. However,  the cel

l wall thickness started to affect the electrorotation spectra at a much lower fre

quency of 20 kHz (figure 6b) compared with the lipid fraction. Moreover, the thick

ening cell wall had little effect on the reverse frequency, contrary to the decrea

se of reverse frequency from 6.4 MHz to 5.1 MHz when the lipid fraction increased. 

Finally, the increase of total lipid fraction resulted in a shift in the peak freq

uency (the frequency where the rotation velocity was the highest), and this was no

t observed in the case of increasing cell wall thickness. Another interesting find

ing was a node at the frequency around 5 MHz, where the cell wall thickness had no 

effect on the electrorotation spectra, compared with a node at frequency around 9 

MHz which the higher lipid fraction had no effect on the electrorotation spectra.  
 

According to the simulations, changes of electrorotation spectra at low freque

ncy regions can be the indicator for changing cell wall properties. For example, i

n figure 5, electrorotation spectra of cells with different total lipid contents s

tarted to show differences at frequency as low as 50 KHz and this indicated the pa

rallel changes of cell wall thickness. The peak value of rotation velocity is decr

eased by either lipid accumulation or cell wall thickening; therefore, the decreas

e in the peak value alone cannot be a direct indicator of the cellular change. How

ever, if the decrease of peak rotation velocity value was accompanied by a shiftin

g peak frequency, cellular lipid accumulation can be expected. This also agreed wi

th the experimental data shown in figure 5, which illustrated the decrease of peak 

rotation velocity by 60 % and the shift of peak frequency from 3 MHz to 2 MHz. Ove

rall, the electrorotation spectra was susceptible to both cell wall thickness and 

lipid fraction as observed from the theoretical calculation. This shows that, as t

he frequency increased to a certain value, the interfacial relaxation resonance oc

curred simultaneously in cell wall, cell membrane, cytoplasm, and lipids. Therefor

e, fitting the experimental data to the double-shell model considering the thicken

ing cell wall is critical to accurately extract the cellular dielectric propertie

s.  
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(a) (b) 

Figure 6. The calculated imaginary part of the Clausius-Mossotti factor when (a) t

he lipid fraction changed from 10 % (v/v) to 40 % (v/v) with a constant cell wall 

thickness of 30 nm and (b) the cell wall thickness changed from 30 nm to 210 nm wi

th a constant lipid ratio of 10 % (v/v). 
 

 

3.3 Fitting of experimental data with double-shell ellipsoidal  model conside

ring thickening cell wall 

The accurate interpretation of electrorotation spectra was achieved with the i

nclusion of a thickening cell wall in the double-shell ellipsoidal model. Figure 9

a shows the good agreements between experimental data and model predictions for S. 
abundans cells when applying the double-shell ellipsoidal model and taking the thi
ckening cell wall into account. The obtained dielectric parameters for S. abundans 
cells with different total lipid contents are listed in table 3. The conductivity 

(𝜎𝑀) and relative permittivity (𝜀𝑀) of membrane increased from 4.5×10-4 S/m to 6.

05×10-3 S/m and from 3.03 to 7.83, respectively, when the total lipid content incr

eased from 15.3 wt% to 33.8 wt%. Cell membrane had slightly increased its relative 

permittivity which agreed with a 3-fold increase in the specific capacitance of me

mbrane observed in the heterotrophic cells (Y. Wu et al. 2005). The conductivity 

(𝜎𝑊) and relative permittivity (𝜀𝑊) of the cell wall increased from 7.02×10-4 S/m 

to 8.19×10-3 S/m and from 13.79 to 49.87, respectively, when the total lipid conte

nt increased from 15.3 wt% to 33.8 wt%. These results showed that the cell wall wa

s more influential than cell membrane on electrorotation spectra under these cultu

ral conditions. Polysaccharides were the main composition of the thickened cell wa

ll during nitrogen starvation and polysaccharides containing conjugated forms had 

a wide range and high values of permittivity (Pohl 1986; Mohammady 2004). Therefor

e, the greatly increased 𝜀𝑊 for S. abundans can be explained by the 5-fold increa
se in cell wall thickness observed in the TEM images as shown in figure 7. Similar 

phenomena of elevated permittivity due to accumulation of polysaccharides were als

o reported in bacterial biofilm studies. The buildup of extracellular polymeric su

bstance (EPS), which contains a large amount of polysaccharides, increased the cap

acitance of biofilm substantially (Singh 2014). The increased 𝜎𝑊 and 𝜀𝑊 were cons

istent with the results obtained in (Y. Wu et al. 2005), which applied a three-she

ll model to study the difference in dielectric properties between heterotrophic (h

igh-lipid) and autotrophic (low-lipid) Chlorella protothecoides cells. A 4-fold in
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crease in the conductivity and an 8-fold increase in the specific capacitance of c

ell wall were found in the heterotrophic cells and this was attributed to the roug

