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INTRODUCTION

Culture of unicellular algae (microalgae, MA) rep�
resents a common model system for physiology, bio�
chemistry, and molecular biology of photoautotrophic
organisms as well as biotechnology [1, 2]. As a rule,
manual or, less frequently, automated cell counting and
gravimetric dry weight (DW) determination are rou�
tinely used for monitoring of the culture growth and
physiological condition; extraction with apolar solvents
followed by spectrophotometric or chromatographic
analysis is traditionally employed for following the
changes in cell pigment composition [3]. The manual
methods are laborious, error�prone, and time�consum�
ing. On the other hand, automated approaches require
expensive equipment (flow cytometers, Coulter
counters, image processing systems, etc.). 

The abovementioned obstacles fostered the deve�
lopment of the methods based on measurement of the
optical density (OD) of whole cell suspension. In par�
ticular, such methods proved to be applicable for the
monitoring of the stress responses of the lipid metabo�

lism in a number of MA, including Heamatococcus
pluvialis (Chlorophyceae) [4], Parietochloris incisa
(Trebouxiophyceae) [5], and Nannochloropsis ocean�
ica (Eustigmatophyceae) [6]. However, the applica�
tion of these methods is complicated due to the com�
plex optics of cell suspensions and imperfection of
spectrophotometric equipment. In many cases mea�
sured spectra of cell suspensions are significantly dis�
torted by a considerable and uncertain contribution of
light scattering arising due to the refraction on the cell
surface and subcellular structures as well as by effects
of pigment packaging within the cell [7–13]. As a
result, quantitative calculations based on whole�cell
suspension OD are not particularly accurate and such
spectra recorded on different instruments are not
directly comparable.

There are different approaches to reduction of the
contribution of light scattering to the measured
OD including the registration of bleached cell spectra
and with subsequent subtraction of these from the
spectra of intact suspension;the homogenization of
the cell sample; the analysis of the individual cell opti�
cal properties, and the using of integrative (Ulbricht)
spheres [8, 9, 13, 14]. At the same time, scattered light
carries useful information about the MA suspension,
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such as cell shape, size, or number. Even such a short
consideration makes obvious the importance of the
developing of a method of non�destructive optical
monitoring of MA suspensions. The prerequisites for
such a method include the capability of estimation of
light scattering and absorption contributions to the
measured OD values as well as sufficient accuracy and
sensitivity.

A method of scattering compensation of measured
absorption spectra previously developed in our labora�
tory by Merzlyak et al. [13, 14] was successfully
applied to many species of MA [13, 14]. The method
is based on an assumption that the measured optical
density of MA cell suspension, D(λ), or extinction
spectra can be approximately represented as a sum of
two independent components arising due to absorp�
tion and scattering of light:

D(λ) ≈ (λ) + S(λ),

where (λ) represents the contribution by light
absorption and S(λ) is the contribution of light scat�
tering at a wavelength λ [8, 14]. This assumption is
valid for suspensions containing relatively low number
of uniform (cubic) particles, which absorb light inde�
pendently of each other and the intensity of light
absorbed or scattered by a cell is not too high [8].

This approach allowed the separation and analysis
of the absorbance and scattering contributions to the
total attenuation of the incident light beam by the cell
suspension but was not used as yet for quantitative
non�destructive determination of pigment content or
other parameters of MA cultures. The present paper
describes an attempt to combine the approach to sep�
aration of absorption and scattering contributions with
the methodology to non�destructive pigment analysis
via optical spectra developed and successfully used by
Gitelson and Merzlyak [15, 16] for leaves and fruits of
terrestrial plants. 

This methodology presumes the investigation of
relationships between suspension spectra and basic
culture growth parameters. It is implemented in three
stages: i) obtaining datasets combining spectra and
traditionally measured culture growth parameters; ii)
construction of the spectral indices sensitive to the
parameters of interest and choice of a model (func�
tion) relating the indices with carotenoid (Car) and
chlorophyll (Chl) contents, DW or cell density, and iii)
validation of the resulting algorithms, using indepen�
dently obtained datasets.

