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Abstract Single-cell algae (microalgae) are among the most promising resources for the 

production of biofuels and bioactive compounds, as well as for CO2 biomitigation and 

bioremediation. Improvement of microalgal photobiotechnologies for the production of value-

added products such as long-chain polyunsaturated fatty acids, storage triacylglycerols and 

carotenoids, requires fast and reliable, and preferably non-destructive techniques for on-line 

monitoring of the target product's content and the physiological condition of the algal culture. 

These techniques can provide essential information for timely and informed decisions on 

adjusting illumination conditions and medium composition, and on the optimal time for biomass 

harvesting. Often, such decisions must be taken within hours, and mistakes can lead to a 

significant reduction in productivity or a total loss of the culture. A promising approach for real-

time non-destructive monitoring of laboratory and upscaled microalgal cultures is based on 

measuring the optical properties of algal suspensions, such as absorption, scattering and 
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reflection of light by microalgal cells in certain spectral regions. To this aim, the following 

criteria should be met: i) reliable spectral measurements, ii) efficient algorithms for the 

processing of spectral data, and iii) a thorough understanding of the relationships between 

changes in physiological condition and/or biochemical composition of the algal culture and 

accompanying changes in its optical properties. This chapter presents a review of recent 

experimental work in this area, with an emphasis on investigations conducted by the authors and 

their colleagues in the fields of physiology, biochemistry and spectroscopy which have 

implications for the cultivation of biotechnologically important microalgal species. 
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Introduction 

In recent years, the world community of researchers and corporations have shown a rapidly 

growing interest in microalgal biotechnology due, to a large extent, to an urgent need for the 

development of novel renewable oil resources for next-generation biofuels such as biodiesel (1-

3). Biodiesel is currently produced by transesterification of neutral storage lipids (mainly 

triacylglycerols—TAG) obtained mainly from non-food (non-edible) oil-seed plants (4). 

However, oleaginous microorganisms such as bacteria, yeasts (5), and microalgae (1-3), have 

been recently recognized as an important and promising oil feedstock. Microalgal oil production 

is considered a valuable alternative to higher plant oil for several reasons: i) microlagae can be 

grown on diverse water sources, including sea and brackish water; ii) their biomass production 

does not compete with higher plants for arable lands and, in the case of marine species, for water 

resources; iii) microalgal cultures are superior to higher plants in biomass-accumulation rates 

(for details, refer to (2) and refs. therein). Hence, oleaginous microalgal species are being 

intensively studied to further develop sustainable cultivation processes which will enable rapid 

growth rates along with high oil productivity and tolerance to adverse environmental conditions. 

It should be noted, however, that several technological difficulties need to be overcome to reduce 

the energy overhead of phototrophic microalgal cultivation and biomass harvesting, toward a 

cost-efficient process (6). Microalgae also constitute a valuable source for a wide array of value-

added "health" products such as carotenoids (Car) (7) and essential long-chain polyunsaturated 

fatty acids (8), for both aquaculture and human nutrition. The demand for lipophilic microalgal 

products is expected to increase in the decades to come, emphasizing the need to develop more 

advanced processes for their production.  

Upscaling of microalgal photobiotechnology for the efficient production of microalgal oil 

and value-added products requires, in particular, a fast and accurate method to quantify the target 

compound(s) in the biomass. Ideally, such a method should support on-line monitoring of the 

target product's content and the physiological state of the algal culture, information that is 
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essential for timely and informed decisions on adjusting illumination conditions and medium 

composition, and on the optimal time for biomass harvesting. Such decisions must often be taken 

within hours and mistakes may lead to a significant reduction in productivity or in total loss of 

the culture (9). However, the mainstream traditional methods, based on solvent extraction with 

chloroform:methanol mixtures (10) or the non-polar solvent n-hexane, followed by gravimetrical 

yield determinations, are laborious and time-consuming, and of insufficient accuracy for an  

estimation of lipid content in low-biomass samples. Moreover, lipid extracts carry additional 

extractable compounds, aside from TAG. Determination of the total fatty acid (TFA) content by 

gas chromatography (GC) in combination with flame-ionization detector (GC-FID) or mass 

spectrometry (GC-MS) is precise but also time-consuming and expensive, and therefore less 

suitable for express analyses of biomass composition.  

In view of these complications, more attention has recently been paid to advances in 

rapid in-situ techniques for neutral lipid assay in microalgal biomass, including those based on 

(vital) fluorescent staining (11-13), and optical (14-16), infrared (IR) (17, 18) or other 

spectrometric approaches. These techniques provide a number of distinct advantages over 

traditional extraction-based methods allowing a rapid non-destructive assay of valued 

compounds in the microalgal biomass. More importantly, these techniques might be applicable 

for on-line monitoring of biomass quality and culture conditions in photobioreactors. The 

demand for modern biotechnological solutions based on cultivation of microalgae makes these 

novel approaches increasingly important as substitutes for the traditional techniques of neutral 

lipid quantification. The recent advances in non-destructive methods for the analysis of 

microalgae are reviewed below, with a particular emphasis on optical spectroscopy-based 

approaches investigated and developed by the authors. 

