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Abstract

A simple reverse phase-high performance liquid chromatography (RP–HPLC) coupled to a diode array detector (DAD) and negative ion electrospray mass spectrometer (ESI-MS) method was developed for simultaneous identification and quantification of phenolic antioxidants in seaweed. The proposed method was validated in terms of linearity, limits of detection (LOD), limits of quantification (LOQ), recovery and intermediate precision. The calibration curves were linear with correlation coefficient ranging from 0.9909 to 0.9997 while the values of LOD (0.26 to 0.82 mg/L), LOQ (0.77 to 2.50 mg/L), recovery (≥97.2%) and precision in terms of retention time (%RSD ≤2.27) and peak area (% RSD ≤5.11) were satisfactory. Brown seaweed Himanthalia elongata used in this study was extracted with 60% methanol and the crude extract was cleaned with SPE (Solid Phase Extraction) cartridge. HPLC-DAD-MS/MS analysis of the SPE fraction allowed the identification of 7 phenolic compounds comprising phlorotannins, hydroxybenzoic acid, hydroxycinnamic acid and flavonols subclasses of polyphenols. Quantitative analysis of these compounds revealed the presence of phloroglucinol (394.1 ± 4.33 µg/g), gallic acid (96.3 ± 3.12 µg/g), chlorogenic acid (38.8 ± 1.94 µg/g), caffeic acid (44.4 ± 2.72 µg/g), ferulic acid (17.6 ± 0.85 µg/g), myricetin (8.6 ± 0.85 µg/g) and quercetin (4.2 ± 0.15 µg/g), in the extract. The SPE fraction were tested for antioxidant capacity which were significantly (P < 0.05) higher (EC50; 14.5 ± 0.57 mg/g) than the ascorbic acid (EC50; 35.8 ± 0.59 mg/g) and the crude extract (EC50; 46.3 ± 0.48 mg/g). The occurrence of all these phenolic antioxidant compounds in H. elongata extract suggested that the developed method is sensitive enough and reproducible and could be used for qualitative and quantitative assessment of polyphenols in seaweed.
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1.
Introduction

The potential benefits of plant phytochemicals in health maintenance have been increasingly recognized in recent years. Several studies have revealed that harmful free radicals or reactive oxygen species (ROS) play an important role in serious health problems such as cancer, cardiovascular disease, and neurodegenerative disorders associated with ageing [1]. Among the phytochemicals, plant polyphenols are considered potent antioxidants against these dangerous ROS because of their high redox potentials, which allow them to act as reducing agents, hydrogen donors, singlet oxygen quenchers and metal chelators [2]. These characteristics have motivated researchers to find out new natural resources for these compounds. Terrestrial plants, fruits and vegetables have been described as an important source of these principal ingredients 


[3, 4] ADDIN EN.CITE . Nowadays, even marine plants, particularly, seaweeds are considered as a promising source of these functional components. Several studies in the literature have claimed that seaweeds produce these compounds to combat extreme marine conditions because these plants grow in extreme habitat 
 ADDIN EN.CITE 
[5-8]
. Chemically, most of these compounds belong to phenolics, carotenoids, sulphated polysaccharides, terpenoids and fatty acids and all of them have shown a strong antioxidant capacity against free radicals via various mechanisms 


[9-12] ADDIN EN.CITE .
Phenolic compounds, which constitute more than 5000 in number, are secondary plant metabolites, diverse in structure and with a wide phylogenetic distribution [13]. These compounds can be classified into different groups as a function of the number of phenol rings they contain and based on the structural elements that bind these rings to one another. Further, many of these polyphenolics are often associated with sugar moieties, which further diversify the polyphenolic profiles of plants [14]. The diversity of these polyphenolics have always possessed a challenge to the analytical chemist to make them available for commercial applications, therefore, number of new isolation and separation techniques are developed to increase the speed of identification of these compounds from natural resources 


[7, 15, 16] ADDIN EN.CITE . Although various authors have reported the total phenolic content (TPC) of different plants, food, vegetables, fruits as well as seaweeds but the estimation of TPC by various colorimetric methods only gives an estimation of the phenolic content 


[4, 17] ADDIN EN.CITE . It neither separates nor gives a quantitative measurement of the individual compounds. Thus, despite a great number of investigations, the separation and quantification of different polyphenolics remain difficult.

