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Abstract - Health-care practitioners have suggested microalgae as 

a food supplement in liquid diets because of their beneficial 

properties. However, the quality of such a food supplement has to 

be high in order to meet medical standards. Therefore, 

monitoring tools capable of determining nutritional values have 

to be found. This review investigates the feasibility of using near 

infrared (NIR) spectrometry as a monitor of the nutritional 

values of microalgae in the cultivation process. NIR is a form of 

vibrational spectrometry, which can be used for nondestructive 

and real-time measurements of compounds. Recent applications 

are discussed that prove the capability of NIR to ensure quality in 

algae food supplements. These are divided in on-line and off-line 

monitoring capabilities. On-line applications were preferred 

because of the possibility of real-time control feedback creating 

quality insurance. It was found that NIR technology has the 

potential to determine the nutritional values of algae in an off-

line setting. For on-line monitoring however, the disturbance 

created by water, which overlays important absorbance peaks, 

was found to be extensive. In the end Raman and FT-ATR 

spectrometers are briefly discussed, which do not have this 

setback. 
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I.  INTRODUCTION  

Hippocrates, the father of medicine, already knew that a 

good diet is important for the quick recovery of patients. 

However, some therapies require special diets, which can 

restrict a complete nutrition. One of these diets is called the 

full liquid blenderized diet. This diet provides nourishment 

without requiring mastication. It is meant for patients with oral 

esophageal disorders, neuromuscular disabilities, advanced 

carcinoma of the oral cavity or with facial or neck trauma, 

whether or not from surgery. In addition, patients who 

received radiation therapy who have difficulty eating use this 

diet [2].  

Evidence was found for the anti-cancerous properties 

of this omega 3 lipid acids [3]. Omega 3 is mostly found in 

seafood. However, patients experience palatability problems in 

consuming blended fish. In addition, restricting dietary wishes 

and allergies are on the rise [1], which causes a need for 

another source of omega 3 lipid acids. Sea animals acquire the 

Omega 3 fatty acids by accumulation from microalgae. 

Microalgae have been suggested for use by health-care 

practitioners because of their beneficial properties in the 

treatment of cancer, AIDS, some gastrointestinal and digestive 

disorders, some forms of hypercholesterolemia, malnutrition, 

infections, pesticide poisonings, heavy metal poisonings, some 

forms of chemical toxicities and in preventing radiation 

poisoning [4]. Furthermore, algae are a good source of all 

basic nutrients like carbo hydrates, proteins and lipids. In 

addition, algae food supplement are mild in flavor and can 

easily be added to solutions. For these reasons, algae seem to 

have potential as a food supplement for patients who are on a 

liquid diet.  

However, in order to be able to implement algae as a 

food supplement for hospital care, industry standards have to 

be achieved to ensure quality. At this time, each producer has 

its own standards, which results in a lack of continuity among 

different products from different companies. One of the 

problems for achieving a standard is the variability of the 

nutritional value of algae. The nutritional value is influenced 

by many factors in the growth process. Some of these factors 

are harvesting time, nutrients, temperature, light intensity, 

specie of algae and the method of culturing [5]. Because most 

algae are cultivated outside where these factors are subject to 

unpredictable change, a good monitoring system is required. 

This system should be able to determine the nutritional values 

of the algae in the cultivation process with high accuracy. This 

would open up the possibility for a feedback loop in order to 

be able to steer the nutrients towards the desired standard 

values.  

Monitoring of bioprocesses on quality, consistency, 

homogeneity and productivity has been recommended. The 

European federation on biotechnology (EFB) Section on 

Biochemical Engineering Science (ESBES) issued guidance 

for the biopharmaceutical industry under the term ‘Modeling, 

Monitoring, Measurement & control’ (M3C) [9]. The FDA 

published similar guidelines on achieving this level of control 

under the term ‘process analytical technology’ (PAT) [10]. 

