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ATR-FTIR spectroscopy
combined with multivariate
analysis as a rapid tool to infer
the biochemical composition of
Ulva laetevirens (Chlorophyta)

Goverdina C. H. Derksen1,2*, Lander Blommaert1,
Leen Bastiaens3, Cem Hasşerbetçi 1, Roy Fremouw1,
Jesse van Groenigen1,2, Robert H. Twijnstra1

and Klaas R. Timmermans1

1Department of Estuarine and Delta Systems, NIOZ Royal Netherlands Institute for Sea Research,
Yerseke, Netherlands, 2Centre of Applied Research Biobased Economy, Hanze University of Applied
Sciences, Groningen, Netherlands, 3Flemish Institute for Technological Research, VITO NV,
Mol, Belgium
Introduction: Attenuated total reflection (ATR)–Fourier transform infrared (FTIR)

analysis is a rapid tool and represents a snapshot of all molecules present in a

(plant) sample. Most alternative techniques for biochemical analyses of plant

biomass require destructive sampling, complex and laborious sample pre-

treatment, and precise and costly analysis. These analyses are often limited to

soluble compounds instead of all compounds present. Such complicated

procedures are not efficient for manipulative studies that involve repeated

sampling and rapid nutrient changes over time, such as in agro-industrial

cultivation studies.

Methods: In our study, the green seaweed species Ulva laetevirens (Chlorophyta)

was cultivated under different nutritional regimes in onshore cultivation tanks.

The regimes were nitrogen and phosphorus repletion, nitrogen depletion,

phosphorus depletion, and light limitation. Samples were taken and tested

according to common laborious analysis methods to determine the

biochemical composition of polysaccharides, proteins, carbon, and

nitrogen. These results were compared with the potential of ATR-FTIR

spectroscopy combined with multivariate analysis to allow for prediction of

biomass composition.

Results: Statistical analysis of the spectra showed that the samples were clustered

according to the nutritional regime during the incubation of U. laetevirens. This

made it possible to deduce which abiotic factors were replete or deplete during

cultivation. Furthermore, partial least square regression analysis proved the most

suitable method to predict carbohydrate concentration and nitrogen content

present in the biomass.

Discussion/conclusion: On the basis of these findings, it is concluded that ATR-

FTIR spectroscopy is an efficient and rapid alternative tool for qualitative and
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quantitative determination of the biochemical composition of U. laetevirens that

can be used in industrial cultivation setups.
KEYWORDS

principal component analysis (PCA), on-shore cultivation, partial least square regression
(PLSR), seaweed, protein, carbohydrate, nitrogen, abiotic stress factor
1 Introduction

Species of the green seaweed genus Ulva have high growth and

productivity rates across diverse geo-climatic conditions, including

North-West Europe. Ulva sp. usage is increasing worldwide due to

its potential as food, feed, and fertilizer (Holdt and Kraan, 2011;

Figueira et al., 2020). Cultivation under controlled and sustainable

cultivation systems, as opposed to natural harvesting, can produce a

high-quality monoculture of Ulva biomass, which can then generate

bioproducts of consistent composition, with highly exploitable

biochemical profiles (Kidgell et al., 2019; Lim et al., 2021). These

controlled onshore cultivations of Ulva sp. are deemed to be the

future method for supplying biomass to meet market development

needs (Dominguez and Loret, 2019). Ulva biomass production and

biochemical variation are influenced by ecophysiological factors

(Figueira et al., 2020). On-shore, the variation of the biochemical

composition can be actively influenced, for example, by the ratio

and amount of different nutrients, light quality, light quantity, and

turbulence. In an experimental cultivation study on P and N uptake

kinetics, quantitative insight into the nutrient uptake by Ulva

lactuca and its corresponding biomass production were provided

(Lubsch and Timmermans, 2018). As a result, large variations in

biochemical composition for Ulva species are found in the literature

(Yaich et al., 2011; Rohani-Ghadikolaei et al., 2012; Yu-Qing et al.,

2016; Dominguez and Loret, 2019; Hentati et al., 2020). The

concentration ranges found for the main biopolymers, i.e.,

polysaccharides and proteins, are given in Supplementary Table S1.

Conventional techniques that are used for analysis of

biochemical compounds are gas chromatography and high-

pressure liquid chromatography (HPLC) for separation coupled

with nuclear magnetic resonance (NMR), mass spectrometry (MS),

refractive index, or ultraviolet (UV)/visible light spectroscopy for

identification and quantification of the separate compounds. These

methods are not only very precise but also time-consuming,

especially when multiple different types of compounds have to be

analyzed. Moreover, destructive and complex sample pre-treatment

techniques are needed. For seaweed, there is a need for a rapid and

reliable monitoring of biochemical compound adaptations. In the

latest decade, Fourier transform infrared (FTIR) spectroscopy in

combination with multivariate analysis has been successfully used

for characterization and clustering of plant samples. Cluster gives,

for example, insight into the correlation of the biomass with abiotic

cultivation factors used or other aspects such as the origin of the

plant material. FTIR is a non-destructive and non-labor-intensive

technique, making it suitable as a rapid tool. In the literature,
02
analysis was performed successfully on biomass extracts and

fractions dried on a surface or blended with KBr in tablet form.

Spectral recordings can even be done on plant material that is solely

dried and powdered, using attenuated total reflection (ATR). In that

case ATR-FTIR is used to evaluate the chemical profile of the solid-

state biochemical compounds. Commonly, the spectral range of the

middle infrared region (MIR) between 4000 and 650 cm−1 is

recorded and used for interpretation, which corresponds to

characteristic vibrations of molecular bonds present in organic

molecules (Socaciu et al., 2020). Because of the complexity of

plant biomass and differences in compound concentrations, it is

not possible to assign exactly each ATR-FTIR band to its respective

functional chemical group or compound (Türker-Kaya and Huck,

2017; Canteri et al., 2019). However, it is known from the literature

that it is possible to distinguish areas where specific wave numbers

correspond to vibrations of functional groups that are directly

correlated to molecular identification (Ceylan and Goldfarb, 2015;

Christou et al., 2018). The successful interpretation of dried and

ground seaweed ATR-FTIR-MIR spectra needs the combination

with multivariate data analysis (Socaciu et al., 2020). In

combination with multivariate data analysis, FTIR is successfully

used for qualitative and quantitative analysis of complex biological

matrices (Baker et al., 2014). Qualitative assessment of the spectra

can be accomplished by principal component analysis (PCA).