Among the different methods, high performance liquid chromatography (HPLC) has been a method of choice for the separation and quantification of polyphenolics in plants. The chromatographic conditions of the RP-HPLC methods for polyphenols include the use of, almost exclusively, a RP-C18 column; diode array detector (DAD), and a binary solvent system, which together constitutes a crucial, reliable technique for the characterisation of phenolic compounds due to its accuracy, and relatively great economic importance [18]. However, due to large numbers of phenolics and various extraction solvents and protocols, it is unlikely to develop a single method to separate different types of polyphenols even in a single extract. Most of these methods have been developed to measure different groups of polyphenolics in a single plant, or a single or a few groups in multiple plant sources, which often are non-food plants [14]. 
Therefore, the aim of this paper is to describe the development and validation of a reversed-phase HPLC method using diode array detector for the separation and identification of phenolic compounds in Irish brown seaweed Himanthalia elongata. The method, employing different parameters such as column temperature, flow rate, wavelength and the modified solvents system for optimum separation of the phenolic compounds, was verified. The accuracy of the method was tested for the separation of various standard compounds such as phloroglucinol, gallic acid, chlorogenic acid, caffeic acid, ferulic acid, myricetin, quercetin as well as seaweed extract. Furthermore, the optimized method was tested on LC/ESI–MS to assess the phenolic profile and their concentrations in H. elongata seaweed extract. 

2.
Materials and methods
2.1.
Chemicals, standards and solvents

For reverse phase chromatographic (RP–HPLC–DAD) analysis, HPLC Far UV gradient grade acetonitrile, acetic acid, methanol (Merck Chemicals, Darmstadt, Germany) and HPLC grade water were used. HPLC grade water was obtained by passing water through a Millipore simplicity 185 water purification system (Millipore Corp. Molsheim, France) containing in sequence carbon, reverse osmosis and deioniser cartridges, and a Milli-Q academic water purifier (Millipore, Bedford, MA, USA). All solvents were filtered through a 0.45 µm Millipore HVLP filter (Millipore Corp., Cork, Ireland) and degassed through sonicator (Branson 5510, Branson Ultrasonic Corp., Danbury, CT, USA). For LC/MS analysis, water and acetonitrile were LC/MS grade which were purchased from Fisher Chemicals (Thermo Fisher Scientific Inc., Dublin, Ireland). Authentic standards including phloroglucinol, cyaniding 3-glucoside, gallic acid, quercetin, chlorogenic acid, caffeic acid, ferulic acid, myricetin and rutin were purchased from Sigma-Aldrich Chemical Co. (Arklow, Co. Wicklow, Ireland). All other chemicals used in the study were analytical grade and purchased from Sigma-Aldrich Chemical Co. (Ireland).

2.2.
Seaweed extraction and sample preparation

Brown seaweed H. elongata used in the present study was purchased from Quality Sea Veg., Co Donegal, Ireland. Seaweed material was harvested and sampled in winter (January/February), washed thoroughly to remove epiphytes, sand and debris and stored at –18°C until analysis. Seaweed samples were crushed with liquid nitrogen and extracted with 60% aqueous methanol as described in our previous publication [19]. The dried crude extract was dissolved in water and purification of the phenolic compounds from the crude liquid extracts was carried out using SPE cartridge (DSC-18; Supelco, Sigma-Aldrich, Germany) according to the following procedure [20, 21]. The RPC–18 SPE end capped cartridge (sorbent mass, 10g; particle size, 50 µm; pore size, 10Å) was initially conditioned, as per the manufacturer instructions, individually with full bed volume (60 mL, maximum cartridge volume) of methanol and water. The crude methanolic liquid extract (50 mL) was loaded onto the cartridge and allowed to flow through under gravity. The co-extracted substances such as sugars, acids and other polar compounds were eluted from the sorbent with 100 mL of aqueous acetic acid (2%, v/v). The column was dried by passing nitrogen gas for 5 min and all retained phenolic compounds were then eluted with 150 mL of acidified methanol (0.1% HCl). The collected fraction was dried under reduced pressure using a rotary evaporator at 35 °C, dissolved in water and was filtered through 0.22 µm syringe filters (Millipore Corp., Cork, Ireland) prior to injecting into the HPLC/LC-MS. The crude and SPE purified fraction was also submitted for total phenolic content (TPC) and radical scavenging capacity (RSC) analysis.
2.3.
Conditions for HPLC–DAD analysis

The HPLC system was an Alliance e2695 separation module (Waters, Dublin, Ireland) equipped with online degasser, a quaternary pump programmable for making gradients, thermostatic controlled column chamber, auto-sampler and connected to a variable-wavelength diode array detector (DAD 2998), controlled by a Waters Empower 2 Window-based software. The column employed was Atlantis C-18 (250×4.6 mm, 5 µm particle size) (Waters, Dublin, Ireland) fitted with suitable C-18 (4.0×3.0 mm) guard cartridge (Phenomenex Inc. UK). The mobile phase finally adopted was (A) 0.25% aqueous acetic acid and (B) acetonitrile/water (80/20; v/v) containing 0.25% acetic acid with flow rate and column temperature of 1.0 mL/min and 25°C respectively. The injection volume of 20 µL was constant for samples and standard compounds. The elution conditions applied included the following: 0–20 min 10% B isocratic; 20–30 min linear gradient from 10% to 20% of B; 30–35 min linear gradient from 20% to 30% B; 35–45 min 0% B isocratic; and finally washing and conditioning of the column. Absorbance measures were recorded at 254 nm, 280 nm and 320 nm. 
2.4.
Conditions for HPLC/ESI–MS analysis