her and larger surface area of the cell wall on these high-lipid cells (Y. Wu et a

l. 2005). Analysis of cell wall composition under stress such as nitrogen starvati

on drew increasing attention in recent years (Baulina et al. 2016; Rashidi and Tri

ndade 2018; Rashidi et al. 2019). Nevertheless, the effect of altered cell wall pr

operties, due to stresses, on electrorotation spectra have never been considered u

ntil this study. Thick microalgae cell walls of microalgae formed a firm barrier a

gainst the contact of organic solvents and cellular lipids during the extraction p

rocess. Moreover, the cell wall composition changed with the growth conditions and 

culture periods. In order to extract lipids effectively for commercial production 

of biodiesel, good understanding of the structure and characteristics of cell wall

s is necessary (Kim et al. 2016; Rashidi and Trindade 2018; Alhattab, Kermanshahi-

Pour, and Brooks 2019). The electrorotation spectra provides timely and useful inf

ormation in evaluating cell wall properties for facilitating lipid extraction. 
 

Table 3. The dielectric parameters of S. abundans obtained from the double-

shell ellipsoidal model considering thickening cell wall 

Total lipid 

content (w

t%) 

𝜀𝐼  σI  

(S/m) 

εM σM 

(S/m) 

εW σW  

(S/m) 

15.3 63.96  
1.26 × 10

−1
 

3.03 
4.5 × 10

−4
 

13.79 
7.02 × 10

−4
 

20.8 59.73 
1.18 × 10

−1
 

5.93 
8.41 × 10

−3
 

39.15 
5.65 × 10

−3
 

21.1 54.12 
1.12 × 10

−1
 

6.65 
8.43 × 10

−3
 

42.02 
7.19 × 10

−3
 

33.8 49.59 
9.87 × 10

−2
 

7.83 
6.05 × 10

−3
 

49.87 
8.19 × 10

−3
 

 

The dielectric properties of the inner core provided information for quantitat

ive assessment of the total cellular lipid content. After nitrogen starvation, the 

conductivity of inner core (𝜎𝐼) decreased from 1.26×10-1 S/m to 9.87×10-2 S/m whil

e the lipid content increased from 15.3 wt% to 33.8 wt%. Also, the relative permit

tivity of inner core (𝜀𝐼) gradually decreased from 63.96 to 49.59. Existing studie

s, with the consideration of thickening cell wall or not, only showed the differen

ce of dielectric properties between low-lipid and high-lipid microalgae cells (Had

ady et al. 2014; Lin et al. 2017; Han, Huang, and Han 2019) and lacked the quantit

ative assessment of total lipid contents. The results in this study provided the p

ossibility of applying 𝜀𝐼 and 𝜎𝐼to quantify the amount of lipids inside the S. abu
ndans cells. The calculated lipid contents from 𝜀𝐼 and 𝜎𝐼, using mixing formulas 

(eq(18) and eq(19)), were plotted against the measured lipid contents and a good a

greement was achieved as shown in figure 8b. This is the first success in using th

e dielectric parameters obtained from electrorotation spectra to quantify the cell
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ular lipid content and the error between predicted and measured values can be as l

ow as 0.22 wt%. Among 𝜀𝐼 and 𝜎𝐼, the latter more accurately quantified the total l

ipid contents with an average error of 1.13 wt%. The average error of total lipid 

contents estimated by 𝜀𝐼 was 2.23 wt%.  

 

  

(a) (b) 

Figure 9. (a) The fitting of experimental electrorotation spectra of S. abundans 
containing 15.3 wt% and 33.8 wt% of lipids by using the double-shell ellipsoidal m

odel considering cell wall; (b) The relationship between measured total lipid cont

ents and calculated lipid contents from permittivities (𝜀𝐼) and conductivities 

(𝜎𝐼) of inner core listed in table 3. 
 

3.4 Fitting of experimental data with double-shell ellipsoidal model with con

stant cell wall thickness 

Leaving the thickening cell wall out of the double-shell ellipsoidal model can 

lead to the misinterpretation of electrorotation spectra. The permittivity and con

ductivities of S. abundans cells obtained from the double-shell ellipsoidal model 
neglecting the thickening cell wall are listed in table 4. The conductivity of cel

l wall (𝜎𝑊), which had a fixed-thickness of 30 nm, was the most sensitive paramet

ers and an increase from 1.1×10-3 S/m to 3.33×10-3 S/m was found as the total lipi

d content increased from 15.3 wt% to 33.8 wt%. Meanwhile, the permittivity of cell 

wall (𝜀𝑊) increased from 13.67 to 33.67. The conductivity (𝜎𝑀) and relative permi

ttivity (𝜀𝑀) of the cell membrane increased from 3.86×10-4 S/m to 1.01×10-3 S/m an

d from 3.32 to 4.31, respectively.  Even though there were good agreements between 

experimental data and model predictions for S. abundans cells as shown in figure 1