The goal of these methods is to apply high time resolution 

measurements of reagents in a process for design, analysis 

and, ultimately, control product quality, in which the product 

quality monitor becomes built in the process of production 



[11]. It can be argued that these design recommendations 

should be fundamental in any microalgae cultivation design in 

order to produce a medical grade food supplement. To 

implement these recommendations, the control over critical 

process parameters (CPPs) is required while considering 

critical quality attributes (CQAs) [12]. The CPPs are the 

factors determining the growth process, while CQAs 

determine the attributes of the product and should be within a 

desired range in order to meet the quality and consistency of 

an improving product. If the CQAs of a product can be 

estimated, it will allow adjustments of the CPPs in order to 

better control the final values of the product. 
Near-infrared (NIR) spectroscopy is a fast and 

nondestructive analytical technique that provides chemical and 
physical information of virtually any matrix [6]. NIR 
spectroscopy distinguishes itself from other vibrational 
spectrometers because it scans in the spectrum that contains the 
overtones and combination bands from the mid infrared (MIR) 
spectrum [7]. Therefore, the interference caused by the 
absorbance of water in this region is a thousand fold lower than 
in the MIR spectrum, making it possible to use water as a 
solvent for some applications [8]. NIR can be used to monitor 
CQAs and some CPPs in real-time and is used in many fields 
of science like agriculture, food, chemistry, pharmaceutical, 
medicine, environment and geology, to name a few. 

This review provides a global understanding of NIR 

technology, the calibration needed to use it for quantity 

research and the placement of the sensor in a bioprocess. After 

discussing the advantages and disadvantages, it investigates 

the feasibility of using NIR spectrometry as a monitor of the 

nutritional values of microalga. Specifically, it looks at the 

possibility to determine the amount of carbohydrates, proteins 

and lipids by discussing research that has taken place. 

Favorably, the monitoring capabilities will be present in the 

cultivation process, otherwise after harvest of the biomass.  

II. NIR TECHNOLOGY 

 
Figure 1. Spectral wavelength distribution diagram, from 

[28]. 

 

NIR is nondestructive and can be used for in-line 

measurements and thus for real-time control feedback. The 

NIR region of the electromagnetic spectrum lies in between 

780 and 2526 nm wavelength (see Fig. 1). Molecules exposed 

to this energy range will take up the photon energy and transit 

into their lowest excited vibrational state in the form of 

stretching or bending their hydrogen bond. Once the molecule 

falls back in its inactive state, it will admit this energy again. 

This varies for different frequencies of radiation, because the 

molecular bonds of the molecules in the sample have different 

vibrational frequencies, and thus can absorb different light 

frequencies. The difference in light intensity is measured 

before and after interaction with the target, which indicates the 

amount of absorbance. This can be done in six measuring 

modes (see Fig. 2). 

 

Figure 2. Modes of measurement employed in NIR 

spectroscopy. a, transmittance; b, transflectance; c, diffuse 

reflectance; d, interactance, and e, transmittance through 

scattering medium, from [7]. 

 

Transmittance, seen in Fig 2 a, operates with the 

same principle as conventional UV-VIS spectrometry. By 

measuring the absorbance of light by the solution, a linear 

relation with concentration can be gained. This is called Beer’s 

law. The coefficients in this equation are unique for each 

substance. Analyzing the relation allows for qualitative and 

quantitative assessments of the substances present in the 

solution. Fig 2 b shows transflectance, which operates in the 

same way as transmittance, but the optical pathway is doubled. 

The diffuse reflectance, as seen Fig 2 c, is the combination of 

scattering and absorbance, which is unique for each substance. 

In the interactance mode, as seen in Fig 2 d, the assumption 

has been made that the incident beam will have a high 

interaction with the substance. The emerging beam located 

distant from the incidence beam will therefor hold more 

information about the composition of the substance. The same 

principle holds for the transmittance through the scattering 

medium as seen in Fig 2 e. Combinations and overtones of 

radiation-molecule interactions dominate the NIR spectrum. 

Especially the O-H, C-H, S-H and N-H bonds result in NIR 

absorbance. Because these bonds all share the hydrogen atom, 

overlaps occur [15]. This leads to broad peaks and hard to 

interpret data compared to other vibrational spectrometers. As 

a result, it can be difficult to determine which chemical 

components are present and how they affect the reflectance. 

That is why careful calibration with large sample sets becomes 

key in order to use NIR for specific applications. 



. 

Figure 3.  Principal types of NIR absorption bands, their 

locations and their corresponding nutritional compound 

[42]. 

