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Abstract 

To determine the purity of extracted fucoidan from brown seaweeds, analytical methods were 

developed, including spectroscopy (i.e., Attenuate total reflectance (ATR) - Fourier-transform 

infrared (FT-IR) and Raman) combined with chemometrics; and the results were compared with 

those of high performance liquid chromatography (HPLC) and other two chemistry methods (i.e. 

fucoidan estimation based on fucose content and a cationic dye method based on sulphated 

polysaccharide estimation). Quantitative models (i.e., partial least squares regression (PLSR)) were 

developed and cross-validated using FT-IR spectroscopic methods (R2CV ~ 0.998, RMSECV ~1.7%). 

The models were also validated using other four commercial fucoidan products. On the other hand, 

the same commercial samples were used to validate the two chemistry methods and the HPLC 

method. Estimation results of these analytical methods were discussed based on the potential of 

these analytical methods for fucoidan purity determination. The results demonstrated FT-IR 

spectroscopy with chemometrics potentially could be used for non-destructive and real time 

determination. 

 

Highlights 

 Purity determination of fucoidan extracted from brown seaweeds were investigated. 

 FT-IR and Raman with chemometrics were employed to develop the analytical methods. 

 HPLC and two chemistry methods were also used for fucoidan purity estimation. 

 The pros and cons of all the analytical methods were discussed. 
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1. Introduction 

Fucoidan is a sulphated polysaccharide containing L-fucose in the linear or branched structures and 

other monosaccharides, i.e., D-galactose, D-mannose, D-xylose, d-glucose and uronic acids, etc. 

[1,2]. The basic chemical structure of fucoidan consists of a polymer of α-(1 → 2), α-(1 → 3) or α-

(1 → 4) linked L-fucose with sulphate groups attached at the C2 or/and C3, C4 position on some L-

fucopyranose residues; fucose branches was also attached to the polymer chain on every two or 

three fucose residues [[3], [4], [5]]. Fucoidan has been found in some marine invertebrates (e.g., sea 

urchins and sea cucumbers) and in the cell wall of brown seaweed species (e.g., Fucales, 

Laminariales, Chordariales and Ectocapales) [[6], [7], [8], [9]]. 

Since centuries ago, fucoidan has been consumed as dietary fiber in Asian countries; whereas, in 

recent years, the bio-activities of fucoidan have been proven for the effects of anti-inflammatory, 

anti-virus, anti-tumor, anticoagulant, antioxidant and other immunomodulatory activities to against 

neuropathy, gastropathy, hepatopathy, uropathy and renalpathy [5,10,11]. As another reason that 

brown seaweeds have been naturally cultivated in a large scale and distributed along the coastline of 

many countries, fucoidan isolation from brown seaweeds has gained increasing attention in the 

pharmaceutical and functional food industries [12,13]. Therefore, estimation on the purity of 

fucoidan extracts become critical to the quality control point of view. However, the chemical 

composition of fucoidan extracted from brown seaweeds varies from species to species [6]. For 

example, isolated fucoidan from Fucus vesiculosus mainly consists of a relatively simple structure of 

fucose and sulphate (i.e., 1,2-α-fucose or 1,3- α-fucose and most of sulphate groups were located at 

position C-4 of the fucose) [3,14], while the chemical compositions of most fucoidan from other 

species are rather complex, including fucose, sulphate, other monosaccharides, uronic acids, and 

acetyl groups, etc. [6]. 

Previous publications on the research of fucoidan mainly dedicated in isolation techniques [1,15,16], 

elucidation of chemical structures [3,9,[17], [18], [19]], compositional analysis and bioactivity studies 

[1,5,6,12,20,21]. Admittedly, all these researches exploited specific fucoidan characteristics from 

many aspects; whereas, very few studies investigated on the development of direct analytical 

methods for purity determination of fucoidan mostly due to that there hasn't been unanimous 

agreement on the definite structure of fucoidan yet [18,20]. Some estimation methods were based 

on the estimation of common chemical features (e.g., fucose, sulphated polysaccharides, fuco-

oligosaccharides) of fucoidan. A spectrophotometric method was developed to quantitatively 

determination of fucoidan content in a sample based on the quantification of its fucose content, 

which was multiplied by two; it is assumed that the average fucose content accounts for 50% of 



fucoidan content [22]. A cationic dye method based on UV–visible spectral information at 520, 544 

or 632 nm was used to quantify sulphated polysaccharides as the indicator of fucoidan content [23]. 

Sulphated polysaccharides content was also determined using 1H NMR; quantification based on 

molecular weights was potentially carried out using gel filtration chromatography or mass 

spectroscopy [7,8]. L-fucopyranose rings in oligosaccharides of fucoidan chains were investigated 

using 13C NMR for predictive modelling [4]. High performance liquid chromatography (HPLC) 

analysis of the acid hydrolysates with precolumn derivatization was used to determine the 

distribution of fucoidan-rich polysaccharide fractions with crude sodium alginate extract and final 

residue fractions of the acidic extract from brown seaweed species [24]. 

