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Abstract

Attenuated Total Reflectance—infrared spectroscopy (ATR-IR) coupled to Partial Least
Squares Regression (PLSR), was evaluated as a rapid, label free and cost-effective tool to
quantify water content in extracts obtained from Spirulina wet biomass using a Glucose
Glycerol Natural Deep Eutectic solvent (NADES). NADES are green, renewable and
biodegradable solvents with unique properties outcompeting existing organic solvents, for
instance for plant or biomass extraction. The properties of NADES depend critically on
their water concentration, and therefore it is essential to develop methods to monitor it, to
ensure optimal extraction efficiency and experimental repeatability to achieve a better
standardization of extraction protocols. Firstly, Karl Fischer titration was performed on a
set of 20 NADES extracts in order to obtain reference water concentrations. Secondly,
ATR-IR spectra were collected and subjected to datamining to construct PLSR predictive
models. The R? values of 0.9996, mean Root Mean Square Error of Cross Validation of
0.136% w/w and Root Mean Square Error of prediction of 0.1304% w/w highlight the
feasibility and reliability to perform quantitative analysis using ATR-IR. Moreover, the
mean relative error percentage achieved, ~0.5%, confirms the high accuracy of water
concentration determination in NADES extracts. This work demonstrates that powerful
alternatives are available to provide more environmentally responsible analytical protocols.
ATR-IR spectroscopy applied to NADES extracts does not require any sample preparation,
no reagents or solvent and has minimal requirements for single use consumables. The
technique is consistent with current concerns to develop greener chemistry, especially in
the field of extraction of natural compounds from plants which currently represents a major

focus of interest in both research and industry.



1. Introduction

Natural Deep Eutectic solvents (NADES) are firstly announced by Chio and co-
workers in 2011'. NADES have been studied as a sustainable green alternative to organic
solvents 2. NADES are prepared by mixing a hydrogen bond donor (HBD), such as polyols
or sugars, and a hydrogen bond acceptor (HBA), such as choline chloride betaine, glucose
or alanine, that results in a hydrogen bonded donor-acceptor network *. NADES reported
in the literature are mostly hydrophilic, with varying polarity, depending on the
combination of HBA and HBD.

NADES are renewable, biodegradable and biocompatible solvents *, whose properties
are easily tunable > for applications in a broad range of fields, including analytical
chemistry °, organic synthesis ’, biotechnology ®°, electrochemistry *°, nanotechnology **

3 energy *, water remediation *°, food industry

, cosmetics and pharmaceutics
industries **?°. The high solubilisation power and their high extraction ability for some
natural products make them promising media for green processing ** 2. NADES have
been studied as solvents for solid/liquid (S/L) extraction of polyphenols and flavonoid

compounds from plants *®2* 2526

, or extraction of lipids and pigments from microalgae
Moreover, the stabilizing ability of NADES suggest them as perfect media for sustainable
valorisation of vegetal biomasses. Hence, they are valuable environmental friendly
alternatives in extraction processes to organics solvents, which are increasingly challenged
by greener methods *.

Water can be added in certain ratios to tailor NADES properties, commonly between
5% w/w and 30 % w/w, according to the desired application 2%, Water affects
physicochemical properties like viscosity, polarity, and density of NADES % and it
strongly affects the extraction yield 2"*~!. Most NADES are composed from hygroscopic
materials, which absorb atmospheric moisture during storage or from biomass during
extraction *°. Variations in water content of NADES can lead to loss of efficiency, while
high content can even result in the disruption of the hydrogen network 2°. Therefore, being
able to rapidly determine and continuously monitor water concentration of NADES is key
to ensuring repeatable and reproducible use and achieving a better standardisation of

extraction protocols.