HPLC/ESI–MS analysis was performed with an Agilent Technologies 6410 Triple Quad LC/MS, fitted with Agilent 1200 series LC and MassHunter Workstation software (Agilent Technologies, Cork, Ireland). The LC/MS chromatographic conditions, the column and the gradient elution system were the same as described in the section above, except for the injection volume, which was 10 µL. The mass spectrometer was operated with ESI (electro spray ionization) interface mode and the operating conditions were: negative ionization mode, capillary voltage 4000 V and capillary current 35 nA. Nitrogen gas was used as the source of nebulizer with 50 psi pressure, 10 L/min flow rate and 350°C drying temperature. Mass spectra were recorded in the range of m/z 100–1000.

2.5.
HPLC method validation 

2.5.1.
Calibration curves and linearity
Various reference phenolic compounds were dissolved in HPLC grade methanol and diluted to appropriate concentration ranges for establishing standard curves. For quantitative analysis, various concentrations of phloroglucinol (5-200 mg/L), cyaniding 3-glucoside (2.5-100 mg/L), gallic acid (2.5-100 mg/L), quercetin (2.5-100 mg/L), rutin (5.0-150 mg/L) and chlorogenic acid (2.5-100 mg/L) were injected in triplicates. The standard curves were prepared by plotting the average of peak areas versus the concentrations of each compound. The linearity of each calibration curve was assessed by linear regression analysis which was calculated by the least squares method while correlation coefficient (r) was determined by Pearson’s product-moment correlation analysis (Microsoft Excel 2007, Microsoft Corporation, Redmond, WA, USA). All the standard compounds were injected on three separate occasions and their standard deviations were calculated to evaluate the reproducibility of the calibration curves [18].
2.5.2.
Method detection and quantification limits 
The limit of detection (LOD) and limit of quantification (LOQ) were estimated by measuring signal-to-noise ratio (S/N) of the individual peak of each standard compound. The LOD and LOQ were determined as the lowest concentration injected giving S/N ≥ 3 and 10 respectively [22]. The values of LOD and LOQ were calculated according to the International Conference on Harmonisation (ICH) guidelines [23] using the following equations.
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where R and S are the residual standard deviation of the regression line and slope of the calibration curve, respectively.

2.5.3.
Intermediate precision 
The precision of method was estimated by analyzing each standard compound in six replicates and expressed as percentage of relative standard deviation (%RSD). All the samples were prepared freshly at the same nominal concentration and injected on three separated days (inter-day precision). The precision of method was calculated on the basis of retention time (RT) and peak area of each standard compound [1]. The accuracy of the method was validated on the basis of determination of percentage recovery of standard compounds after spiking the sample with the known concentration (5.0 mg/L) of standard compounds [22].
2.6.
Determination of total phenolic content and radical scavenging capacity

Total phenolic content in the crude extract as well as in SPE fraction was determined according to Folin-Ciocalteu phenol assay [19]. Absorbance of all the sample solutions and reference compound (phloroglucinol; 25–250 mg/L) against reagent blank was determined at 720 nm with a spectrophotometer (Genesys 20, Thermo Spectronic, Madison, WI, USA). All the analyses were performed in triplicates and the total phenolic content (TPC) was expressed as mg phloroglucinol (y = 0.0034x – 0.0284; r = 0.9981) equivalents (PGE)/g dry weight (dw) extract.

The estimation of free radical scavenging capacity (RSC) in the crude extract and SPE fraction was carried out using the method reported earlier 


[9, 19] ADDIN EN.CITE . The scavenging capacity of DPPH radical was calculated according to Eq. 3. A calibration curve of ascorbic acid (10–70 mg/L; y = 1.4147x + 0.3446; r = 0.9988) was prepared similarly and scavenging capacity of samples were expressed as µg ascorbic acid equivalents.
RSC (%) = [1 ─ (Absorbance)sample / (Absorbance)control] × 100……………(Eq. 3)

2.7. Statistical analysis

All the experiments were carried out in triplicate and results are expressed as mean ± standard deviation. Statistical analyses were carried out by one-way analysis of variance (ANOVA), followed by Tukey’s multiple comparison test using SPSS for Windows version 23.0 statistical software (SPSS Inc., Chicago, Illinois). Differences were considered statistically significant when P < 0.05.
3.
Results and discussion