Fluorescent-staining-based neutral lipid assay 

This section provides a brief review of the non-destructive methods for neutral lipid 

quantification in microalgal cells based on their vital staining with fluorescent dyes. One 
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common approach utilizes a lipid-soluble fluorescent dye, Nile Red (NR, 9-diethylamino-5H-

benzo[α]phenoxazine-5-one). In hydrophobic environments, such as non-polar organic solvents 

and oil-storing lipid droplets, NR is generally applied to samples of algal suspensions as a stock 

solution in acetone, methanol or dimethyl sulfoxide (DMSO); it stains the neutral lipid inclusions 

and emits bright-yellow fluorescence upon excitation at 490 nm (11, 19-21). NR staining allows 

for visualization of oil droplets in the cells for microscopic observation of neutral lipid formation 

(11), as well as for the development of rapid screening, detection and quantification methods for 

TAG production in microalgal cells (12, 13). Several algorithms and experimental procedures 

have been developed for a variety of microalgal species, including members of the 

Chlorophyceae—Botryococcus braunii, Chlorella vulgaris, Chlorella zofingensis, 

Pseudochlorococcum sp. (12, 22), the Eustigmatophyceae—Nannochloropsis sp. (11), the 

Haptophyceae—Isocrysis galbana and Emiliana huxleyi, and the Prasinophyceae—Tetraselmis 

suecica) (23). The intensity of the NR fluorescence generally correlates with the gravimetrical 

determination of biomass or cell lipid content (11-13). A recent modification of the method was 

introduced by Chen et al. (13), toward developing a high-throughput assay to quantify lipid 

content in algal samples.  

A major limitation of the NR-staining method, in our opinion, stems from the species-

dependent and uneven permeation of NR solution via the algal cell wall. Furthermore, algal 

species with a strong cell wall, containing the solvent- and acid-resistant polymer sporopollenin 

(a common feature of green microalgae), require an additional heating step or even microwave-

assisted treatment to achieve homogeneous and efficient staining (12). Another drawback is the 

quenching of NR fluorescence at higher than 5% final concentrations of DMSO, while DMSO is 

often used for lipid extraction from green algae with a strong cell wall, many of which are 

regarded as candidate strains for biofuel production. Protocols have been recently reported that 

further improve NR staining of live cells, permitting efficient vital staining of algal cells for flow 

cytometry (FC) and single-cell sorting (24). For example, it was recently claimed that a 
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combination of NR staining and FC was recently used to select and isolate cells with high lipid 

content from wild populations of the green microalga Tetraselmis suecica (23).  

IR- and nuclear magnetic resonance (NMR)-based methods 

As already noted, rapidly growing interest in neutral lipid production by microalgae has paved 

the way for the use of sophisticated spectrometric methods to quantify TAG production (17, 18, 

25, 26). For instance, Raman spectroscopy was adopted to detect TAG formation in microalgae 

and specific Raman signals were identified in the nitrogen-starved cells of Chlorella  

sorokiniana and Neochloris oleoabundans due to the presence of storage TAG (27). NMR is 

considered a useful diagnostic method that is complementary to common analytical tools for 

selective TAG identification in algal cells (26, 28); a 13C liquid-state NMR approach was shown 

to have potential in the detection of TAG formation in cells of N. oleoabundans induced by 

nitrogen starvation.  

Near-infrared (NIR) and Fourier transform infrared (FTIR) spectroscopy show promise 

as rapid and relatively inexpensive methods of monitoring neutral lipid content in microalgal 

cells. Dean et al. (17) demonstrated the use of FTIR to estimate changes in lipid and 

carbohydrate contents of two freshwater microalgae (Chlamydomonas reinhardtii and 

Scenedesmus subspicatus), grown under nitrogen starvation. The authors reported significant 

correlations between the FTIR- and NR-based lipid measurements. A recent work by Laurens 

and Wolfrum (18) demonstrated the potential use of NIR and FTIR spectroscopic fingerprinting 

of algal biomass to predict lipid content and composition. The authors attempted to build 

prediction models able to quantify the lipid content in algal biomass and distinguish between 

TAG and phospholipid contents. They analyzed the NIR spectra of homogenized, dried biomass 

of four representative classes of microalgae: Chlorophyceae, Eustigmatophyceae, 

Bacillariophyceae, and the blue-green algae (Cyanobacteria). By using a chemometric 

approach—partial least squares (PLS) regression method—on biomass samples spiked with 

exogenous lipids, they found that TAG and phospholipids have sufficiently different NIR 
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spectral fingerprints to contribute independently to a PLS2 calibration model. The single-species 

calibration models accurately predicted spiked levels of both types of lipids, and the combined 

models were robust in their prediction across the different biomass samples. However, these 

experiments and conclusions were based on lipids that were exogenously added to algal biomass. 

Hence, before these models and methods can be used on a routine basis for strain screening or 

monitoring lipid production in cultures, they must be further developed, and a robust calibration 

performed, before they can be applied to unknown samples. 