The gravimetric quantification of water or moisture by weighing and drying is the
simplest, solvent-free and cost-effective approach. The main drawback is the lack of
repeatability in results due to thermal decomposition of sample or for volatile samples *. It
has also been demonstrated that, in materials with high viscosity, the rubbery matrix
formed during drying makes water diffusion and evaporation difficult, leading to
underestimation of moisture levels **3*. Karl Fischer titration (KFT) is the gold standard
for accurate quantification of water traces *. However, the technique consumes large
volumes of reagents and solvents during titration (especially for high water content), in
contradiction with the concept of developing green solvents like NADES. Moreover, the
time requirements for analysis of large sample cohorts * further motivates the
development of alternative methods.

To this end, a rapid, and label free analysis performed by Attenuated Total Reflectance
infrared spectroscopy (ATR-IR) coupled to multivariate data mining protocols is
investigated. ATR-IR is a powerful non-destructive characterisation technique providing
specific spectral signatures without the requirement for pre-analytical sample preparation
% It enables specific probing of samples at the molecular level, for functional groups
identification and structural characterization of samples. It is a well-established technique

3840 nanotechnology ** and pharmacy ***%. ATR-IR

in organic chemistry *", biochemistry
spectroscopy shows the potentials to deliver reliable quantitative information with
applications in the food industry *, clinical and biomedical sciences *°, pharmaceuticals

science 46-48 49,50

, chemotherapeutic solutions and quantification of cosmetic ingredients in
complex formulations **. As ATR-IR does not require reagents or solvent for analysis, it is
a strong candidate as an analytical alternative, consistent with environmental concerns.
Recently, ATR-IR coupled to partial least squares regression (PLSR) analysis has been
studied for quantification of water in 3 NADES systems; Betaine: Glycerol (1: 8), Choline
Chloride: Glycerol (1: 2) and Glucose: Glycerol (1: 3), each with systematically varying
added water concentrations in the range 0% w/w to 40% w/w . The study highlighted the
potential of ATR-IR spectroscopy to monitor the water content of in vitro models,
simulating prolonged storage periods. However, it is particularly relevant to be able to
monitor water transfer from a wet biomass to the NADES during extraction. Therefore, in

the present study, a set of extractions was performed from Spirulina biomass % using



Glucose Glycerol (GG) NADES, a hydrophilic NADES commonly used with initially
water content of ~20% w/w *2°,

Based on the previous demonstrations of the potential of the technique, the aim of this
work is to investigate the ability of ATR-IR to deliver accurate water quantification in a
practical example of the NADES extraction process. Firstly, KFT was applied to determine
water concentration in extracts to provide reference concentrations. Secondly, infrared
spectra were collected and data mining protocols were applied to construct predictive

models and evaluate the accuracy on the analysis performed.

2. Materials and Methods
2.1. Reagents

Preparation of NADES: Glycerol 98% was purchased from Fischer Scientific
(IMkirch, France). Glucose 99% were purchased from Acros Organics (Geel, Belgium).
Water was purified using a Milli-Q system (Millipore Corporation, Bedford, MA, USA).

Karl Fischer titration: Hydranal™ Composite 5K (Honeywell, Fluka™, Germany),
Methanol > 99,9% (Honeywell, Riedel-de Haén™, France) and Sodium Tartrate (Carlo
ERBA reagents, Milano, Italy) were purchased from Sigma Aldrich (Burlington, MA,
USA).

Spirulina (Arthrospira platensis) biomass (9.5% dry matter) was kindly provided
by Aqua Eco Culture SA (Lamballe, France) and stored at -20°C.

2.2. Preparation of NADES samples from extraction

NADES preparation: The NADES selected for this study is Glucose-Glycerol (GG)
NADES, which is a hydrophilic system commonly used for extraction with ~20% w/w
added water. GG NADES was prepared using the heating and stirring method %, by
mixing a HBA (i.e. glucose), a HBD (i.e. glycerol) in in the ratio (1:8) and the 20% added
water. Then mixture was heated at 70°C and stirred until a colourless liquid was obtained.
GG NADES were prepared with an absolute initial water concentration (i.e. prior to

extraction) = 16.6% w/w.