Vibrational spectroscopy (i.e., FT-IR and Raman) hold great potential for quantitative analysis of 

biopolymers. FT-IR spectroscopy has been employed for the chemical structure analysis on fucoidan 

isolated from brown seaweeds in many studies [1,9,16,17,19,20]. Whereas the limited utilities of FT-

IR technique in transmittance mode were mainly on the detection of chemical functional groups and 

striking spectral features. Attenuated total reflectance (ATR)-FT-IR coupled with multivariate data 

analysis was reported to discriminate agave fructan adulterated fucoidan in powder mixtures (0–

100%) and demonstrated the linear regression between FT-IR spectral data and the fucoidan content 

(R2 ≥ 0.92 and RMSE ≤3.54%) [25]. Raman spectroscopy is even more rarely mentioned for the 

research of fucoidan due to the complicities of its Raman spectral features. Some study explored the 

Raman spectra of fucoidan that carried in acid solutions and illustrated the variations of Raman 

spectra that collected at different time points [26]. Both Raman and FT-IR spectroscopy are non-

invasive and non-destructive techniques for real time routine analysis; in addition, Raman 

spectroscopy has considerable advantages in analysis of drug crystalline phases; compared with FT-

IR, this technique is more sensitive to detect polymorphic forms of drugs with detailed spectral 

information of trace elements in situ with high resolution [[27], [28], [29]]. Besides, chemometrics 

can be applied to extract information from these spectroscopic systems by data-driven means for 

descriptive and predictive approaches. 

Therefore, the current study investigated to develop analytical tools based on FT-IR or Raman 

spectroscopy and chemometrics for the purity determination of fucoidan isolated from brown 

seaweed species. Comparisons of vibrational spectroscopic methods with the other two wet 

chemistry methods and a HPLC method were also carried out to discuss the potentiality of all these 

methods for fucoidan purity determination. 

  



2. Materials and methods 

2.1. FT-IR and Raman spectroscopy with chemometrics on solid fucoidan samples 

2.1.1. Solid sample preparation 

Fucoidan from Fucus vesiculosus (≥95% purity) (CAS no.9072-19-9, Sigma-Aldrich, St. Louis, MO, 

USA) and KBr (CAS no.7758-02-3, Sigma-Aldrich, St. Louis, MO, USA) were dissolved in distilled water 

(10 ml) for the preparation of sample solutions (Table 1). Two replicates were carried out for the 

preparation of each sample formula. Sample solutions were frozen and then freeze-dried into fine 

powder using a freeze dryer (FD 80 model, Cuddon Engineering, Blenheim Marlborough, New 

Zealand) for 36 h. The powder of each sample (0.5 g) was compressed into a pellet using a 15-ton 

hydraulic press (Specac Ltd., Orpington, UK). Solid pellet samples for prediction model developments 

were prepared to include fucoidan purity levels of ca. 10%, 20%, 40% and 100%. Four commercial 

fucoidan samples (with detailed product information shown in Table 2) were also compressed into 

pellets for both FT-IR and Raman measurements. 

  



 

Table 1. Formulations of fucoidan and KBr solutions prepared for pellet samples that used for FT-IR 

and Raman measurements. 

Sample 

formulation 

Fucoidan 

(g) 

KBr 

(g) 

Distilled 

water (ml) 

Estimated fucoidan purity levels in 

dried mixtures (% mass/mass) 

1 0.05 0.45 10 ~10 

2 0.1 0.40 10 ~20 

3 0.2 0.30 10 ~40 

4 0.5 0 10 ~100 

 

 

Table 2. Commercial fucoidan samples used for validation. 

Commercial samples Information of commercial samples Sources 

Commercial A Confidential Undaria pinnatifida 

Commercial B Confidential Undaria pinnatifida 

Commercial C Confidential Fucus vesiculosus 

Sigma Crude CAS no. 9072-19-9, Sigma-Aldrich Ltd., USA Fucus vesiculosus 

 

  



2.1.2. FT-IR measurements 

FT-IR spectra of the pellet samples were collected using Nicolet™ iS5 (Thermo Scientific, Madison, 

WI, USA) Fourier transform mid-infrared spectrometer equipped with diamond crystal attenuated 

total reflectance (ATR) accessory (iD7 ATR, Thermo Scientific, Madison, WI, USA). Single beam 

reflectance spectra were recorded in the wavelength range of 550–4000 cm−1 with a resolution of 

4 cm−1. Background calibration was carried out using air blank reference before each measurement. 

During each measurement, 64 scans were performed and averaged. Spectral data were recorded 

using the supplied OMNIC software v 9.2.98 (Thermo Fisher Scientific Inc., USA). Each sample was 

measured in triplicate and the mean value was acquired for chemometric analysis. 