Quantitative analysis is done with partial least squares regression

(PLSR) that permits calibration models between spectral and

analytical data (Canteri et al., 2019; Santos et al., 2019).

For seaweeds, some studies are found in which whole samples

or isolates are analyzed with FTIR and interpreted with PCA and, in

most cases, also with the addition of hierarchical cluster analysis

(HCA) and PLSR. For example, differences were found in the

composition of five brown seaweed extracts used as bio-stimulant

formulation (Shekhar et al., 2012). Compositional variation in

biochemical composition between the three taxonomical seaweed

species could be evaluated with NMR and FTIR spectroscopy

combined with PCA and HCA (Date et al., 2012). Differences

were shown between carbohydrate, protein, and phenolics due to

salinity and UV-radiation treatments of the brown seaweed

Sargassum cymosum by classifying FTIR spectra with PCA (Polo

et al., 2015). Results obtained from both FTIR and Raman

spectroscopy were used to develop PLSR models for the

quantitative determination of mannuronic and guluronic acid (M/

G ratio) in commercial alginate products, i.e., from two other brown

seaweeds: Fucus vesiculosus and Undaria pinnatifida (Salomonsen

et al., 2008; Gómez-Ordóñez and Rupérez, 2011; Gómez-Ordóñez
frontiersin.org

https://doi.org/10.3389/fmars.2023.1154461
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Derksen et al. 10.3389/fmars.2023.1154461
et al., 2014; Zhao et al., 2021). Protein quantification in North

Atlantic brown and red seaweeds was successfully done with diffuse

reflectance infrared Fourier transform spectroscopy (DRIFTS)

analysis and PLSR (Niemi et al., 2023).

For the green seaweed, specifically Ulva, a few studies are

found where FTIR is combined with multivariate analysis for

spectral data interpretation. It was successfully used for the

determination and quantification of ulvan extracts, a sulfated cell

wall heteropolysaccharide (Robic et al., 2009; Figueira et al., 2020).

For this, the spectral features of uronic acid carboxylic groups; sulfate

ester groups; and the glycosidic linkage between the major sugars,

rhamnose, and glucuronic acid were used (Kidgell et al., 2019). In a

study, FTIR and multivariate analysis were used to discriminate

metabolic profiles of Ulva lactuca after in vitro exposure to diesel oil

and gasoline (Pilatti et al., 2017). All examples given above indicate that

the combination of FTIR with multivariate analysis can be a possible

rapid and efficient methodology for biochemical profiling and even

biochemical quantification in brown, red, and green seaweed biomass.

In our current study, Ulva laetevirens biomass was produced

in onshore cultivation tanks and sampled under nitrogen- and

phosphorus-replete (RE), nitrogen-depleted (ND), phosphorus-

depleted (PD), and light-limited (LL) conditions. Analyses of the

biochemical composition of the biomass were done with ATR-

FTIR and traditional analyses of carbohydrates, proteins and

amino acids. We specifically examined the application of ATR-

FTIR combined with multivariate analysis as a rapid method to

evaluate the biochemical profiling within one green seaweed

species during onshore cultivation in this case U. laetevirens

biomass. To our knowledge, this is the first time that this has

been done within one green seaweed species under imposed

conditions. Our method enabled samples to be examined

directly in the (freeze-)dried solid state without the need for

further sample preparations.
2 Material and methods

2.1 Ulva laetevirens biomass

2.1.1 Cultivation
Clean and healthy Ulva laetevirens samples were originally

collected from the Marsdiep (Texel, The Netherlands) in the

summer of 2018 and were cultivated in concrete cultivation tanks

(28 m3) at the NIOZ Seaweed Centre on Texel into the summer of

2020 to form the Ulva stock used in this research. Nutrients were

added on a weekly basis. Seawater was filtered using a sand filter

column (L × W × H, 1 × 1 × 3 m) with a mesh of ±0.50 µm at a

refreshment rate of 10% per day. Air was bubbled to the bottom of the

tank to keep the seaweed tumbling throughout the water column.

Before the start of each experiment, the Ulva was subjected to a

starvation period of 12 days in which no supplements were added.

At the start of each experiment, U. laetevirens stock samples were

taken out and centrifuged in mesh bags in batches of 2–3 kg in a

Thomas Centrifuge 776 (50 s, 2,016 g). The stock batch was divided

over cleaned outdoor cultivation tanks of 2000 L (90 × 170 cm), in

aliquots of 1,000 g (total fresh weight of 5 kg). Aeration was
Frontiers in Marine Science 03
provided in such a way that individuals tumbled freely inside the

cultivation tanks at a pressure of 1.18 bar. Treatments were

randomly distributed over tanks at the start of each experiment to

exclude tank variation at the research site.

At day 0 (T0), Ulva samples were taken. Every tank had a

different treatment: with sufficient nutrients (RE), nitrogen-deplete

(ND), phosphorus-depleted (PD), and 60% light-limited (LL)

conditions; see Supplementary Figure S1. Light-limited treatment

was achieved with placing a custom mesh-screen lid over the tank,

the light reduction at water surface level was determined with a LI-

1000 datalogger (LI-COR). RE, ND, PD, or LL conditions were

randomly distributed along the present cultivation tanks to exclude

variation between tanks at the research site, if any. At day 0 (T0),

nutrients were added according to the cultivation treatment

(potassium nitrate pa, Emsure; mono potassium phosphate, Royal

Brinkmans; Easygro Fe-EDDHA6%, Royal Brinkman). Nitrogen

concentration in the cultivation medium varied between 529 and

1,544 µM for RE, PD, and LL. For ND, this is 2.0−6.0 µM.