The microalgae Ettlia carotinosa [17] and Haemato�
coccus pluvialis [18] were selected as the objects for this
work for their capability of massive accumulation of the
value�added ketocarotenoid astaxanthin under unfa�
vorable conditions. Astaxanthin is of high demand as
an ingredient of cosmetics, pharmaceuticals, food, and
feed [18]. In this work we show the possibility of quan�
titative determination of Chl content, Car�to�Chl ratio
(Car/Chl), dry weight (DW), and (for E. carotinosa)

Ã

Ã

cell density (Nc) at any stage of culture growth under
favorable conditions also called balanced growth. 

MATERIALS AND METHODS

A carotenogenic MA isolate identified as Haemato�
coccus pluvialis Flotow (Genbank ID JQ867352) was
isolated by Elena Lobakova (Moscow State University)
from red�colored bath�tiles filled with semi�saline
water found in the supralittoral zone of Kost’yan Island
(66°29′48″ N, 33°24′22″ E) in White Sea. The culture
of Ettlia carotinosa MAINX was obtained from Kova�
levsky Institute of Biology of the Southern Seas,
National Academy of Sciences of Ukraine. 

Microalgal cells were cultivated in a closed bub�
ble�column glass photobioreactors (0.6 L, 40 mm
internal diameter) in 400 mL of BG�11 medium [19]
under continuous temperature (27°C) and PAR illu�
mination with a white light from a diode source
(40 μE/(m2 s) as measured with a LiCor 850 quan�
tum sensor (LiCor, United States) in the center of an
empty column. The cultures were continuously bub�
bled with air (400 mL/min).

Routinely, 0.5–1.0 mL aliquots of cells suspension
were extracted with dimethyl sulfoxide (DMSO). The
cells were pelleted by centrifugation (5 min, 3000 g) on
a MiniSpin (Eppendorf, Germany) centrifuge. The
supernatant was discarded, and the cells were incu�
bated in 1.5 mL of DMSO at 70°C for 15 min, the cells
debris was then removed by centrifugation. Chl a,
Chl b, and total Car were assayed in the extract spec�
trophotometrically [5]. At the stationary growth phase
(after 12–14 days of cultivation), the cells developed a
tough cell wall. To achieve complete extraction of the
pigments from such cells, the incubation time was
increased to 15 min, the extraction was repeated at
least twice, and the extracts were pooled. Cell DW was
estimated gravimetrically [20]. Cells were counted in a
hemocytometer. 

Absorbance spectra were recorded in the range
400–800 nm using an Agilent Cary 300 (Agilent,
United States) spectrophotometer with a 150�mm
integrative sphere CA�30I (Agilent) in 1�cm quartz
cuvettes. The measured OD spectra were scattering�
corrected as described in [13]. The cell suspension
spectra were recorded in 50% (v/v) glycerol�water
solution to prevent cell sedimentation.

During all growth phases MA cultures were moni�
tored by light microscopy with motorized digital pho�
tomicroscope Eclipse 90i (Nikon, Japan).

All measurements were performed in triplicate
unless stated otherwise; average values are presented in
the figures. In the course of the culture growth,
10 samples were taken throughout all growth stages. At
least three independent experiments for each of the
studied species were performed.
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RESULTS AND DISCUSSION

Changes in Morphology and Pigment Composition 
of the Cells during Cultivation 

Regardless of cultivation time, four morphological
cell types were detected in the cultures of H. pluvialis.
The first type was represented by small biflagellate
zoospores (15 μm in size), which dominated in the
exponential cultures. The second type was comprised
by spherical immotile cells lacking flagellae, of the size
similar to that of zoospores. The cells of the second type
dominated during the first several days of cultivation
and during transition to stationary growth phase. The
cells of the third type were large (40–50 μm in diame�
ter) with a thicker cell wall. The problems due to an
incomplete pigment extraction obviously took place
when the cells of this type dominated in the culture. The
fourth type was represented by cells in the process of
division. Cell division resulted in the formation of tet�
raspores under a common membrane. Dead transpar�
ent cells were also encountered in the cultures. It should
be noted that all cell types were observed simultaneously
throughout cultivation, meaning that, under our exper�
imental conditions, the H. pluvialis cultures featured a
high degree of morphological heterogeneity.