3.1.
Optimization of chromatographic conditions

Structural diversity and seasonal variations in the distributions of phenolic compounds gives a great challenge while designing a HPLC method for seaweed. In the present study, the elution conditions were established by testing several gradients of two different mobile phases containing water-methanol and water-acetonitrile. Both mobile phases were acidified with 0.25% acetic acid to avoid tailing of the chromatographic peaks. These two solvent systems have been used by earlier workers for separating bioactive compounds from seaweed 
 ADDIN EN.CITE 
[5, 6, 8, 12]
. Initially, various combinations of both mobile phases were employed using total gradient system but only water (solvent A) and a mix of acetonitrile: water (80:20) (solvent B) showed better eluting profile of H. elongata seaweed extract. The chromatogram obtained from various solvent systems were analysed on the basis of number of separated peaks and it was observed that the selected mobile phase showed clear separation of more peaks as compared to other mobile phases tested. 
Early in this study, in order to get both separation and resolution of chromatographic peaks; temperature, flow rates, wavelength and acid concentrations were also evaluated. Column temperature plays an essential role in the detection of bioactive compounds, therefore, the HPLC analysis was done at four different temperatures viz. 20°C, 25°C, 30°C and 35°C. As the temperature increased from 20°C to 35°C, the separation efficiency changed while the values of maximum absorbance continuously decreased. At lower column temperature (20°C), the chromatograms showed a good baseline, while, beyond 20°C, the peaks became sharp but the baseline merged. Additionally, some peak broadening was also observed at the higher temperatures (30°C and 35°C). However, temperature had no effect on retention time of bioactive compounds separation in seaweed. Thus, the optimum chromatographic separation of all bioactive compounds was obtained at 25°C which is in agreement with the previous report on seaweed [8]. Flow rates could have an effect up to a certain extent in isolation of pure compound, but it plays a significant role in peak separation from crude extract. In this study, seaweed extract was isolated at different flow rates (0.7, 0.8, 0.9, 1.0, 1.1 and 1.2 mL/min) and it was observed that change in flow rates significantly affects the separation of bioactive compounds [24]. Among the flow rates studied, only 1.0 mL/min flow rate gave the proper separation of bioactive compounds in seaweed (data not shown). The use of various sodium salts (acetate, phosphate) and other additives in mobile phase were avoided due to their effects on peak broadening. Also, it is preferable to avoid such additives when the HPLC method is intended to adopt for HPLC/ESI–MS because of their non-volatile nature [1]. However, initial trials using acetic acid gave good resolution for the standard compounds; therefore, effort was made to optimize solvent systems using acetic acid. Several concentrations of acetic acid between 0.1 to 0.25% were evaluated, and the best separation was recorded with 0.25% acetic acid. Thus, in the present work, a fixed concentration (0.25%, v/v) of acetic acid as an acidifier was used thoroughly in both (A) and (B) solvents systems, in all the mobile phases studied (data not shown). Chromatographic data of seaweed extract was recorded in the range of 200-400 nm and finally they were integrated at 254, 280 and 320 nm. A total of 28 peaks were detected from seaweed extract at the wavelength of 254 and 280 nm while only 9 peaks were separated at 320 nm (Fig. 1). Most of the separated compounds exhibited maximum absorption and showed substantial improvement in signal-to-noise ratio at 254 nm, thus considered for further study. Moreover, the sensitivity of certain groups of polyphenols in the extract may not be at their highest at 254 nm.
3.2.
HPLC method validation
The proposed method was validated with respect to linearity, LOD, LOQ, recoveries and precision according to the United State Food and Drug Administration (USFDA) [25] and International Conference on Harmonization (ICH) guidelines for method validation [23]. The linearity of calibration curves was calculated by linear regression analysis of area versus concentration of six point concentration levels of each standard compounds. All the standards were injected in triplicate and each point of calibration curves was the average of all three peak areas. The relationship parameters between concentrations and peak area are shown by regression equation and correlation coefficient in Table 1. All the analytes exhibited a good linearity (r) over the range tested with correlation coefficients ranging from 0.9909 to 0.9997. The fitness of the calibration model was established by back-calculating the concentrations of the calibration standards. The LOD and LOQ were estimated from the calibration curve and values subsequently ranged from 0.26 to 0.82 mg/L and 0.77 to 2.50 mg/L, respectively (Table 1). The LOD and LOQ were determined at 3 and 10 times the base line noise, respectively. The LOQ was defined by the lowest concentration that gave a signal-to-noise ratio equal to or greater than 10 whilst exhibiting an accuracy of ≤15%. To check the accuracy of the method, known amount of standard compounds were spiked with the seaweed extract and the percentage recoveries were calculated which were always higher than 97.2% (Table 1). Recovery was calculated as the average peak area of each analyte in the spiked samples as a percentage of the average peak area of each pre-analysed standard [26]. The obtained values of percentage recovery were higher than the values reported by other researchers in seaweeds [5, 8]. The precision of method was assessed by the percent relative standard deviation (%RSD) using retention times and peak areas of standard compounds. The results suggest a satisfactory intermediate precision value (%RSD) which ranged from 0.93 to 2.27 and 2.31 to 5.11 with respect to retention time and peak-area, respectively (Table 1). These findings suggest that the proposed RP–HPLC method is sufficiently accurate and sensitive for the determination of phenolic compounds in seaweed.