Phosphorus concentration in the cultivation medium varied

between 16.5 and 30.9 µM for RE, ND, and LL and 0.04−0.47 µM

for PD; Table 1. Nutrients (NH4
+, NO2

−, NO3
−, and PO4

3−) in the

cultivation medium were analyzed with a Segmented Flow Analyzer

(QuAAtro39 AutoAnalyzer with XY-2 Sampler Autosampler,

SEAL Analytical).

After 7 days (T7) of cultivation, all U. laetevirens biomass was

taken out and centrifuged (Thomas Centrifuge 776, 50 s, 2,016 g).

Then, 1 kg was put back in the same tank, thus harvesting the excess

biomass that was grown that week. According to the cultivation

treatment—RE, ND, PD, or LL, nutrients were added. At T7,

additional nutrients were added to ensure that the nutrient

availability imposed for that specific group was not the limiting

factor throughout the entire experiment.

After 14 days (T14), U. laetevirens samples were harvested and

centrifuged (Thomas Centrifuge 776, 50 s, 2,016 g). The 14-day

cultivation experiments were conducted three times (n = 3)

sequentially, starting on 30 June, 17 July, and 18 August,

respectively. Through the summer, biomass was collected from

one RE, three ND, two PD, and three LL setup, all at T0, T7, and

T14 days. This resulted in 21 samples for chemical analysis and not

27 because samples for day 0, T0, represent all tanks within one

experiment round.

2.1.2 Biomass pre-treatment
The 21 unique U. laetevirens biomass samples obtained at 0, 7,

and 14 days of harvest (T0, T7, and T14) were centrifuged in the

Thomas Centrifuge 776 (50 s, 2,016 g). The centrifuged samples

were freeze-dried overnight (Beta 1-8 LD plus, Christ). The dried

samples were homogenized to a fine powder using vibratory mill

(MM301, Retch), operated in three pulses of 30 s at a frequency of

30 s−1. When necessary, samples were subjected to multiple pulses

until a fine powder was obtained (Cantero-Tubilla and Walker,

2018). Ground samples that are pending for analysis were stored

and sealed in food-grade bags at −20°C. Each unique sample

consists of all the individuals that are harvested from one tank

and that are then dried, ground, and mixed together to get a

homogeneous sample.
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2.2 Analysis of biochemical compounds

2.2.1 Carbon and nitrogen
Carbon and nitrogen content, expressed in % dry weight was

determined with an elemental analyzer (FLASH 2000 CHNS/O

Analyzer) according to a method described in the literature

(Nieuwenhuize et al., 1994). Lyophilized and ground samples were

combusted at 1,020°C under oxic conditions. The nitrous oxides were

reduced to N2 with elementary copper at 650°C, and water was

removed by trapping. After separation on a Haysep Q column, CO2

and N2 were detected with a thermal conductivity detector.

2.2.2 Carbohydrates
After acid hydrolyzation, carbohydrates were quantified using

high-performance anion-exchange chromatography (HPAEC) with
Frontiers in Marine Science 04
pulsed amperometric detection according to (Gilbert-López et al.

(2015); Verspreet et al. (2020)). All samples were hydrolyzed and

injected twice. For the calculation of the total sugar content, the sum

of the individual dehydrated monosaccharide content was made.

2.2.3 Total amino acids
Dried ground U. laetevirens samples of 50 mg were hydrolyzed

in hydrochloric acid (HCl) as described by Gangopadhyay et al.

(2022). Dried hydrolyzed samples were resuspended in 0.1 M HCl

and filtered using a 0.2-µm polyvinylidene difluoride filter. Samples

were derivatized with 45 µl of 3-mercaptopropionic acid solution,

22 µl of the ortho-phtaldialdehyde solution, and 7.5 µl of sample

solution in the autosampler prior to injection. Analysis was done

using a Shimadzu Nexera X2 HPLC system (Shimadzu

Corporation, Kyoto, Japan) with an YMC-Triart C18 (100 × 30
TABLE 1 General bands of in this study obtained FTIR spectrum of Ulva, assignment based on literature of different plants, macro- and
microorganism.

Frequency Vibration, functional group, component Reference

Broad peak at 3600–3000 cm−1

Max. at 3285 cm−1
O−H and N−H stretch, all relevant biomolecules such as proteins and
carbohydrates

(Christou et al., 2018)
(Shekhar et al., 2012)
(Zhao et al., 2021)
(Türker-Kaya and Huck, 2017)

Broad peak at 3800–3000 cm−1 (3336
cm−1)

Bands corresponding to the antisymmetric (n3) and symmetric (n1) stretching
modes of water.

(Grdadolnik, 2002)

Medium shoulder at 2925 cm−1 Asymmetric C−H stretch of methylene group, as present not only in lipid but also
in other biomolecules

(Christou et al., 2018)
(Shekhar et al., 2012)
(Zhao et al., 2021)
(Socaciu et al., 2020)
(Türker-Kaya and Huck, 2017)

Small shoulder at 2848 cm−1 Asymmetric C–H stretch of methylene group, mainly lipid but also some
contribution of other biomolecules

(Bekiaris et al., 2020)
(Türker-Kaya and Huck, 2017)

Small shoulder at 1736 cm−1 C=O stretching saturated ester bond in lipids, hemicellulose (Wagner et al., 2019)
(Santos et al., 2019)
(Socaciu et al., 2020)
(Türker-Kaya and Huck, 2017)

High peak at 1628 cm−1 Amide I band, C=O stretching, proteins, overlap with C=O stretching of uronic
acids

(Ceylan and Goldfarb, 2015,
(Türker-Kaya and Huck, 2017)
(Talari et al., 2016),
(Santos et al., 2019),
(Wagner et al., 2019),
(Gómez-Ordóñez et al., 2014)

1640–1625 cm−1 (1635 cm−1). Bands can be present to the bending modes of adsorbed water (Grdadolnik, 2002)

Shoulder at 1542 cm−1 Amide II band, N–C stretching, proteins and peptides (Stehfest et al., 2005)
(Santos et al., 2019)

Broad medium peak at 1420 cm−1 C−H bending and rocking vibrations in methyl, methylene, and methyne groups in
diverse biomolecules