2.1.3. Raman measurements 

Raman spectroscopic measurements were carried out using a DXR Smart Raman spectrometer 

(ThermoFisher Scientific UK Ltd., Loughborough, UK) equipped with a diode laser operating at 

780 nm and a charge coupled device (CCD) detector. Samples were scanned at ambient temperature 

(ca. 20 °C) in a random order. The sample pellet was placed on the aperture (50 μm slit) of the 

universal platform sampling accessory. The spectra of each sample were collected in 5 min (i.e., 15 s 

exposure time × 20 exposures) using a 150 mW laser power. Raman intensity counts per second 

(cps) were recorded over the wavelength range 450–3380 cm−1 at 4 cm−1 intervals. Instrument 

control, spectral acquisition, cosmic spikes removal and file conversion were performed using the 

supplied OMNIC software v 9.2.98 (Thermo Fisher Scientific Inc., USA). Each sample was scanned 

twice on each side of the sample pellet, respectively; the mean of these duplicate spectra was used 

in subsequent chemometric analysis. 

2.1.4. Multivariate data analysis on FT-IR and Raman spectra 

Spectral data was exported from OMNIC software as .csv files and imported into MATLAB 2019a 

(The Mathworks, Natick, MA, USA). Baseline correction on raw data was carried out using 

asymmetric least squares correction (AsLs). Based on the intensities of both FT-IR and Raman 

spectral variables, the selected wavelength ranges (i.e., 550–1800 cm−1 of FT-IR and 550–3060 cm−1 

of Raman spectra) were selected and used as the X-variables, respectively; and the estimated 

fucoidan purity levels (i.e., 10%, 20%, 40% and100%) shown in Table 1 were used as the Y-variables 

(reference values) for the development of partial least squares regression (PLSR) models. PLSR 

models were developed using the nonlinear iterative partial least squares (NIPALS) algorithm on the 

spectral data of the calibration samples (i.e., the prepared pellet samples (n = 8)). Robustness of the 

PLSR model was enhanced using the most relevant spectral variables which were selected using 



variable importance on projection (VIP) and selectivity ratio (SR) algorithms for FT-IR and Raman 

spectral data, respectively [30,31]. Leave-one-out cross-validation was carried out to validate the 

developed models. These models were also validated using the FT-IR and Raman spectral data of the 

four commercial samples, respectively. The performance of PLSR modelling was evaluated using 

regression coefficient of determination of calibration (R2C), cross-validation (R2CV) and prediction 

(R2P) with their corresponding root mean square error values (RMSEC, RMSECV and RMSEP) and 

bias. The regression coefficient of determination (R2) is a statistical value to explain the relationship 

of Y-variables and X-variables in percentage of variations; the root mean square (RMSE) values 

calculated is to describe the standard prediction errors with bias of the cross-validation/validation 

results. For a model with high prediction accuracy, the R2 values are expected to be close to 1; and 

the RMSEs and bias are expected to be close to 0. R2, RMSE, and bias were calculated following the 

equations as below: 

 

where ŷi is the predicted value and yi is the reference value of a sample (i); ȳ is the mean of the 

reference values of all the samples. 

2.1.5. Limits of detection (LOD) 

The limit of detection (LOD) values of the developed PLSR models were calculated. LOD is the 

smallest content or concentration of an analyte in the test sample that can be reliably distinguished 

by a developed model. Therefore, the LOD value of an ideal model is expected to be as low as 

possible. Pseudo-univariate LOD (LODpu) concerns with the uncertainty of the calibration line and 

the considered errors. The international union of pure and applied chemistry (IUPAC) recommended 

LOD formula as below: 

 

where spu−1 is the slope of the pseudo-univariate line, h0 min is the minimum leverage when the 

concentration of analyte is 0, I is the number of samples, varpu is the variance of the regression 

residual [32]. 



2.2. Chemical methods for fucoidan estimation 

The chemicals used here including toluidine blue, maleic acid (≥ 99%), sulfuric acid (95–97%), L-

cysteine hydrochloride, fucoidan from Fucus vesiculosus (≥ 95%) and L-(-)-fucose (≥ 99%) were 

purchased from SIGMA (Sigma-Aldrich, St. Louis, MO, USA). All other reagents used were of 

analytical grade. 

2.2.1. Fucoidan estimation based on fucose content 

Fucoidan contents were estimated by performing fucose measurements as described by Dische and 

Shettles (1948) [33]. Briefly, 1 mL of fucose standards (ranging from 0.005 to 0.1 mg/ml) and 

macroalgal extracts at appropriate dilutions were added to 4.5 mL of a sulfuric acid solution (1:6, 

water:sulfuric acid), incubated for 10 min at 100 °C in a water bath and cooled to room temperature. 