The cultures of E. carotinosa were characterized by
a lower morphological heterogeneity. Small coccoid
cells ca. 10 μm in diameter were observed at all growth
stages; a small fraction of motile biflagellate cells were
encountered only during the first days of cultivation.

Content of Chl (CChl) and Car (CCar) increased
approximately 10�fold in 12 days of cultivation (to 30–
35 mg/L and 9–11 mg/L, respectively). Throughout
the cultivation period Chl and Car contents increased
proportionally (r2 = 0.99 and 0.89 for H. pluvialis and
E. carotinosa, respectively). Consequently, the ratio of
these pigments remained relatively stable at all stages of
the culture growth: CChl/CCar (by weight) = 0.21 ± 0.06
or 0.36 ± 0.07 for H. pluvialis and E. carotinosa,
respectively. Under our experimental conditions (see
the section Materials and Methods), the synthesis of
secondary Car (mainly astaxanthin) was not observed.

Spectral Features of Light Absorption 
and Scattering by the Cell Suspensions 

The shape of the corrected absorbance spectra of
the studied microalgal cell suspensions (Fig. 1) was
typical of Chlorophyta [4, 5, 13] featuring the bands of
the photosynthetic pigments centered, in the red, at
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Fig. 1. Average absorbance (a, b) and scattering (c, d) contribution spectra of H. pluvialis (a, c) and E. carotinosa (b, d) suspen�
sions with different chlorophyll contents. Optical density spectra before (1–4, thin lines), after scattering correction (1–4, thick
lines), and after normalization to the red chlorophyll absorption maximum (1'–4' lines) are shown in panels (a) and (b). Chloro�
phyll content ranges (mg/L) in the samples are indicated near the curves: (1) < 10, (2) 10–20, (3) 20–30, (4) 30–40. 
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678 nm (attributable to the combined absorption by
Chl a and b) and, in the blue�green spectral region, at
436 nm (due to the combined absorption of Chl and
Car). The uncorrected spectra of H. pluvialis (D(λ),
Fig. 1a) were characterized by a higher amplitude as
compared with the corresponding scattering�compen�
sated spectra (Ã(λ); Fig. 1a, curves 1–4). The ampli�
tude of D(λ) in the near�infrared (NIR, 720–800 nm)
was remarkably above the baseline (see the thin
lines 1–4 in Fig. 1a). Since the pigments exert no
detectable absorption in this spectral range, the appar�
ent absorption in the NIR could be ascribed to the
incomplete collection of light by the detector resulting
from the light scattering [8, 14]. With this assumption,

it was not surprising that the amplitude of the (λ)
spectra in the NIR was close to the baseline (see
Fig. 1a, curves 1−4). After normalization to the long�
wave Chl absorption maximum (678 nm), the shape of

the (λ) spectra became very similar (see Fig. 1a,
curves 1 '−4 '). This fact is in agreement with the stabil�
ity of the Car/Chl ratio in the cultures under investiga�
tion. The spectral features of the suspensions (particu�
larly the maxima at 650 nm and in the blue range)
became progressively flat along with the increase in
Chl content above 20 mg/L (cf. curves 1 ' and 4 ' in
Fig. 1a). Presumably, this was a result of violation of
the independence of light absorption by the pigments
at high content of the latter and build�up of packaging
effect (mutual shading of the pigment molecules) [16,
18, 20]. Similar results were obtained for E. carotinosa
(Fig. 1b; the initial D(λ) spectra are not shown).