Optical spectroscopy-based methods 

Optical methods provide a quantitative description of the interaction between optical radiation 

and cells of cultivated algae. This information is essential for understanding utilization of light 

energy in photosynthesis (29), estimating their physiological condition and productivity, 

detecting stress conditions (30, 31), and monitoring their growth and the accumulation of value-

added compounds during mass cultivation, particularly in real time (14, 16, 32).  

Development of optical spectroscopy-based methods for the non-destructive monitoring 

of algal cultures requires a deep understanding of the relationships between changes in light 

absorption by algal cells and the underlying dynamics of their pigment and lipid contents. The 

spectral analysis of photosynthesizing microorganisms presumes obtaining information on both 

radiation absorption by different pigments and their light-scattering characteristics in vivo (33, 

34). An elaborated methodology of optical measurements and their interpretation, including 

remote-sensing applications (35-37), has been developed for plankton microalgae (38, 39) 

however, approaches to the optical monitoring of cultivated microalgae appear to be somewhat 

less studied, although there are a number of notable exceptions (see e.g. (9, 40)). In these latter 

studies, the focus was on light absorption and, less frequently, scattering, to follow both 

qualitative and quantitative changes in pigment content (14, 16, 41).  
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Absorption spectrophotometry in the visible range is widely employed in the analysis of 

microalgal cultures. The basic relationship between the concentration of the absorber and the 

attenuation of light by its solution is defined by the Lambert-Beer law: 

lcT
I

I
A  )log(log

0

,         (1) 

where I0 denotes the intensity of the incident measuring beam, I is the intensity of the beam 

passed through the sample and attenuated by it, T is the transmittance of the sample, ε is an 

extinction coefficient that depends on wavelength and the substance under investigation, c is the 

concentration of the light-absorbing compound, l is optical path length, and A is optical density 

or absorbance. A plot of A or T as a function of wavelength, λ, is called absorbance or 

transmittance spectrum, A(λ) or T(λ), respectively. Valuable information can be deduced from 

the sample's spectral characteristics, such as position, half-width and amplitude of its absorption 

maxima, etc. However, the Lambert-Beer law works only if i) the chromophore exists in the 

form of a molecular or true solution and ii) the basic assumption of independent light absorption 

by each chromophore is not violated, and this is not the case with microalgal cultures (which are 

essentially suspensions of pigment-containing cells). The true chromophore absorption is 

normally of primary importance for qualitative and quantitative analyses of microalgal cultures 

via optical methods. On the other hand, valuable information can, in many cases, be extracted 

from the scattering spectra of algal culture samples (33, 34). Therefore, one needs a method to 

decrease or at least estimate the influence of light scattering on algal spectra. One of the methods 

for deconvolution of the spectra of a microalgal cell suspension into contributions by ‘true’ 

absorbance and scattering is discussed in the following section. 

Correction of microalgal cell suspension spectra for light scattering  

In samples representing true or molecular solutions, such as diluted pigment extracts (such as 

chlorophylls (Chl) and Car) in a non-polar solvent, all chromophore particles (represented by 

molecules) absorb light independently of each other. However, in comparison to pigment 
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solutions, a suspension of microalgal cells is a dramatically different and optically more complex 

system. In particular, apart from the absorption by pigments, its optical properties are 

considerably influenced by the cells' scattering of light. As a result, in a spectrophotometer, 

many of the photons of the measuring beam are diverted from their initial path and can therefore 

miss the detector (Fig. 1; see also (34)). This phenomenon appears as an increase in the optical 

density of the sample. Then, in dense suspensions containing a large number of cells, multiple 

scattering is possible, which also leads to an increase in the effective optical path length and 

hence to an additional increase in measured optical density (for additional details on the 

phenomenon of optical path lengthening due to scattering see (42) and references therein).  

Generally, the cells of microorganisms, including microalgae, display featureless non-

selective scattering which depends on the size and shape of the particles and results from the 

changes in the refractive index at the partition boundaries between phases (medium, cell wall, 

cytosol, intracellular structures, etc. (38)). In cyanobacteria and microalgae, the spectra are also 

characterized by the presence of selective scattering with pronounced spectral features, related to 

sharp changes in the refractive index during light quanta absorption by aggregated pigments 

incorporated in the thylakoid membranes (33, 42-44). Scattering-related phenomena can 

significantly distort spectral curves. First, due to the loss of measuring light (see Fig. 1), the 

spectral curve appears to rise above the baseline. This rise is more pronounced in the blue part of 

the spectrum since scattering increases with decreasing wavelength. Second, the regions of weak 

absorption are more affected by the apparent increase in optical density. This leads to flattening 

and broadening of the peaks in the spectra of algal cell suspensions (33, 34). 

In biological systems such as eukaryotic microalgal cells, light-absorbing compounds are 

characterized by non-uniform distribution. For example, photosynthetic pigments do not occupy 

the whole volume of the cell but are localized predominantly to corresponding cell structures 

(chloroplast thylakoid membranes). The beams of light that hit these pigment-containing 

structures as they travel through the sample are strongly attenuated; at the same time, the beams 
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that miss these structures pass through the sample virtually unaffected. This phenomenon is 

generally known as ‘sieve’ or ‘packaging’ effect (45). The ‘package’ effect is especially 

pronounced in photosynthesizing microorganisms, with their high pigment content and cell 

dimensions that are comparable to the wavelength of the measuring light (46-48). It should be 

noted that the ‘package’ effect causes a decrease in the optical density of the bands with strong 

absorption relative to a similar sample unaffected by packaging (49).  