0. Although the increase of permittivity of cell membrane can be explained by the 

less insulated and looser cell membrane during nitrogen starvation as indicated in 

(Jeong et al. 2017), the barely changed conductivity (𝜎𝐼) and permittivity (𝜀𝐼) of 

the inner core disregarding the increasing total lipid contents is not in agreemen

t with common expectations considering the low conductivity and permittivity of li

pids. Furthermore, the total lipid contents approximated by the mixing formulas, e

q(18) and eq(19), were not in agreement with the measured values (figure 10b). Suc

h discrepancy in terms of dielectric properties showed the importance in taking th

e thickening cell wall into consideration to correctly interpret the electrorotati

on spectra. Nonetheless, existing studies did not address the thickening of cell w

https://paperpile.com/c/Um985r/ho64


all and were able to observe decreases in σI and εI when the microalgae accumula

ted lipids in the cytoplasm (Hadady et al. 2014; Han, Huang, and Han 2019). In (Ha

dady et al. 2014), the cytoplasmic conductivity was deduced from upper crossover f

requency of dielectrophoresis and a decrease from 0.2267 S/m to 0.095 S/m was foun

d when the lipid content increased. The contribution of the outer shell became neg

ligible at such high frequencies, making the dielectric measurement insensitive to 

the cell wall thickness. However, dielectric measurements at high frequencies are 

highly demanding in instruments and not practical for commercial applications. In 

(Han, Huang, and Han 2019), similar cell wall thickness between Chlamydomonas rein
hardtii cells before and after nitrogen starvation was observed from the microscop
ic images. Therefore, using constant cell wall thickness in their study still prod

uced reasonable outcomes. The cytoplasmic conductivity derived from the electrorot

ation spectrum of Chlamydomonas reinhardtii with low and high lipid contents were 
0.38 S/m and 0.22 S/m, respectively. The same study also reported the decrease of 

relative permittivity of inner core from 130 to 76 when the lipid contents increas

ed. However, cell wall thickening is commonly observed in stressed microalgae cell

s and occurs simultaneously with lipid accumulation. It is necessary to include ce

ll wall thickening in the dielectric model to accurately interpret electrorotation 

spectra of microalgae cells under stresses in future studies.  
 

Table 4. The dielectric parameters of S. abundans obtained from the double-shel

l ellipsoidal model with constant cell wall thickness (30 nm).  

Total lipid 

content (w

t%) 

𝜀𝐼  σI  

(S/m) 

εM σM 

(S/m) 

εW σW  

(S/m) 

15.3 65.48 
1.25 × 10

−1
 

3.32  
3.86 × 10

−4
 

13.67 
1.10 × 10

−3
 

20.8 64.61 
1.25 × 10

−1
 

3.98 
9.09 × 10

−4
 

21.52 
2.96 × 10

−3
 

21.1 63.50 
1.23 × 10

−1
 

3.95  
1.04 × 10

−3
 

26.75 
3.27 × 10

−3
 

33.8 65.11 
1.26 × 10

−1
 

4.31  
1.01 × 10

−3
 

33.67 
3.33 × 10

−3
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(a) (b) 

Figure 10. (a) The fitting of experimental electrorotation spectra of S. abundans 
containing 15.3 wt% and 33.8 wt% of lipids by using the double-shell ellipsoidal m

odel with constant cell wall thickness; (b) The relationship between measured tota

l lipid contents and calculated lipid contents from permittivities (𝜀𝐼) and conduc

tivities (𝜎𝐼) of inner core shown in table 4. 
 

4. Conclusions 

This study demonstrated the use of electrorotation to characterize the dielect

ric properties of single microalgal cells and the estimation of the total cellular 

lipid content from these dielectric properties. The theoretical and experimental e

lectrorotation spectra of Scenedesmus abundans cells were studied during nitrogen 
starvation and the results showed that both total cellular lipid contents and cell 

wall properties have considerable effects on the electrorotation spectra. The doub

le-shell ellipsoidal model considering thickening cell wall was applied to deduce 

the dielectric properties of outer shell and inner core from electrorotation spect

ra. When the total cellular lipid content increased from 15.3 wt% to 33.8 wt%, the 

conductivity and relative permittivity of the inner core (a mixture of cytoplasm, 

lipid droplets, and nucleus) decreased by 21.7 % and 22.5 %, respectively. These d

ielectric properties were then applied to estimate total lipid contents by using t

he mixing formula and a good agreement was found between the estimated and measure

d values with the error as less as 0.22 wt%. The structural and compositional chan

ges of cell wall during nitrogen starvation were also revealed by the increases in 

the conductivity and relative permittivity of the cell wall. To our best knowledg

e, this is the first study that succeeds in applying electrorotation on quantifyin

g total cellular lipids of microalgae cells.   
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