III. CALIBRATION 

In order to go from absorption spectra to nutritional values, 

chemometrics is needed. Chemometrics are the statistical  

methods applied to interpret NIR spectra in order to determine 

its underlying components. The most common used technique 

is Partial least square regression (PLS) [16]. However, if it is 

applied to a complex sample consisting of many components, 

interference may occur. Water is a common interferer because 

its hydrogen bonds are quite similar to other interesting bonds 

lying in the NIR spectra. To minimize these effects, good 

calibration models are needed. A good calibration model only 

uses certain informative parts of the NIR region in order to 

determine which components of interest are present in the 

sample. This can improve the performance of techniques like 

PLS in order to use it for applications in water [27]. Several of 

these techniques are used today. 

Once the performance is optimized, the actual 

nutritional values can be measured. This is done by 

interpreting which bonds are most commonly present in the 

sample. 

 

 

Fig. 3 shows which wavelength are associated with which 

bonds [42]. These bonds come back throughout the whole NIR  

spectrum in the form of combinations and overtones. The 

coincidence of the water bonds with the bonds representing 

protein, lipids and carbohydrates is unenviable. This is one of 

the reasons why it is found troublesome to interpret NIR data 

of aqueous solutions. In general, C-H bonds can be related to 

carbohydrates and lipids, N-H bonds to protein and O-H bonds 

to water. 

IV. SENSOR PLACEMENT 

 
Figure 4. Different types of measurements in bioprocess 

[13]. 



The placement of a sensor is determined as either off-line, at-

line, on-line or in-line (See Fig. 4 [13).  In-line is the most 

desired situation. It gives constant real-time feedback, which 

allows for closed loop process control. In a batch process, this 

would mean that the sensor would be in the bioreactor. In a 

continuous process, it would mean the sensor can only 

measure at a single point, or its range has to be prolonged by 

the use an of optical fiber cable [13].  

On-line measurements require detraction of a sample 

stream from the cultivation process. This stream may 

recirculate back in, or may be disposed. This also allows 

closed loop control, but does have a delay in measuring the 

CQAs compared to in-line, resulting in a postponed response 

on the CPPs.   

At-line and off-line both require manual sampling 

and sometimes even sample preparation. This happens less 

often which results in less data and rough feedback. A 

common technique in algae studies that is classified as off-line 

is freeze-drying/lyophilization. Another common term is in-

situ. This is defined as in cell cultivation medium, which is 

classified as in-line.  

For controlling the nutritional values of the 

microalgae, an in-line measurement device is preferred for its 

real-time attributes [13]. 

 

V. OTHER ATTRIBUTES OF NIR 

Recent progress in NIR technology increased its practicality 

due to improving sensibility, portability and low production 

and energy costs [16]. This has led to the use of NIR as a 

turbidimetric tool to estimate the microalgae density to 

optimize production [17].  

The main reason why NIR has been selected is its ability to 

do fast nondestructive in-situ analysis of components without 

sample preparation. Another advantage of NIR is that it can 

penetrate much deeper into a sample than other vibrational 

spectrometers and it is not affected by fluorescence [14].  

Besides monitoring of chemical components, NIR can 

monitor other factors as well. It was found that NIR is capable 

of determining the pH and osmolality [36]. Another study 

proved its capability to predict the total cell count and the 

amount of glucose (determines the effectiveness of the growth 

medium) in a mammalian cell bioreactor [37]. This proves the 

ability of NIR to determine a broad range of CQAs and even 

some CPPs, which allows it to be an all-in-one monitoring 

technique. 

 

A disadvantage of NIR is the interference created by water 

when analyzing aqueous solutions. The O-H bond of water are 

detected and lie directly over the other bonds of interest. These 

dominant water peaks will be present at approximately 1450 

and 1940 nm. Research is done in how to overcome these 

absorption features in order to study the amount of carbo-

hydrates, protein and lipids [16]. 

VI. RECENT RESEARCH 

For a complete overview of all research discussed, see 

Appendix 1 [28]. 

A. Off-line and At-line 

The use of off-line monitoring of nutritional values of 

algae has been researched several times.  

Corresponding with this research, Laurens et al. [27] 

successfully predicted the amount of carbo-hydrates, protein 

and lipids in freeze-dried biomass of three strains of algae. 

