
1842

Korean J. Chem. Eng., 32(9), 1842-1846 (2015)
DOI: 10.1007/s11814-015-0012-3

INVITED REVIEW PAPER

pISSN: 0256-1115
eISSN: 1975-7220

INVITED REVIEW PAPER

†To whom correspondence should be addressed.
E-mail: thpark@snu.ac.kr
‡This article is dedicated to Prof. Hwayong Kim on the occasion of
his retirement from Seoul National Univerisity.
Copyright by The Korean Institute of Chemical Engineers.

Effect of light intensity on the correlation between cell mass concentration
and optical density in high density culture of a filamentous microorganism

Jong Hyun Yoon*, Jong-Hwan Shin*, Joon Ho Park*, and Tai Hyun Park*,
**

,†

*School of Chemical and Biological Engineering, Seoul National University, Seoul 151-744, Korea
**Advanced Institutes of Convergence Technology, Suwon 443-270, Korea

(Received 26 October 2014 • accepted 13 January 2015)

Abstract−We investigated the effect of light intensity on the correlation between optical density (OD) and cell mass
concentration in high cell density culture of Anabaena variabilis. When the light intensity was gradually increased to
maintain specific irradiation rate above 10 mmol/s/g dry cell, the dry cell mass concentration to OD ratio changed
when the cell density became higher than OD 10, while the correlation was linear when light intensity remained con-
stant after 2.5 days. When the OD was below 10, the dry cell concentration to OD ratio in unicells was the same as that
of filaments, indicating that filament length, unicell size, and unicell dry cell concentration did not affect the dry cell
concentration to OD ratio. Scanning electron microscope pictures revealed the differences in morphological structures
between filaments below and above OD 10. Therefore, we propose that the morphological structures of filaments
affected the dry cell concentration to OD ratio.
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INTRODUCTION

The quantification of cell concentration in culture media is essen-
tial for the determination of the kinetics and stoichiometry of micro-
bial growth. The methods used in the quantification of cell con-
centration are as follows: direct cell count, determination of dry
cell mass concentration, optical density (turbidity) measurement,
and intracellular component measurement. Among these, optical
density measurement provides a fast, inexpensive, simple, and gener-
ally accurate method of estimating cell concentration [1]. The cali-
bration curve relates optical density (OD) to determination of dry
cell mass concentration. Such calibration curves can depend to some
extent on the physiological state of the cells [2]. Optical density
measurement has been mainly used for measuring cell concentra-
tions in suspensions of relatively small and unicellular microorgan-
isms [3]. However, it could be also applied to larger and multicellular
systems: cyanobacteria [4,5], plant cells [6], and insect cells [7].

Microalgae undergo significant physiological and chemical changes
in response to variations in light, temperature, nutrient availability,
and cell density [8-13]. However, there have been few researches
on the effect of light intensity on OD and cell morphology as re-
ported in this work. Anabaena variabilis has been used for various
applications [14,15] and was used as a model filamentous micro-
organism in this study. To better reflect the actual dry cell concen-

tration of cells with morphologies other than unicellular morphology,
it is critical to evaluate the correlations between OD and dry cell
concentration for each morphology. This investigation shows that
changes in morphologies, specifically filamentous microorganisms,
actually do impact the correlation between OD and cell concen-
tration, and help our understanding about the correlation between
OD and dry cell concentration in high cell density culture of fila-
mentous microorganism.

MATERIALS AND METHODS

1. Microorganism and Maintenance
Anabaena variabilis (ATCC 29413) in an Erlenmeyer flask (500

ml) containing 100 ml of the BG11 medium (ATCC, Washington
DC, USA) was cultured in a shaking incubator (VS-8480, Vision,
Korea) at 30 oC and 190 rpm [5].
2. Cultivation Conditions

Anabaena variabilis was cultivated at 30 oC in photobioreactor
(working volume 260 ml) described previously [16]. The culture
pH was maintained at 7.0 and the culture medium was the BG11
medium with 100 mg/l K2HPO4. Light was provided continuously
with ten fluorescent lamps placed on one side of the photobioreac-
tor. The light intensity was adjusted to various levels by changing
either the distance between fluorescent lamps and the bubble col-
umn or the number of fluorescent lamps used.
3. Determination of Specific Irradiation Rate

As a parameter of the controlled incident light, a specific irradi-
ation rate (qi) was defined as follows [17,18]:

(1)qi = 
Ii A×
C V×
------------ = 

2I0 h r⋅ ⋅

C V⋅
-----------------
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where Ii=light intensity illuminated at a right angle on the surface
area, µmol/s/m2; A=illuminated surface area of the bubble col-
umn, m2; C=cell concentration, g/l; V=volume of medium, l; I0=
incident light intensity on the surface of the bubble column, µmol/
s/m2; h=height of the bubble column, m, and r=radius of the bub-
ble column, m.
4. Determination of Cell Concentration

Cell concentrations were determined by measuring optical den-
sity (OD) at 680 nm and were plotted versus dry cell concentra-
tion (g/l) on a standard curve [5].
5. Measurement of Light Intensity