Afterwards, 0.1 mL of a L-cysteine hydrochloride solution (3% w/v) were added into the solution and 

incubated for 60 min at room temperature. Then the absorbance of the reactions was read at 

396 nm and 430 nm in a spectrophotometer (Epoch™ 2, Biotek, VT, USA). The standard fucose 

concentrations were used to against the absorbance of 396 nm and 430 nm to develop a linear 

correlation. The level of fucose in fucoidan polysaccharides constitutes 50% on average; thus, the 

values of fucoidan were estimated from the fucose values by using a conversion factor of 2 as 

previous studies have applied when working with macroalgal extracts [22,34]. The commercial 

samples were also dissolved in distilled water in 0.1 or 0.25 mg/ml and read at 396 nm and 430 nm 

for absorbance values. All analyses were performed in duplicate with 3 readings of each replica 

(n = 6). The fucoidan content of the samples was expressed as mg fucoidan/100 mg sample (%). 

2.2.2. Fucoidan estimation using cationic dyes 

The amount of fucoidan in the samples was estimated using a cationic dye method to measure 

sulphated polysaccharides [23]. Briefly, 16 μl of fucoidan standards (0.1–1.5 mg/ml) or commercial 

sample solutions (0.1 or 0.25 mg/ml) at appropriate dilutions were assayed by adding 1584 μl of a 

toluidine blue solution at pH 1 (0.06 mM toluidine blue dye in 0.02 M maleic acid) and mixed 

thoroughly; the absorbance of the reactions was read at 632 nm in a spectrophotometer (Epoch™ 2, 

Biotek, VT, USA). A correlation was developed between the concentrations of fucoidan standards 

and the absorbance values at 632 nm. All analyses were also performed in duplicate with 3 readings 

of each replica (n = 6). The results are expressed as mg fucoidan per 100 mg of sample (%). 

 



2.3. High performance liquid chromatography refractive index detector (HPLC-RI) for fucoidan 

estimation 

Fucoidan was separated and quantified from the samples using a HPLC system (LC-20AT, Shimadzu 

North America, Columbia, MD, USA), fitted with a refractive index detector VARIAN Pro Star 350 

(Varian Inc., Mulgrave, Victoria, Australia) and a SUPELCOGEL™ C610H with 6% crosslinked HPLC 

carbohydrate column with 300 mm × 7.8 mm (length x I.D.) and 9 μm of particle size (Sigma-Aldrich, 

Bellefonte, PA, USA). All samples were diluted to 2 mg/ml and filtered through 2 μm filters 

(Whatman, Buckinghamshire, UK) and 10 μl were injected using an auto sampler (SIL-20 AC HT, 

Shimadzu North America, Columbia, MD, USA). The separation was achieved by using 0.1% 

phosphoric acid as a mobile phase at a constant flow rate (0.5 ml/min, 20 min) and 30 °C of column 

temperature. The identification of fucoidan was performed by comparison of the retention times 

with those of fucoidan standard from Fucus vesiculosus (≥95% purity) (CAS no.9072-19-9, Sigma-

Aldrich, St. Louis, MO, USA). The integration of the peaks was performed using the software 

(LabSolutions, Shimadzu North America, Columbia, MD, USA). The correlation between fucoidan 

concentrations and peak areas were developed. All the analyses were performed in duplicate and 

the fucoidan content expressed as mg per 100 mg sample (%). 

2.4. Statistical analysis on fucoidan estimation of the analytical methods 

The estimated fucoidan content (%) of the four commercial samples using individual analytical 

technique were expressed as the predicted value ± RMSEP for the FT-IR and Raman 

spectroscopic/chemometric methods; mean ± standard deviation for the chemical methods and the 

HPLC-RI method. One-way analysis of variance (ANOVA) was performed on the estimation results of 

each sample using Post Hoc with Tukey's HSD test to determine the significance (p ≤ 0.05) between 

the estimated results of the analytical methods used. 

  



3. Results and discussion 

3.1. Results of FT-IR and Raman 

Baseline corrected FT-IR spectra (550–4000 cm−1) of the calibration samples (n = 8) were shown in 

Fig. 1a. It can be observed that two obvious absorbance bands existing at 2930 cm−1 and 

3441 cm−1, which were the most common spectral features that assigned to Csingle bondH and 

Osingle bondH stretching of polysaccharides [35]. The fingerprint region of FT-IR spectra for fucoidan 

determination was in the wavelength range of 550–1800 cm−1 (Fig. 1b). The absorption intensities 

of these spectra depict in an increased trend following the fucoidan content levels of 10, 20, 40 and 

100%. Absorption bands around 573–579 cm−1 were related to Ssingle bondO stretching vibration 

[9,36]; the strong bands at 836–840 cm−1 and 1228–1256 cm−1 were related to C-O-S bending 

vibration of sulphate substituents at the axial C-4 position and Sdouble bondO stretching, 

respectively [20,36]; other bands at 1132 and 1166 cm−1 indicate the presence of Sdouble bondO 

stretching of alkyl sulfoxide [1]; 960–964 cm−1 were assigned to the asymmetric and symmetric 

deformation vibrations of methylidyne in fucose [20,35]; bands at 1006–1026 cm−1, 1050 cm−1 and 

1079 cm−1 were related to Csingle bondC and C-O-C stretching of carbohydrate [35]; 1639–

1649 cm−1 might be related to Cdouble bondO of a carboxylic acid group (-COOH) and vibrations of 

crystalized water [1,20]. 