(Christou et al., 2018)
(Socaciu et al., 2020)
(Ceylan and Goldfarb, 2015)

1350–1190 cm−1 P=O asymmetric stretch of phosphodiester group of nucleic acid and phospholipids (Stehfest et al., 2005)

High and diverse peaks in the region
1140–990 cm−1

O–C–H, C–C–H, C–O–H,
bending and rocking vibrations of carbohydrates

(Santos et al., 2019)
(Kidgell et al., 2019)
(Wagner et al., 2019)
(Zhao et al., 2021)
(Ceylan and Goldfarb, 2015)

1075 cm−1 1,080 cm−1 in the high peak region of carbohydrate absorption nucleic acid and
phosphate

(Wagner et al., 2019)
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mm, 1.9 µm, 12 nm) column connected to a RF-20A XS

Prominence fluorescence detector. Solvents, flow, and program

were used as described by Vidyalakshmi et al. (2016). As

reference, amino acids were obtained from Sigma-Aldrich

(Sigma-Aldrich, AAs-18).

2.2.4 ATR-FTIR spectroscopy
The ATR-FTIR spectra were obtained in random sequence (in

terms of sample number and tank origin) on a PerkinElmer

Frontier spectrophotometer (Rotterdam, The Netherlands). A

ZnSe crystal was used as accessory. PerkinElmer Spectrum IR

software version 10.6.1 was used (Waltham, MA, USA). Similar

to the work by Gómez-Ordóñez and Rupérez (2011), a small

amount of freeze-dried U. laetevirens sample was deposited

directly on the diamond ATR crystal, and 125-N force was

applied to provide good contact of the sample with the ATR

diamond crystal. The spectra were made with a resolution of 4

cm−1 at 32 scans. As background, a sample-free spectrum was

collected before each sample was recorded and then subtracted

automatically from the sample spectra prior to further analysis.

Every sample was recorded in triplicate using three new aliquots of

powder, resulting in an average spectra from these triplicates

(Oberreuter et al., 2002; Piermaria et al., 2011; Lee et al., 2017;

Innes et al., 2019; Liberda et al., 2021). Between every measurement

the ATR crystal plate was cleaned with ethanol (96%) and dried to

ensure a clean crystal surface (Gómez-Ordóñez and Rupérez, 2011).
2.3 Dataset handling

2.3.1 Pre-processing
FTIR spectra pre-processing is necessary to correct for

differences in sample thickness. In this way, band intensities of

different samples can be quantitatively compared for multivariate

modeling. Baseline correction provided for ATR in the Perkin

Elmer Spectrum IR software version 10.6.1 was used.

Multiplicative signal correction, present in “pls” 2.8-0 package

(Mevik and Wehrens, 2007), is used as normalization method, as

is also the method of choice in the literature for ATR-FTIR (Lee

et al., 2017; Innes et al., 2019; Liberda et al., 2021). The spectral

range of 2750–1800 cm−1 is excluded because of the low signal-to-

noise ratio in this spectral region caused by the absorbance of the

ATR crystal. For chemometric analysis, no outliers were removed.

Prior to PLSR, the log transformation was taken from the

concentration data in the total protein and total carbohydrate

column of Y to get a more homogenous distribution of the

concentration values (Mevik and Wehrens, 2007; Varmuza and

Filzmoser, 2016). A PLSR model was made for the original (non–

log-transformed) and log-transformed data.

2.3.2 Multivariate data analysis on FTIR spectra
PCA and HCA of the pre-processed FTIR spectra were

performed in R-studio 2021.09.2 + 382, with the “ChemoSpecs”

6.1.3 package (Hanson, 2022). PCA robust method median based

with no scaling was chosen as most suitable (Hanson, 2022).
Frontiers in Marine Science 05
Partial least square regression (PLSR) analysis was performed

through the use of the “pls” 2.8-0 package (Mevik and Wehrens,

2007). The single-data matrices, X and Y, were defined: X as a

dimension of 21 samples by 1,850 wave number intensities and Y as

the independently measured concentrations, such as the total sum

of amino acids and monosaccharides composition and percentage C

and N determined by element analysis. For the fit study, the data

was mean-centered, and the number of PLS factors was determined

by leave-one-out cross-validation.
3 Results

3.1 Biochemical quantification U.
laetevirens samples

Figure 1 shows the biochemical composition in the different U.

laetevirens samples. The carbohydrate concentration varied from

240 to 490 mg g−1 dry weight. The highest amount of

carbohydrates was found in the samples cultivated under

nitrogen depletion (ND). In particular, the monosaccharide

glucose was abundantly present (up to 50% of total

carbohydrates), which was the highest concentration in the ND

samples compared to the other treatments. Compared to the start

(T0), the carbohydrate concentration decreased under RE, PD,

and LL conditions. The total amino acid concentration was

highest in the replete samples (RE), 140 mg g−1. In the ND

samples, the total amino acid concentration was lowest. In

addition, at the start (T0), the total amino acid concentration is

low, comparable with the ND samples. This is due to the fact that

all individuals were already starved for 12 days prior the start of

the cultivation experiments (Section 2.1.1). For most samples, the

most abundant amino acids were aspartic acid (Asp) (Yaich et al.,

2011), alanine (Ala), and glutamic acid (Glu). However, for the

phosphorus-depleted (PD) samples, arginine (Arg) was

proportionally more present. Protein concentrations of the

phosphorus (PD) and light limitation (LL) samples were in

between the concentrations of the ND and RE samples. In

general, all types of amino acids increased when nitrogen was

replete—RE, PD, and LL—during cultivation.
3.2 ATR-FTIR analyses

All FTIR spectra are depicted in Supplementary Figure S2.