The light intensity was measured by a quantum sensor (LI-COR,
Model LI-190SA, Lambda Instrument Corp., USA) and a light meter
(LI-COR, Model LI-250, Lambda Instrument Corp., USA).
6. Physical Disruption of Filaments to Unicells

Filaments were broken by sonication (UCX750, Sonics, USA) at
an amplitude of 20% and at 4 oC. The depth of the probe in the
cell suspension was the minimum penetration which did not cause
splattering [19]. After 20 seconds of total sonication time (10×2
second pulse) the cell suspension was removed from the sonicator.
In this cell suspension, unicells existed mainly and 2-3 cell lengths
did a little, when they were observed through the microscope. There-
fore, these cells were called unicells here.
7. Microscopic Estimation of the Number of Cells

After physical disruption of filaments to unicells, cells were di-
rectly enumerated microscopically with or without dilution after
mounting on a haemocytometer (Marienfeld GmbH, Marienfeld,
Germany).
8. Elemental Analysis

Elemental analysis of washed and dried samples was performed
with elemental analyzer (EA1110, CE Instrument, Italy) [20].
9. Extraction of Chlorophyll a

Cells from 1ml of suspension culture were centrifuged at 10,000g
for 10 min at 4 oC, resuspended in 1 ml of 95% N,N-dimethylfor-
mamide (Sigma Aldrich, St. Louis, MO, USA), left in the dark for
5 min, and then centrifuged at 12,000 g [21]. The supernatant was
analyzed in a spectrophotometer (Genesys, Spectronic Instruments,
USA).
10. Specimen Preparation for Scanning Electron Microscope
(SEM)

Cells from the culture were fixed at 4 oC for 2-4 hours in modi-
fied Karnovsky’s fixative [22], which consists of 2.5% glutaralde-
hyde (Sigma Aldrich, St. Louis, MO, USA) and 2% paraformaldehyde
(Sigma Aldrich, St. Louis, MO, USA) in 0.15 M sodium cacodyl-
ate buffer, pH 7.4 (Sigma Aldrich, St. Louis, MO, USA). Then, cells
were washed three times in 0.05 M sodium cacodylate buffer (pH
7.2) at 4 oC for 10 min, and followed by post-fixation with 1% os-
mium tertroxide in 0.05 M sodium cacodylate buffer (pH 7.2) at
4 oC for 2 hours. After the fixed cells were washed twice in distilled
water at room temperature, they were dehydrated using a series of
graded ethyl alcohols (30%, 50%, 70%, 80%, 90%, and 3 changes
of 100% for 10 min each). After the dehydrated cells were washed
twice in 100% hexamethyldisilazane (Sigma Aldrich, St. Louis, MO,
USA), they were mounted on the stubs with adhesive tabs. After
the specimens were dried, they were coated with gold and exam-
ined using SEM (JSM-5410LV, JEOL, Japan).

RESULTS AND DISCUSSION

1. Correlation between Cell Mass Concentration and OD
High cell density culture of Anabaena variabilis was performed

at controlled light and nutrient supply in previous work [16]. Each

Fig. 1. The profile of cell growth in high cell density culture. (a) Cell
growth profile. Downward arrows in the diagram indicate
timing of nutrient addition. Abbreviations: N - nitrate; P -
phosphate; S - sulfate. (b) Profile of incident light. (c) Pro-
file of specific irradiation rate.
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concentration of nitrate, phosphate, and sulfate was controlled by
intermittent additions based on growth yield (Fig. 1(a)). During
the cell growth, the specific irradiation rate was controlled above
10µmol/s/g dry cell by increasing incident light intensity stepwise
(Fig. 1(b) and (c)). Experiments 1 and 2 differed in the period con-
trolling light intensity: 2.5 days in experiment 1 and 4.5 days in
experiment 2. The culture profiles were divided into an exponen-
tial growth phase and a deceleration phase. During the exponential
growth phase, the specific growth rate in experiment 2 was similar
to that in experiment 1. However, during the deceleration phase,
the average cell growth rate in experiment 2 was larger than that
in experiment 1 (Fig. 1).

In experiment 1, the OD showed a linear relationship to cell con-
centration in the OD range of 0.100-16.0 (Fig. 2(a)). The relation-
ship between dry cell concentration (Y) and OD (X) could be ap-
proximated by Eq. (4).

Y=0.39 X (r2=0.9963) (4)

In experiment 2, linear relationships between the OD and cell
concentration were obtained in the OD range of 0.100-10.0 and

Fig. 3. Probable diagrams of the ratio of dry cell concentration to
OD in filaments and unicells.

Fig. 2. The ratio of dry cell concentration to OD in Exp. 1 (a) and
Exp. 2 (b). Solid line is the regression line between OD and
dry cell concentration.