Spectral contributions of light attenuation due to
scattering (S(λ) are shown in Figs. 1c and 1d. In the
NIR, where the pigments do not absorb, the shape of
S(λ) spectra corresponded to a theoretical relation�
ship between the intensity of scattered light and wave�
length S(λ) ∼ 1/λα, where 4 > α > 0 [12, 21]. The
amplitude of S(λ) decreased in the bands of strong
light absorption by the pigments in the visible range.
This effect could arise due to the absorption of the
scattered light by the pigments; a contribution of
selective light scattering is also possible [22]. It is
essential, that in the case of H. pluvialis the amplitude
of the S(λ) spectra did not always correlate with the
pigment content. The lack of correlation could be
explained by a pronounced morphological heteroge�
neity of the cultures. By contrast, in the less heteroge�
neous E. carotinosa culture such a correlation existed
and was particularly strong in the NIR and green
ranges, which are less influenced by the pigment
absorption (Figs. 1c, 1d).

Relationships between the Cell Pigment Content 
and the Suspension Optical Properties

The methodology of the search for relationships
between optical properties and pigment content of the
cell is based on the procedure of spectral signature

Ã

Ã

analysis (for details, see Ref. [15]). To implement this
approach, one needs to obtain a dataset combining the
spectral and biochemical data for the same samples.
Then the spectral bands sensitive to changes in the pig�
ment content (i.e., bands where OD changes were
proportional to the changes in the pigment content)
are selected. In many cases, it is possible to increase
the sensitivity of the analysis by the elimination of the
interferences, which are not related to the content of
the pigment of interest (effects of particle size, shape,
light�absorbing impurities, such as other pigments,
etc.). In frame of this methodology, correlations
between basic parameters of microalgal growth and
OD spectra, both scattering�corrected and uncor�
rected, as well as the contribution of light scattering
per se were analyzed using Pearson’s correlation coef�
ficient (r) as a measure of linear correlation strength.
The critical value of the correlation coefficient at the
sample size n = 10 and significance level P = 0.95 is
|r| = 0.63 (Fig. 2). 

The results of the analysis for Chl content are
shown in Fig. 2. The strength of the correlation
between Chl content and the optical properties of the
suspension varied greatly and displayed pronounced
species�specific wavelength dependence. In the case
of H. pluvialis (Fig. 2a), the highest correlation of CChl

and scattering�corrected OD (r(CChl, (λ))) was
recorded in the visible range (Fig. 2a, curve 1) whereas
the correlation between CChl and uncorrected OD,

r(CChl, (λ)) (Fig. 2a, curve 2), was lower. The lowest
r values in the visible range were characteristic of the
correlation of Chl content and scattering contribu�
tion, r(CChl, S(λ)) (Fig. 2a, curve 3).

For the correlation of D or  and CChl, the highest
|r| values were observed in the NIR (700–715 nm) and
green range (530–570 nm; Fig. 2c). It should be noted
that strong correlation between CChl and light absorp�
tion or reflection in these bands peaking at 550 and
700 nm is typical of terrestrial plants [16]. By contrast,
in the bands of strong pigment absorption, the corre�
lation strength decreased: the minima of |r| spectra
coincided with the absorption maxima. Taking into
account the data shown in Fig. 2d, this effect can be
explained by the nonlinearity of the relationship
between the suspension optical properties and pig�
ment content in the domain of high (>30 mg/L under
our experimental conditions) Chl content.

Relationships “OD vs. pigment content” was com�
prised by a weak (|r| < 0.2) correlation between CChl and

scattering�corrected OD ( (λ)) in the NIR range. At
the same time, the scattering�affected optical param�
eters (D and S) exerted relatively strong (|r| > 0.6) cor�
relation with Chl content in this range in spite of the
absence of detectable pigment absorption in the NIR.
Probably, this finding reflects the relationship that
should exist between the number of scattering particles

Ã

Ã

Ã

Ã
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(cells) in and volumetric Chl content of the suspen�
sion. On the other hand, the correlation between the
factors governing light scattering by the suspension
(the cell size and number) is obviously not so high as
between CChl and light absorption (Figs. 1a, 1b).
Accordingly, the correlation between light scattering
and CChl in the visible range was weak (see Fig. 2a,
curve 3); the elimination of scattering contribution
from OD improved the correlation with CChl in visible
range and a weakened correlation in the NIR (Fig. 2a,
curve 1). 