The study gathered this data by using a calibration model, 

which only looked at specific parts of the NIR spectrum, 

wavelength 1725 and 2305 nm. The amount of lipids of other 

species could be determined with a correlation of R2 = 0.86 

and 0.77, respectively. However, this study found that 

recalibration of wavelengths is needed in order to correctly 

quantify the amount of carbohydrates and protein. The 

correlation between these was 0.38 and 0.76 with large scatter. 

In addition, the wavelength 1215 nm was investigated, but 

found unsatisfactory. 

Liu et al. [29] also found a successful way of determining 

fatty acid methyl esters (FAMEs), needed for biodiesel using 

NIR. By scanning the lyophilized cells, the amount of FAMEs 

was gained within seconds with a mean correlation greater 

than 0.99.  

Brown et al. [30] found that NIR could be used on still 

moist algae, who have just been filtered for 1 minute by glass-

fiber filters [30]. They also determined the amount of FAMEs, 

and found correlations of 0.96 and 0.89 for two different 

species.  The used technique can be used in an at-line 

monitoring procedure, allowing for faster feedback to the 

cultivation process than the freeze-dry technique. 

Ge et al. [26] investigated the possibility to use NIR in 

lyophilized algae cells in order to determine the amount of 

neutral lipids, protein and gross calorific value (GCV). PLS 

was used to calibrate the model that relates the absorption 

spectrum and the chemical data from the lab. The model was 

able to predict the amount of protein with R2 = 0.90, lipids 

with R2 = 0.70 and the GCV with R2 = 0.57. 

This research discussed that the application of this 

technology to algae culture with biomass around 0.1% would 

be challenging. However, a proposal is quoted which suggests 

that NIR and Raman spectrometry can complement each other 

in order to solve the problem with water interfering with the 

nondestructive analysis of algae components [31, 32].   

 

B. On-line and In-line 

There are successful studies done on implementing NIR in 

order to determine biomass. Meireles et al. [34] made an 

automated on-line closed feedback loop by using NIR as 

monitor of biomass to control the density of the algae culture 

by automatic injection of growth medium. However, the use of 

NIR as an in-line monitor of nutritional values has yet to be 

fully utilized. As of now, some studies have tried to implement 

NIR in-situ for this purpose, but the results have been 

equivocal.  



Shoa et al. [18] have successfully used NIR in-situ to 

predict the amount of carotenoid content. The amount of 

carotenoids were predicted with a correlation of 0.96 by using 

the wavelengths of 475.92 and 506.58 nm. Although these 

wavelengths lie in the visual light region, another effective 

wavelength was found at 840 nm, proving the possibility of 

the NIR region to predict the amount of carotenoids. This 

wavelength had to be disregarded however, because it could 

not be explained yet. They used three different calibration 

methods, all variations on PLS. 

Zhou et al. [35] found the possibility of using an immersed 

VIS/NIR spectrometer for rapid detection of chlorophyll a and 

b. They found RPD values of 2.9461 and 1.9023 for 

chlorophyll a and b. This indicates that their PLS calibration 

model combined with their chosen spectrum can predict 

chlorophyll amount in algae. 

Challagulla et al. [23] have researched the possibility to 

use NIR in-situ (in flask) to determine the amount of biomass 

and lipids. They found a correlation of 0.85 to biomass, but 

their value for lipids was not satisficing (R2 = -0.18). A 

recommendation is given that this instrument technique is not 

capable of assessment of lipid content in-situ. 

The potential however is still forthcoming due to its 

successful use in other bioprocesses.  Several review articles 

prove the capability of NIR in on-line/in-line application [13, 

20, 21]. These articles mention the advances NIR has made in 

the food, bio-based, pharmaceutical and biomedical industry. 

Its usability to in-line monitor the amount of protein and fat in 

milk [22], the amount of glucose in mammalian cells [24] or in 

fermentation processes have been proven [25]. Its 

development in the pharmaceutical and biomedical field 

provide the desire for progressing this technology to higher 

standards [38, 39]. The widespread application of the 

technology gives reason to belief it is possible to advance it to 

a stage where it can predicts the amount of carbo-hydrates, 

proteins and lipids in-situ.  

VII. RECOMMENDED RESEARCH 

Other spectrometers are recommended in some of the 

literature referenced to in this review. Most notable are Raman 

spectrometry and Fourier-transformed attenuated total 

reflection infrared spectrometry (FT-ATR).  