Due to these phenomena and some other circumstances, pigment absorption in cell 

suspensions differs considerably from that in true solutions. Moreover, variable wavelength-

dependent contributions of scattering, both non-selective and selective, introduce considerable 

uncertainty into the measurements of optical properties of microalgal suspensions. To estimate 

and/or compensate for the effect of scattering, a number of approaches have been developed 

based on different principles.  

A common method aimed to reduce the contribution of scattering is based on the use of 

integrating spheres (IS) with a cuvette placed at the IS-input window (Fig. 1). A simple method 

for measuring turbid biological samples is the technique developed by Shibata (50) based on the 

use of a diffuser such as opal glass which strongly scatters light. A variation of this technique, 

using a wet glass-fiber tissue, was applied by Solovchenko et al. (16) to obtain reliable spectra of 

microalgal suspensions in a simple spectrophotometer lacking IS. Other approaches involve 

microspectrophotometry (51, 52) and integrating cavity absorption measurements (53).  

Despite these efforts, with strongly scattering samples, such configurations do not 

completely eliminate scattering-dependent light loss (34, 54). As shown further on, the influence 

of scattering can be decreased (but not completely eliminated) using spectrophotometers fitted 

with IS, but these are expensive and not readily available for routine analysis. Moreover, data 

obtained by Merzlyak et al. (33) suggest that even with the use of IS, the contribution of 

scattering to overall light attenuation can be considerable and the loss in light should be taken 

into account in quantifying pigment absorption. At the same time, measurements in the 750 to 
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800 nm range are often ignored and the attenuation spectra, )(D , obtained in different 

laboratories are dependent on the geometry and efficiency of light collection by the IS employed 

in the particular experiment, preventing direct comparisons (34). With this in mind, a method 

that allows approaching the “true” absorption spectrum of cell suspensions was suggested (34, 

55): the )(D  spectra are measured in the cuvette placed as close as possible to, and at a certain 

distance from the IS, i.e. at larger and smaller solid angles of light collection, 0 and I , 

respectively (Fig. 1). Briefly, when 0 >> I, the use of attenuation as a correcting factor in the 

spectral region in which pigment light absorption is negligible makes it possible to obtain the 

spectrum Ã() ≡ Ã(;) as an approximation of the light leaving the rear wall of the cuvette. This 

simple approach made it possible to obtain essentially scatter-free Ã()spectra of a considerable 

number of taxonomically different biotechnologically important microalgae: the cyanobacterium 

Anabaena variabilis (56), the green algae Parietochloris incisa (41) and Haematococcus 

pluvialis (57), the diatom Thalassiosira weisflogii (58) and some other species (59). Absorption 

spectra compensated for scattering were calculated as  
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where DNIR is light attenuation in the spectral range 760 to 800 nm, in which pigments do not 

possess measurable absorption (see (34) for more details). This approach allows obtaining 

spectra of microalgal suspensions that are essentially free of the influence of scattering. As can 

be seen e.g. in the spectra presented in (34), even in the cuvette position close to IS (0) in the 

NIR, scattering-related losses of light occurred. The resulting spectra were essentially flat and 

close to the baseline in the NIR region where pigment absorption is nearly absent, and the peaks 

attributable to Car and Chl were resolved. 

The use of scatter-free absorption spectra opens up many possibilities for reliable 

monitoring of the physiological condition of microalgal cultures (Fig. 2). For example, marked 

changes in the shapes of the spectra of nitrogen-deficient P. incisa cell suspensions were 
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recorded in experiments carried out by Merzlyak et al. (41) (Fig. 3). It is important to stress that 

such an analysis of stress-induced changes in the fine structure of microalgal cell suspension 

spectra became possible only after scattering compensation, which removed the large uncertainty 

related with changes in size and refractive properties characteristic of cells cultivated under 

stressful conditions. It should be noted, however, that the scattering signal also carries important 

information on cell size, shape and number. After calculation of the scattering-compensated Ã() 

spectrum, spectral contribution of scattering to a given measured spectrum D(;) could be easily 

deduced from the latter: 

);(
~

);();(  ADS           (3) 

Spectra could be corrected for the 'package' effect using an approach based on Duysens’ theory 

of spectrum flattening (48). It should be emphasized that, strictly speaking, Duysens’ treatment 

can be applied only if the clusters of pigmented particles are all identical and multiple scattering 

is absent. At the same time, the clusters of microalgal cells within a suspension can hardly be of 

the same shape and size. Nevertheless, the results of the study by Merzlyak et al. (42) indicated 

that Duysens’ relations for sieving, though derived for systems in which multiple scattering is 

absent, could still be used to compare the spectrum of a leaf with that of a suspension of isolated 

chloroplasts. Taking into account this finding, as well as the original work by Duysens (48) with 

Chlorella suspensions, one can speculate that this approach might be applicable for correction of 

the sieving effect in other microalgal species. 