A different picture was observed in the case of
E. carotinosa (Fig. 2b) where correlation between

(λ) and CChl was high (r > 0.9) throughout the visible
range (see Fig. 2, curve 1). This culture lacked an

observable drop of the correlation between (λ) and
CChl in the bands of strong pigment absorption

Ã

Ã

(Figs. 2d, 2e), the correlation between D(λ) and CChl

was generally high (r > 0.8) and did not decrease sig�
nificantly in the absorption maxima (Fig. 2b, curve 2).
Remarkably, r(CChl, S(λ) in the ranges of weak pigment

absorption was as high as r(CChl, D(λ)) or r(CChl, (λ))
but decreased significantly in the absorption maxima
of Chl and Car (Fig. 2b, curve 3). This effect could
stem, apart from other possible causes, from the influ�
ence of anomalous dispersion of light in the regions of
strong pigment absorption. 

In view of the above mentioned features of the cul�
ture optical properties, scattering�corrected OD spec�
tra were chosen for CChl estimation; corresponding lin�

ear algorithms based on r(CChl, (λ)) spectral maxima
(located at 700 and 692 nm for H. pluvialis and
E. carotinosa, respectively) were developed (see the
table). These algorithms allowed the assay of volumet�
ric Chl content at any stage of the culture growth with

Ã
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an accuracy enough for routine analysis (RMSE =
1.8 mg/L within the studied range of Chl content). 

Under favorable conditions, CChl and CCar in
microalgal cultures change synchronously due to the
highly conservative stoichiometry of Chl and Car
binding by the pigment–protein complexes of the
photosynthetic apparatus. Normally, the synchronic�
ity of CChl and CCar variation is disturbed only under
adverse conditions. Thus, the increase in CCar /CChl ratio
due to decline in CChl and/or secondary Car accumu�
lation is a typical stress response of microalgal photo�
synthetic apparatus, e.g., to high light intensity or
nitrogen starvation [4–6]. Moreover, because of strong
overlapping Chl and Car absorption, the correlation
between CCar and the culture optical dropped below
the level allowing a reliable Car assay (see the table).
Consequently, a selective determination of Car in the
microalgal cultures under favorable growth conditions
turns to be difficult. On the other hand, it is possible to
formally calculate CCar from CChl values if CCar/CChl ratio
is known and remains stable throughout cultivation (as
was the case in the investigated cultures). It is also pos�

sible to deduce CCar/CChl ratio using (λ) spectra nor�
malized to the band of the maximum sensitivity to
Chl content (700 and 662 nm for H. pluvialis and
E. carotinosa, respectively). For additional informa�
tion about the methodology of non�destructive Car
analysis, see [15, 16]. In the studied cultures, the max�
imum of |r| calculated for CCar/CChl ratio and normal�

ized (λ) spectra was situated at 510 nm. The

510/ 700 and 510/ 662 indices allowed the estimation

Ã

Ã

Ã Ã Ã Ã

of the Car/Chl ratio in the cultures with reasonable
accuracy regardless of cultivation stage (see the table). 

Relationships between Dry Weight, Cell Density 
and Light Scattering by a Suspension

The intensity of light scattered by a cell suspension
depends primarily on the number, the shape, and the
average size of the particles (cells), the cell size distri�
bution, and the complexity of the cell ultrastructure
[7, 10–12]. It is known that the amount of light scat�
tered by a suspension is proportional to the cell refrac�
tive index nc, which is related to the density, ρ, by

Lorenz�Lorenz expression: /  ∼ ρ.