Raman spectrometry is a relatively new technique, 

which is the reason why it has not been tested widely in the 

algae cultivation field. However, the vast majority of the 

studies done focus on the analysis of in situ algae. This can be 

done because Raman spectrometry receives weak spectral 

interference from water, making it a desirable tool for 

analyzing biological samples. The downside to this technique 

is the disturbance created by background fluorescence spectra, 

which makes this technique less qualified to test algae with 

highly fluorescent pigments. Despite this shortcoming, Raman 

spectrometry successfully predicted in-line the amount of 

glucose, lipids, carbohydrates, protein, carotenoids and 

biomass [11]. 

FT-ATR is also a relative new tool, but proven to have 

great potential as a monitor of CQAs of bioprocesses. This 

technique uses the mid infrared spectrum, which contains the 

fundamental vibration absorption wavelengths of the 

molecular bonds of organic compounds. To prevent 

interference from water, FT-ATR only penetrates the adjacent 

medium in the order of micrometers. This small effective path 

length allows spectra to be obtained even in the water bands. 

In combination with Fourier transformation analyses, spectra 

of aqueous-phase biomolecules can be obtained in the entire 

mid-IR range [40]. Because it is a new technique, it has not 

seen extensive use in algae monitoring, but it has been used to 

predict the amount of glucose in-line successfully [41]. 

VIII. DISCUSSION  

Over the last decade, NIR has seen extensive usage in algae 

industry as an on-line turbidimetric optical density tool to 

estimate microalgae density. This has made it possible to build 

closed loop systems for optimal algae cultivation. However, 

the nutritional values of the product of these systems were not 

monitored.  

Studies have successfully tried to use NIR on-line in situ to 

monitor values like carotenoids and chlorophylls in algae. 

These studies were effective because of good calibration 

methods and wavelength selection. One study tried to monitor 

lipid value, but was unsuccessful.  

Other studies evaluated the possibility of using NIR 

off-line and found a favorable outcome for predicting the 

amount of lipids and protein. One study has tried to evaluate 

the amount of carbo-hydrates, but was unsuccessful in using 

the researched wavelength to predict carbo-hydrates in 

unknown species.  

Unfortunately, to this date, the nutritional values of 

algae have not been elucidated by NIR technology in-line. 

This is largely because the algae are grown in a low ratio to 

water (around 0.1%). The interference caused by this is 

overshadowing the values of the nutrients.  

Research is needed to determine which specific wavelengths 

translate to specific nutritional values. In addition, NIR 

spectrometers have to become more precise in order to distinct 

which reflections are caused by water bonds and which are 

caused by larger molecules. Furthermore, to translate these 

detailed values to nutritional values, the spectrum-substance 

correspondence as seen in Figure 3 has to become more in 

depth and specific. Once these recommendations have been 

met, the possibility to monitor algae in-line with NIR 

technology can be explored.        However, the possibility of 

using it at-line has a good chance of success. Although 

specific wavelengths to monitor the amount of carbo-hydrates 

in algae have not yet been found, no study has ever had this as 

its main goal either. If found, and found compatible with the 

wet filtrate technique proposed by Brown et al. [13], a quick 

at-line monitoring procedure becomes feasible. Although this 

is less desirable over an in-line monitor, it would allow NIR to 

be used commercially, generating more demand for research 

in the technique. This could be the launch it needs to develop 

NIR in a technology capable of scanning at the substance 

water ratio that is needed to monitor algae cultivation.  



IX. CONCLUSION 

For now, this means that NIR technology still has a long 
way to go. It is not capable enough to monitor the CQAs of the 
algae cultivation process. This renders the technology not 
qualified to monitor industry standards for nutritional values in-
line as recommended by European and American institutes. 
Nevertheless, the nutritional values of algae can be monitored 
by NIR in a later stage than cultivation. If scanned in a better 
biomass to water ratio, NIR is capable of determining the algae 
composition. This could be a practical solution to the 
interference problem, with as only downside that miss-batches 
can occur. This would allow the development of an algae based 
food supplement product that meets medical standards of 
quality. Consequently, the patients requiring could enjoy all the 
beneficial properties of algae. 
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Appendix 1. Applications of NIR spectrometry for the determination of microalgae life information  

 