Visually, we compared the spectra with each other. Figure 2 is a

selection of FTIR spectra based on samples where there was mutual

difference in abiotic stress factors. From bottom to top, representative

sample spectra are selected for the T0, RE, ND, PD, and LL

treatments. It is noticeable that the spectra in Figure 2 differ from

each other. In the region between 1800 and 800 cm−1 the differences

are most pronounced, but differences can also be observed in the

region between 3500 and 2800 cm−1. Visually, there were no

noticeable differences in the spectra between cultivations performed

in different weeks; see Supplementary Figure S3.
frontiersin.org

https://doi.org/10.3389/fmars.2023.1154461
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Derksen et al. 10.3389/fmars.2023.1154461
The following main regions can be distinguished in ATR-FTIR

spectra of dry plant biomass and are also distinguished in the FTIR

spectra of the U. laetevirens samples made in this study: proteins

(1800–1500 cm−1), diversity of functional groups, the mixed region

(1500–1200 cm−1), carbohydrates (1200–900 cm−1), and a

biochemical mix mainly caused by proteins and carbohydrates
Frontiers in Marine Science 06
(3600–2800 cm−1) (Baker et al., 2014; Corte et al., 2015; Dias

et al., 2016). After assigning regions, one should always be aware

that dried samples are complex with a wide variety of compounds

(Table 1). In the assigned regions, in addition to the assigned

biochemical composition, there are always other components

whose functional groups interfere with the characteristic bands of
FIGURE 2

Shifted overlay of five FTIR spectra from U. laetevirens samples. Samples differ in type of abiotic stress applied (RE),“repletion”; (ND), nitrogen
depletion; (PD), phosphorus depletion; and (LL), light limitation. All the spectra are from samples obtained at T14 with exception of the lowest that is
starting material from day 0 (T0).
A B

DC

FIGURE 1

Biochemical composition of the U. laetevirens samples after on-shore cultivation under different abiotic stress factors. (A) Total amino acid and (B)
total carbohydrate concentration; (C) nitrogen and (D) carbon percentage determined with element analysis. T0 and T14 sampling after 0 and 14
days; no separate abiotic treatment, (RE), “repletion”; (ND), nitrogen depletion; (PD), phosphorus depletion; and (LL), light limitation.
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the group. An example is water, with possible bending bands of

adsorbed water between 1640 and 1625 cm−1 and stretching bands

of water between 3000 and 3800 cm−1.

For identification of molecular bands present in our samples,

in Supplementary Figure S4, the spectrum of a T0 sample was

labeled with all recognizable wave numbers. With the information

in Table 1, obtained from the literature, the corresponding

molecular vibrations were, if possible, identified. The prominent,

intense peak at 1628 cm−1 that recurs in every spectrum

corresponds to C=O amide stretching from proteins, which is

also called the amide I band (Ceylan and Goldfarb, 2015). For later

interpretation, one has to be aware that the C=O stretching band

of the carbonyl group in uronic acid of ulvan probably overlaps

with the amide I band. For that in the amide II band, N–C

stretching in proteins and peptides can be distinguished as a

shoulder at 1542 cm−1 (Stehfest et al., 2005; Gómez-Ordóñez et al.,

2014; Santos et al., 2019). The notable solitary broad band at 1420

cm−1 that changes in the different sample spectra is likely

indicative for C–H bending in methyl, methylene, and methyne

groups and, as such, not traceable to one particularly biochemical

compound, the mixed region (Ceylan and Goldfarb, 2015;

Christou et al., 2018; Socaciu et al., 2020). The strong and

multi-peak area between 1200 and 800 cm−1 is attributed to the

vibration of glycosidic bonds between the in algae commonly

present polysaccharide units, such as rhamnose and glucuronic

acid (Figueira et al., 2020).
3.3 HCA and PCA of FTIR spectra for
qualitative prediction of biochemical
constituents in U. laetevirens

The PCA and HCA were successfully applied and showed a

clear visualization of the data, whereby samples were clustered on
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the basis of three applied abiotic stress factors. This is based on the

qualitative differences in FTIR spectra.

The PCA score plot of all the FTIR spectra obtained for the

freeze-driedU. laetevirens samples is shown in Figure 3. The regions

3700–2750 cm−1 and 1800–900 cm−1 were selected for analysis. The

PCA plot showed a good separation (90%) between the different

types of cultivation. The samples with different abiotic stress factors,

RE, ND, PD, and LL at T7 and T14 and the T0 samples, clustered

mainly on the x-axis along the direction of PC1 score, which

comprised 81% of the differences. It can be seen that, within a

circled cluster, in most cases, the T7 samples lie to the left relative to

the T14 samples. From bottom to top, along the PC2 score (9%), the

cluster of the phosphorus-depleted samples, PD lies higher than the

other clusters. In the PC1 score, the T0 appeared in the same region

as the ND cluster (nitrogen-depleted). This was also observed in the

HCA (Figure 4), which is in agreement with the results of the

univariate biochemical analysis (Figure 1). The start samples, T0,

were already starved for 12 h at the beginning of the cultivation

experiments (Section 2.1.1). In the PCA, it can be seen that RE

samples lie close to LL and PD cluster, which is also reflected in the

HCA figure. RE samples lie higher on the PC2 score than most LL

samples. There is clear difference between RE T7 and RE T14 as the

last one is more biochemical stable due to longer equilibrium time.

The different cultivation regimes gave a clear clustering and

separation on the PC1 axis, and most samples can also be

distinguished if the PC2 axis is taken into account. Further

comparison on a PC3 axis (results not shown) did not show

better resolution of these clusters and is not necessary because

enough separation (90%) is already obtained with PC1 and

PC2, which is also confirmed by the scree plot (depicted in

Supplementary Figure S5).

In Figure 5, the loading weight plots of the first and second

principal component (PC1 and PC2) are presented. The loading

weight plots indicated that the variation between the spectra was
FIGURE 3

Principal component analysis (PCA) score plot of the FTIR spectra from the U. laetevirens samples. Samples differ in type of abiotic stress applied (RE),
“repletion”; (ND), nitrogen depletion; (PD), phosphorus-depletion; and (LL), light limitation. Samples were harvested at days 0 (T0), 7 (T7), and 14 (T14).
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multivariate, with contributions from all biomolecular regions

(Sackett et al., 2016). The main weighting in the PC1 plot was for

the 1700–1100 cm−1 and 1100–900 cm−1 regions. Both regions

work opposite to each other’s weight and results in a PC1 loading

that is predominantly a result of the carbohydrate-to-protein

ratio. The samples on the left of the PC1 x-axis (negative scores)

have a low carbohydrate-to-protein ratio, whereas the samples

on the right of the PC1 x-axis (positive scores) have a high
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carbohydrate-to-protein ratio. This is in accordance with the

results of the univariate biochemical, presented in Figure 1.