Provided that the /  varies negligibly
with changes in nc, one can substitute this expression
by the simpler Gladstone–Dale relationship [23]
linking nc to a compound mass per unit volume, C:
nc = kC + b, where k and b are constants. The Glad�
stone–Dale relationship is widely used in oceanology
for phytoplankton mass assay [24, 25]. In the present
study, we attempted to use the uncorrected OD, D(λ),
and the light scattering contribution to measured OD,
S(λ), for DW and Nc estimation (Fig. 3). The strongest
correlation between DW and S(λ) was recorded in the
NIR (750–800 nm) (Figs. 3a, 3b, curves 1). Notably, a
sharp decrease of correlation coefficient took place in
the bands of strong pigment absorption. By contrast,

the correlation coefficient calculated for DW and (λ)
containing no scattering contribution was close to zero
in the NIR (Figs. 3a, 3b, curves 3). Thus, spectral
bands devoid of pigment absorption are more suitable

nc
2 1–( ) nc

2 2+( )

nc
2

1–( ) nc
2

2+( )

Ã

Linear algorithms* for estimation of growth parameters of the investigated microalgae cultures via their optical spectra

Parameter Spectral index r** k C RMSE n*** Range, max–min

H. pluvialis

CChl, mg/L 700 0.99 272.90 0 1.80 45 5.0–35.0

DW, g/L S750 0.90 25.80 0 0.30 53 0.2–1.0

CCar/CChl, g/g 510/ 700 0.80 0.24 0 0.03 54 0.20–0.42

E. carotinosa

CChl, mg/L 662 0.93 51.50 0 1.20 54 5–21

DW, g/L S750 0.93 12.90 0 0.20 53 0.2–1.0

CCar/CChl, g/g 510/ 662 0.76 0.12 0.1 0.03 54 0.15–0.30

Nc, 105/mL S750 0.98 1.10 0 0.70 20 2.50–12.30

* Algorithms in the form Y = kx + C, where Y is a culture parameter, k, C—constants.
** Correlation coefficient calculated for the sample size, n, of 10 and the significance level, P, of 0.95; the critical value of the correla�

tion coefficient at these parameters values is |r| = 0.63.
***Number of samples used for the algorithm validation and RMSE calculation.

Ã

Ã Ã

Ã

Ã Ã
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for determination of the culture parameters related
mainly to the intensity of scattered light (i.e., DW or
Nc). Accordingly, for the linear algorithm for DW assay,
light scattering contribution at 750 nm (S750) was
accepted (see the table).

Similarly strong correlation between Nc and the
scattering�based spectral index (and a weak correla�
tion with the scattering�free index) was noted for
E. carotinosa cultures. The maximum correlation
coefficient value calculated for S(λ) and Nc was
detected in the NIR region lacking appreciable pig�
ment absorption (data not shown). As in the case of
r(DW, S(λ)), a sharp decline in the correlation
strength r(Nc, S(λ)) was evident in the bands of strong
pigment absorption (Fig. 3b). Taking into account
these findings, S750 values was employed as well for Nc

calculation in the case of E. carotinosa (see the table).

Unlike E. carotinosa, cultivation of the morphologi�
cally heterogeneous cultures of H. pluvialis was accom�
panied, apart from the increase in cell number, by pro�
found changes in the cell shape and volume. As a result,
the light scattering�related optical parameters were not
proportional to cell density of the H. pluvialis cultures
(Fig. 2c). Thus, it turned to be impossible, under our
conditions, to compose a linear algorithm relating the
H. pluvialis suspension spectra and cell density.

Validation of the Algorithms

For validation of the developed algorithms for esti�
mation of the key culture growth parameters, inde�
pendently derived datasets were used. It was found,
using standard F�test (P = 0.95), that the calculated
values yielded by these algorithms, are not statistically
different from the corresponding experimental values
(Fig. 4, table).