Extracts from Spirulina biomass: The purpose of the study is to investigate
variations of water concentration in NADES during extractions from wet biomass.
Therefore, a set of 20 extractions was conducted by adding different masses of Spirulina
biomass, ranging over 0.2g - 8.33g, to 20g of GG NADES. The biomass/NADES ratio thus
ranged from 0.01 to 0.4165. Firstly, the mixtures were prepared by stirring the biomass and
the NADES in appropriate ratio for 5 min, at room temperature. Then, samples were
centrifugated for 20 minutes at 16.200 g (Rotanta 460R, Hettich) and the supernatant were
recovered. NADES extracts are henceforth named SPGG. All extracts were analyzed in

terms of phycocyanin, chlorophylls and carotenoids according to Wils et al.?°

2.3. Data collection
2.3.1. Karl Fischer titration (KFT)

Karl Fischer titration was performed using a Titroline® 7500KF (Xylem SI
analytics, Germany). Firstly, the KF reagent (Hydranal™ Composite 5K) has been
standardised daily, before SPGG extracts analysis. While the water equivalent of the
reagent is specified by the manufacturer to be between 4.5-5.5 mg/ml, sodium tartrate
was used as primary standard to determine its exact titer. Approximately 45 mg were
added to the titration vessel. The KFT was conducted in triplicate (n=3) for all samples.
Water concentrations calculated from the KFT were used as reference values to construct
the PLSR models from the ATR-IR data (See section 2.4).

2.3.2. ATR-IR Spectroscopy

IR spectra were acquired using a Frontier spectrometer (Perkin Elmer, France)
equipped with a Quest single reflection diamond attenuated total reflectance (ATR)
accessory (Specac, UK). The spectral range was set between 4000-400 cm™ and the
spectral resolution at 4 cm™. Drops of ~100 pL were deposited directly onto the diamond
surface and spectroscopic measurements were performed immediately. Prior to sample
measurement, a background spectrum was recorded in the air (4 scans) and automatically
ratioed with the sample spectrum (4 averaged scans) by the software. For each sample, 5

deposits have been measured and 3 spectra per drop have been collected. Ultimately, 15



spectra were recorded from each sample, capturing the inter-and intra-variability during
measurements. Spectra from pure compounds have also been collected using similar
parameters. The entire operation including cleaning the ATR crystal, collection of
background, and collecting the IR spectrum from the sample takes less than 30 seconds.

2.4. Data handling and analysis

Data pre-processing and analysis were performed using MATLAB® (The
Mathworks, USA). It was observed that pre-processing of data does not improve the
reliability of the quantitative analysis. This is consistent with previous investigations
conducted with ATR-IR for analysis of NADES * and cosmetic formulations °2.
Therefore, the raw data were used throughout this study. Partial Least Squares Regression
(PLSR) is used to demonstrate the quantitative performances of ATR-IR applied to the
determination of water concentrations in NADES extracts from biomass. In this study,
the data set is limited to 20 samples, and therefore a Leave One Out Cross Validation
(LOOCV) protocol has been applied to construct PLSR models. In this approach, all the
spectra of one sample are selected as the test set, i.e. unknown sample to be determined,
while all other samples (n=19) are used as the training set. In turn, all 20 samples will be
used as test against all others. The training set (n= 19 samples) is further divided into the
calibration (2/3 of data randomly selected) and the validation set (remaining 1/3 of the
data). A 100-fold iteration was implemented to evaluate the robustness of the analysis
with multiple random combinations of calibration/validation sets and to provide an
overall estimation of the reliability of the data collected. The PLSR output is evaluated
using the linearity of the regression between the measured and predicted concentrations
(R?), the mean of the Root Mean Square Error of Cross-Validation (RMSECV) calculated
from the training data (i.e. n= 19 samples), the Root Mean Square Error of Prediction
(RMSEP) calculated from test samples and the % of relative error between the mean
predicted concentrations and the target concentration (observed concentration) for each
test sample. The regression co-efficient, which represents the variables (wavenumbers)
used to create the regression model is used to highlight the specificity of the analysis

performed.