10.0-15.2, respectively (Fig. 2(b)). The ratio of dry cell concentra-
tion to OD in experiment 1 was the same value as that in the OD
range of 0.100-10.0 in experiment 2. However, in 2, the ratio of dry
cell concentration to OD in the OD range of 10.0-15.2 was higher
than that in the OD range of 0.100-10.0. The relationship between
dry cell concentration (Y) and OD (X) in the OD range of 10.0-
15.2 could be approximated by Eq. (5).

Y=0.82 X−4.3 (r2=0.9648) (5)

2. The Change of the Ratio of Dry Cell Concentration to OD
in Unicells

If the lengths of filaments affect the ratio of dry cell concentra-
tion to OD in experiment 2, the ratio of dry cell concentration to
OD in filaments was different from the ratio in unicells, which were
made of filaments by sonication [23]. Probable diagrams of the ratio
of dry cell concentration to OD are Fig. 3(a) and (b). If the length
of filaments did not affect the ratio of dry cell concentration to OD,
the ratio of dry cell concentration to OD in filaments was the same
as the ratio in unicells (Fig. 3(c)). In previous studies, there were
some factors affecting the ratio in unicells: unicell size, unicell dry
weight, and pigment content [2,24,25].

Cyanobacteria have many pigments: chlorophyll a, phycocyanin,
allophycocyanin, phycoerythrocyanin, and various carotenoids.
The absorption maximum of chlorophyll a is about 680 nm, while
that of the other pigments is not about 680 nm. Therefore, the effect
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of chlorophyll a on the OD of cells was investigated (data not shown).
The absorbance of chlorophyll a was the value measured in vitro.

Fig. 4. Characteristics of filaments in Exp. 2. (a) The ratio of dry
cell concentration to OD in natural and sonicated forms. Solid
and dashed lines are the regression line between OD and dry
cell concentration. (b) Constant unicell weight between var-
ious cell concentrations. The solid line is the average uni-
cell weight and the dotted line is the standard deviation of
unicell weight. (c) Elemental composition of cells above or
below OD 10 (4 g dry cell/l).

Fig. 5. SEM pictures of cell morphology. (a) Common morphology
of cells below 4.0 g/l (OD 10). (b) Morphology of cells above
4.0g/l (OD 10) in Exp. 1. (c) Morphology of cells above 4.0g/l
(OD 10) in Exp. 2.

Since the effect of chlorophyll a on the OD of cells was below 12%,
chlorophyll a did not mainly affect the ratio of dry cell concentra-
tion to OD. After filaments were broken into unicells, the ratio of
dry cell concentration to OD in unicells was not one of Fig. 3 (Fig.
4(a)). Therefore, filament length, unicell size, and unicell dry weight
did not affect the ratio of dry cell weight to OD.
3. The Change of 3D Structure of Filaments

After physical disruption of filaments to unicells in experiment
2, the ratio of dry cell concentration to OD in the whole range was
changed to the same value in the OD range of 0.100-10.0 in natu-
ral form (Fig. 4(a)). Since the ratio of dry cell concentration to OD
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in unicells in experiment 2 (Fig. 4(a)) was the same as that below
OD 10 in filaments in experiment 2 (Fig. 2(b)) or that in filaments
in experiment 1 (Fig. 2(a)), we assumed that the unicell weight in
the filaments was the same regardless of cell growth.

To measure unicell weight in filaments, filaments in experiment
2 were broken into unicells by sonication. Cells were enumerated
microscopically and were dried for measuring the dry cell weight.
Data on the cell numbers per dry cell weight were analyzed by means
of ANOVA with Microsoft Office Excel 2003 software. ANOVA
analysis showed no difference between various cell concentrations
for the cell numbers per dry cell weight (data not shown). This result
suggests that there was no difference between various cell concen-
trations for unicell weight because the reciprocal of the cell num-
bers per dry cell weight is unicell weight (Fig. 4(b)). The unicell
weight was 17±2 pg.

As mentioned, the ratio of dry cell concentration to OD in uni-
cells was similar to that in natural form and the unicell weight was
constant regardless of cell growth. These results suggest that the
elemental composition of cells will be the same above or below OD
10. Actually, the content of carbon, oxygen, hydrogen, and nitro-
gen above OD 10 was similar to those below OD 10 (Fig. 4(c)).

From these results, we assumed that the morphological struc-
tures of filaments affected the ratio of dry cell concentration to OD.
4. SEM Pictures of Cell Morphology

To prove this hypothesis, it was necessary to examine the cell
morphology using SEM. Fig. 5(a) shows that the cells below 4.0 g/l
(OD 10) are put together to make slight curved filaments. In Fig.
5(b), the cell morphology above 4.0 g/l (Exp. 1) is similar to that
below 4.0g/l. However, in Fig. 5(c), cells above 4.0g/l (Exp. 2) exhibit
sinuous branched filaments. The surface area of the sinuous struc-
ture is smaller than that of slight curved structure because the con-
tact surface area between cells in the sinuous structure is larger than
that in slight curved structure. Although the SEM image analysis
gives us a better understanding of the correlations between OD
and cell concentration, it does not provide us with enough infor-
mation for a quantitative analysis. Further investigation is required
to obtain the relationship between the OD and the cell morphology.
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