3.3.
Qualitative analysis of phenolic compounds in SPE fraction 
The developed HPLC-DAD method was applied to identify and quantify phenolic compounds in H. elongata seaweed. The crude seaweed extract was cleaned with SPE cartridge and a phenolic rich fraction (SPE fraction) was collected. The SPE fraction was dried and submitted for HPLC/LC-MS analysis. Total-ion current (TIC) data indicated that a total of 17 signals were identified in crude extract (Fig. 2a). After purification, the TIC chromatogram of SPE fraction showed 7 signals, corresponding to 7 phenolic compounds, were further characterized. Each separated peak obtained from SPE purified phenolic fraction was identified by comparing retention times, UV absorption (λmax), MS and MS/MS spectral data of the detected peaks with that of authentic standards tested in the same conditions of analysis and by comparison with data reported in literature 


[7, 9, 27-29] ADDIN EN.CITE . The identities, retention times, λmax, precursor ions, fragment ions and neutral loss for individual identified compounds are presented in Table 2. Results showed that identified compounds belonged to various classes including; four phenolic acids, two flavonoids and one other polyphenols. The phenolic acids included one hydroxybenzoic acid derivatives (gallic acid) and three hydroxycinnamic acid derivatives (chlorogenic acid, caffeic acid, and ferulic acid). Flavonoids were present only as flavonols (derived from the aglycones; quercetin and myricetin) while, one special class of polyphenol (phloroglucinol) which is a characteristic polyphenol of seaweed, was detected in the fraction.
The identification of phloroglucinol (Peak 1; Fig. 2b) in SPE fraction was confirmed by comparing its UV, MS and MS/MS spectral data with that of authentic standard. The UV spectral data of peak 1 (RT = 6.363 min) showed an absorption maxima at around wavelengths of 229 and 267 nm which is a characteristic feature of simple polyphenols. The ESI-MS/MS analysis of the same peak yielded spectra corresponding to a deprotonated species of m/z 125 [M-H]– and fragmented ion at m/z 97 [M-H-28]– due to the loss of carbon monoxide (CO) molecule (Table 3) (Fig. 3a) [28]. Peak 2 in TIC chromatogram (Fig. 2b) was separated at 10.763 min and on the basis of characteristic UV maxima and MS/MS fragmentation pattern it was identified as gallic acid. In general, phenolic acids show absorption maxima at wavelengths of 190–380 nm while most hydroxybenzoic acid derivatives show an absorption maximum at 255–280 nm [30]. The UV spectrum of peak 2 (gallic acid; a derivative of hydroxybenzoic acid) showed characteristic bands at 214 and 270 nm (λmax). During mass spectral analysis, the gallic acid was identified by its [M−H]− ions at m/z 169. Fragmentation (MS/MS) of deprotonated ion (m/z 169) originated a fragment of m/z 125 [M−H−44]( due to a loss of carbon dioxide (CO2) molecule 
 ADDIN EN.CITE 
[7, 31]
. In the negative ion mode hydroxybenzoic acids produced a deprotonated [M−H]( molecule and a [M−H−44]( fragment ion via loss of a COO group from the carboxylic acid moiety (Fig. 3b) [29, 32]. de Quirós et al. [8] also reported the similar fragmentation pattern of gallic acid in red and brown seaweed. The identification of phloroglucinol and gallic acid in H. elongata seaweed is in agreement with the previous studies 
 ADDIN EN.CITE 
[8, 9, 33]
.
Three compounds including chlorogenic acid (peak 3; RT = 13.070 min), caffeic acid (peak 4; RT = 13.696 min) and ferulic acid (peak 5; RT = 15.163 min) in SPE fraction were identified as hydroxycinnamic acid derivatives. The absorption maxima of the these identified compounds showed two bands (due to an additional conjugation) one at 230–250 nm and other at 300–330 nm, which is a characteristic absorption pattern of hydroxycinnamic acid derivatives 
 ADDIN EN.CITE 
[27, 29, 34]
. Chlorogenic acid showed a molecular precursor ion peak at m/z 353 [M−H]− and fragmentation ions that corresponding to the deprotonated quinic acid  at m/z 191 [M−H−caffeoyl] and caffeic acid at m/z 179 [M−H−quinic] (Fig. 3c) [29, 32]. However, other hydroxycinnamic acids such as caffeic acid and ferulic acid produced deprotonated [M−H]− molecules at m/z 179 and m/z 193 respectively. Upon fragmentation, caffeic acid generated deprotonated product ions at m/z 135 [M−H−44] and m/z 107 [M−H−44−28] due to a loss of COO and CO groups (from the carboxylic acid function) (Fig. 3d), while ferulic acid produced fragmented ions at m/z 149 [M−H−44] and m/z 134 [M−H−44−15] by neutral loss of a COO and a methyl (CH3) group respectively (Table 3) (Fig. 3e) [29, 32]. Recently, a similar fragmentation pattern to determine the hydroxycinnamic acid derivatives including chlorogenic acid, caffeic acid and ferulic acid in red and brown seaweed using rapid resolution LCMS detection with negative ion electrospray ionization (RRLC-ESI–MS) and multiple reactions monitoring (MRM) was reported [7]. 