3. Results and Discussions
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3.1. Karl Fischer titration (KFT)

Results from the KFT are presented in Table 1. 20 extractions were conducted,
using GG NADES with varying masses of SP biomass in order to cover a sufficiently
broad range of water concentrations to apply PLSR. For each extract, the mass of
Spirulina added to GG NADES and the corresponding ratio biomass/NADES are
provided. The mean and standard deviation (SD) are calculated from the KFT performed
in triplicate on each extract. GG NADES is used with a starting water concentration of
~16.6 % w/w. After extraction of SP, the water concentrations were found to range from
16.79% wiw to 38.12% wi/w, illustrating the water transfer from the wet biomass to the
SPGG extracts. It is confirmed that water concentration found in extracts increases
according to the biomass/NADES ratio. In the present study, KFT has been used as the
reference technique to provide known concentrations of water in extracts. At the later
stage, these concentrations were used to construct PLSR models from the ATR-IR

spectra collected.

Table 1. List of SPGG NADES extracts analysed with their corresponding biomass
weight (g), biomass/NADES ration and water concentration determined by KFT.

Sample no Biomass Biomass/NADES water content
weight (g) ratio (mean + SD)
Y%ow/w

1 0.22 0.011 17.31+0.14
2 0.24 0.012 16.79+0.14
3 0.27 0.014 17.00+0.14
4 0.28 0.014 17.20+0.16
5 0.30 0.015 17.67 £ 0.07
6 0.33 0.017 17.51 + 0.05
7 0.37 0.019 17.80 + 0.04
8 0.42 0.021 18.47 £ 0.09
9 0.48 0.024 18.49 + 0.06
10 0.56 0.028 18.50+0.14
11 0.67 0.034 19.26 + 0.04
12 0.83 0.042 20.25 + 0.05
13 1.11 0.056 21.02 + 0.05
14 1.67 0.084 21.80 + 0.04
15 3.33 0.167 25.90 + 0.09
16 3.33 0.167 25.98 + 0.04
17 3.33 0.167 24.97 £ 0.02
18 4.99 0.250 30.82 £ 0.16
19 6.66 0.333 35.01 £ 0.05
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3.2. ATR-IR spectroscopy
3.2.1. Quantification of water in SPGG extract
A. Spectral characterisation

Figure 1 compares ATR-IR mean spectra obtained from SPGG extracts with the
highest (38.12% w/w - figurel-a) and the lowest (16.79 % w/w - figure 1-b) water
content, to those of GG NADES with 0 % w/w added water, although not used in this
study, but it is to characterise NADES without influence from water (figure 1-c), glycerol
(figure 1-d) and glucose (figure 1-e). The water features are typically observed in the
spectral range 1500-1750 cm™ with a maximum at ~1635 cm™ (HOH scissoring) and in
the spectral range 3000-3700 with a maximum at ~3330 cm™ (OH symmetric and
asymmetric stretching) (figure 1 A and 1 B, highlighted in grey).

In the fingerprint region (400-1800 cm™), compared to the spectrum of the GG
NADES with 0% w/w added water, it is observed that the H,O feature at 1635 cm™ does
not overlap with other bands from glycerol (figure 1-d) and glucose (figure 1-e). For
glycerol, the main features are observed at 993 cm™ (C-O stretching vibration in
CH,OH), 1031 cm™ (C-O stretching vibration in CH,OH), 1108 cm™ (C-O stretching
vibration in CHOH), 1208 cm™ (C-O vibration), 1327 cm™ (in-plane rocking of OH
vibration) and 1410 cm™ (stretching of C—O in CH,OH) (figure 1A-d) >***. For glucose,
the main features are found at 612 cm™ (CH, bending vibration), 774 cm™ (CCO + CCH
bending vibration), 838 cm™ (CH bending vibration), 915 cm™ (CO + CCH stretching
vibration), 994 cm™ (CO + CC stretching vibration), 1020 cm™ (CO stretching vibration),
1050 cm™ (CO + CC stretching vibration), 1109 cm™ (CO stretching vibration vibration),
1147 cm™ (CO + CC stretching vibration vibration), 1203 cm™ (CH + OH in plane
bending vibration), 1337 cm™ (CCH + OCH bending vibration) and 1441 cm™ (CH, +
OCH+ CCH bending vibration) (figure 1A-e) >°. Due to the glucose-glycerol 1:8 molar
ratio used to prepare the GG NADES, features from glucose are not clearly observed in



its spectrum, except for the weak bands at 600 cm™, 771 cm™ and 1151 cm™ (figure 1A-c
labelled with *).