Deposition of microalgal cells on filters 

There are a number of cases in which recording reliable spectra of microalgal suspensions poses 

certain difficulties. For instance, large cells of certain microalgal species are characterized by 

rapid sedimentation, as with stressed P. incisa and H. pluvialis cells. As a result, the number of 

cells in the light path can change in the course of the spectrum scanning, making it impossible to 

obtain a reliable spectrum via traditional measurements in cuvettes. Another problem can occur 
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at the initial stages of cultivation, when cell density might be too low for reliable spectrum 

recording.  

In the above situations, a potentially effective way of circumventing the problem is 

deposition of algal cells on glass-fiber filters, such as Whatman GF/F, prior to their 

measurement. In this case, the wet filters are mounted as overheads (deposited cells facing the 

detector) on the output window of the spectrophotometer's cuvette compartment. The deposition 

technique was initially suggested by Mitchell (39) for plankton microalgae. Solovchenko et al. 

successfully used this approach to record the spectra of cultivated microalgae such as P. incisa 

(14, 16) and Nannochloropsis sp. (15). Nevertheless, there is some question as to the relationship 

between the optical characteristics of algal cells suspended in media and those deposited on a 

filter. According to Mitchell's work (39) which is extensively used in practice, the relationship 

between the optical densities of certain green and diatom algae, as well as cyanobacteria, in 

suspension and on a filter is non-linear and can be empirically described using the quadratic 

equation 

   2)(lg)(lg)(  TTAs  ,       (4) 

where sA is the optical density of the cell suspension and T is the transmittance of the filter 

carrying the deposited cells. As already mentioned, this approach allowed reliable recording of 

Nannochloropsis sp. suspension spectra with a simple spectrophotometer lacking IS (15). It 

should be noted that compensation for scattering is often not required for spectra obtained with 

the use of the GF/F filter-based approach (though it is essential for obtaining scattering-free 

spectra via measurements in cuvettes). The shape of the spectra and the ratio of the maxima in 

the red and blue regions of the spectra recorded using this technique appear to be close to those 

of spectra measured with the use of an IS (41). 

To date, the transmittance-based approach has been predominantly employed to analyze 

plankton microalgae deposited on filters (39). These measurements do not take into account light 

losses due to reflection (backscattering) by the filter. Tassan and Ferrari (60) described a 
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modification of the light-transmission method that corrects for backscattering. This technique 

combines light-transmission (T) and light-reflection (R) measurements, carried out using an IS 

attached to a dual-beam spectrophotometer (for additional details, see (60, 61). On the other 

hand, according to our recent findings, the analysis of optical properties of microalgae deposited 

on filters can be carried out solely via reflectance measurements (Solovchenko and Merzlyak, 

unpublished). These results are in agreement with the theory of diffuse reflectance developed by 

Atherton and co-workers (62, 63), according to which the following relationship holds for 

strongly scattering media such as glass-fiber filters: 
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where 0R is the reflectance of the background (a blank glass-fiber filter in this case), and с is the 

concentration and ε is the absorption coefficient of an absorbent (pigment) contained in the cells. 

Indeed, the relationship Аs vs. reciprocal reflectance (1/R) of filters carrying algal cells was 

close to linearity with the contribution of the quadratic term (coefficient β in Eq. 4) being 20 

times lower than α. At the same time, the dynamic range of 1/R values was ca. one order of 

magnitude higher than that of transmittance-based optical parameters. It should be noted that the 

reciprocal reflectance-based approach has been successfully used in the non-destructive 

quantification of pigments in higher plants (64-66).  

Optical sensing of microalgal culture condition 

Biomass accumulation 

The afore-described method of scatter-correction of absorption spectra (Eq. 2; see also (33, 

34)) has been successfully applied to a number of prokaryotic and eukaryotic microalgae, 

including those of biotechnological importance, differing in cell size and shape as well as in 

pigment composition and localization (see e.g. Fig. 2). In a wide dynamic range, Ã in the red Chl 

a maximum increased linearly (r2 ≈ 0.99) with an increase in the dilution factor (which is 
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proportional to cell density) for all species examined (Fig. 2). These relationships also held 

during cultivation of Nannochloropsis sp. under stressful conditions (15). All of these 

observations indicate that the Ã() characteristics of cyanobacterial and microalgal cell 

suspensions are independent of the quantity of absorbing and scattering particles. Therefore, the 

scattering-corrected absorption spectra in the NIR can be employed to monitor the growth of 

microalgae, as apparent from an increase in volumetric pigment (mainly Chl) content in the cell 

suspension. It should be noted that the attenuation of light due to scattering, after its separation 

from the contribution of absorption by the algal pigments (Eq. 3), appears to be an efficient 

indicator of cell number in culture. Simultaneous monitoring of the changes in absorption by Chl 

and attenuation of light due to scattering makes it possible to follow the growth of the culture, 

based on cell density (biomass accumulation) and increasing pigment content, on-line using a 

single spectral channel. 