  



 

Fig. 1. a). AsLs baseline corrected FT-IR spectra (550–4000 cm−1) of fucoidan samples in the 

calibration group (n = 8); b) AsLs baseline corrected FT-IR spectra (550–1800 cm−1) of fucoidan 

samples in the calibration group (n = 8); c) mean FT-IR spectrum (550–1800 cm−1) highlighted with 

the VIP selected spectral variables; d) the plot of PLSR model developed using VIP selected spectral 

variables in 550–1800 cm−1; e) AsLs baseline corrected FT-IR spectra (550–1800 cm−1) of the 

commercial fucoidan samples (n = 4); f) bar plot of predicted fucoidan contents and the estimated 

errors of the commercial fucoidan samples (n = 4). 

  



PLSR modelling was initially carried out using the FT-IR spectral variables (n = 1298) of 550–

1800 cm−1 and obtained the regression coefficient determinations of calibration (R2C) of 0.999 and 

cross-validation (R2CV) of 0.990 with the root mean square errors of cross-validation (RMSECV) of 

3.4% and bias of 0. The PLSR model was also carried out using the VIP algorithm to select spectral 

variables (n = 664), which were highlighted on the mean FT-IR spectrum over 550–1800 cm−1 (Fig. 

1c). VIP algorithm was implemented to accumulate the importance of each spectral variable that can 

be reflected by the loading weights of each latent component that derived from PLSR modelling [37]. 

The PLSR model developed using the VIP selected spectral variables (n = 664) also revealed R2C of 1 

and R2CV of 0.998 with the RMSECV of 1.7% and bias of 0 (Fig. 1d). Therefore, it can be identified 

that the spectral features that may related to fucoidan chemical structures were included in the VIP 

selected spectral bands, especially in the wavelengths of 573–579, 836–840, 900–1300 and 1639–

1649 cm−1. The spectra of four commercial fucoidan samples were collected and shown in Fig. 1e; 

the spectral features of these four commercial samples were almost the same to those of fucoidan 

samples for model calibration in the VIP selected spectral wavelengths. To validate the developed 

PLSR model, fucoidan purities (%) of the four commercial samples were predicted using the PLSR 

model and revealed R2P of 0.978 and RMSEP of 6.7%. In Fig. 1f, the predicted fucoidan contents and 

the corresponding estimated errors (RMSEP) are shown as 81.93% ± 5.64% for Sigma crude, 

51.44% ± 4.61% for Commercial A, 92.74% ± 8.05% for Commercial B and 67.27% ± 6.34% for 

Commercial C. The LOD of the PLSR model was 2.66%. 

Fig. 2a shows the AsLs baseline corrected Raman spectra (450–3380 cm−1) of the calibration sample 

group (n = 8) and the KBr pellet samples (n = 2). The spectra of KBr are general flattened with the 

Raman spectral intensity count per second (cps) close to 0, especially in the frequency range of 550–

3060 cm−1. It demonstrated that KBr contained in the pellets of calibration samples would not 

interfere the Raman spectral features of fucoidan content during Raman spectral measurements. 

The Raman spectra of the calibration sample group laid out following the logic order of fucoidan 

content levels from 10% to 100% in most of the spectral range of 550–3060 cm−1, while the two 

ends of the spectra were scattered out. In Fig. 2b, some very weak spectral bands at 581 cm−1 and 

656 cm−1 are assigned to pyranose ring breathing and Osingle bondH wagging deformation; bands 

at 826, 882 and 1053 cm−1 are all related to C-O-C deformation of glycosidic linkage; 1053 cm−1 and 

1123 cm−1 are both related to Csingle bondO vibration, 1053 cm−1 and 1123 cm−1 are also related 

to Csingle bondC vibration and C-C-H deformation [38]. The region around 1060 cm−1 is also 

assigned to the Sdouble bondO symmetric vibration of sulphate content [39]. Some strong and 

medium strong bands at 1273, 1331 and 1452 cm−1 are assigned to C-O-H deformation; 1273, 1331, 

1400 and 1452 cm−1 are related to Csingle bondH deformation of polysaccharides [38]. A strong 



band at 2947 cm−1 is assigned to Csingle bondH stretching vibration of polysaccharides [35]. During 

the PLSR modelling using all the spectral variables (n = 2085) in the Raman frequency range of 550–