In the high-wavenumber region (2500-4000 cm™), the contribution from glycerol is
identifiable as the broad band with a maximum at 3292 cm™ (OH stretching vibration),
overlapping significantly with the H,O feature. Two weaker features at 2880 cm™
(symmetric CH, stretching vibration) and 2934 cm™ (asymmetric CH, stretching

vibration) %>

can be specifically assigned to glycerol. In this spectral range, the
contribution from glucose is not perceptible. In neither spectral region are features of the

biomass itself observed.

As the water content increases, changes in shape and/or width of features from
water are observed. The Area Under the Curve (AUC) calculated from the water band in
the finger region (1580-1740 cm™) gives values of 11.04 for the spectrum corresponding
to the SPGG extract with the highest water content (figure 1A-a), compared to an AUC of
6.70 for the spectrum of the extract with the lowest water content (figure 1A-b). In the
high wavenumber region (3000-3700 cm™), AUCs were found to be 123.6 (figure1B-a)
and 113.7 (figure 1B-b). The lesser difference between the samples in this region can be
attributed to the overlap of the water band with the main glycerol band. It is observed that
the initial absorbance for GG NADES with 0% added water (figure 1B-c) is already
strong with A = 0.311. As a result, in this region the variation in intensities measured is
reduced with respectively A = 0.313 and A = 0.310 for the highest water content (figure
1A-a) and the lowest water content (figure 1A-b). However, the increase in water
concentration in extracts also induces a modification of the shape of the broad water
bands, evident for example as a change in the bandwidth at a half height, from 391 cm™
(FigurelB-a) to 358 cm™ (FigurelB-b). Moreover, the features from glycerol in the
fingerprint and the high wavenumbers regions show inversed behaviour to those of water,

decreasing in intensity as the water content increases (figure 1 A, B).
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Figure 1 Mean ATR-IR spectra in range 400-1800 cm™(A) and 2500- 4000 cm™ (B)
collected from SPGG 38.12% w/w water (a), SPGG 16.79 % w/w (b), GG 0 % w/w added
water (c), glycerol (d) and glucose (e). * Indicate features from glucose observed in
NADES. Spectra have been offset for clarity.

B. PLSR analysis
PLSR results are presented in figure 2. A LOOCV approach was preferred to

perform the analysis due to the limited number of samples, n = 20 SPGG extracts,

included in this study. In turn each sample was tested as an unknown to be determined,



the other 19 acting as training set, resulting in 20 calibration models. Figure 2A presents
the plots of RMSECYV as a function of number of latent variables (LVs). It is observed
that all curves except for one exhibit a similar profile of an initial RMSECV of ~0.3-
0.35% w/w, which decreases to an approximately constant value of ~0.12-0.15% w/w
within the 5 first LVs. Therefore, 5 LVS were chosen to construct all PLSR models for
this study, delivering a mean RMSECV = 0.136% w/w, considering that beyond this
point no improvement in the reliability of the quantification can be reached. Figure 2B
shows the PLSR fitting as a regression of the % w/w water concentration obtained from
the KFT against the % w/w water concentrations predicted from ATR-IR data. The R? of
0.999 highlights the linearity of the PLSR fitting. The RMSEP = 0.130% w/w,
representing 0.47% of the median concentration of the analysis range, is an indicator of
the accuracy of the quantification achieved.