Coordinated buildup of secondary carotenoids and storage lipids under 

stress 

An increase in the Car/Chl ratio under various stresses, including nitrogen starvation and 

high light, is characteristic of many microalgal species (see (14, 15, 67, 68) and references 

therein). Within the thylakoid membranes, the protection afforded by Car is related to 

deactivation of the Chl's excited state, quenching of singlet oxygen, interception of free radicals 

and dissipation of the excess absorbed light (69, 70). In addition, extra-thylakoid Car in oil 

bodies provide photoprotection by trapping harmful radiation in the blue range (14, 71, 72). It 

should be noted that the induction of carotenogenesis is more strongly expressed in nitrogen-

deficient algal cells under high irradiance: in this case, the molar Car content exceeds that of Chl 

and the Car contribute strongly to absorption between 400 and 500 nm (14, 15).  

An increase in TFA as percentage of dry weight (an approximate measure of total lipid, 

mainly TAG, content) in stressed microalgae often occurs on the background of a marked 

decline in Chl and a small decline (Nannochloropsis sp. (15)) or increase (P. incisa (16)) in Car, 
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resulting in a gross increase in the Car/Chl ratio (Fig. 4 and Fig. 5). This observation is in line 

with numerous reports of declining Chl levels under stressful conditions in many algal species, 

including those from the genus Nannochloropsis (73, 74), obviously indicating photoacclimation 

(75). The stress-induced increase in Car characteristic of many microalgal species, such as 

chlorophytes from the genera Dunaliella (67, 76-80), Haematococcus (7, 81-85) and 

Parietochloris (16, 41), was not detected in Nannochloropsis sp. under the experimental 

conditions used (15).  

An important consequence of the ultimate linkage between carbon and nitrogen 

metabolism (86, 87) is the existence of a tight correlation between the stress-induced increase in 

the Car/Chl ratio and a buildup of TFA percentage (Fig. 6; r2 > 0.80). One might assume that 

predominant channeling of photosynthates to storage lipids, together with Car accumulation and 

reduction of Chl content, play a protective role under nitrogen starvation and the excess 

irradiation stress that renders microalgae prone to photooxidative damage. Accordingly, the 

Car/Chl ratio per se gives a good indication of the physiological status of many 

biotechnologically important algal species, such as Nannochloropsis (88), Dunaliella bardawil 

(D. salina) (68, 79, 89, 90), and H. pluvialis (7, 84, 91). It was also found that the increase in 

Car/Chl ratio in the unique microalga P. incisa, which accumulates long-chain polyunsaturated 

FA in TAG reserves, is closely related with biosynthesis and accumulation of certain specific FA 

such as arachidonic acid (AA) in P. incisa (16, 92) or dihomo-γ-linolenic acid (DGLA) in its 

mutant P127 (14).  

Development of algorithms for non-destructive assay of TFA 

The changes in algal metabolism, both developmental and stress-induced, are often 

accompanied by specific changes in pigment content and composition, such as the 

abovementioned dramatic shift of Car/Chl ratio linked with storage lipid accumulation under 

nitrogen-deficiency stress. Such changes subsequently affect the optical properties of algal cells 

and cell suspensions (16, 41, 47, 93).  
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In many green algae, the nitrogen-deficiency-induced decrease in Chl content likely 

affects light absorption and utilization by these organisms (29). As in some other species of 

microalgae, during nitrogen deficiency, no significant changes in Chl a/b ratio were found in P. 

incisa. This is in keeping with observations that, during nitrogen starvation, the composition of 

the light-harvesting pigment-protein complex is conserved (29). At the same time, one of the 

spectral regions sensitive to and closely correlated with the changes in Chl content and hence FA 

content is usually situated in the orange-red region, dominated solely by Chl (14-16). A plausible 

explanation for the close relationship between changes in FA percentage and decreasing cellular 

Chl content involves the afore-mentioned ‘package’ effect: the decrease in Chl content brings 

about a profound weakening of this effect, seen as a progressive narrowing of the red Chl 

absorption peak in the course of a decrease in Chl, similar to that found in P. incisa (41), see also 

Fig. 5). Thus, the normalized 1
678

~
)(

~  AA   spectrum exhibited a strong negative correlation with 

Car/Chl ratio (not shown), TFA and DGLA contents in the region governed solely by Chl 

absorption (Fig. 6). A similar effect was found in Dunaliella tertiolecta (93), and in P. incisa 

grown under low (41) and high (16) light. 

 A close positive correlation between absorbance of cell suspensions, Car/Chl ratio and 

FA content was observed in a broad band between 400 and 500 nm in which the contribution of 

Car to light absorption progressively increased with duration of nitrogen starvation in a number 

of microalgal species. The increase in the contribution of Car to light absorption by the cell 

suspension is evident on spectra normalized to the Chl red maximum as a three-band signature 

characteristic of xanthophylls and carotenes (Fig. 5). In our recent work, this signature of Car 

absorption was detected in the different spectra of stressed cultures of P. incisa (16) and its Δ5 

desaturase-deficient mutant (14), Nannochloropsis sp. (15) and H. pluvialis (57). Interestingly, 

the absorption changes, mimicking the consequences of accumulation of high amounts of Car, 

could even be detected in non-carotenogenic microalgae such as Nannochloropsis sp. during a 
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considerable decline in Chl (15). In this case, the high correlation between FA content and the 

normalized absorption in the blue-green region was retained (Fig. 6). 