3060 cm−1, the SR algorithm was implemented to select the most important spectral variables that 

related to fucoidan content, which were selected based on the calculated SR scores of all the 

spectral variables used for modelling; the SR scores that defined by the ratio between the explained 

and unexplained variances for each spectral variable were calculated using both the predictive ability 

(regression vector) and the explanatory ability (spectral variance/covariance matrix). The boundary 

between variable regions with high discriminating ability and less interested regions was identified 

using F-test to decide the critical value of the F distribution with 95% confidence. Therefore, the SR 

selected spectral variables (n = 563) were highlighted on the mean spectrum of fucoidan samples in 

the calibration group (Fig. 2c); most of the selected spectral variables were in the range of 550–

2000 cm−1 and 2905–2969 cm−1. 

  



 

Fig. 2. a). AsLs baseline corrected Raman spectra (450–3380 cm−1) of fucoidan samples in the 

calibration group (n = 8) and KBr samples (n = 2); b) AsLs baseline corrected Raman spectra (450–

3060 cm−1) of fucoidan samples in the calibration group (n = 8); c) mean Raman spectrum (450–

3060 cm−1) highlighted with the SR selected spectral variables; d) the plot of PLSR model developed 

using SR selected spectral variables in 450–3060 cm−1; e) AsLs baseline corrected Raman spectra 

(450–3060 cm−1) of the commercial fucoidan samples (n = 4); f) PLS score plot (LV1 vs. LV2) of the 

samples in the calibration group (n = 8) and the validation group (n = 4). 

  



The PLSR model developed using all the baseline corrected Raman spectral variables (n = 2605) in 

550–3060 cm−1 of the calibration group obtained R2C of 0.999 with RMSEC of 1.08%, R2CV of 0.989 

with RMSECV of 3.68%; three latent variables (LVs) were included in the PLSR modelling. Based on 

the SR selected spectral variables (n = 563), the developed PLSR model revealed R2C of 1with RMSEC 

of 0.87% and R2CV of 0.994 with RMSECV of 2.96%; the bias of calibration is 0 and that of cross-

validation is 0.0065 (0.65%) (Fig. 2d). The model was also used to predict the fucoidan content of the 

four commercial samples. However, it can be observed in Fig. 2e that Raman spectra (550–

3060 cm−1) of the commercial samples with much higher scatter light intensity (cps) than those of 

the calibration samples (Fig. 2b) except the Sigma Crude sample. The PLS score plot in Fig. 2f also 

depicts that the clustering of the calibration samples and the Sigma Crude sample, which were 

located in the ellipse of the Hotelling's T2 at 95% confidence level; the other three commercial 

samples were not included in the ellipse. Thus, only the fucoidan content of the Sigma Crude sample 

can be predicted by the PLSR model as 75.21% ± 12.44%. The LOD of the PLSR model is 3.19%. 

 

3.1.1. Discussion on FT-IR and Raman spectroscopy with chemometrics for the determination of 

fucoidan purity 

In the current study, PLSR models for purity determination of fucoidan extracted from brown 

seaweed species were developed on both FT-IR and Raman spectral data of the prepared samples 

with fucoidan content levels at 10%, 20%, 40% and 100%. The commercial fucoidan product with the 

labelled purity (≥95%) was assumed to be fucoidan content of 100%, and other fucoidan content 

levels were prepared based on the same assumption. Thus, the latent error (≤5%) should also be 

accounted as the additional part to the estimated errors that derived from PLSR modelling. 

Both FT-IR and Raman spectra of the collected wavelength ranges contain complex information of 

the sample matrices, which includes the relevant chemical structures of fucoidan and other chemical 

structures of the impurities contained in the measured samples. VIP and SR algorithms were 

investigated to select the most relevant spectral variables of fucoidan and eliminate the variables 

related to other impurities. Therefore, the PLSR models developed using VIP or SR selected spectral 

variables demonstrated more robustness (with higher R2 values and lower RMSE values) than those 

developed using all the spectral variables in the selected wavelength ranges. 

Normally, Raman spectral data acquisition is interfered by florescence effects while FT-IR spectra can 

be influenced by carbon dioxide existing in air during the measurements. Hence the AsLs baseline 

correction was used to remove these interferences on spectra but to remain most of original 



spectral features. In this study, Raman spectral shape and intensity of the scatter light counts per 

seconds (cps) were found to be prone to reflect the polymorphic forms of these commercial 

samples, which were possibly produced under different purification and crystalline processes; it can 

be observed that the Raman spectra of the commercial samples (Fig. 2e) (except the Sigma Crude 

sample) were quite different from the calibration samples that prepared using fucoidan (≥95% 

purity) (CAS no.9072-19-9, Sigma-Aldrich, USA) (Fig. 2b). Therefore, only the Sigma Crude sample can 

be predicted by the PLSR model developed using the calibration samples. Since the sample materials 

were compressed into pellets and then analysed, the compression induced solid-state transitions of 

the substance [27]; Raman spectroscopy is still excellent to discriminate different polymorphs and 

pseudo-polymorphs of substance [40], while FT-IR spectroscopy seems to be less sensitive to 

determine particle surface morphology after the solid-state transitions by compression [27]. Instead 

of that, FT-IR spectral features of chemical compositions were enhanced. The PLSR model developed 

using FT-IR spectral data demonstrated potential on the determination of fucoidan purity and 

obtained a higher R2CV value (R2CV = 0.998), a lower RMSECV value (RMSECV = 1.7%) and a lower 