The UV spectra of the flavonoids are relatively characteristic irrespective of whether they occur as glycosides or aglycones. Flavonoids such as flavonols have a conjugated system of double bonds that shift their absorption to wavelengths longer (200–400 nm) than those of simple flavonoids [35]. However, different substitutions of the hydroxyl groups led to alteration in wavelength and relative intensities of these maxima. Both myricetin and quercetin exhibited two absorption peaks, one at around 370 (λmax) and other at around 250 nm. Peaks 6 (RT = 33.965) and 7 (RT = 37.427) in TIC chromatogram (Fig. 2b) may correspond to myricetin and quercetin. Both flavonols have a molecular mass of 318 and 302 Da and therefore, the precursor ions detected in mass spectrum at m/z 317 and m/z 301 correspond to the [M−H]−  ions observed in the spectra of the above-mentioned peaks respectively. The confirmation of both compounds were carried out by conducting MS/MS fragmentation of precursor ions. The aglycones myricetin and quercetin both produced fragment ions at m/z 179 [M−H−X] and m/z 151 [M−H−X−CO], which result from a cleavage of the heterocyclic C-ring (pyran ring) by Retro-Diels-Alder (RDA) rearrangement. The elimination of neutral fragment B-ring (X) showed a loss of m/z 138 amu (in case of myricetin) and m/z 122 amu (in case of quercetin) and produced a fragment ion at m/z 179 in both mass spectra (Fig. 3f & g). However, the latter product ion m/z 151 is formed by neutral loss of CO molecule (28 amu) at m/z 179 [M−H−X−CO] from cleavage in heterocyclic pyran ring 
 ADDIN EN.CITE 
[36, 37]
. All these results and unusual neutral losses of CO and COO show that the negative ion mode was a potent complementary approach for the structural characterization of hydroxybenzoic acids, hydroxycinnamic acids and flavonoid aglycones by ESI-MS/MS [37].
3.4.
Quantitative determination of phenolic compounds in seaweed by HPLC
Quantification of phenolic compounds in SPE phenolic fraction was performed based on peak area computation (external standard method) using authentic standards and the results are presented in Table 3. The analysis was run in triplicates and the concentrations of the identified compounds were expressed as µg/g dry weight. Seven phenolic compounds which comprises one hydroxybenzoic acid derivatives (gallic acid: 96.3 ± 3.12), three hydroxycinnamic acid derivatives (chlorogenic acid: 38.8 ± 1.94; caffeic acid: 44.4 ± 2.72; and ferulic acid: 17.6 ± 0.85), two flavonols (myricetin: 8.6 ± 0.85 and quercetin: 4.2 ± 0.15) and one special class of polyphenol (phloroglucinol: 394.1 ± 4.33) were quantified. The purified SPE fraction was rich in phloroglucinol as it alone contributed 65.3% while remaining 6 compounds contributed 34.7% all together in total identified phenolics. The quantitative data (concentration of compounds) showed that phloroglucinol was the predominant polyphenol followed by gallic acid. The amount of total hydroxycinnamic acid derivatives (100.8 µg/g) was almost equal to the amount of total hydroxybenzoic acid derivatives (96.3 µg/g) in the SPE fraction. Compared to the phenolic acids, the flavonols (fucoidans) contributed marginally in the SPE fraction of H. elongata seaweed. Except phloroglucinol, the amount of identified polyphenols was recorded higher than the values reported by Belda et al. in H. elongata seaweed [33].
Although HPLC-DAD provides valuable information for the separation and quantification of phytochemicals present in the extract, the use of conventional approaches based on absorption spectra and retention time is often limited when samples contain very similar compounds. In several cases contradictory results are obtained when different stationary and/or mobile phases are used for elution. These difficulties arise when highly complex polymeric phenolic compounds (such as phlorotannins) are analysed and commercial standards for all compounds are not available. In such case, explicit identification of structures cannot be achieved using HPLC-DAD spectral data only [38, 39]. For instance, Audibert et al. [40] reported that polyphenols with smaller molecular weight (<2 kDa) may be accurately separated on RP C-18 columns but larger polyphenols (molecular weight >2 kDa) require separation based on size exclusion chromatography. Modern high-performance chromatographic techniques combined with other detectors or techniques are the “state of art” for the structural profiling and elucidation of bioactive compounds. However, these techniques (such as MS and NMR) are often necessary which are used more for structure identification purposes than quantification [39]. 
3.5.
Total phenolic content and antioxidant capacity of seaweed extracts