The Possibilities and Limitations of the Approach
for Microalgal Culture Monitoring

The problem of estimation of the key parameters of
microalgal culture growth (DW, Nc, CCar, CChl) via
whole�cell suspension absorbance spectra is central to
the development of simple and sensitive methods pro�
viding timely valuable information about the condi�
tions of laboratory and industrial cultures of MA.
However, the dramatic difference between optical
properties of cell suspensions and those of true solu�
tions complicates this problem significantly in com�
parison with the traditional pigment analysis in the
extracts obtained using organic solvents. The particu�
lar obstacles include the optical heterogeneity of cell
suspensions, the effects of light scattering, incom�
pleteness of light collection by the detector, packaging
effect and differences in the extinction coefficients of
the pigments in vivo and in vitro.

The approach used in this paper essentially elimi�
nates the uncertainties associated with simultaneous
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presence of absorbance and scattering contributions in
the measured suspension OD spectra. Consequently, it
turned to be possible to obtain a linear relationship
between pigment content, in a specific range of the
latter, and OD of the microalgal suspension. It should
be noted that, in the case of cultures with pronounced
morphological heterogeneously (such as H. pluvialis),
scattering correction of the measured spectra turns to
be essential for sufficiently accurate estimation of pig�
ment content. Developing of algorithms for non�
destructive estimation of pigments also requires a
careful approach. Generally speaking, one needs to
find a spectral band with maximum variation which is
linearly related to changes in the content of pigment of
interest. As in the case of terrestrial plants, this condi�
tion is often met by OD values on the slopes of the
main pigment absorption bands. By contrast, using
OD in the absorption maxima is normally undesirable
due to pronounced non�linearity (saturation) of the
relationship between OD and pigment content [16]. 

Separate analysis of light scattering contribution
provides important information for example, about
the number of particles in the suspension. The routine
methods of Nc and DW estimation in microorganism
cultures are based on scattering measurements. How�
ever, light scattering by microalgal suspension is influ�
enced by numerous factors including pigment compo�
sition, content and packaging, average cell size, shape
and distribution of the cells, complexity of cell ultra�
structure (presence and thickness of superficial struc�
tures), etc. [7, 10–12]. Significant heterogeneity of
these parameters at different stages of culture growth
could disturb the linearity of the relationship between
cell density and the amount of light scattered by the
culture (as was in the case of the studied H. pluvialis
cultures). Therefore, to develop scattering�based non�
destructive methods for monitoring of culture growth,
it is essential to take into account a widest possible
range of culture states. It is also worth noting that light

scattering and absorption are, strictly speaking, inter�
dependent [22]. Accordingly, mutual influence of
absorption and scattering might be important for and
should be taken into account in a correct analysis of
the relationship between the optical properties and
other parameters of MA cultures.

Specific features of the microalgal pigment compo�
sition dynamics (e.g., synchronicity of the changes in
Chl and Car contents, strong overlap of Chl and
Car spectra) complicate so far selective non�destruc�
tive estimation of individual pigment contents in
microalgal cultures. Still this problem can be solved, at
least particularly, using absorbance spectra normalized
to Chl absorbance maximum. Similar difficulties arise
in the case of selective determination of Chl a and
Chl b contents via cell suspension spectra. The appli�
cation of the optical techniques for monitoring of sec�
ondary carotenogenesis and stress reactions of
microalgal pigment apparatus seems to be more prom�
ising [4–6]. Taking into account the limitations men�
tioned above, the results of this work indicate that opti�
cal methods provide a reasonably accurate estimate for
routine monitoring of culture growth (including the
accumulation of DW and, in certain cases, Nc), as well
as changes in Chl content and Car/Chl ratio, the
important markers of the physiological conditions of
the culture.

To conclude, we would like to note that the pro�
posed approach combines the advantages of the origi�
nal methods of recording spectral data and processing
suitable for strongly scattering biological objects [13,
14] with recent achievements in the field of photoau�
totroph remote sensing [15]. This approach has a great
potential for automation of laboratory and industrial
cultivation of MA. In particular, the constructed algo�
rithms can find extensive use in the development of
optical sensors for automation the monitoring of MA
grown in photobioreactors of different design. 
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