LOD value (LOD = 2.66%) than those (R2CV = 0.995, RMSECV = 2.4%, LOD = 3.19%) of models 

developed using Raman spectral data. In general, the FT-IR spectroscopic method with 

chemometrics demonstrated higher prediction accuracy and sensitivity for the determination of 

fucoidan content than the Raman spectroscopic method. 

3.2. Results and discussion of chemical methods for fucoidan estimation 

The fucose content of the samples was determined against the fucose standard at effective 

absorbance of 396 nm and 430 nm with the linearity (R2 = 0.993). Fucoidan estimation was 

performed on the four commercial samples. Each sample was prepared in duplicate and measured in 

triplicate; therefore, the averaged fucoidan concentration and the standard deviation were 

calculated from six estimated concentrations. The fucoidan contents of the samples expressed as 

average ± standard deviation of the mean based on the measurement of fucose were 63.07 ± 0.47%, 

34.97 ± 0.22%, 75.85 ± 0.58% and 35.06 ± 0.40% for Sigma Crude, Commercial A, Commercial B and 

Commercial C samples, respectively. The spectrophotometric determination of fucoidan on the basis 

of fucose content is currently considered as the most simple and reliable method to determine 

fucoidan, as the possible interference of other sugars to the colour of this reaction is excluded by the 

colour measurements at 2 different wavelengths [22]. The determination of fucoidan on the basis of 

fucose is widely used to estimate the fucoidan content of macroalgae and macroalgal extracts to 

date [34,41]. Limitations of this method are mainly related to the colour of the samples, as the 

analyses can be difficult to apply if the fucoidan samples contain more pigments. The precipitation of 



fucoidan with ethanol containing magnesium salts has been proposed as a sample pre-treatment to 

eliminate pigments from the samples [22]. However, the application of this pre-treatment is often 

ineffective and complicates substantially the procedures for fucose estimation [22]. Therefore, the 

estimation values of Commercial A (34.97 ± 0.22%) and Commercial C (35.06 ± 0.40%) were lower 

than that expected due to their high pigment contents, which can be visually identified. 

For the cationic dye method, the linear correlation of absorbance at 633 nm and fucoidan 

concentrations (mg/ml) was developed with R2 of 0.997. Each sample was also prepared in duplicate 

and measured in triplicate. The fucoidan content levels (mean ± standard deviation) of the four 

commercial samples were estimated as 69.17 ± 0.37% for Sigma Crude, 61.70 ± 0.31% for 

Commercial A, 108.56 ± 0.13% for Commercial B, and 26.32 ± 0.22% for Commercial C. The dye 

method is a recently established method to determine the fucoidan content using toluidine blue 

[23]. The adsorption of the dye to the polysaccharides namely metachromasia results in a charge-

transfer-complex, which is detected using UV/Vis-spectroscopy. Metachromatic dyes such as 

methylene blue and ortho-toluidine blue with high molar attenuation coefficients and pronounced 

spectral shifts are currently used to develop fast and simple spectrophotometric methods to analyse 

sulphated containing polysaccharides including carrageenan [42,43] and fucoidan [23]. The 

advantages of this spectrophotometric method using dyes are the minimal preparation procedures 

as well as the affordable instrumentation needed [43]. The interferences of the dye with other 

polyanionic groups from other molecules (i.e., alginates and DNA) were eliminated by acidifying the 

pH of the dye, inducing a protonation of interfering molecules [23]. However, the main limitation of 

this method is the susceptibility to form precipitates with polyanionic analytes resulting in signal 

disturbances [43] that takes place at certain dye-to-polymer ratios when all the anionic moieties are 

saturated with dye cations [44]. Furthermore, this method used provides only an estimation of 

sulphated polysaccharides in the samples [23] and thus, the presence of other sulphated 

polysaccharides, such as carrageenan, may result in an overestimation of fucoidan content when 

using this method alone. It was noticed that overestimation of fucoidan content (108.56 ± 0.13%) for 

Commercial B happened in this study. 