Samples with a low carbohydrate-to-protein ratio, LL, are on

the left, and samples with a high carbohydrate-to-protein ratio,

ND and T0, are on the right. PD samples are mainly around

zero, the middle of the axis. In the case of PC2, which is

associated with 4% of the variance, the region between 1100

and 1250 cm−1 (part of the carbohydrate and mixed region)
FIGURE 5

Loading weights associated with the factor PC1 and PC2 scores related to an FTIR reference spectrum of U. laetevirens samples.
FIGURE 4

Hierarchical cluster analysis (HCA) of the FTIR spectra from the U. laetevirens samples. Samples differ in type of abiotic stress applied (RE),
“repletion”; (ND), nitrogen depletion; (PD), phosphorus-depletion; and (LL), light limitation. Samples were harvested at days 0 (T0), 7 (T7),
and 14 (T14).
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corre lated posi t ive ly and most of the other regions

correlated negatively.

Investigation of the sample spectra with PCA or HCA on

another aspect than the abiotic stress factor, such as sample day

or starting day, did not result in clear separation profiles. This was

also not the case if, in addition to PC1 and PC2, higher PCs were

included in the comparison.
3.4 PLSR analysis of FTIR spectra for
quantitative prediction of biochemical
constituents in U. laetevirens

PLSR was conducted to determine if, in addition to

clustering, it is also possible to get an estimation of the

quantitative biochemical composition of random U. laetevirens

samples by using FTIR. The PLSR models were obtained from

the regression of the FTIR spectral data on the parameters from

the classical chemical analyses, specifically total amino

acid concentration, total carbohydrate concentration, nitrogen

content and carbon content. The obtained prediction plots

are given in Figure 6 and the coefficients of determination

in Table 2.
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The lowest root mean square error (RMSE) was traced to select the

optimal number of components (NC) (Supplementary Figure S7) (Ter

Braak and Juggins, 1993). Three was selected as the optimal number of

components. At three components, the RMSE is 0.217 when based on

total amino acid concentration and 0.311 when based on percentage

nitrogen (%N). In the case of carbohydrate concentration, RMSE was

0.022. The corresponding coefficients of determination, R2, were 0.30 for

total amino acid, 0.97 for carbohydrate, 0.11 for %C, and 0.94 for %N

(Table 2A and Figure 6). Table 2B represents the results from the non–

log-transformed data; these deviate only slightly downward.

Supplementary Figure S8 represents the regression coefficient

determined for all wave numbers. It can be concluded that a high

positive correlation was established between the predicted concentration

of carbohydrates andmeasured amount, in this case, the total sum of the

monosaccharide concentration after hydrolysis of the sample.

The regression between classical protein analysis, based on the

sum of the total amino acid concentration after hydrolysis, and

protein prediction was 0.30. A closer look at the protein regression

figure shows that all samples with low protein concentrations, all T0

and ND samples, were in the bottom left corner of Figure 6 and the

higher concentrations were all in the upper right corner. It appeared

that the samples were divided into two major groups as a lower left

and higher right group; therefore, the acquired regression could be
A B

DC

FIGURE 6

Plot of measured versus predicted values obtained with PLSR for total amino acid concentration (amino acids) (A), total monosaccharide
concentration (carbohydrates) (B), %N of dry weight (nitrogen) (C), and %C of dry weight (carbon) (D). The number of PLSR-PCs used was 3.
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considered as a line through only two points (~clouds). However,

the correlation between the prediction of percentage of nitrogen in

an U. laetevirens sample and the analyzed amount by element

analysis was high, R2 = 0.94. This means that, in contrast to the

PLSR plot of protein concentration based on total amino acid, the

regression plot based on %N with FTIR spectra can be done reliably.

The prediction plot of %C showed a low R2. Given the huge

dispersion of all points found in Figure 6D, it appeared that there

was no correlation for C atoms present. The opposite correlations

found for all four biochemical measurements with FTIR were also

clearly visible in the heatmap; Supplementary Figure S6. The MID-

FTIR area with the strongest correlation was found between 1800

and 1200 cm−1. From the colors in this heatmap, it was clearly seen

that the rows related to N or protein analysis correlated oppositely

with the carbohydrate row. Furthermore, it could be seen that no

correlation was found for any wave number in the FTIR spectra and

the analyzed %C present in the samples.
4 Discussion

There is an urgent need for a rapid, simple, and reliable

qualification and quantification of biochemical components in

seaweed biomass. Here, we present our results for using ATR-

FTIR combined with PCA and PLSR as a rapid tool to qualify and

quantify the biochemical composition of U. laetevirens biomass

cultivated onshore under different abiotic stress factors.
4.1 Setup experimental conditions for
analysis of on-shore U. laetevirens cultivation

To our knowledge, this is the first time that a study has been

done with FTIR combined with multivariate analysis to determine
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biochemical composition within one species of green algae, U.

laetevirens, that is cultivated under different abiotic stress factors.

A few studies have used FTIR combined with multivariate analysis

to analyze biochemical composition in green seaweed, with the aim

of demonstrating differences between seaweed divisions (brown,

red, and green)(Date et al., 2012; Verma et al., 2017; Charles and

Alamsjah, 2019; Agrawal et al., 2022). For green seaweeds, studies

are rarely done within the same family, let alone within one species,

as done here for U. laetevirens. In addition, the samples are mostly

collected from the wild (Date et al., 2012; Shekhar et al., 2012; Niemi

et al., 2023) and not harvested from a seaweed farm or onshore

cultivation setup as done in this study. For microalgae, it is more

common to research a single species under controlled cultivation

conditions and analyze biochemical compositions using FTIR with

multivariate analysis (Wagner et al., 2010; Coat et al., 2014; Fanesi

et al., 2019; Ferro et al., 2019; Wagner et al., 2019; Liu et al., 2020).