It should be emphasized that the correlation between extensive accumulation of Car (and 

hence TFA content) and the changes in spectral absorption in the blue region of the spectrum 

was observed only in algae grown under high irradiances (see e.g. Fig. 6). Interestingly, growth 

under low-light conditions in the absence of nitrogen also induced an increase in the relative 

contribution of Car to P. incisa absorption in the blue region, but this was due to a pronounced 

decline in Chl content. In this case, only a weak correlation was found between TFA or AA 

content and absorption in the blue-green region; TFA content was much more closely related to 

the spectral changes in the red region, which were ascribed to a change in the so-called ‘package’ 

effect (see above). This could, at least in part, explain the existence of the correlation peak near 

725 nm. 

The above findings were employed to develop algorithms for a non-destructive assay of 

the contents of TFA and certain specific FA such as AA or DGLA, constituents of TAG in P. 

incisa. The ratio of absorption in the blue region (460-520 nm) to that in the red region (at the 

long-wave Chl absorption maximum) correlated closely with (T)FA dry weight percentages and 

volumetric contents, and was suggested as a proxy for the FA assay. Several algorithms for non-

destructive estimation of FA under a broad range of illumination intensities and conditions of 

nitrogen availability were developed (
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Table 1). 

 

Conclusion and outlook 

Numerous advances in cultivation technology and management are needed for sustainable 

upscaling of microalgal biotechnology and cost-competitive production of valuable products, 

such as oils for biodiesel, long-chain polyunsaturated FA and carotenoid pigments. The 

development of innovative methods for the accurate quantification of target products and 

detection of stressful events in real time will play an essential role in quality improvement and in 

lowering the cost of biomass production by providing timely information on composition, 

nutritional and physiological state of microalgal cells. Furthermore, implementation of these 

techniques will accelerate the fine-tuning of cultivation conditions for better growth and 

prevention of damage, as well as higher target product accumulation.  

Collectively, the findings reviewed in this chapter strongly suggest the possibility of 

employing spectral methods, especially those based on optical spectroscopy, to obtain essential 

information on the physiological condition of algal cells in culture. Despite the complicated 

optics of turbid, light-absorbing systems such as microalgal cell suspensions, valuable 

information on these organisms' composition and physiological condition can be obtained 

quickly and non-destructively via absorption spectrophotometry. The use of this approach and 

the correlation between changes in key pigments and TFA content allowed us to develop simple 

algorithms for a non-destructive assay of volumetric and biomass contents of TFA and certain 

LC-PUFA with reasonable accuracy. Obviously, similar approaches could be used to assay 

valuable Car in the biomass. Such algorithms could potentially be used in laboratory protocols, 

but we should emphasize that they are of particular importance for upscaled microalgal 

biotechnology applications. Optical spectroscopy-based techniques appear to be among the best 

candidates for express analyses of microalgal mass-production systems.  
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We believe that algorithms similar to those presented in this chapter, following 

calibration and spectral fine-tuning, will find extensive use with optical sensors developed for 

on-line monitoring of algae grown in photobioreactors. Such sensors will become indispensable 

for on-line monitoring of growth, early detection of damage and selection of optimal timing for 

biomass harvesting. Moreover, they are expected, in most cases, to be able to replace tedious and 

time-consuming chromatographic analyses and minimize the use of expensive solvents and 

sophisticated equipment.  
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Table 1. Algorithms for the assay of fatty acids in microalgal cell cultures via absorbance of the cells deposited on glass-fiber filter  

 

Species 
Growth 

conditions 

Estimated 

parameter 
Range Estimation algorithm RMSE r2 Reference 

Parietochloris incisa 

(wild type) 

N-free BG-11; 

350 μE PAR 
TFA, % DW 0.09–3.04 [TFA]=3.74 Ã(510)·[Ã(678)]–1–1.96 0.07 0.84 (16) 

N-free BG-11; 

350 μE PAR 
AA, % DW 0.04–1.7 [AA]=1.94 Ã(510)·[Ã(678)]–1–0.95 0.02 0.90 (16) 

P. incisa (Δ5-

desaturase mutant) 

N-free BG-11; 

350 μE PAR 

TFA, % DW 8.0–38 [TFA] = 44.01 + 15.31 · ln (Ã480/Ã678 – 0.93) 1.58 0.95 (14) 

TFA, g · L–1 0.1–1.7 [TFA] = 1.04 · (Ã480/Ã678 – 0.95) 0.12 0.96 (14) 

N-free and 

complete BG-11; 

350 μE PAR 

DGLA, % 

DW (via 

TFA%DW) 

1.2–13 [DGLA] = 0.35 · [TFA] – 1.84 1.44 0.90 (14) 

Nannochloropsis sp. 
N-free f/2;  

350 μE PAR 
TFA, % DW 5.0–45 [TFA] = 61.71 ·(Ã480/Ã676) – 39.97) 2.75 0.93 (15) 
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γ0 

γI 

a) 

b) 

 

Fig. 1.  A scheme of light collection by an integrating sphere with a scattering sample placed 

close to (a) and at a distance from (b) the integrating sphere. For simplicity, only the light 

leaving the rear cuvette surface is shown. With kind permission from Springer 

Science+Business Media: Russian Journal of Plant Physiology. Light absorption and 

scattering by cell suspensions of some cyanobacteria and microalgae. V. 55 (3). 2008. 