The total phenolic content (by Folin-Ciocalteu method) and antioxidant capacity (by DPPH scavenging capacity method) of the crude methanolic extract and SPE phenolic fraction of H. elongata seaweed were determined and results are shown in Table 4. Both phenolic content and antioxidant activity was recorded higher in SPE phenolic fraction compared to the crude extract. The value of total phenol and antioxidant activity in SPE fraction was 56.9% and 219.3% higher compared to the crude extract respectively. The same purified fraction also showed 146.9% higher antioxidant activity than the commercial compound (ascorbic acid). The DPPH radical scavenging capacity of the SPE fraction from H. elongata presented much higher scavenging activity (EC50, 14.5 µg/mL) compared to the highest values reported in Saccorhiza polyschides (49.2 µg/mL), Cystoseira usneoides (55.4 µg/mL), Sargassum muticum (56.6 µg/mL), Sargassum vulgare (57.9 µg/mL) and Bifurcaria bifurcata (58.8 µg/mL) seaweeds [41]. These considerable differences in DPPH radical scavenging activity of the SPE fraction of tested seaweed from various seaweeds may have been due to purification, geographical areas or species-specific differences 
 ADDIN EN.CITE 
[9, 42]
.
Dietary polyphenols from seaweeds are related with potentially biological activities. Phlorotannins, an exclusive phenolic compounds produced by brown seaweeds, are specially related with important antioxidant activities [43]. These compounds not only contribute in secondary functions such as oxidative stress and in chemical defense against harmful marine microbiota but they also participate in primary functions such as cell wall structure and reproduction of seaweed 
 ADDIN EN.CITE 
[11, 41, 44, 45]
. The concentration of phlorotannins vary among the brown seaweeds which also depends upon geographical occurrence of particular species. It is also reported that seaweeds from Fucaceae family (Ascophyllum nodosum, Fucus evanescens, Fucus serratus, and Fucus vesiculosus) generally contain higher amount of phlorotannins than Laminariaceae family of seaweeds (Laminaria digitata, Laminaria saccharina and Laminaria hyperborea). These antioxidant compounds are made up of multiple monomeric units of 1,3,5-trihydroxybenzene (phloroglucinol) [43]. These monomeric units are connected by various linkages including dibenzodioxin linkage (eckols and carmalols), aryl–aryl bonds (fucols), ether bonds (phlorethols, hydroxyphlorethols, fuhalols), or a combination of both aryl–aryl and ether bonds (fucophlorethols) [46]. The current study also anticipated that phloroglucinol could be the main compound with the strongest DPPH radical scavenging capacity in H. elongata seaweed as it contributes more than 65% in total quantified phenols, however, other identified phenolic compounds may have synergistic or antagonistic effects on the total antioxidant activity.
4.
Conclusion

Though several HPLC methods are currently employed to determine phenolics in seaweed in a single run, but there is a need to develop more robust analytical strategy for simultaneous determination and quantification of important subclasses of food phenolics. The RP–HPLC method developed in this study is shown to be sensitive, accurate and suitable for routine polyphenols analysis in seaweed. The developed method was successfully applied on LC-MS/MS to separate, identify and quantify major phenolic compounds from SPE fraction of H. elongata seaweed. Seven phenolic compounds namely phloroglucinol, gallic acid, chlorogenic acid, caffeic acid, ferulic acid, quercetin and myricetin comprising different subclasses of food phenolics were positively identified and quantified by the methodology used in this work. The purified SPE fraction exhibited significantly higher antioxidant activity than the commercially available ascorbic acid. The occurrence of all these phenolic compounds with well-known antioxidant properties in H. elongata seaweed extract makes this raw material a promising source of natural antioxidants, which could be commercially exploited by the food as well as nutraceuticals industry.
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Figure captions

Fig. 1. Chromatographic profile of 60% methanolic extract of H. elongata Irish seaweed, recorded at 254, 280 and 320 nm absorption wavelength. Solvent A (0.25% aqueous acetic acid); solvent B (acetonitrile and water (80:20) with 0.25% acetic acid

Fig. 2. LC/ESI–MS total ionization current (TIC) spectrum of 60% methanolic extract and SPE phenolic fraction of H. elongata Irish seaweed
Fig. 3. MS/MS fragmentation pattern of identified phenolic compounds in SPE phenolic fraction of H. elongata seaweed. Phenolic compounds’ images were extracted from http://www.chemspider.com/ database. 
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Table 1 

Precision of the method, linearity data for calibration curves and retention time (RT) of reference phenolic compounds studied.