However, microalgae have a different biochemical composition

compared to seaweeds when looking at the carbohydrate-to-

protein ratio. Seaweeds have four to five times higher % w/w

carbohydrate than microalgae and microalgae have four to five

times higher % w/w protein than seaweeds (Cai et al., 2013). This

difference results in FTIR spectra with a more pronounced amide I

and II band (Pistorius et al., 2009) for microalgae. Then, because of

the different sample matrix, the sampling accessory used during

FTIR analysis is different. For micro-algae, an aliquot of aqueous

cell suspension is titrated in a well plate, dried, and analyzed on

FTIR with transmission mode (Wagner et al., 2010; Fanesi et al.,

2019; Wagner et al., 2019). ATR mode is used for a lot of

experiments with more bulky but fine enough (≤0.5 mm)

(Cantero-Tubilla and Walker, 2018) and homogenously

distributed dry plant powder such as seaweed. On the basis of our

focus on single seaweed species, FTIR as a rapid and efficient

novelty analysis was developed.
TABLE 2 Linear and PLSR predictive model based on logarithmic numbers (A) and on original (non-log) numbers (B).

A
Total amino acid1 Carbohydrates2 C3 N3

mg/g DW mg/g DW % %

NC 3 3 3 3

RMSE 0.217 0.022 2.172 0.311

variance explained 62.7% 98.4% 46.1% 97.5%

R2 0.30 0.97 0.11 0.94

B
Total amino acid1 Carbohydrates2 C3 N3

mg/g DW mg/g DW % %

NC 3 3 3 3

RMSE 31.932 18.635 2.296 0.297

Variance explained 71.1% 98.1% 35.2% 98.6%

R2 0.21 0.97 0.002 0.95
NC, number of components; RMSE, root mean squared error; R2, coefficient of determination.
1 Based on sum of amino acids found with HPLC after hydrolysis of dried U. laetevirens sample.
2 Based on sum of monosaccharides found with HPLC after hydrolysis of dried U. laetevirens sample.
3 Based on element analysis of dried U. laetevirens sample.
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Our aim was to use ATR-FTIR to obtain a non-laborious and

simple method for freeze-dried and ground seaweed samples

(Gómez-Ordóñez and Rupérez, 2011; Canteri et al., 2019; Santos

et al., 2019; Bekiaris et al., 2020). For freeze-dried and ground

seaweed samples, other multiple-step sample preparations have

been published, namely, extraction of dried seaweed (Shekhar

et al., 2012; Gómez-Ordóñez et al., 2014; Polo et al., 2015; Yaich

et al., 2017; Niemi et al., 2023) or dilution of dried seaweed with KBr

powder (Wagner et al., 2010; Date et al., 2012; Sackett et al., 2016;

Zhao et al., 2021). The way that the sample is applied during

analysis influences the results. In this research, no further sample

treatment (such as extraction or dilution) was done. ATR as the

sampling technique for the freeze-dried material was enough to get

the required resolution for multivariate analysis and execution was

rapid. For all samples, FTIR spectra were obtained, where all

biochemical regions that are representative of dry plant biomass

were present, i.e., carbohydrate and protein. The spectra differed

most in the region from 1800 to 800 cm−1. Even the visual

inspection differences in this region, where amides and glycosidic

bonds vibrate, were noticeable (Figure 2).

Choices between technical devices in analysis are always a

decision between precision and speed. For instance, in exact

component qualification and quantification, other spectroscopic

techniques such as MS or NMR are more applicable, in

combination with a separation technique such as HPLC

(Mouritsen et al., 2019; Gowda et al., 2022). When hardware

pricing and daily material costs were taken into account, a rough

estimation learned that ATR-FTIR analysis of seaweed samples as

developed in this study is 10 times less expensive than the more

traditional methods. Furthermore, a major advantage compared to

the more traditional analyses is that the traditional methods have to

be performed by a trained chemical analyst, whereas the FTIR

analysis can be performed by a layman.
4.2 Suitability of PCA for discrimination
of samples obtained by different abiotic
stress conditions

To obtain a suitable pool of reference samples, an

experimental setup was chosen in which a conditioned U.

laetevirens batch was divided and exposed to abiotic stress

factors that were expected to result in different biochemical

compositions. From Figure 1, it can be seen that, when an

abiotic factor is depleted, the biochemical composition changes.

For example, when nitrogen is depleted, the total amount of

amino acids in the sample declined. However, because

photosynthesis was still possible and the amount of phosphorus

was stil l replete, this resulted in higher carbohydrate

concentrations, particularly glucose (Lubsch and Timmermans,

2018). The concentrations found in our study correspond with

those in literature (Supplementary Table S1) (Gómez Pinchetti

et al., 1998). We conclude that our onshore cultivation of U.

laetevirens resulted in a set of samples with a range of low and high

concentrations of major constituents that are very appropriate for

the subsequent multivariate data analysis.
Frontiers in Marine Science 11
In this study, ATR-FTIR combined with PCA chemometrics

turned out to be excellent in characterizing the type of abiotic stress

factor to which U. laetevirens was exposed. The broad regions of

3700–2750 cm−1 and 1800–900 cm−1 were selected for multivariate

analysis. In addition, the evaluation of narrower regions was also

done, for instance, the regions containing amide I or amide II band

(Supplementary Figure S4) were evaluated separately and

combined. However, the already good separation of 90% (PC1 +

PC2) found using the broad spectrum did not improve significantly

when evaluating only narrower regions. Therefore, it was decided to

use the broad region in this study.

It is shown that the PC1 + PC2 score separated the phosphorus-

depleted samples from the other samples. This shows that PCA is

able to discriminate also on the basis of the phosphorus repletion,

which is much more difficult using classical biochemical analysis.