Figure 2C displays the regression coefficient, obtained from one example of
LOOCV PLSR analysis, confirming that the regression is based on combined
contributions from water and GG NADES features. In the fingerprint region, the positive
feature at 1639 cm™ is assigned to the water feature. Negative features at 853 cm™, 922
cm?, 991 em™?, 1025 cm™, 1105 cm™, 1200 cm™, 1320 cm™ and 1414 cm™ are assigned to
glycerol (figure 1A-d), while weak peaks at 672 cm™, 772 cm™ are assigned to glucose
(figure 1A-e). In the high-wavenumber region, positive features at 3516 cm™ are 3116
cm™ are assigned to modification of the water band. The negative features at 2928cm™
and 2878 cm™ are assigned to glycerol. No feature from glucose is detected in this

spectral region, due to its weak contribution, as observed in figure 1B.
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Figure 2 PLSR outcomes obtained using ATR-IR Raw Spectra from SPGG extracts. A:
Overlayed RMSECYV plot from the 20 training sets, B: PLS regression prediction plot,

and C: Example of first regression coefficient from PLSR.



Percent relative errors obtained for SPGG extracts range from 0.111% to 1.075%
(Table 2). They further highlight the accuracy of the predicted water concentrations.
Overall, the mean percent relative error is found to be 0.507%. The water concentrations
were determined with less than 0.5% relative error for 10 out of 20 samples analysed.
The other ten are distributed between 0.5% and 1.25% percent relative errors. There is no
correlation between water concentrations and observed percent relative errors. The 2
highest values are 1.075% for sample 14 (21.79% w/w) and 1.006% for sample 2 (16.79%
w/w). The lowest % relative error, 0.111%, is found for sample 17 (24.97 % w/w) and
sample 1 (17.31% w/w) delivers a comparable error of 0.170%. It appears the distribution
of % relative error is random over the range of concentrations analysed. In a previous
study, Elderderi et al. have reported water quantification in GG NADES *°° PLSR
analysis performed on NADES samples with systematically varying added % water
concentration between 0% and 40% gave RMSECV = 0.801% w/w and RMSEP =
1.157% wiw **°°, Percent relative errors were determined to be between 0.74% - 11.16%,
with a mean equal to 4.081%. Results obtained from SPGG extracts appear more reliable,
considering that the RMSCV and RMSEP are respectively 83.01% and 88.7% lower.
Water is a strong absorber, making infrared spectroscopy highly sensitive to modification
in its content in extracts. Moreover, extraction from wet biomass further increases the %
w/w water concentration in samples, positioning the analysis within the range delivering
the best accuracy as water concentrations in SPGG extracts range from ~17% w/w to
~38% w/w (Table 1) that explains the high performances for ATR-IR witnessed

presently.

Table 2: Summary of PLSR accuracy for SPGG extracts

% Relative Error

Range <0.25% | <0.5% | <0.75% | <1% | <125% | Mean Min- max value
Full range 4 6 6 2 2 0.5066 0.111-1.075
Conclusion

ATR-IR coupled to multivariate data analysis is demonstrated to be a powerful

analytical tool for water quantification in biomass extracts. Spectral variations can be

specifically correlated to modifications in water concentrations in extracts. The high




degree of accuracy of the PLSR predictive models confirms the reliability of the analysis
and the suitability of the technique to monitor water in NADES based extracts. ATR-IR
spectra are specific molecular fingerprints of SPGG extracts, enabling observation of
variations in both water and NADES features. Ultimately, the concentrations can be
determined with % relative errors below 1.25% w/w. ATR-IR is therefore a suitable tool
for monitoring water content in NADES extracts and the technique offers a rapid, cost-
effective and reagent free alternatives to current gold standards such as KFT. Ultimately,
this study highlights the potential of ATR-IR to support the establishment of green
chemistry protocols, further supporting optimisation of processes for extraction of active
molecules. It addresses current imperatives to develop environmentally responsible
solutions, including all facets, i.e. extractions performed with natural solvents such as
NADES, and analytical tools which are less demanding in terms of regents, solvents and
consumables. Considering the context, ATR-IR has the potential to become the next gold

standard methods in both research and industry.
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