Merzlyak et al. 421. Fig. 1. 
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Fig. 2.  Compensation for scattering of cyanobacterial and microalgal spectra. (а) Dependence of 

optical density in the red chlorophyll a absorption maximum (Ãm, m = 674-678 nm) on 

dilution factor. (b) Absorption spectra normalized to the chlorophyll a absorption 

maximum. Solid lines – average of the spectra for dilutions presented in (а); broken lines 

– average + standard deviation. 1 – Anacystis nidulans, 2 – Anabaena variabilis, 3 – 

Chlorogloeopsis fritschii, 4 – Cyanidium caldarum, 5 – Porphyridium cruentum 520, 6 – 

Porphyridium cruentum 273, 7 – Dunaliella maritima, 8 – Thalassiosira weisflogii. 

Note that after compensating for scattering, the Ã() curves in the near-infrared region 

are flat and absorption is close to zero and in a wide dynamic range, and Ã in the red Chl 
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a maximum is strictly proportional (r2 ≈ 0.99) to the dilution factor (cell density) for all 

species examined. 

With kind permission from Springer Science+Business Media: Russian Journal of Plant 

Physiology. Light absorption and scattering by cell suspensions of some cyanobacteria 

and microalgae. V. 55 (3). 2008. Merzlyak et al. 424. Fig. 5. 
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Fig. 3. Time course of spectral absorption (a, c and d) and scattering (b) changes for P. incisa 

(+N) and (–N) cell suspensions (1 and 2, closed and open symbols, respectively) at an 

irradiance of 1.24 W m-2. After 60 d (shown by arrows), the cultures were nitrogen-

replenished (curves 3 and 4, shown using semi-closed symbols). Reprinted from (41) 

with kind permission from John Wiley and Sons. 
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Fig. 4. Absorbance spectra of Nannochloropsis sp. culture (75 μmol photons m-2 s-1 PAR, 

complete f/2 medium) measured (a) in suspension or (b) on GF/F filters, as well as their 

relationship with volumetric chlorophyll content (c and d, respectively). Changes in 

optical properties, pigment and fatty acid content of Nannochloropsis sp.: implications 

for non-destructive assay of total fatty acids. 2011. Solovchenko et al. DOI 

10.1007/s10126-010-9323-x Fig.  1. 
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Fig. 5. Typical stress-induced changes in scatter-free absorption spectra of microalgal cell 

suspensions. Note the three-band signature of carotenoids on the differential spectra.  

 

Left panel: Spectra of optical density of P127 cell inoculum deposited on GF/F glass-

fiber filters (0) and from cultures grown for 14 d on nitrogen-free media at low (1, 1′), 

medium (2, 2′) or high (3, 3′) irradiance. Inset: corresponding difference spectra. 

Reprinted from (14) with kind permission from John Wiley and Sons. 

Right panel: Spectral changes, normalized to the red chlorophyll maximum absorption 

spectra, of Nannochloropsis sp. cultures grown under stressful conditions and 

corresponding difference spectra (the culture age is indicated on the figure). The spectra 

were recorded after deposition of the cells on GF/F filters. Changes in optical properties, 

pigment and fatty acid content of Nannochloropsis sp.: implications for non-destructive 
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assay of total fatty acids. 2011. Solovchenko et al. DOI 10.1007/s10126-010-9323-x Fig.  

5. 
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Fig. 6. The relationships between scatter-free absorbance of microalgal cell suspensions grown 

under stressful conditions and their fatty acid content. 

 

Left panel: Spectra of correlation coefficient between total fatty acid content and spectral 

absorption, normalized to the red chlorophyll maximum, of Parietochloris incisa mutant 

P127 cells grown on nitrogen-free medium under the PAR irradiances specified on the 

figure and deposited on glass-fiber (GF/F) filters. Adapted from (14)] with kind 

permission from John Wiley and Sons. 

Right panel: Spectra of correlation coefficient between carotenoid-to-chlorophyll ratio 

(curve 1) or total fatty acid (%DW, curve 2) and OD spectra, normalized to the red 

chlorophyll absorption maximum, of the Nannochloropsis sp. cells deposited on GF/F 

filters. Curve 3 – Standard deviation spectrum, revealing the spectral range influenced by 

carotenoid absorption. Spectra 1–3 were calculated for all samples studied.  
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Inset: Relationships between the index Df
480 · D676

–1 and total fatty acid dry weight 

percentage. With kind permission from Springer Science+Business Media: Marine 

biotechnology. changes in optical properties, pigment and fatty acid content of 

nannochloropsis sp.: implications for non-destructive assay of total fatty acids. 2011. 

Solovchenko et al. DOI 10.1007/s10126-010-9323-x Fig.  6. 