ATR-FTIR with PCA is therefore useful to get an overall view of the

total biochemical conditions of the whole organism where other

analytical methods such as LC-MS or NMR analyze a specific type

of compounds, for instance, sulfated polysaccharides or anti-

oxidants. A major advantage that can be concluded from this

ATR-FTIR combined with PCA setup is that, with a minimal

sampling and analysis, it can be decided whether cultivation is on

the right track or whether it needs additional nitrogen or

phosphorus nutrients.
4.3 Suitability of PLSR analysis as
carbohydrate and nitrogen concentration
determination and additional
considerations concerning protein
and carbon quantification

The results of the PLSR analysis were promising in allowing for

quantification of biochemical components in U. laetevirens

biomass. For prediction of the carbohydrate concentration, PLSR

is applicable because of the high coefficient of determination, R2 of

0.97. This is also the case for the prediction of nitrogen present.

However, these high coefficients of determination were not found

for the other two analyses: carbon content and total amino acid

concentration. This indicates that not all biochemical components

can be quantified reliably at this stage.

It was apparent that PLSR was not suitable for prediction of

carbon content, despite the fact that prediction of carbohydrates, a

major carbon storage, was possible. Most likely due to the

unfocused nature of carbon wave numbers in FTIR, no

correlation was found using PLSR. Because of the sheer amount

of different carbon bonds, a broad range of carbon-associated wave

numbers is present in FTIR spectra. These carbon atoms belong to

all other non-carbohydrate biochemical compounds present in

seaweed biomass.

There are a few articles that focus on the prediction of protein

concentration in seaweed with FTIR PLSR (Tadmor Shalev et al.,

2022; Niemi et al., 2023). Niemi et al. (2023) constructed a protein

prediction model from total amino acid concentration analyzed

with mass spectrometry and the peak height of the amide II band

found with DRIFTS. They also claim that models where a
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colorimetric assay was used undoubtedly over- or underestimate the

protein concentration, due to the overly generic multiplier that was

used. In the early stage of this research, when Lowry was used before

switching to element analysis, we also noticed the same result (not

published). For the DRIFTS model, the authors claimed that a

reliable result was found if only the height of the amide II band of

the FTIR spectrum was used. In that case, a model with good

prediction performance was obtained if based on seven PLS

components. Similarly, for micro-algae, the use of only one wave

number for calculating and predicting protein content has been

implemented successfully. In literature it is sometimes said that only

amide II is suitable to use because amide I interferes too muchwith

the alginate peak (Wagner et al., 2010; Sackett et al., 2016; Fanesi

et al., 2019; Wagner et al., 2019; Niemi et al., 2023). In our case, the

PLSR did not improve much when we only used the amide I or the

amide II band instead of the whole spectra. We prefer to use the full

spectrum because, as already mentioned in Section 3.2, choosing

one band may cause confusion due to presence of other functional

groups of other components that interfere with the absorption band

of the specific structure. The use of the whole spectrum takes into

account the biochemical complexity of the sample and the various

functional groups present.

Tadmor Shalev et al. (2022) described a correlation for protein

concentration between FTIR and PLSR. This protein correlation

was drawn from nitrogen determination by element analysis of 144

Gracilaria sp. specimens (Tadmor Shalev et al., 2022). This result

for this species of red seaweed can be compared to our findings with

the green seaweed U. laetevirens. We also found that PLSR is

applicable because of the high coefficient of determination, R2 of

0.94, for the prediction of nitrogen present in the biomass. We did

not find any literature showing a prediction of protein

concentration for seaweed based on amino acid profile

determined on full FTIR spectra instead of only the amide bands.

Nitrogen content can be a good indicator for protein content.

However, when using nitrogen content as a measure for protein

content, it is not taken into account that nitrogen can be stored as

such in seaweed (Lubsch and Timmermans, 2018; Lubsch and

Timmermans, 2019).

Considering PLSR for the study of total amino acid prediction

by FTIR, it is probably worthwhile to have a larger variation in total

amino acid concentrations in the samples. In our study, we sampled

after 7 and 14 days in circumstances where nitrogen was replete or

deplete (in fact, end-members only) for three total cultivations (n =

3). This ensured that seaweed had either a minimum and maximum

of protein compounds due to completely empty or full nitrogen

stock (Lubsch and Timmermans, 2018). A gradient of nitrogen

availability during cultivation over multiple tanks should be

included to enlarge the reference sample database and observe

whether this results in PLSR prediction compared to the HPLC

amino acid analysis.

We found that the combination of ATR-FTIR spectra with

multivariate statistical analysis is a rapid tool that gives very useful

information on the identity and quantity of the main biomass

constituents in U. laetevirens biomass. This method can be

developed toward a useful tool for adjustment of nutrients or

other abiotic stress factors during cultivation to get biomass
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suitable for further application with demands for explicit

nutritional value or polysaccharide content. It is therefore

advisable to increase the number of reference samples to increase

the flexibility of the model. Increasing the samples cultivated under

other abiotic stress factors, other Ulva species, the samples collected

in the wild on different locations (preferably with known abiotic

conditions), etc., will contribute greatly.
5 Conclusion

In our study, we conclude that the combination of ATR-FTIR

spectroscopy with multivariate analysis can be successfully applied

to qualitatively differentiate U. laetevirens samples from different

abiotic effects, namely, replete and nitrogen depletion, phosphorus

depletion, and light limitation. ATR-FTIR with PCA is a rapid tool

for determining the physiological state of U. laetevirens during

cultivation. There is no need for further sample processing beyond

freeze-drying and grinding. ATR-FTIR with PCA takes into account

the entire biochemical composition. Looking at the PCA, PC1 and

PC2 of the spectra, in the region of 3700–2750 cm−1 and 1800–900

cm−1, give clusters with confidence levels of 90%, discriminating

between abiotic stress factors. With PLSR, the nitrogen content and

carbohydrate concentration can be predicted quantitatively.

We conclude that ATR-FTIR spectroscopy combined with PCA

and PLSR is a rapid tool that can be very helpful in rapid monitoring

and controlling biochemical compound changes during cultivation

systems, at lower costs than using traditional analyses. This is highly

desirable with the increasing scale of commercial onshore seaweed

cultivation optimizing toward specific biochemical compositions.

This research shows the possibilities of FTIR when applied within

one single species of seaweed, highlighting the impact of abiotic stress

factors during cultivation.
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