3.3. Results and discussion of HPLC-RI 

The content of fucoidan in the samples was determined against a fucoidan standard (≥ 95% purity) 

at effective concentrations of 0.1–2 mg/ml that showed a main peak at retention time (RT) of 

9.1 min (Fig. 3a) with a linearity of R2 = 0.9997 (Fig. 3b). The analysis of the samples revealed the 

presence of fucoidan with prominent peaks at RT ranging from 9.1–9.2 min together with other non-

identified peaks from impurities or non-identified compounds. Considering a standard purity of 95% 



as estimated by Sigma, the concentration of fucoidan in the samples (average ± standard deviation 

of the mean) was 94.05 ± 0.24% for Sigma Crude, 49.50 ± 0.03% for Commercial A, 82.35 ± 0.12% for 

Commercial B, and 66.77 ± 0.85% for Commercial C. Chromatographic techniques, including HPLC-RI 

are widely used for a qualitative and quantitative determination of different carbohydrates with 

minimum sample pre-treatments. HPLC techniques for carbohydrate analysis have recently 

expanded and evolved due to advances in equipment and column packaging materials [45]. The 

column of this study (C610H, SUPELCOGEL™, Sigma-Aldrich, Bellefonte, PA, USA) is packed with 

polystyrene divinylbenzene co-polymers (PS-DVB) in a hydrogen form, allowing the separation of 

mixtures of organic acids and carbohydrates by eluting large and acidic analytes before small 

analytes [46]. RI is a universal detector and has a wide linear range at several carbohydrate 

concentrations that can be detected without the use of any derivatization technique [45,46]. 

However, the major disadvantages of this detector include a poor sensitivity of the method, the 

presence of both positive and negative peaks and baseline instability, being not suitable for gradient 

elution [46]. 

  



 

Fig. 3. a) HPLC chromatogram of standard fucoidan (≥95% purity, CAS no.9072-19-9, Sigma-Aldrich, 

St. Louis, MO, USA) separated on Supelcogel C610H. RT = 9.1 min; b) Fucoidan standard curve of 

concentration (mg/ml) vs. peak area. 

  



3.4. Comparison of analytical methods based on the estimated fucoidan purity of commercial 

samples 

A summary of statistical results on the estimated fucoidan content (%) of the four commercial 

samples by using the analytical methods (i.e., FT-IR, Raman, Fucose-method, Dye-method, and HPLC-

RI) was shown in Table 3. The estimation values of Commercial A and C obtained from the Fucose-

method were significantly lower than the values estimated by the FT-IR or the HPLC-RI method; and 

the estimated values of Commercial B or Commercial C obtained from the Dye-method were 

significantly higher or lower than the other estimated values of the same sample. On the other hand, 

there was no significant difference (p > 0.05) found between the fucoidan content values (of the 

same sample) that estimated by the FT-IR method or the HPLC-RI method. Thus, the reliability of 

these two methods on fucoidan content estimation was accordingly demonstrated by their similar 

estimation results of the same samples. The FT-IR spectroscopic method with chemometric 

investigated in the current study could be potentially used for non-destructive and real time 

determination on the purity of fucoidan extracted from seaweeds. 

 

Table 3. Fucoidan content (%) of the commercial fucoidan samples estimated by the analytical 

methods used. 

 Commercial A Commercial B Commercial C Sigma Crude 

FT-IR 51.44 ± 4.61b 92.74 ± 8.05a 67.27 ± 6.34b 81.93 ± 5.64a 

Raman – – – 75.21 ± 12.44a 

Fucose-method 34.97 ± 0.22a 75.85 ± 0.58a 35.06 ± 0.40a 63.07 ± 0.47a 

Dye-method 61.17 ± 0.37b 108.56 ± 0.13b 26.32 ± 0.22a 69.17 ± 0.37a 

HPLC-RI 49.5 ± 0.03b 82.35 ± 0.12a 66.77 ± 0.85b 94.05 ± 0.24a 

Values in the same column with different letters are significantly different (p ≤ 0.05). 

 

  



4. Conclusions 

In the current study, FT-IR and Raman spectroscopy combined with chemometric analysis were 

investigated to develop PLSR models for the determination of fucoidan purity. Compared to Raman 

spectroscopy, FT-IR demonstrated more potential to approach non-destructive prediction on 

fucoidan content of pellet samples that directly compressed from powdered fucoidan products. The 

developed prediction models were validated using the spectral information of four commercial 

samples with reasonable prediction results. Other two widely used chemistry analytical methods and 

the HPLC-RI method were also implemented to estimate fucoidan purity of the four commercial 

samples. Based on the estimation results, the pros and cons of all the analytical methods were 

discussed. The estimated fucoidan content results of the commercial samples using the FT-IR 

spectroscopic method were close to the estimated results using the HPLC-RI method. It can be 

concluded that it is possible to achieve quantitative determination of fucoidan content using data 

engineering and mathematical modelling on FT-IR spectral data, instead of the wet chemistry related 

analytical methods. 
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