	Reference

compounds
	Linearity range
	Retention time
	Regression 

equation
	Correlation coefficient 
	Recovery
	LOD
	LOQ
	%RSD


	%RSD



	
	(mg/L)
	(min)
	
	(r)
	(%)
	(mg/L)
	(mg/L)
	(RT)
	(peak area)

	Phloroglucinol
	5.0–200
	3.3
	Y = 279008x + 539.8
	0.9997
	102.5
	0.82
	2.72
	0.93
	5.11

	Gallic acid
	2.5–100
	12.1
	Y = 109190x + 2817
	0.9909
	104.2
	0.26
	0.77
	1.64
	2.31

	Cyanidin 3-glucoside
	2.5–100
	14.1
	Y = 121335x – 4216
	0.9918
	97.7
	0.34
	1.14
	2.02
	4.14

	Chlorogenic acid
	2.5–100
	29.8
	Y = 224098x + 2536
	0.9962
	99.3
	0.73
	2.50
	2.27
	2.92

	Rutin
	5.0–150
	31.6
	Y = 107202x – 3549
	0.9959
	98.4
	0.57
	1.79
	1.44
	3.88

	Quercetin
	2.5–100
	38.8
	Y = 217900x + 1682
	0.9990
	97.2
	0.51
	1.82
	1.83
	3.63


All values are calculated as means ± standard deviation of three replicates and repeated twice, (n=6)

LOD: limits of detection; calculated as signal-to-noise ratio (S/N ≥ 3); LOQ: limits of quantification; calculated as signal-to-noise ratio (S/N ≥ 10); RSD (%): percentage relative standard deviation of mean recovery
Table 2 
Identification of bioactive compounds from SPE phenolic fraction obtained from H. elongata seaweed using LC-ESI-MS-MS.
	Identified 

Compounds1
	Peak
	λmax
(nm)
	RT

(min)
	M
	Precursor ions

[M−H]( (m/z)
	Fragmented ions

[M−H−X]( (m/z)
	Neutral loss

 (X)
	Polyphenols sub-class

	Phloroglucinol
	1
	229, 267
	  6.363
	126
	125.1
	97 [M−H−CO]
	28
	Other polyphenols

	Gallic acid
	2
	214, 270
	10.763
	170
	169.1
	125 [M−H−CO2]
	44
	Hydroxybenzoic acid

	Chlorogenic acid
	3
	240, 324
	13.070
	354
	353
	191 [M−H−caffeoyl], 179 [M−H−quinic]
	162 

174
	Hydroxycinnamic acid

	Caffeic acid
	4
	248, 319
	13.696
	180
	179
	135 [M−H−CO2]
	44
	Hydroxycinnamic acid

	Ferulic acid
	5
	235, 321
	15.163
	194
	193.0
	149 [M−H−CO2],

134 [M−H−CO2−CH3]
	44

44 & 15
	Hydroxycinnamic acid

	Myricetin
	6
	255, 371
	33.965
	318
	316.9
	179 [M−H–X], 

151 [M−H−X−CO]
	138 
138 & 28
	Flavonols

	Quercetin
	7
	252, 370
	37.427
	302
	301
	179 [M−H−X], 

151 [M−H−X−CO]
	122 

122 & 28
	Flavonols


M: molecular weight; RT: retention time; SPE: solid phase extraction; Xˉ: B ring

1Compounds identified using authentic standards 

Table 3 
Quantifications of phenolic compounds identified in SPE phenolic fraction of H. elongata seaweed using HPLC.
	Phenolic compound

	*Concentration 

	
	(µg/g dry weight)

	Phloroglucinol
	394.1 ± 4.33

	Gallic acid
	  96.3 ± 3.12

	Chlorogenic acid
	  38.8 ± 1.94

	Caffeic acid
	  44.4 ± 2.72

	Ferulic acid
	  17.6 ± 0.85

	Myricetin
	    8.6 ± 0.85

	Quercetin
	    4.2 ± 0.15


 *Average concentration of three HPLC determinations ± SD.

Table 4 
Total phenolic content and antioxidant capacity of crude extract and SPE purified fractions of H. elongata seaweed.
	Sample
	Total phenolic content
	Antioxidant capacity

	
	(mg GAE/g)
	(EC50, µg/mL)

	Crude extract
	178.2 ± 1.84a
	46.3 ± 0.48a

	SPE phenolic fraction
	279.5 ± 2.14b
	14.5 ± 0.57b

	Ascorbic acid
	--
	35.8 ± 0.59c


Values are expressed as mean ± standard deviation (n=3). 

Values within a column with different letters (a-c) are significantly different (p < 0.05)

Total phenolic content expressed as mg gallic acid equivalents/g of dry weight extract; SPE: solid phase extraction
1
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